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Abstract

Electrospun fibers are a commonly used cell scaffold and have also been used as pharmaceutical 

delivery devices. In this study, we developed a method to analyze the release of multiple 

pharmaceuticals from a single electrospun fiber scaffold and determine how each pharmaceutical’s 

loading concentration affects the release rate of each pharmaceutical. Our analysis methods were 

tested on electrospun fibers loaded with two pharmaceuticals: 6-aminonicotinamide (6AN) and 

ibuprofen. Pharmaceutical concentration in electrospun fibers ranged from 1.5% to 8.5% by 

weight. We found that 6AN release was dependent on the concentration of 6AN and ibuprofen 

loaded into the fibers, while ibuprofen release was only dependent on the loading concentration of 

ibuprofen but not 6AN. Unexpectedly, ibuprofen release became dependent on both 6AN and 

ibuprofen loading concentrations when fibers were aged for 1-month post-fabrication at room 

temperature in the laboratory followed by a 4-hour incubation inside the cell culture incubator at 

37 °C and 5% CO2. One additional discovery was an unknown signal that was attributed to the 

medical grade syringes used for electrospinning, which was easily removed using our method. 

These results demonstrate the utility of the methods developed here and indicate multiple agents 

can be released concomitantly from electrospun fibers to meet the demands of more complex 

tissue engineering approaches. Future work will focus on analysis of pharmaceutical release 

profiles to exploit the dependencies on pharmaceutical loading concentrations.
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1. Introduction

Tissue engineering has become increasingly complex. State of the art approaches to 

regenerating tissue (such as the spinal cord) use a cocktail of bioactive agents in 

combination with a cellular scaffold (Silver and Miller, 2004; Cregg et al., 2014). There is a 

need to develop pharmaceutical delivery devices that meet the demands of these complicated 

approaches. Electrospun fibers are a common type of synthetic biomaterial used in tissue 

engineering as both a cellular scaffold (Schaub et al., 2015; Schaub, n.d.; Venugopal et al., 

2008; Liao et al., 2006; Wang et al., 2013; Jiang et al., 2010; Pham et al., 2006; Holzwarth 

and Ma, 2011; Cao et al., 2009) and a means of delivering bioactive agents (Hu et al., 2014; 

Chou et al., 2015; Jang et al., 2009; Sill and von Recum, 2008; Ji et al., 2011; Szentivanyi et 

al., 2011; Chakraborty et al., 2009; Hadjiargyrou and Chiu, 2008). Electrospun fibers are 

polymeric fibers with diameters on the nano- to micro scale; as such, they are biomimetic, 

resembling the geometric structure of fibrillary proteins in the extracellular matrix. Most of 

the literature on pharmaceutical delivery from electrospun fibers has focused on delivery of a 

single agent, but a few studies have reported the release of multiple agents using layered or 

mixed fiber mats where each fiber in a scaffold contains a single pharmaceutical (Thakur et 

al., 2008; Sundararaj et al., 2013). At least one study has released multiple pharmaceuticals 

from a single fiber mat (Thakur et al., 2008), but no study has investigated how multi-

pharmaceutical release is affected by changing each pharmaceuticals initial loading. 

Understanding how multiple pharmaceuticals are released from a single scaffold may permit 

new approaches to engineering pharmaceutical delivery devices that meet the demand for the 

increasing complexity of the tissue engineering field.

Pharmaceutical diffusion from a polymer depends on a variety of factors, including 

pharmaceutical/polymer affinity, pharmaceutical hydrophobicity, and concentration ratio of 

pharmaceutical to polymer (Chou et al., 2015; Zeng et al., 2005; Zeng et al., 2003). When 

multiple pharmaceuticals are added to fibers, additional factors, such as pharmaceutical/

pharmaceutical affinity and the relative strength of each pharmaceutical’s affinity for the 

polymer, need to be considered. An analysis of how pharmaceuticals interact with each other 

and the polymer may provide insight into new approaches to engineering release by taking 

advantage of these interactions. In this study, we develop an approach to studying how 

loading concentrations of multiple pharmaceuticals affect the release rate of each individual 

pharmaceutical. To accomplish this, we use a central composite circumscribed (CCC) 

experimental design. This experimental design is commonly used in engineering to identify 

trends in a process when multiple factors are involved, and we use it here to understand how 

each pharmaceutical’s loading concentration influence the release of each pharmaceutical. 

Analysis of this experimental space should provide insight into how the release of each 

pharmaceutical is altered by its own loading concentration and the loading concentration of 

other pharmaceuticals.
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In this study, we focused on the diffusion of small molecules from slowly degrading 

electrospun fibers. Because of the inherently slow growth and/or long distances required for 

some cells to grow (e.g. nerve regeneration), some tissue engineering applications require 

the use of slowly degrading scaffolds. Our laboratory has studied the use of aligned 

electrospun fibers as neurite guidance scaffolds (Corey et al., 2007; Corey et al., 2008; Gertz 

et al., 2010), and many other laboratories have also used electrospun fibers to guide neurite 

extension in vitro (Schaub et al., 2015; Koh et al., 2008; Yang et al., 2004; Wang et al., 

2009; Wang et al., 2010; Alvarez-Perez et al., 2010; Prabhakaran et al., 2008) and in vivo 
(Hurtado et al., 2011; Liu et al., 2012; Chew et al., 2007; Neal et al., 2012; Gelain et al., 

2011; Kim et al., 2008). The slow rate of nerve growth (~1 mm/day or less) (Pfister et al., 

2011; Lundborg, 2003) will require slowly degrading materials to provide continuous 

physical cues throughout the duration of regeneration. For slowly degrading polymers, the 

dominant release mechanism is diffusion, and small molecules are more capable of diffusing 

out of a polymer compared to larger molecules (e.g. proteins). Further, small molecules have 

been released from slowly degrading electrospun poly-L-lactic acid (PLLA) fibers for up to 

two weeks (Schaub and Gilbert, 2011), and post fabrication processing allows release up to 

45 days (D’Amato et al., 2017). A better understanding of pharmaceutical diffusion from 

slowly degrading fibers could aid in extending the duration of release of pharmaceuticals 

from electrospun fibers while maintaining fiber integrity over long time frames.

For this study, we used two small molecules (6AN and ibuprofen) that have (i) been released 

from electrospun fibers, (ii) have been used in neural tissue engineering, and (iii) have 

different release profiles. Ibuprofen is an anti-inflammatory agent that is also known to 

increase neurite extension through inhibition of Rho associated protein kinase (ROCK) (Fu 

et al., 2007; Roloff et al., 2015; Dill et al., 2010). Ibuprofen release is known to have a burst 

release profile from electrospun PLLA and PLGA (poly(lactic-co-glycolic) acid) fibers, 

where most of the pharmaceutical is released within in the first couple of days(Liu et al., 

2017; Riggin et al., 2017). 6-Aminonicotinamide (6AN) is an anti-metabolite that targets the 

pentose phosphate shunt (Haghighat and McCandless, 1997) and is known to selectively 

target reactive astrocytes (Politis, 1989). 6AN is known to have an extended release profile 

(Schaub and Gilbert, 2011) that can be modified for extended release (greater than one 

month) with post-fabrication processing (D’Amato et al., 2017). The different release 

profiles of each pharmaceutical make them ideal candidates to study how the loading of 

multiple pharmaceuticals into electrospun fibers influences the release profile of each 

pharmaceuticals.

