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Abstract

Purpose—To define empirical models and parameters based on theoretical equations to describe 

drug release profiles from two polycaprolactone thin-film drug delivery systems. Additionally, to 

develop a predictive model for empirical parameters based on drugs’ physicochemical properties.

Methods—Release profiles from a selection of drugs representing the standard pharmaceutical 

space in both polycaprolactone matrix and reservoir systems were determined experimentally. The 

proposed models were used to calculate empirical parameters describing drug diffusion and 

release. Observed correlations between empirical parameters and drug properties were used to 

develop equations to predict parameters based on drug properties. Predictive and empirical models 

were evaluated in the design of three prototype devices: a levonorgestrel matrix system for on-

demand locally administered contraception, a timolol-maleate reservoir system for glaucoma 

treatment, and a primaquine-bisphosphate reservoir system for malaria prophylaxis.

Results—Proposed empirical equations accurately fit experimental data. Experimentally derived 

empirical parameters show significant correlations with logP, molecular weight, and solubility. 

Empirical models based on predicted parameters accurately predict experimental release data for 

three prototype systems, demonstrating the accuracy and utility of these models.

Conclusion—The proposed empirical models can be used to design polycaprolactone thin-film 

devices for target geometries and release rates. Empirical parameters can be predicted based on 

drug properties. Together, these models provide tools for preliminary evaluation and design of 

controlled-release delivery systems.
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Introduction

Controlled and sustained release drug delivery systems overcome challenges associated with 

patient compliance and unfavorable pharmacokinetics improving quality of life and 

therapeutic outcomes.1–5 Taken for example, the advent of long-acting contraceptive 

injections that have made effective contraception a possibility where patient compliance and 

a lack of discretion render daily oral regimens ineffective.1 Or the unmet need for long-

acting opthalmic delivery systems to treat eye diseases such as glaucoma or age-related 

macular degeneration. Such ocular diseases often require daily eye-drops or monthly 

injections into the eye that risk infection and are understandably an unpleasant experience 

for the patient.2 Such need for controlled release devices spans a variety of therapeutic areas 

ranging from chemotherapy, psychiatry, and ophthalmology to HIV pre-exposure 

prophylaxis, contraception, and tissue engineering.1–6 The technological demands for 

release and methods to achieve control are similar in these applications. However the 

physicochemical properties of the drugs differ, requiring development of individual design 

parameters for each indication.

One versatile approach for long-acting controlled release systems is the use of devices 

comprised of polymeric thin-films. Thin-film devices are flexible and can be made in a 

range of shapes and sizes as biodegradable or removable devices. Polycaprolactone (PCL) 

thin-film devices show great promise for controlled-release delivery of both small and large 

molecule therapeutics.7 The biocompatibility and biodegradation of PCL and the flexibility 

of the thin-film device design make the technology applicable to ocular injections and 

subcutaneous insertion for local or systemic delivery.8 While initially in development for 

ocular diseases, the PCL thin-film device technology platform is currently expanding to 

other indications such as systemic HIV pre-exposure prophylaxis, contraception, and anti-

inflammatory treatments. A better understanding of diffusion in these thin-film systems will 

allow for more sophisticated and efficient device design.

A primary challenge in developing drug-delivery devices is to control the drug release rate 

and profile. There are a number of different mechanisms for controlling drug release 

depending on the delivery system, but these mechanisms depend on both device design and 

the drug's physical properties.9–11 Understanding how the physical properties of a drug 

affect its release rate in a given system is crucial for tailoring the device design to achieve a 

target release profile.9–14 Therefore, we investigated the effect of drug properties (LogP, 

molecular weight, solubility, and pKa) on diffusion and release in monolithic dispersion 

matrix as well as membrane-controlled reservoir systems. In addition to developing 

empirical and predictive models describing drug release profiles, we identified key 

physicochemical properties of pharmaceuticals affecting partition into and diffusion through 

PCL membranes. Insight into how different drugs behave in these simple thin-film systems 

will aid in the design of multi-component drug-delivery systems and the easy translation of 

the technology for delivering new therapeutics.
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Materials & Methods

Materials

70–90 kDa polycaprolactone (PCL), 2,2,2-trifluoroethanol (TFE), and all drugs with the 

exception of metoprolol tartrate and ranitidine-HCl were purchased from Sigma-Aldrich. 

Ranitidine-HCl was purchased from Fluka and metoprolol tartrate from VWR. Product 

numbers and physical properties are detailed in Table I.

Matrix System Fabrication & Characterization

Drug product was dissolved in TFE and once dissolved, 70–90 kDa PCL was added to 

solution at 200 mg/ml. PCL was dissolved in drug/TFE solution overnight in either a 60°C 

water bath or in a 37°C incubator on an orbital shaker. A drug-polymer thin-film matrix was 

cast onto a 3-inch diameter silicon wafer using a spin-coater (Specialty Coating Systems, 

Model P6700; 30s at 1500RPM, 30s at 2000RPM) at room temperature. The resulting film 

was dried under ambient conditions and film thickness was measured using a profilometer. 

Circular samples (28 mm diameter) were cut from films for in vitro release studies. For each 

drug and loading concentration, three films were cast and a sample was taken from each. See 

Table 2 for a summary of analyzed samples.

Reservoir System Fabrication & Characterization

PCL was dissolved at 200 mg/ml in TFE overnight in a 37°C incubator on an orbital shaker. 

A PCL thin-film was cast onto a 3-inch diameter silicon wafer using a spin-coater (Specialty 

Coating Systems, Model P6700; 30s at 1500RPM, 30s at 2000RPM) at room temperature. 

The resulting film was dried under ambient conditions, annealed at 90°C for 15 minutes and 

cooled at room temperature. Film thickness was measured using a micrometer. Drug-loaded 

devices were fabricated by heat-sealing two PCL films in a circumference around drug 

powder [Figure 1]. Device surface area was measured after sealing. For each drug, three 

devices plus one “unsealed” control (with ¼ of circumference left unsealed) were tested. See 

Table 3 for a summary of analyzed samples.

In vitro Release Experiments

In vitro release experiments were conducted by submerging samples in 0.5–5 mL of PBS pH 

7.4 at 37°C on an agitator to approximate physiological conditions and to maintain sink 

conditions. For each time point, the entire volume of release buffer was removed and 

replaced with fresh buffer. Exposure to light was minimized to prevent potential degradation 

of photosensitive drugs. Drug concentration in release buffer for each time point was 

measured using an ultraviolet (UV) plate spectrophotometer. Calibration curves for each 

drug in release buffer were made by serial dilutions and upper and lower limits of 

quantification for the linear range were established. All samples were diluted to be within 

the linear range of the calibration curve and loaded into 96-well plates in triplicate 100 µL 

aliquots.
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Data Processing

For both matrix and reservoir samples, concentration in each sample was determined using a 

UV calibration curve for the relevant drug. Based on the release volume, mass released in 

each time interval and cumulatively were calculated. Matrix system release data was further 

processed to determine the cumulative percentage of drug released based on the total drug 

released. Time courses for matrix system data were continued until cumulative drug release 

reached a clear plateau and release could no longer be detected.

Empirical Models

Matrix System—Release of a drug from the matrix system is represented in two phases 

when drug loading results in a drug concentration in the solid dispersion matrix greater than 

the drug solubility in release buffer. A set of empirical equations was defined to fit 

experimental data for drug release from a

(Equation 1a)

(Equation 1b)

PCL matrix. The equation for the first phase, while drug loading remains high, is based on 

the Higuchi equation for drug dispersed in a solid matrix (Equation 1a). The second phase, 

when drug load is less, is based on an approximation of the non-steady state solution for a 

monolithic solution under sink conditions10 (Equation 1b). The transition between these two 

phases can be determined empirically and will depend on initial drug loading and drug 

solubility. For this study, setting the transition point at 60% release resulted in an empirical 

fit suitable for all samples. Table 4 contains a description of the variables used in these 

equations.

Parameters A, L, fd, m and CA are design parameters and empirical parameters D and Y’ as 

well as solubility are drug-specific. In theoretical equations12, Cs and D are the solubility 

and diffusion coefficient of the dissolved drug in release buffer within the polymer matrix. 

In the empirical equation, the aqueous solubility of the active pharmaceutical ingredient at 

25°C is used for Cs [Table 1]. Y’ is an empirical correction factor to account for the 

difference between solubility in an aqueous solution at 25°C and solubility within the 

polymer matrix under experimental conditions as well as any other deviations from the 

theoretical equation. For each matrix sample, all parameters except for D and Y were 

calculated or determined based on matrix characterization and system design. D and Y’ were 

then calculated empirically, using equation 1, from plots of cumulative mass fraction 

released versus the square root of time and the natural log of cumulative mass fraction 

released versus time.