2. Methods

2.1. Materials & equipment

Electrospun fibers were generated using Poly-L-lactic acid (PLLA), 1,1,1,3,3,3-

hexafluoro-2-propanol (HFP), 6-aminonicotinamide (6AN), and ibuprofen. PLLA with an 

inherent viscosity of 3.3 dl/g was purchased from Evonik (Resomer L210). HFP, 6AN, and 

ibuprofen were purchased from Sigma Aldrich. Relative humidity was monitored during 

electrospinning using an AM2302 relative humidity sensor (Digikey) attached to a 

Raspberry Pi (Newark Element 14) to record humidity levels throughout every 
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electrospinning trial. BD Syringes were purchased from VWR, and 23-gauge flat tip needles 

for electrospinning were purchased from Nordson EFD. Phosphate buffered saline (PBS) 

was purchased from Fisher Scientific. A Biotek Synergy HTX plate reader was used to 

acquire UV–Vis spectra of PBS exposed to drug loaded electrospun fibers. UV–Vis spectra 

were generated using UV transparent 96-well plates (Sigma Aldrich). Development of all 

algorithms and all data analysis was performed using MATLAB 2017b (Mathworks). Graphs 

were generated using Gramm (Morel, 2018).

2.2. UV–Vis spectral analysis of samples containing multiple drugs

2.2.1. Overview of method—We developed a method of identifying the concentrations 

of multiple drugs from a UV–Vis spectrum. Since the CCC design space grows 

exponentially with respect to the number of drugs released from the fibers, UV–Vis can 

provide a fast and accurate method of analyzing drug release relative to other methods of 

analyzing drug release (high performance liquid chromatography, liquid chromatography-

mass spectrometry). The approach rigorously applies the Beer-Lambert law (Poggendorff, 

1852; Lambert and Anding, 1892):

A(λ) = l ∑
i = 1

N
ε(λ)ici (1)

where A(λ) is the absorption value at wavelength λ, l is the distance light traveled through 

the sample, ε(λ)i is the absorptivity of the ith drug at wavelength λ, and ci is the 

concentration of the ith drug. We ignored l since the path length remained constant for this 

experiment. In this paper, ε(λ)i is the amount of absorbance per unit mass at the given 

wavelength.

This method involves two steps. The first step analyzes the UV–Vis spectrum of solutions 

with known quantities of drug to determine: i) the mass absorptivity, ε(λε(λ)i)i, ii) the upper 

concentration detection limit, iii) and lower concentration detection limit. The second step 

calculates the amount of drug in an unknown solution, where Eq. (1) is solved 

simultaneously at multiple wavelengths to determine each drug’s concentration (cici). The 

solution to Eq. (1) in the drug detection step is the concentration of each drug that minimizes 

the error between the calculated absorbance from Eq. (1) and the actual absorbance in the 

UV–Vis spectrum.

2.2.2. Analysis of drug UV–Vis spectra—A two-fold serial dilution of each drug 

(6AN and Ibuprofen) was created in PBS. The maximum concentration was 500 μg/mL and 

the lowest was 0.488 μg/mL. 300 μL of each drug dilution was placed in a UV-transparent 

plate and a UV–Vis spectrum was generated (range = 200–500 nm, 1 nm step size). Control 

spectra were generated that contained only PBS (n = 4), and the replicates were averaged 

together and subtracted from the UV–Vis spectra of each drug. Examples of the background-

corrected spectra for 6AN and Ibuprofen are shown in Fig. 1a and b respectively. The spectra 

from serial dilutions of 6AN and Ibuprofen are shown in Fig. 1c and d respectively.

After background subtraction, a linear regression was performed at each wavelength to 

determine the wavelength dependent mass absorptivity for each drug, ε(λε(λ)i)iε(λ)i, from 
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Eq. (1). Prior to performing the linear regression, absorbance values for drug dilutions were 

assessed to determine how many spectra had a detectable signal. We determined the lower 

limit of detection for the UV–Vis instrument to be 0.001 absorbance units (AU), which was 

about three standard deviations (SD = 0.00031 AU) larger than the signal between 400 nm 

and 500 nm of the PBS spectra. If all dilutions of a drug for a wavelength had an absorbance 

value less than 0.001, then the drug should not contribute any signal to a UV–Vis spectrum 

at that wavelength (ε(λε(λ)i)i = 0ε(λ)i = 0) and no linear regression was performed. If one 

or two drug dilutions had an absorbance value greater than 0.001, then we discarded the 

wavelength from analysis since the drug may contribute to the signal but there is insufficient 

information to determine the mass absorptivity. If three or more wavelengths have 

absorbances values greater than 0.001 AU, then the following algorithm was used to 

determine the mass absorptivity, the upper concentration detection limit, and the lower 

concentration detection limit:

1. Perform a linear regression on all absorbance values with respect to 

concentration.

2. If the linear regression has (i) an R2 > 0.995 or (ii) all residuals are less than 0.01 

AU, then an optimal ε(λ)i has been found and no additional steps are required.

3. If a linear regression was performed on absorbance values from three 

concentrations and neither criteria from step 2 were met, then there is insufficient 

information to determine mass absorptivity. Absorbance values at this 

wavelength cannot be used to calculate drug concentration in unknown samples.

4. Perform two new linear regressions. First, perform a linear regression after 

removing the absorbance values from the largest concentration. Second, perform 

a second linear regression after removing the absorbance values from the 

smallest concentration.

5. If the R2 value from the first linear regression is larger than the second linear 

regression, remove the largest concentration and absorbance values and go back 

to step 2. If the R2 value from the second linear regression is larger than the first, 

remove the smallest concentration and absorbance values and go back to step 2.

Using this method, an ε(λε(λ)i)i ε(λ)i was found for a range of concentrations. Fig. 1e-g 

show examples of linear fits for three different wavelengths. The slope of the solid line in 

Fig. 1e-g is the mass absorptivity for 6AN (orange) and ibuprofen (green), and the line 

indicates the points for which the mass absorptivity value fits the data with high accuracy. In 

addition to the mass absorptivity, the maximum and minimum detectable concentrations 

were recorded along with the absorbance value for the maximum and minimum detectable 

concentration. These values are used in the next step, where the amount of drug in solution 

is calculated using the values determined in the present step.

2.2.3. Calculation of unknown drug concentrations—Quantification of multiple 

drug concentrations in a sample involved finding a solution to Eq. (1) for all ci that 

minimizes the error with respect to the UV–Vis spectrum of the sample. Although there is a 

linear relationship between absorbance and concentration, the mass absorbance, minimum 
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and maximum concentration detection limit is different for each wavelength. Ideally, Eq. (1) 

is solved for wavelengths where the unknown drug concentration falls between the minimum 

and maximum detection limits, while all other wavelengths are ignored. Since the drug 

concentration is not known, we used an iterative approach to solve Eq. (1). Each iteration 

updates the wavelengths selected to calculate each drug’s concentration based on the 

predicted values of the previous iteration. This iterative process provides a solution after the 

error is below a threshold or ten iterations are completed.

The initial iteration uses the absorbance values of the unknown sample to determine which 

wavelengths are used to solve Eq. (1). The only wavelengths included in the initial 

calculation are wavelengths for which absorption values, A(λε(λ)i)A(λ), are greater than 

0.001 and less than the maximum absorption values for all drugs (determined in 3.2.2). An 

initial calculation of drug concentrations, ci, is made by minimizing the mean squared error:

min
ci ∈ ℝ

1
M ∑

λ = 1

M
A(λ) − ∑

i = 1

N
ε(λ)ici

2
(2)

where A(λ) is the absorbance value from the UV–Vis spectrum and ∑i = 1
N ε(λ)ici is the 

calculated absorbance based on calculated drug concentration. The initial drug concentration 

calculations were used to remove wavelengths from consideration for the next iteration. If 

the calculated concentrations were above or below the maximum or minimum detection 

limit respectively, the wavelength was ignored in the next iteration. If a drug had a negative 

predicted concentration, then the drug concentration was not predicted in subsequent 

iterations. Once a new set of wavelengths was selected, a new set of drug calculations were 

made according to Eq. (3) and the process was repeated until the mean squared error was 

less than 0.001 or ten iterations are completed.

2.2.4. Validation of drug detection method—The drug detection method described 

previously (Section 2.2.3) was validated with three different experiments. First, the UV–Vis 

spectra from serial dilutions of each drug were analyzed to determine if the detection 

algorithm could predict the amount of drug in each dilution. For each UV–Vis spectrum, the 

amounts of ibuprofen and 6AN were determined in each dilution. It was expected that only 

6AN would be detected in the 6AN dilutions and only ibuprofen would be detected in the 

ibuprofen dilutions. Second, we mixed all combinations of the four lowest concentrations of 

each drug dilution together. The purpose of this experiment was to determine if we could 

correctly predict both drug concentrations in a sample containing known concentrations of 

both drugs. Third, we electrospun PLLA fibers containing only 6AN or only ibuprofen 

(electrospinning parameters are described in Section 2.3). In this experiment, it was 

expected that only 6AN or ibuprofen would be detected from each of the samples.

While analyzing UV–Vis spectra from drug released from electrospun fibers, we discovered 

an unknown signal in the spectra that we attributed to unknown chemicals that leached from 

the BD syringes (referred to as syringe components) used for electrospinning. To account for 

these unknown chemicals, a serial dilution of syringe components was created and analyzed 

using the method described in Section 2.2.2 to obtain mass absorptivity constants for every 
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wavelength. We isolated syringe components in syringes by placing 500 μL of a 70% 

ethanol solution into an electrospinning syringe. Parafilm was placed on the syringe tip to 

prevent evaporation. After seven days, the ethanol solution was removed from the syringe. 

Then, a two-fold serial dilution was performed using 70% ethanol. This procedure was 

repeated three times to determine repeatability. Since the identity of the syringe components 

and the quantity of chemical was unknown, the highest concentration of the ethanol solution 

was assigned a value of 500 μg/mL to mirror the concentrations used for the ibuprofen and 

6AN serial dilutions.

2.3. Electrospinning

The electrospinning apparatus used in this study was previously described by Leach et al. 

(2011). Two groups of electrospun fibers were generated to validate the drug detection 

method described in Section 2.2. The first group (10% 6AN group) was electrospun fibers 

fabricated from a solution containing 10 mg of 6AN and 100.0 mg ± 0.5 mg of PLLA 

dissolved in 3.20 g ± 0.05 g of 1,1,1,3,3,3-hexafluor-2-propanol (HFP). The second group 

(10% ibuprofen group) was fabricated from the same solution as the 10% 6AN group, except 

10 mg of Ibuprofen were dissolved into the solution instead of 10 mg of 6AN. Electrospun 

fibers were collected on 12 mm circular glass coverslips coated with a PLLA film. PLLA 

Films were deposited on glass coverslips by air casting a solution containing 100 mg of 

PLLA and 3 g of chloroform and 3 g of dichloromethane. Fibers were generated using a 

voltage of 12 kV, volumetric flow rate of 1.5 mL/hour, collected on a 25 cm diameter 

aluminum disk spinning at 1000 rpm, needle to collection disk distance of 6 cm, and a 

relative humidity of 23–28% was maintained throughout the electrospinning process. Fibers 

were collected for 10 min.

To evaluate how loading multiple drugs into electrospinning solutions affected drug release, 

we created fourteen electrospun scaffolds using a CCC experimental design (Table 1). The 

electrospinning solution for each sample used the same quantity of PLLA and HFP 

described in the previous paragraph but used different combinations of 6AN and Ibuprofen 

loading concentrations. Drug loading into the fibers is represented as a percentage of the 

weight of drug relative to the weight of polymer.

The center point of the CCC design was 5% 6AN and 5% Ibuprofen, which involved 

dissolving 5 mg each of 6AN and Ibuprofen into the electrospinning solution. Six solutions 

of 5% 6AN and 5% Ibuprofen were created. The other 8 samples were divided into two 

groups: linear effects samples and second order effects samples. The linear effects samples 

contained all combinations of 2.5% or 7.5% 6AN and 2.5% or 7.5% Ibuprofen. The second 

order effects samples contained 5% 6AN and 1.46% or 8.53% Ibuprofen, or 5% Ibuprofen 

and 1.46% or 8.53% 6AN. Only one replicate of the linear effects and second order effects 

samples were created since we want to model trends across groups rather than determine the 

reproducibility of the process. The drug loading concentrating values were chosen based on 

CCC experimental design, where the center point was 5% 6AN and 5% Ibuprofen, the linear 

effects groups had a 2.5% deviation from the center point (2.5% or 7.5% of each drug), and 

the second order effects had a deviation of 2∗2.5 % create evenly spaced experimental data 

for the model in Eq. (3) that can be represented by a square for the linear components (Fig. 
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3a, purple square) and a circle for the second order effects (Fig. 3a, green circle) that 

circumscribe the square.

2.4. Evaluation of drug release from electrospun fiber scaffolds

2.4.1. Recording drug release from electrospun fibers—The day electrospun 

fiber samples were created, fiber samples were placed in a 24-well plate, submerged in 500 

μL of PBS, and placed in a cell culture incubator (temperature 37° C, 5% CO2). After two 

days, 300 μL of PBS from each sample was removed and analyzed by UV–Vis. Any 

remaining volume more than 300 μL was removed and measured with a pipettor by 

adjusting the volume setting on the pipettor such that all PBS was removed from the well 

without any air bubbles present in the pipette tip. The excess volume was recorded to 

determine the volume of PBS in the well after evaporation over the two-day incubation 

period. Fresh PBS was then placed onto each electrospun fiber sample and placed back into 

the incubator. Each UV–Vis spectrum was analyzed using the method described in Section 

2.2.3 to determine the amount of ibuprofen and 6AN released into PBS exposed to the fiber 

sample. The process of analyzing PBS by UV–Vis, recording residual volume, and placing 

fresh PBS on each sample was repeated every three to four days until 13 of 14 samples had 

no detectable Ibuprofen or 6AN.

A second set of drug release data was generated by processing replicates of the samples used 

in the previous paragraph prior to evaluating drug release. Samples were aged for one month 

in a 24 well plate exposed to laboratory air (~20–22 °C and 20–40% relative humidity) and 

then placed in the cell culture incubator for four hours (temperature 37° C, 5% CO2). This 

post-processing method was previously reported by D’Amato et al. and was shown to 

increase the duration of 6AN released from electrospun fibers. Samples were then placed in 

500 μL of PBS for two days before analyzing the PBS using UV–Vis, removing remaining 

volume, and replacing with 500 μL fresh PBS. The process was repeated every three or four 

days until 13 of the 14 samples had no detectable drug release.

2.4.2. Analysis of drug release data—Drug release from every time point was 

adjusted to account for evaporation by multiplying the concentration (μg/mL) of drug 

calculated from the drug quantification algorithm by the final volume of PBS in the well 

(yielding units of μg). Cumulative release was then calculated for each sample, and release 

rate was calculated by dividing the amount of drug released into PBS by the number of days 

PBS was on the sample.

We used a generalized linear model to determine the trends in drug release. The model 

included quadratic terms with interactions:

mi = β0 + β1[6AN] + β2[Ibu] + β12[6AN][Ibu] + β11[6AN]2 + β22[Ibu]2 (3)

In Eq. (3), mi is the mass released or rate of mass release of drug, i, from electrospun fibers. 

The values [6AN][6AN] and [Ibu] are the mass percentages of drug loaded into the 

electrospun fiber scaffolds. Mass percentages were normalized by subtracting 5% from the 

loading percentage and dividing by 2.5%, so that control samples had a value of 0 for both 
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[6AN] and [Ibu] while linear effects samples had values of ± 1 and second order effects 

groups had values of 0 or ± 2. A linear regression was used to determine the values of 

coefficients. Then the model was refined by removing coefficients that were not statistically 

significant. Statistical significance of the model with and without a coefficient was 

determined using an F-test of the model with and without the coefficient. This method is 

also known as a linear hypothesis test and determines whether the model fit with and without 

a coefficient significantly alters how well the model fits the data. If there is a significant 

difference in how the model fits the data when the value is present or removed, then it is 

concluded that the coefficient makes a significant contribution to the model. This method 

removes values that are insignificant, ensuring a good fit between the model and data with 

the fewest number of terms.