Reservoir System—Based on the solution to diffusion equations describing mass 

transport through a slab from a constant activity source under sink conditions, the empirical 

equation 2 describes the release rate of drug from a membrane-controlled reservoir system, 
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in which solid drug remains in the reservoir.12 Table 5 defines each variable contained in 

equation 2. The empirical parameter “Dk” is calculated from the slope of a cumulative mass 

versus time plot using measured design parameters (A,L) for each device and solubility 

measurements from literature [Table 1].

(Equation 2)

Predictive Model

A predictive model is built for empirical parameters D’ and Y’ in the matrix system and Dk 

in the reservoir system as a function of drug properties. The models were based on 

correlations between empirical parameters and drug properties (MW, LogP, solubility, pKa). 

Correlations were determined for the best-fit equation form (linear, power, logarithmic) and 

only properties correlating with Pearson coefficients greater than 0.7 were included in the 

model. Relative residual error was used as a metric when optimizing coefficients in the 

predictive model.

Results

Empirical Models

Figure 2 illustrates representative release profiles and empirical fits that describe matrix and 

reservoir systems. Data points represent typical release from a single device and the 

empirical fits represent average empirical values from triplicate devices. Empirical fits and 

parameters are defined in equations 1 and 2, for the matrix and reservoir systems 

respectively, as described in the data analysis section. Calculated empirical parameters for 

each system are tabulated in Table 2 and Table 3. Empirical values calculated from different 

device designs are averaged for each drug and represented in Figure 3 with error bars 

representing one standard deviation. Dk, D’ and Y’ are independent of design parameters 

and differ between drugs as depicted in Figure 3, which compares these empirical 

parameters on a log scale. As shown in Figure 3, the empirical equations accurately model 

the release profiles from these systems, and the empirical parameters describe the diffusion 

characteristics of a drug within or through the PCL matrix normalized for device design.

Predictive Models

As described in our methods, we have developed a model to predict empirical parameters 

based on physicochemical properties of drugs. Equations 3a–c below predict empirical 

parameters D’ and Y’ in a PCL matrix system and Dk in a PCL reservoir system. Figure 4 

compares the predicted empirical parameters to experimental empirical parameters in both 

the matrix and reservoir systems. The predictive models were built to minimize relative 

residual error (RRE). The average RRE in the reservoir system in the final model is 1.2, with 

Diltiazem-HCl as an outlier with an RRE of 8.1. Excluding Diltiazem-HCl, the RRE of the 

remaining 7 drugs falls to 0.2. The RREs for predicted parameters in the matrix

(Equation 3a)
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(Equation 3b)

(Equation 3c)

system are 0.3 and 0.6 for D’ and Y’ respectively.

Discussion

Empirical model

In the reservoir system, dissolved drug in the reservoir, driven by a concentration gradient 

between reservoir and bulk, partitions into the polymer membrane and then diffuses through 

the membrane into the bulk fluid. The diffusion coefficient (D) is a measure of the rate of 

diffusion of dissolved drug through the polymer matrix and the partition coefficient (k) is a 

measure of the molecules affinity for the polymer membrane relative to the aqueous bulk. In 

the empirical analysis for the reservoir system, D and k are calculated as a single parameter 

and cannot be determined independently. In the matrix system, solid dispersed drug in the 

polymer matrix partitions and dissolves in the fluid permeating into the matrix, driven by the 

difference in concentration between drug in the solid matrix and the saturated drug 

concentration in the permeating fluid. The dissolved drug then diffuses through the polymer 

matrix and releases into the surrounding bulk fluid. A more thorough explanation of the 

theoretical equations and solutions to diffusion equations in these systems can be found in a 

2012 review by Siepmann and Siepmann in the Journal of Controlled Release (Reference 

10). The diffusion coefficient (D’), the same as in the reservoir system, is a measure of 

diffusion rate of dissolved drug through the polymer matrix. Y’ is included in the empirical 

equation for the matrix system as a scaling factor to adjust for using drug solubility in a bulk 

fluid rather than the actual saturated drug concentration in the polymer matrix.