The model in Eq. (3) was fit separately to 6AN release and Ibuprofen cumulative release at 

day two and the final release day. Fitting the data to the first release time point helped us 

determine how drug loading altered burst release of drug and fitting the data to the final 

release time point allowed us to see how the total amount of drug released was altered by 

drug loading. The model in Eq. (3) was also fit to the drug release rate for each time point to 

track how each component of the model changed drug release rate over time.

2.5. Scanning electron microscopy

Scanning electron microscopy (SEM) was carried out on an AMRAY 1910 field emission 

SEM using SemTech Solutions X-Stream image capture software. Samples were coated with 

gold using a Polaron sputter coater. Five images of each sample were collected.

2.6. Characterization of electrospun fibers

Electrospun fiber diameter and linear density (fibers per mm of scaffold) was assessed using 

the methods described by Hotaling et al. (2015). To identify the location of electrospun 

fibers in the image, images were passed through a deep neural network trained to segment 

electrospun fibers. The segmented images were then processed according to Hotaling et al, 
where segmented images of electrospun fibers were skeletonized and a distance transform 

was used to determine fiber diameter. Fiber density was then determined by counting the 

number of fibers crossing a horizontal line drawn through the center of the image. All code 

to characterize electrospun fibers was written in Matlab.

2.7. Statistics

Evaluation of the drug detection method on defined mixtures of drug involved computing R2 

values, where the predicted values were compared to actual values rather than a regression 

line. For electrospun fiber diameter, a mixed effects negative binomial regression was used 

to determine the effects of drug loading on fiber diameter. The regression factors were the 

same as in Eq. (3)) except the random effects of each sample were included in the model. A 

linear model using Eq. (3) was constructed to determine the effects of drug loading on fiber 

density. The significance of model components were determined by an F-test. Coefficients 

were considered weakly significant if p < 0.05, and strongly significant if p < 0.001. The p-

values were used in accordance with the work of Johnson (Johnson, 2013), who 

demonstrated that a p-value of 0.05 corresponds to a 1:3 or 1:4 likelihood of randomly 
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obtaining a similar result while a p-value of 0.001 corresponds to a 1:100 or 1:200 likelihood 

of randomly obtaining a similar result.

3. Results

3.1. Quantification of multiple drugs from UV–Vis spectra

The method of quantifying multiple drug release from electrospun fibers was validated by 

calculating the amount of ibuprofen and 6AN released from electrospun fiber samples 

containing only 6AN or only ibuprofen. The expectation was that ibuprofen should not be 

detected in electrospun fibers containing only 6AN, and 6AN should not be detected in 

electrospun fibers containing only Ibuprofen. While evaluating drug release from 

electrospun fibers, an unknown signal was observed in the UV–Vis spectra of PBS samples 

exposed to electrospun fibers containing only 6AN.

We hypothesized that the unknown signal could be components leached from the disposable, 

medical grade syringes used for electrospinning (subsequently referred to as syringe 

components). UV–Vis analysis of a 70% ethanol solution exposed to the syringes for 1 week 

revealed a signal that decreased in magnitude as the solution was further diluted in 70% 

ethanol (Fig. 2). The method to detect wavelength-dependent mass absorptivity was used to 

characterize serial dilutions of syringe components. Then, we analyzed PBS samples 

exposed to electrospun fibers containing only 6AN or only ibuprofen. In the first round of 

analysis, Eq. (1) was solved for both 6AN and Ibuprofen concentration without accounting 

for syringe components (−Syringe). In the second round of analysis, Eq. (1) was solved for 

6AN, Ibuprofen, and syringe component concentrations (+ Syringe). When drug release 

from electrospun fibers that contained only 6AN was determined without accounting for 

syringe components, the algorithm detected both ibuprofen and 6AN were detected in PBS 

(Fig. 2b). When syringe components were included in the process of solving Eq. (1), no 

ibuprofen was detected (as expected) except a nominal amount at Day 15 (< 1 μg). In 

contrast, when syringe components were excluded from analysis of the fibers containing 

only Ibuprofen, the algorithm only detected ibuprofen in PBS exposed to ibuprofen fibers 

(Fig. 2c). When syringe components were accounted for in the analysis, the calculated 

amount of ibuprofen released from the fibers drastically decreased (272% decrease). These 

results led us to conclude that inclusion of unknown syringe components into the drug 

detection algorithm was required to prevent false detection of Ibuprofen release from 

electrospun fibers. False detection of Ibuprofen was likely due to the overlap between the 

Ibuprofen spectra (Fig. 1d) and the spectra of the syringe components (Fig. 2a).

Next, we calculated the amount of 6AN, Ibuprofen, and syringe components in serial 

dilutions of each drug to verify that inclusion of syringe components in our drug detection 

method did not interfere with accurate calculation of drug concentration. The expectation 

was that only 6AN would be detected in the 6AN standard curve samples, only Ibuprofen 

would be detected in the Ibuprofen standard curve samples, and the amount of drug detected 

would match the amount of drug in the sample. The amount of 6AN, Ibuprofen, and syringe 

components detected by the algorithm in the 6AN standard curve revealed a high correlation 

between calculated 6AN and actual 6AN concentration (R2 greater than 0.999) with no 

Ibuprofen detected in any of the spectra (Fig. 2d). Similarly, there was a high correlation 
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between predicted Ibuprofen and actual Ibuprofen concentration (R2 greater than 0.999) with 

no 6AN detected (Fig. 2e). To further demonstrate that inclusion of syringe components did 

not interfere with detection of drug concentration, we mixed all combinations of the four 

lowest drug concentrations in the standard curve. The drug detection method was capable of 

accurately calculating the amount of Ibuprofen and 6AN in each sample (R2 = 0.986 relative 

to a perfect calculation, Fig. 2f). In the second experiment, we created the same mixtures of 

Ibuprofen and 6AN with a diluted amount of syringe components added to each well. 

Calculation of the drug concentrations was slightly worse (R2 = 0.929 relative to a perfect 

calculation) but were still highly correlated with the actual values (Fig. 2g). These results led 

us to conclude that inclusion of syringe components when calculating 6AN and Ibuprofen 

concentrations did not have a significant impact on calculating drug concentration, and that 

the presence of syringe components in a solution could be accounted for to accurately 

calculate drug concentration.

3.2. Electrospun fiber characterization

To rule out electrospun fiber diameter and linear density as confounding factors in release 

profiles for each sample, SEM images of all fiber groups were analyzed (Fig. 3a). The 

distribution of electrospun fibers fit a negative binomial distribution (Fig. 3b), so a negative 

binomial regression was performed to determine whether drug loading impacted fiber 

diameter. Drug loading had a weak impact on fiber diameter (Fig. 3c), with 6AN loading 

increasing fiber diameter ~4 nm per 1% of 6AN (p = 0.034) and ibuprofen loading 

increasing fiber diameter by about the same amount (p = 0.026). For the groups used in this 

study, this change is approximately 1–2 pixels between groups with different concentrations 

of each drug (10.4–20.8 nm). Analysis of fiber density using a linear regression model did 

not show any factors to be statistically significant. Based on these results, our conclusion is 

that changes in the fiber diameter and fiber density caused by differences in drug loading 

would not have a significant impact on differences in the drug release profiles.