These empirical parameters differ for different drugs (Figure 3) and are related to the 

interaction between the drug molecule and the polymer. Correlations between empirical 

diffusion parameters and drug properties suggest the nature of these interactions and their 

relative impact on drug release. Figure 5 shows relevant correlations for both the matrix and 

reservoir systems. Diffusion coefficients are known to be dependent on molecular size, and 

as expected, in both the matrix and reservoir system, there is a similar trend of increasing D 

(i.e. faster diffusion) with decreasing molecular weight. D cannot be distinguished 

independent of k in the reservoir system, but as the empirical D in both systems describes 

the rate of diffusion for dissolved drug through PCL matrix, it is likely that the trend with 

MW observed for Dk is driven by the dependence of D on MW. There is also a strong 

logarithmic correlation (correlation coefficient = 0.79) between Dk in the reservoir system 

and LogP. This is attributed to the partition of drug from the reservoir into the membrane as 

described by k. Since PCL is a hydrophobic polymer, the drug must partition from a 

hydrophilic to hydrophobic environment. The P in LogP is also a measure of drug partition 

between a hydrophobic and hydrophilic phase, and thus a linear correlation between P and k 

is expected.
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Interestingly, in the matrix system, Y’ shows a negative logarithmic correlation with LogP. 

This can be explained due to solid drug in a matrix dispersion partitioning from the 

hydrophobic environment into the more hydrophilic environment of the permeating fluid. 

Thus in the matrix system, molecules with larger LogP and a greater affinity for 

hydrophobic environments will have a smaller Y’, whereas in the reservoir, more 

hydrophobic drugs will have a larger Dk and more readily enter into the polymer membrane. 

Y’ appears to encompass an effective partition coefficient in the empirical model presented 

here to describe release from the PCL matrix system.

Y’ in the matrix system and Dk in the reservoir system show opposite correlations with 

solubility. While these correlations are significant (correlation coefficient greater than 0.7), 

they are likely influenced by the inherent relationship between drug solubility and LogP. It 

should be noted that the correlation coefficient for Dk with MW in the reservoir system is 

only 0.6 and is weak compared to the correlation between Dk and LogP attributed to the 

partition coefficient (k). This suggests that in the PCL membrane controlled reservoir 

system, drug release is more strongly influenced by the partition of drug from hydrophilic 

aqueous bulk to hydrophobic polymer membrane than by the diffusion of drug within the 

membrane.

Utilizing the predictive and empirical models

The models presented here are useful in early system design as well as evaluation of a PCL 

thin-film device for delivering a given drug at a target rate and dose. For example, we can 

use the predictive model to calculate Dk for Timolol [Solubility16 = 2.740 g/L, MW 

=316.4215, LogP = 1.8315, and pKa15 = 9.21; Dk = 4.18E–11mm2/hr] and equation 2 to 

model release from a reservoir device loaded with Timolol Maleate [Solubility17 = 100 g/L, 

MW = 432.4915] to design a device with suitable dimensions and a target release rate of 10–

30 µg/day18 for long-acting glaucoma treatment. Based on the predictive and empirical 

models, a 2×3mm rectangular device (12mm2 surface area) made with a 70 µm thick PCL 

membrane will achieve a release rate of 17 µg Timolol/day. The duration of drug release 

depends on the mass loaded into the device reservoir; here we demonstrate a 15 day device 

with a total drug load of 300 µg Timolol (410 µg Timolol Maleate). The predicted linear 

release rate and experimental results in Figure 6 demonstrate that the models accurately 

predict the linear release rate from the reservoir device. As drug depletes and the total mass 

in the reservoir falls below the solubility limit, the release kinetics reflect 1st order Fickian 

diffusion. Due to the small reservoir volume, the mass released in this non-linear phase is 

small (< 40 µg).

In another example, we designed a PCL matrix system as a potential on-demand vaginal 

film releasing the contraceptive levonorgestrel. In this case, we use the predictive model to 

calculate D’, 3.69E-06 mm2/hr, and Y’, 5.03E-08, based on levonorgestrel drug properties 

(MW = 312, LogP = 3.8, pKa = 13, solubility = 2 mg/L).15 To target a 1 to 2 day sustained-

release profile with 5–10 µg of total drug release, we designed a 6 mm-diameter PCL film, 

38 µm thick with 0.8% drug loading by mass. Figure 7 shows the predicted and experimental 

release profile for this system. As previously described, the release profile for a matrix 
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system is defined as a percent-released, therefore, the mass of levonorgestrel release from 

this film can be easily scaled with film diameter depending on desired dosing.

Finally, we applied the predictive and empirical models to design a PCL thin-film device for 

long-acting malaria prophylaxis. Based on a basic pharmacokinetic model taking into 

account oral bioavailability, plasma half-life, volume of distribution and minimum and 

maximum plasma concentrations for steady-state oral dosing of primaquine bisphosphate19, 

we estimated a target constant-rate release of 12–24 mg/day to achieve 50–100 ng/ml 

plasma concentration for effective malaria prophylaxis. Based on the properties of 

primaquine (MW = 259, LogP = 2.1, pKa = 10.2, API-solubility = 56.4 mg/L, drug product 

(primaquine bisphosphate) solubility = 166.7g/L)15,19, Dk was predicted (2.05E-11 mm2/h) 

and the empirical model for release from a constant-activity reservoir device was used to 

design a PCL thin-film device targeting 16 mg/day release with a 4 µm thick membrane, 800 

mm2 (40 mm×10 mm rectangle) surface area, and 175 mg primaquine phosphate (99 mg 

primaquine) load for 10 days of drug release. Figure 8 illustrates the predicted linear release 

rate and experimental data from this device.

Conclusion

The empirical models presented here describe a systematic approach to easily determine 

empirical parameters that define a drug’s release profile from a PCL thin-film matrix and a 

PCL thin-film reservoir device. These empirical parameters, D’ and Y’ for the matrix and 

Dk for the reservoir, are specific to the PCL system and to each drug. Once determined, 

these parameters allow for easy system design and scale-up or scale-down to achieve a 

target release rate and quantity for a given drug. Additionally, these parameters depend on a 

drug’s physicochemical properties, indicating that the mass transport of drug from the 

matrix system into the release buffer is not only affected by concentration gradients as 

described in the diffusion equation, but also by interactions between drug molecules and 

polymer. Diffusion rate of dissolved drug through the polymer in both the matrix and 

reservoir system depends on molecular weight, with larger molecules diffusing more slowly. 

In the reservoir system, the partition of drug into the polymer membrane depends on LogP 

and solubility, with more hydrophobic (larger LogP and lower solubility) drugs partitioning 

faster. Conversely, in the matrix system, drug partition from the solid polymer matrix to the 

permeating fluid depends on LogP and solubility with opposite correlations to those 

observed in the reservoir system. In the matrix system, hydrophilic drugs partition more 

rapidly from the polymer matrix.

We have presented useful tools for system evaluation and design in the form of empirical 

models and predictive equations for empirical parameters. We have also demonstrated the 

utility of these models in preliminary designs for controlled-release thin-film PCL delivery 

devices for several indications. In addition to being a useful tool for device design, our 

results give insight into the key physicochemical properties of drugs and polymer-drug 

interactions affecting release. While our work focuses on PCL systems, the empirical 

models and approaches for developing a predictive model for empirical parameters could be 

expanded to other polymer membranes.
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Abbreviations

PCL Polycaprolactone

TFE 2,2,2-Trifluoroethanol

MW Molecular weight

D’ Empirical diffusion coefficient describing diffusion in a PCL membrane

Y’ Empirical parameter describing drug partition from PCL matrix, described in more 

detail in text

Dk’ Combined empirical parameter including diffusion coefficient (D) and partition 

coefficient for drug in PCL membrane

Cs Solubility; saturated concentration
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Figure 1. 
Polycaprolactone reservoir system device fabrication. PCL thin films (< 20µm) are heat 

sealed around drug product to form a sealed reservoir device. PCL Tm is 60°C, and heat 

sealing is done by passing current through a nichrome wire embedded in PDMS.
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Figure 2. Example of release data and empirical fit
The cumulative release profile for reservoir devices is linear after an initial burst release (A, 