3.3. Simultaneous release of Ibuprofen and 6AN from electrospun fibers

The primary purpose of this study is to understand how the release of multiple drugs is 

dependent on the concentration of each drug. Fig. 4a shows the design space of our CCC 

experimental design and shows how 6AN and Ibuprofen release varied with each drug’s 

concentration around the center point of 5% 6AN and 5% Ibuprofen loading (inverted black 

triangle in Fig. 4b). Drug release was analyzed for 19 days, since day 19 was the first day 

where none of the samples released any drug. Six replicates of control samples were 

electrospun (5% 6AN, 5% Ibuprofen), but one sample was removed from analysis because it 

was a statistical outlier relative to the other samples. The outlier was excluded because it 

released twice as much 6AN and Ibuprofen than the group mean and more than three 

standard deviations higher than the group mean. All control samples released both 6AN and 

ibuprofen (Fig. 4b). Control samples released 0.902 ± 0.075 μg/mL total 6AN (mean ± 95% 

CI) and 0.451 ± 0.206 μg/mL total Ibuprofen (mean ± 95% CI) over 19 days of release. Fig. 

4c shows release rate, which is the drug release observed for that day divided by the number 

of days the PBS was exposed to the fibers. The release rates show that the fibers released 

6AN for up to 9 days and Ibuprofen for up to 5 days, except for one sample that released 

Ibuprofen at day 16.
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Analysis of the remaining experimental groups revealed trends in the drug release profiles of 

each drug as the loading concentration changed. Both groups with 7.5% 6AN released a 

total amount of 6AN that was similar to each other, and these samples released more 6AN 

than all control samples (Fig. 4d, dark orange diamonds and triangles). Similarly, groups 

with 2.5% 6AN released a total amount of 6AN similar to each other, and these samples 

released less 6AN than all control samples (Fig. 4d, light orange circles and squares). Each 

of the groups containing 7.5% 6AN had a different amount of Ibuprofen loaded into the 

fibers (2.5% or 7.5% ibuprofen) so ibuprofen loading appeared to have little effect on 6AN 

release from the fibers. The same was true for fibers loaded with 2.5% 6AN. The same 

trends were observed for Ibuprofen release, where samples containing 7.5% Ibuprofen (Fig. 

4d, dark green circles and diamonds) and 2.5% Ibuprofen (Fig. 4d, light green squares and 

triangles) released more or less Ibuprofen respectively compared to controls (5% 6AN and 

5% ibuprofen). For the second order effects groups, total 6AN release correlated with initial 

loading of either 6AN or Ibuprofen. Samples containing 8.54% (Fig. 4e, dark orange circles) 

or 1.46% 6AN (Fig. 4e, light orange diamonds) released the largest and smallest total mass 

of 6AN respectively. Similarly, samples containing 5% 6AN released more or less 6AN with 

respect to Ibuprofen loading of 8.54% (Fig. 4e, dark green squares) or 1.46% (Fig. 4e, light 

green triangles). The sample containing 5% Ibuprofen and 8.54% 6AN released a higher 

mass of Ibuprofen compared to controls (Fig. 4e, green circles) and the sample containing 

5% Ibuprofen and 1.46% 6AN released a similar amount of Ibuprofen compared to controls. 

The results of this experiment show that each drug releases from the fibers with respect to 

loading concentration, but there is some evidence that both drugs release with respect to the 

other drugs loading concentration as well.

To elucidate the relationships between each drug’s release profile on initial loading 

concentrations, linear models were fit to the drug release data. The components of the linear 

models were the initial drug loading concentrations. First, we fit the model (Eq. (3)) to drug 

release at two days (the first release time point), with separate models for 6AN release and 

Ibuprofen release. Fig. 5a is a plot of the coefficients for each of the model components 

when fit to the 6AN day 2 release data (orange points) and fit to the Ibuprofen day 2 release 

data (green points). The intercept values in the model represent the drug released from 

control samples (5% 6AN and 5% Ibuprofen), and other values represent how drug release 

changes with 6AN and Ibuprofen loading relative to control samples. Evaluation of the 

model revealed that 6AN burst release is weakly dependent on Ibuprofen loading 

concentration (p = 0.043) and 6AN loading concentration (p = 0.011). In contrast, Ibuprofen 

burst release was not dependent on 6AN loading, but was strongly dependent on Ibuprofen 

loading concentration (p < 0.001) and weakly dependent on the square of Ibuprofen loading 

concentration (p = 0.00743). These trends are evident in a surface plot of each model within 

the experimental space. The surface of the 6AN burst release model (Fig. 5b) showed an 

increase in 6AN release as 6AN loading increases and as Ibuprofen loading increases. 

However, the surface of the Ibuprofen burst release model (Fig. 5c) only changes with 

respect to the Ibuprofen axis. Similar trends were observed when the total mass of 6AN or 

Ibuprofen release at day 19 were fit to the model (Fig. 5d). Total 6AN release was strongly 

dependent on 6AN concentration (p < 0.001), and weakly dependent on Ibuprofen 

concentration (p = 0.0228) and the square of 6AN concentration (p = 0.0247). Total 
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Ibuprofen concentration was only dependent on Ibuprofen concentration (p < 0.001). As 

with the burst release model, the surface of the 6AN total release model shows how total 

6AN release is dependent on both 6AN and Ibuprofen concentration (Fig. 5e). The surface 

of the Ibuprofen model shows how total Ibuprofen release is only dependent on Ibuprofen 

concentration (Fig. 5f). Overall, the results of the burst and total release models reveal that 

6AN release from electrospun fibers is dependent on the initial loading concentration of 

6AN and Ibuprofen, while Ibuprofen release is only dependent on Ibuprofen loading 

concentration.

3.4. Extended release of multiple factors from electrospun fibers

Work by D’Amato et al. showed that post-processing electrospun fibers could change the 

release profile of 6AN (D’Amato et al., 2017), so we investigated whether post-processing 

caused a difference in how drug loading affected drug release. D’Amato et al. were able to 

extend the release of 6AN (more than 30 days of release) from electrospun fibers by aging 

electrospun fibers for 28 days followed by a 4 h incubation in a cell culture incubator at 37 

°C and 90–95% relative humidity prior to evaluating the release of 6AN from the fibers. The 

rationale for the change in the drug release curve was that residual solvent (HFP) left over 

from the electrospinning process altered the release of drug from the fibers. These results led 

us to hypothesize that the release of multiple drugs from a single set of fibers might also be 

impacted by retained solvent, so we re-evaluated the release of Ibuprofen and 6AN after the 

fibers were aged for 1 month and incubated in our cell culture incubator for 4 h.

The drug release profile of the control samples (Fig. 6A) revealed similarities and 

differences with the previous set of release curves. 6AN release was observed for up to 13 

days (Fig. 6B, orange points), and Ibuprofen release was also observed for up to 13 days 

(Fig. 6B, green points). The total release of 6AN from control samples was 0.988 ± 0.143 

μg/mL (mean ± 95% CI) and the total release of Ibuprofen was 0.228 ± 0.258 μg/mL (mean 

± 95% CI). These results show that there is a marginal increase (~10%) in the total amount 

of 6AN released after aging the fibers and treating in a cell culture incubator compared to no 

aging or incubation, and the 6AN was released over a slightly longer time. In contrast, the 

amount of Ibuprofen released decreased by nearly 50%, but the release was extended when 

the fibers were post-processed (13 days versus 5 days).

Qualitative analysis of the linear effects groups revealed treated samples containing 7.5% 

6AN and 7.5% Ibuprofen (Fig. 6c, orange diamonds) or 2.5% Ibuprofen (Fig. 6c, orange 

triangles) released more or less 6AN depending on Ibuprofen concentration. The same trend 

existed for samples containing 2.5% 6AN, where treated samples that contained 7.5% 

Ibuprofen (Fig. 6c, light orange circles) or 2.5% Ibuprofen (Fig. 6c, light orange squares) 

released more or less 6AN depending on Ibuprofen concentration. Samples that contained 

7.5% Ibuprofen were similarly affected by 6AN loading, where the sample containing 7.5% 

Ibuprofen and 7.5% 6AN (Fig. 6c, dark green diamonds) or 2.5% 6AN (Fig. 6c, dark green 

circles) released more or less Ibuprofen with respect to 6AN loading concentration. Samples 

containing 2.5% Ibuprofen did not release any detectable amount of Ibuprofen at any time 

point. For the second order effects groups, the samples that contained 8.54% 6AN (Fig. 6d, 

dark orange circles) or 1.46% 6AN (Fig. 6d, light orange diamonds) released the largest or 
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smallest amounts of 6AN respectively. Similarly, the samples containing 8.54% Ibuprofen 

(Fig. 6d, dark green squares) released more Ibuprofen than any other second order effects 

group and the fibers containing 1.46% Ibuprofen (Fig. 6d, light green triangles) Ibuprofen 

released no detectable Ibuprofen. The second order effects samples containing 5% 6AN and 

8.54% Ibuprofen (Fig. 6d, orange squares) or 1.46% Ibuprofen (Fig. 6d, orange triangles) 

released more or less 6AN with respect to Ibuprofen concentration. For Ibuprofen release, 

samples containing 5% Ibuprofen and 8.54% 6AN released more Ibuprofen (Fig. 6d, green 

circles) than controls, and the sample containing 5% Ibuprofen and 1.46% 6AN released a 

similar amount of drug compared to controls (Fig. 6d, green diamonds). By visual 

inspection, these results suggest that post processing of electrospun fibers alters the release 

characteristics of each drug when visually compared to the drug release data from Fig. 3. A 

more detailed discussion of the differences is presented in the discussion (Section 4.2).

The release data of treated samples were fit to Eq. (3), and the results confirmed that post-

processing treatment altered each drug’s release profile. The 6AN burst release model (Fig. 

6a, orange circles) revealed 6AN release at two days was strongly dependent on 6AN 

loading concentration (p < 0.001) and Ibuprofen loading concentration (p < 0.001), and 

weakly dependent on the square of 6AN concentration (p = 0.0182). The Ibuprofen burst 

release model (Fig. 7a, green circles) revealed Ibuprofen release at day 2 was only dependent 

on Ibuprofen concentration (p < 0.001). As with the untreated samples, the surface of the 

6AN burst release model (Fig. 7b) is dependent on both 6AN and Ibuprofen concentration 

and the surface of the Ibuprofen burst release model (Fig. 7c) is only dependent on Ibuprofen 

concentration. Like the 6AN burst release model, the 6AN total release model (Fig. 7d, 

orange circles) showed a strong dependence on 6AN loading concentration (p < 0.001) and 

Ibuprofen concentration (p < 0.001), and a weak dependence on the square of 6AN 

concentration (p = 0.00357). The total release model for Ibuprofen (Fig. 7d, green circles) 

was also strongly dependent on Ibuprofen loading concentration (p < 0.001) and unlike the 

untreated samples, there was a weak dependence on 6AN loading concentration. The surface 

of the 6AN total release model (Fig. 7e) and the surface of the Ibuprofen total release model 

(Fig. 7f) both showed the dependence on 6AN and Ibuprofen. These results indicate that 

post-processing had a significant effect on drug release, especially the impact of each drug’s 

loading concentration on drug release.

4. Discussion

To briefly summarize the findings of this study, we (i) validated a method to robustly 

quantify the concentrations of multiple drugs in a sample, (ii) established that loading two 

different drugs into electrospun fibers can affect the drug release profile of each drug, and 

(iii) that post-processing electrospun fibers can change drug release profiles when multiple 

drugs are loaded into electrospun fibers. Electrospun fibers have been of increasing interest 

for regenerative medicine and tissue engineering as a biomimetic tool to supply a fibrillar 

physical cue to cells. In addition to the support and guidance of cells, they can be used to 

release pharmaceuticals to aid in regeneration. However, much of the literature to this point 

have focused on the release of a single agent. Therefore, the endeavor of this work was to 

investigate how loading multiple drugs into a single set of electrospun fibers alters the 

release profile of each drug. A better understanding of how multiple drugs loaded into a 
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single set of electrospun fibers alter release profiles will help meet the increasing complexity 

of new tissue engineering approaches. While the results of our experiments can be 

complicated to explicate at the level of individual sample comparisons, our approach 

provides a way of understanding how an individual drug release profile is affected by 

loading other drugs into a single set of electrospun fibers as the initial drug loading 

concentrations vary. Use of this systematic approach to release multiple drugs from 

electrospun fibers demonstrates the capacity of electrospun fibers to meet the increasing 

demands of tissue engineering and regenerative medicine.

4.1. Detection of multiple drugs from UV–Vis spectra

UV–Vis is commonly used to detect drug release from electrospun fibers, but in many cases 

only a single wavelength is used to measure absorbance. If only one drug is expected to be 

in a sample, then absorbance at a single wavelength is sufficient to determine drug 

concentration. However, use of a single wavelength for absorbance may hide unexpected 

background offsets or other unexpected components in a sample. This was made clear in the 

present study, where we discovered an unknown signal in the drug release profiles of 

electrospun fiber samples containing only one drug. A survey of the literature revealed at 

least one other group found something similar, where hippocampal neuron viability and 

neurite formation/extension were negatively affected when exposed to cell culture medium 

delivered from medical grade, sterile, disposable syringes (Woo et al., 2014). We did not 

attempt to determine the identity of the components in our electrospinning syringes since it 

was beyond the scope of this study, but it was clear that the syringe components were 

interfering with our ability to characterize drug release. This finding suggests that studies 

using electrospun fibers for drug release may have had similar contaminants since 

disposable medical grade syringes are commonly used for electrospinning in tissue 

engineering research. The presence of contaminants may have amplified the observed drug 

release if drug was detected by a single UV–Vis wavelength. This is true for the study by 

D’Amato et al., where 6AN release from electrospun fibers was assessed by measuring 

absorbance at 267 nm. Absorbance at 267 nm is well within the absorbance spectrum of the 

syringe components measured in this study (Fig. 2a). However, since no attempts were made 

to identify the unknown components released from the fibers, these findings may be limited 

to this study or studies that use disposable plastic syringes.

The discovery of the unknown syringe components and capacity to account for the new 

signals demonstrate the robustness of the method we developed in this study as well as the 

need for appropriate control samples. For the electrospun fiber sample containing only 6AN, 

ibuprofen was likely reported by the drug detection algorithm because of the significant 

overlap between the Ibuprofen spectrum (Fig. 1d) and the syringe components (Fig. 2a), but 

less overlap between syringe components and the 6AN spectrum (Fig. 1c). This also 

explains why a larger quantity of Ibuprofen was detected in the electrospun fiber scaffold 

containing only Ibuprofen before accounting for syringe components (Fig. 2c). Further, the 

overlap in the signal between the syringe components and Ibuprofen likely accounts for the 

marginally worse detection of Ibuprofen in mixtures of 6AN and Ibuprofen when syringe 

components are added to the mixture (Fig. 2g). Due to the overlap in signal, it would be 

reasonable to use a different method of quantifying drug release, such as liquid 
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chromatography-mass spectrometry (LCMS). Measuring drug release with LCMS is likely 

be more robust than the method developed here, but LCMS is more time consuming and 

costly with respect to UV–Vis. Since one goal of this work is to develop a methodology to 

loading multiple drugs into electrospun fibers, it is feasible to consider situations when 3 or 

more drugs might be loaded into the fibers. The design space we use here grows 

exponentially with the number of drugs loaded into the fibers, making the rapid analysis 

developed here desirable for determining drug release since UV–Vis is rapid. The method 

developed here was shown to differentiate between three signals in a UV–Vis spectrum 

(ibuprofen, 6AN, and syringe components) including two signals that had significant overlap 

(ibuprofen and syringe components). This method will aid in future studies to quantify the 

release of multiple drugs.