Diltiazem). Data fit is based on the equation M = A*Dk*CsDP*t / L and the combined 

parameter Dk is determined empirically. Release in the matrix system (B, Metoprolol) is 

described as fraction released and is fit with two equations 

 and two 

empirical parameters (D’, Y’). Data sets are from a single release experiment and fits are 

based on average empirical parameters from full data set (n=2–5).
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Figure 3. 
Empirical parameters describing transport of representative Pharmaceuticals in a PCL 

reservoir system (A) and PCL matrix (B, C). Empirical parameters are drug specific and 

represent the diffusion and partition of drug through and into a PCL membrane. Release 

profiles from a given system depend on empirical parameters, drug solubility and device 

dimensions.
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Figure 4. 
Predicted and experimental values of empirical parameters.
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Figure 5. Correlations between drug properties and empirical diffusion parameters
Diffusion coefficient (D) shows a weak negative correlation to molecular weight in both 

systems (A,D). In the reservoir system (A,B,C), the combined empirical parameter Dk [M = 

ADkCSt] is inversely correlated to API solubility (aq, 25°C) and proportional to the partition 

coefficient “P” as illustrated by the logarithmic correlation between LogP and Dk (B). D and 

k can not be independently determined from reservoir system release data. In the matrix 

system, described by the empirical equations 
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 Y’ shows similar yet opposite 

correlations to Dk in the reservoir system in that it is inversely correlated to drug solubility 

(F) and negatively proportional to the partition coefficient “P” (E).
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Figure 6. 
Predicted and experimental release profile for Timolol from a Timolol-Maleate loaded PCL 

reservoir device. Device dimensions are 2×3mm rectangle with a 70um thick membrane and 

0.4mg Timolol-Maleate (0.3mg Timolol) load. Device was designed using predictive 

modeling and empirical equations for a 17ug/day Timolol release rate with dimensions 

appropriate for front of the eye delivery.
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Figure 7. 
Predicted and experimental release profile for Levonorgestrel (LNG) from a PCL matrix 

film. Film dimensions are 6mm diameter, 38µm thick, with a 0.8% mass loading of LNG. 

Device was designed using predictive modeling and empirical equations for a 5–10ug 

sustained release for 1–2 days as a potential on-demand vaginal film contraceptive.

Schlesinger et al. Page 18

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Predicted and experimental release profile for Primaquine from a Primaquine bisphosphate 

loaded PCL reservoir device. Device dimensions are 10×40mm rectangle with a 4um thick 

membrane and 175mg primaquine bisposhpate (99mg primaquine) load. Device was 

designed using predictive modeling and empirical equations for a 16mg/day release rate.
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Table III

Summary of PCL Reservoir Samples Analyzed

Pharmaceutical Area (mm2)
Membrane

Thickness (um) Dk (mm2/hr)

Caffeine

208 15 1.7E-11

208 14 1.0E-11

208 13.4 4.9E-13

188 8.5 3.8E-10

188 5.2 3.2E-10

Diltiazem-HCl
157 12.3 2.6E-12

157 12.3 1.5E-12

Ranitidine-HCl

188 18.8 3.9E-10

188 16.4 2.4E-10

188 14.7 1.2E-10

Verapamil-HCl 188 25.5 1.9E-11

Atenolol 188 6 1.5E-10

Famotidine

190 16.2 1.7E-11

173 16.2 2.7E-10

173 16.2 7.1E-11

Hydrocortisone
157 10.8 5.4E-11

157 12.3 1.4E-10

Labetalol-HCl

208 14.5 2.5E-12

208 11.8 2.6E-11

208 11.8 1.9E-11
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Table IV

Matrix system equation variables (equation 1)

Parameter Units Description

M/MT Unitless Fraction of drug released relative to total drug load

Design Parameters

A mm2 Surface area

L mm Membrane thickness

fd Unitless Mass fraction of drug in film

m mg Total film mass

CA mg/L Drug concentration as mass of drug per unit volume of film

Drug property Cs mg/L Solubility of active pharmaceutical ingredient at 25°C

Drug-specific empirical parameters
D mm2/hr Diffusion coefficient; dissolved drug through PCL matrix

Y’ Unitless Empirical correction factor
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Table V

Reservoir system equation variables (equation 2)

Parameter Units Description

J mg/hr Mass flux of drug through membrane

Design Parameters Drug property A mm2 Surface area

L mm Membrane thickness

CS
DP mg/L Solubility of drug product at 25°C

Drug-specific empirical parameters Dk mm2/hr Combined diffusion coefficient (dissolved drug through PCL matrix) and 
partition coefficient (partition into PCL membrane)
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