4.2. Factors influencing multiple drugs release from electrospun fibers

The primary goal of this work was to develop an approach to study the release of multiple 

drugs from slowly degrading electrospun fibers. A large body of literature has focused on 

the release of drug from electrospun fibers, (Hu et al., 2014; Chou et al., 2015; Jang et al., 

2009; Sill and von Recum, 2008; Ji et al., 2011; Szentivanyi et al., 2011; Chakraborty et al., 

2009; Hadjiargyrou and Chiu, 2008) and multiple factors that affect drug release have been 

identified. Factors that have been studied include hydrophobicity/hydophilicity of the drug 

(Zeng et al., 2005) and electrospun fiber diameter (Chen et al., 2012). One factor that is 

commonly mentioned but poorly investigated in the electrospun fiber drug delivery literature 

are physicochemical interactions between drugs and polymers. It is expected that a favorable 

interaction between a drug and polymer would cause the drug to diffuse out of the polymer 

more slowly. Addition of multiple drugs into a single set of electrospun fibers may 

exponentially increase the number of physicochemical interactions involved in drug 

diffusion from a polymer, and the addition of new interactions may lead to different release 

profiles. Thakur et al. demonstrated that simultaneous release of lidocaine and mupirocin 

from electrospun PLLA fibers led to a change in the drug release profile of mupirocin 

compared to an electrospun fiber mat where individual fibers contained either lidocaine or 

mupirocin (Johnson, 2013). The cause of the mupirocin burst release was the formation of 

crystalline mupirocin domains within the fiber. The study by Thakur et al. only investigated 

the binary example of releasing drugs from the same or separate fibers, so it was unclear 

how much of the burst release was caused by lidocaine versus mupirocin concentration or 

how the release changed with each drug’s concentration. It might be expected that use of 

different drugs might lead to different release profiles, since each drug has unique 

physicochemical interactions with itself, other drugs, and the polymer it is encapsulated in. 

To our knowledge, Thakur’s study is the only study that has investigated the diffusion of 

multiple small drugs from slowly degrading electrospun fibers, and we found no analysis in 

the literature that evaluated the release of multiple drugs as a function of loading 

concentration.

In this study we analyze drug release with a standard linear model with second order terms 

and interactions rather than a model built upon first principles, and the components of the 

model may be interpreted in multiple ways. One way the model can be interpreted is within 

the context of physicochemical mechanisms of multi-drug release. Briefly, i) the linear 
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components (i.e. [6AN] and [Ibu] in Eq. (1)) may be associated with each drugs affinity for 

the polymer, ii) the interaction parameter ([6AN][Ibu][6AN][Ibu]) may be associated with 

the physicochemical interaction between 6AN and Ibuprofen, iii) and the square components 

([6AN]2 and [Ibu]2) may be associated with the physicochemical interactions between each 

drug with itself. For the linear effects, if one drug has a lower affinity for a polymer than a 

second drug, the addition of the second drug to electrospun fibers could exclude the first 

drug from associating with the polymer and cause more of the first drug to be released. With 

this interpretation of the model, 6AN would have a lower affinity for PLLA relative to 

Ibuprofen since Ibuprofen appears in the 6AN release models while 6AN does not appear in 

the Ibuprofen release models (Fig. 5). Further evidence of 6AN having a lower affinity for 

PLLA than Ibuprofen is the smaller total weight of Ibuprofen released across all samples 

relative to the total 6AN released. However, these observations may be confounded by the 

differences in molecular weight between the drugs, since Ibuprofen (203 g/mol) has a larger 

molecular weight than 6AN (137 g/mol). The absence of the drug interaction parameter 

from all models might indicate 6AN and Ibuprofen have little affinity for each other. The 

remaining components of the model ([6AN]2 and [Ibu]2) may be interpreted as a drug’s 

affinity for itself. The lack of squared components in most of the models suggest that drug 

interactions with itself likely did not contribute to the results observed in this study. 

Associating the components of the model with physicochemical interactions between drugs 

and the polymer aid in understanding the underlying principles that are being modeled, but 

additional work should be performed to determine whether this model is describing a 

physicochemical mechanism or another process.

The model used in this study may be describing confounding factors related to drug loading 

in electrospun fibers other than physicochemical interactions. For example, it is known that 

adding drug to electrospun fibers tends to cause a decrease in fiber diameter (Schaub and 

Gilbert, 2011) likely due to an increase in charge density (where increased charge density 

results in smaller diameter fibers) (Fong et al., 1999). Since smaller fibers lead to more drug 

release (Chen et al., 2012), it is possible that fiber diameter is a confounding factor. To 

account for this, we quantified fiber diameter to remove this as a confounding factor (Fig. 3). 

Although there may be other confounding factors, our models tended to be accurate (most 

models had an adjusted R2 > 0.8).

The most striking discovery in our experiments was the shift in Ibuprofen release from being 

independent of 6AN loading concentration (Fig. 5f) to dependent on 6AN loading 

concentration (Fig. 7f) after electrospun fibers were treated as described by D’Amato et al 
(D’Amato et al., 2017). The study by D’Amato and colleagues found that aging electrospun 

PLLA fibers loaded with 6AN for 1 month followed by a 4-hour incubation in a cell culture 

incubator caused 6AN release to extend to more than 44 days compared to 9 days of release 

without treatment. Their explanation for the change in 6AN release was that residual 

electrospinning solvent (HFP) was removed by the aging and incubation treatment. It is 

known that electrospinning solvents can remain in electrospun fibers for up to one month 

post-electrospinning at concentrations of 5% or more (D’Amato et al., 2017), therefore 

removal of solvent from the electrospun fibers might reduce the free volume within the 

fibers (decreasing the rate of diffusion) (D’Amato et al., 2017). In the context of the 

physicochemical discussion presented in this manuscript, another explanation is that the 
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HFP interacts with the polymer and the drug. Removal of the solvent permits more 

interaction between the drug and polymer (resulting in slower diffusion) or leads to an 

increase in total drug release if the drug and polymer do not interact favorably. The 

physiochemical explanation is supported by the evidence in our study, where aging and 

incubation of electrospun fibers led to an increase in total 6AN release (also observed by 

D’Amato et al.) and a decrease in Ibuprofen release from control samples. This explanation 

implies 6AN interacts less favorably and Ibuprofen more favorably with PLLA. The increase 

in release duration could then be explained by the decrease in free volume. One discrepancy 

we found between our study and the study by D’Amato and colleagues was that 6AN release 

was extended 5-fold with treatment (from 9 days to 44 days) where we only saw a marginal 

increase in 6AN release (9–13 days) and Ibuprofen (5–13 days). This discrepancy may be 

explained by our use of multiple drugs versus their use of a single drug but could also be 

explained by their method of quantifying drug release. D’Amato et al. only used a single 

wavelength to quantify release (267 nm) that was within the absorption spectrum of the 

syringe components we observed in this study (and they used the same type of syringes used 

in our study). Therefore, it is unclear how much of the drug release they observed was from 

the 6AN versus the syringe components leaching from the fibers, since treatment of the 

fibers may change how syringe components are released from the fibers. Regardless, the 

work presented here confirms that their post-processing treatment has a significant impact 

on how drug is released.

The work presented in this study demonstrates the capacity to model the release of multiple 

drugs from electrospun fibers, providing a new opportunity to engineer drug release. There 

are drug loading concentrations in the total drug release models for 6AN (Fig. 7e) and 

Ibuprofen (Fig. 7f) that have similar total release but different values in the burst release 

models at the corresponding drug loading concentrations (Fig. 7b and c for 6AN and 

Ibuprofen respectively). This could permit engineering of drug release profiles when 

multiple drugs are loaded into a single mat of electrospun fibers, where a larger or smaller 

burst release of drug can be selected while releasing the same total amount of drug. Future 

work will use a combination of statistical modeling demonstrated in this manuscript and 

post-processing fibers to engineer the release of multiple drugs to meet the needs of 

increasingly complex approaches to tissue engineering.

5. Conclusions

We developed a robust method of detecting multiple drug concentrations in a solution of 

PBS. Application of this method to drug release from electrospun fibers led to the discovery 

of unknown components released from electrospun fibers, and the unknown components 

were determined to be chemicals leached from syringes during the electrospinning process. 

Analysis of multi-drug release from electrospun fibers revealed that drug release profiles for 

6AN were dependent on the amount of 6AN loaded into the fibers (as expected) and on the 

amount of Ibuprofen loaded into the fibers. In contrast, Ibuprofen release was only 

dependent on the amount of Ibuprofen loaded into the fibers. Post-processing of electrospun 

fibers according to the method described by D’Amato et al. (one-month aging and annealing 

at 37 °C) caused Ibuprofen release to become dependent on both Ibuprofen and 6AN loading 

concentration. These results indicate the ability to alter drug release profiles by loading 
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multiple drugs into the same electrospun fiber mat, providing an additional tool to engineer 

the release of multiple drugs from electrospun fibers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
A visualization of the method used to identify the linear relationship between drug 

concentration and absorbance. Panels (a) and (b) are representative spectra of 6AN and 

Ibuprofen, respectively, dissolved in PBS. The blue line is the signal detected by the UV–Vis 

spectrometer (Raw), the red line is the signal from PBS with no drug (Background), and 

green is the difference between the red and blue lines (Corrected). (c) UV–Vis spectra of a 

6AN serial dilution with background subtracted, and (d) UV–Vis spectra of Ibuprofen serial 

dilution with background subtracted. Panels (e–g) are absorbance values for each drug at a 

single wavelength and demonstrate the correlation between concentration and absorbance. 

For each plot in (e–g), the points are the absorbance values read by the UV–Vis spectrometer 

and lines represent the range of values that the algorithm detected to be linearly correlated.
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Fig. 2. 
Validation of the drug detection method developed in this paper. (a) A serial dilution of 70% 

ethanol solution exposed to a syringe for 7 days, revealing unknown components in the BD 

syringes used for electrospinning. The concentrations for the syringe components were 

unknown, so concentration values in (a) were assigned to match the range of concentrations 

for Ibuprofen and 6AN. (b) Electrospun fibers containing only 6AN and (c) electrospun 

fibers containing only Ibuprofen. In (b) and (c), +Syringe is calculation of drug release when 

syringe components were added to the model, and −Syringe is calculation of drug release 

without accounting for syringe components. (d) Calculation of the quantity of 6AN and 

Ibuprofen quantities in the 6AN standard curve (n = 3) when syringe components were 

included in the model, and only 6AN was detected in the standard curve (as expected). (e) 

Calculation of 6AN and Ibuprofen quantities in the Ibuprofen standard curve (n = 3) when 

syringe components were included into the model (only Ibuprofen was detected). (f) All 

possible combinations of the lowest concentrations were mixed together, and the UV–Vis 

spectra were used to calculate the amount of drug in each mixture (n = 4). (g) The same 

mixtures used in f, except syringe components were added to the mixture to determine how 

the syringe components might impact quantification of each drug (n = 4). For panels d-g, all 

data points are plotted and thus no error bars are included. The n-values indicate the number 
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of points per x-axis position. Note that in (d) and (e), all three points at most x-axis locations 

appear to perfectly overlap.
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Fig. 3. 
Analysis of electrospun fiber diameter and number of fibers/mm. (a) Representative SEM 

image of electrospun fibers from a control sample (5% each of 6AN and ibuprofen). (b) A 

histogram of electrospun fiber diameters and a negative binomial distribution fit (black line). 

(c) A graph of mean fiber diameter for each group, where error bars represent the standard 

deviation. (d) A graph of the number of fibers per mm of sample for each sample, where 

error bars represent the standard deviation. Below (c) and (d) is a table showing the amount 

of each drug and total drug for each sample. Samples are arranged in increasing total drug 

concentration. Representative images of all 14 groups are available in the Supplemental 

Figure.
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Fig. 4. 
Drug release from 13 electrospun fiber scaffolds that contained different amounts of 6AN 

and Ibuprofen. (a) A visual representation of the experimental space used in this study, 

where % 6AN and % Ibuprofen refer to the ratio of drug weight to polymer weight. (b) A 

cumulative release plot of the control groups (n = 5) that simultaneously release 6AN 

(orange) and Ibuprofen (green), where the solid line represents the mean and the shaded 

region represents the 95% confidence interval. (c) A plot of release rate of the control 

groups. (d) Cumulative release plot of the “Linear Effects” groups from panel A. (e) 

Cumulative release plot of the “Second Order Effects” from panel A. For panels d-e, the top 

panel is 6AN release (orange) and the bottom panel is Ibuprofen (green), where points that 

have a matching symbol between the top and bottom panel is the amount of drug released 

from the same fiber sample. For example, in panel e the circle points in the top panel and the 

circle points in the bottom panel show the release of 6AN and Ibuprofen (respectively) from 
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the same fiber sample. The line and shaded region in panels d-e is the mean value of control 

groups and the 95% confidence interval.
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Fig. 5. 
An analysis of the models generated from the drug release data. The top row of panels is the 

“Burst Release” models generated from the drug release data for the first time point (2 days), 

where (a) is a graph of the best fit model coefficients, (b) is the model surface of 6AN 

release and (c) is the model surface of Ibuprofen release with respect to 6AN and Ibuprofen 

loaded into electrospun fibers. The second row of panels is the “Total Release” models 

generated from the total amount of drug released for each fiber sample, where (d) is a graph 

of the best fit model coefficients, (e) is the model surface of total 6AN released, (f) is the 

model surface of total Ibuprofen release. A model was constructed to predict the release rate 

for each time point. For the graphs in a and d, the color of the point in the graph indicates 

the drug that is affected by the given variable. For example, in the orange points above 

Intercept, [6AN], and [Ibu], indicating that both 6AN and Ibuprofen have a linear 

relationship to 6AN release from the fibers. Symbols below the graph indicate weak 

significance (†, p < 0.05) and strong significance (‡, p < 0.001).
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Fig. 6. 
Electrospun fibers containing both 6AN and Ibuprofen were aged for one month, then placed 

in a 37 °C incubator for 4 h without PBS prior to evaluating for drug release. (a) A 

cumulative release plot of the control groups (n = 5) that simultaneously release 6AN 

(orange) and Ibuprofen (green), where the solid line represents the mean and the shaded 

region represents the 95% confidence interval. (b) A plot of release rate of the control 

groups. (c) Cumulative release plot of the “Linear Effects” groups from Fig. 3a and (d) 

cumulative release plot of second order groups.
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Fig. 7. 
An analysis of the models generated from the drug release data for fibers that were aged for 

1 month and annealed at 37C for four hours. The top row of panels is the “Burst Release” 

models generated from the drug release data for the first time point (2 days), where (a) is a 

plot of the model coefficients, (b) and (c) is the 6AN and Ibuprofen (respectively) released 

with respect to the amount of 6AN and Ibuprofen in each sample. The second row of panels 

is the “Total Release” models generated from the total amount of drug released for each fiber 

sample, where (d) is a plot of the model coefficients and (e) and (f) are 6AN and Ibuprofen 

(respectively) released. Symbols below the plots in (a) and (d) indicate weak significance (†, 

p < 0.05) and strong significance (‡, p < 0.001).
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Table 1

A list of drug loading concentrations for each electrospun fiber sample. All samples contained the same 

amount of PLLA and HFP in the electrospinning solution but varied the content of 6AN and Ibuprofen loading 

as listed here. Percentages in this table are calculated by weight of drug relative to weight PLLA.

Sample % 6AN % Ibuprofen

Linear 1 5 5

2 5 5

3 2.5 7.5

4 5 5

5 2.5 2.5

6 7.5 7.5

7 7.5 2.5

Second Order 8 8.53 5

9 5 5

10 5 5

11 5 8.53

12 1.46 5

13 5 5

14 5 1.46
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