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Among various methods for fabricating polymeric tissue engineering scaffolds, electrospinning stands out
as a relatively simple technique widely utilized in research. Numerous studies have delved into
understanding how electrospinning processing parameters and specific polymeric solutions affect the
physical features of the resulting scaffolds. However, owing to the complexity of these interactions, no
definitive approaches have emerged. This study introduces the use of Simplified Molecular Input Line
Entry System (SMILES) encoding method to represent materials, coupled with machine learning
algorithms, to model the relationships between material properties, electrospinning parameters and
scaffolds’ physical properties. Here, the scaffolds’ fiber diameter and conductivity have been predicted
for the first time using this approach. In the classification task, the voting classifier predicted the fibers
diameter with a balanced accuracy score of 0.9478. In the regression task, a neural network regressor
was architected to learn the relations between parameters and predict the fibers diameter with R? =
0.723. In the case of fibers conductivity, regressor and classifier models were used for prediction, but the
performance fluctuated due to the inadequate information in the published data and the collected
dataset. Finally, the model prediction accuracy was validated by experimental electrospinning of
a biocompatible polymer (ie., polyvinyl alcohol and polyvinyl alcohol/polypyrrole). Field-emission
scanning electron microscope (FE-SEM) images were used to measure fiber diameter. These results
demonstrated the efficacy of the proposed model in predicting the polymer nanofiber diameter and
reducing the parameter space prior to the scoping exercises. This data-driven model can be readily
extended to the electrospinning of various biopolymers.

utilized to fabricate scaffolds possessing morphological,
microstructural, degradation, and bioactivity properties that

Tissue engineering is an interdisciplinary field that uses
a combination of engineering and life sciences to develop
organs and substitutes for restoring, maintaining, or enhancing
tissue function.'” The scaffolds used in tissue engineering
provide a suitable environment for cells to migrate, adhere,
proliferate, differentiate, and produce the extracellular matrix
(ECM) of the target tissue.* In recent decades, a range of
materials including polymers, metals, and ceramics have been
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fulfill the criteria for tissue engineering.>* Many processing
methods have been developed for fabricating scaffolds such as
electrospinning,® rapid prototyping,” freeze drying,® phase
separation,® particulate leaching,’ and gas foaming." Among
these methods, electrospinning has emerged as one of the most
promising techniques due to its unique characteristics, relative
simplicity, and low cost. Electrospinning is a fiber-spinning
technology that uses electrostatic forces to induce the ejection
of a charged liquid (polymer solution) jet through a spinneret.
The jet solidifies and collects on a grounded target in the form
of nanofibers.*>** The electrospun scaffolds possess a suitable
surface for cell attachment due to a high surface area-to-volume
ratio, high porosity, nano-topography, and close imitation of
the natural ECM.""

Electroconductive scaffolds are one of the most promising
types of scaffolds, due to their electrical conductivity, which is
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a prerequisite for some tissues such as neural, cardiac, and
muscle.’**® A conventional method for fabricating electro-
conductive scaffolds is by adding electroconductive polymers.
Common examples of such polymers are polypyrrole (PPy),
polythiophene (PT), polyaniline (PANI), and poly(3,4-
ethylenedioxythiophene) (PEDOT).">** Among other critical
features, electrospun nanofibrous scaffolds should have an
appropriate average fiber diameter and electrical conductivity
for neural, cardiac, and muscle tissue engineering. Numerous
research studies have investigated the effect of electrospinning
parameters on the fiber properties.”® Processing parameters
such as applied voltage, the distance between the needle and
collector, flow rate, and the solution parameters, including
polymer concentration, viscosity, and solution conductivity,
have a profound impact on fibers diameter and the conductivity
of the scaffold. Noriega et al.?* studied the effect of fibers
diameter on the spreading, proliferation, and differentiation of
chondrocytes on electrospun chitosan scaffolds. Their findings
demonstrated that there is an interrelationship between scaf-
fold fibers diameter and gene expression activation. In another
study, Chen et al.*® investigated the relation between NIH 3T3
fibroblast cell adhesion and proliferation activities and fibers
diameter and found that smaller-diameter scaffolds without any
bead formation are superior for cell attachment and prolifera-
tion. Hodgkinson et al.>* found that the diameter of the fibers in
an electrospun silk fibroin scaffold affects the proliferation and
gene expression of primary human dermal fibroblast (PHDFs).
They discovered that fiber diameters ranging from 250 to
300 nm promote greater cell proliferation and spreading, while
these cellular activities decrease as the fiber diameter increases.
Furthermore, in conjunction with investigating the effects of
fiber diameter, other researchers have incorporated conductive
fillers into electrospun fibers and assessed their influence on
cellular responses.>>¢

Understanding the influence of key input variables on the
diameter and conductivity of polymeric electrospun scaffolds
would be a formidable challenge when relying solely on existing
literature. This complexity arises from the intricate interplay of
numerous factors. However, emerging technologies, particu-
larly artificial intelligence (AI) and machine learning, offer
a promising tool for determining the optimal parameter
ranges.”* The emergence of machine learning and deep
learning (a branch of machine learning) has transformed
physical modeling into data-driven modeling. This method of
analysis can potentially be the best approach with the lowest
error for prediction of the physical properties of electrospun
scaffolds to save time, cost, and material.*®

Machine learning is typically divided into two main cate-
gories: (1) shallow learning; and (2) deep learning.*** Deep
learning uses many successive layered representations of data
(i.e., hundreds of convolutions or filters), while shallow learning
typically uses one or two layered representations of the data.
Based on the given problem and the available data, learning can
be classified into two primary parts: (1) supervised learning; and
(2) unsupervised learning. Supervised learning discovers the
relations between data points in a dataset from labeled data in
which the input data has been labelled for a particular output.**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Some of the common supervised algorithms are Decision Trees
(DT), Support Vector Machines (SVM), Naive Bayes, k-Nearest
Neighbors (kNN), ensembles, and Gaussian Process Regres-
sion (GPR).*® In contrast, unsupervised learning is a type of self-
organized learning in which the corresponding output for data
points in a dataset is unlabeled and the algorithm drives
knowledge from the input data.

The rise of deep learning (DL) as a distinct subset of machine
learning has significantly enhanced the utilization of data-
driven methodologies. This method uses numerous nonlinear
processing layers for supervised or unsupervised learning, and
attempts to learn from data that is described in a hierarchical
manner.*** Deep learning algorithms make this method
a suitable choice for processing high-dimensional data such as
graphical, financial, and healthcare data.*®* MultiLayer Percep-
tron (MLP), Recurrent Neural Network (RNN), Convolutional
Neural Network (CNN), Boltzmann machine, and ML autoen-
coder are a few of the most popular deep learning methods.*” In
their study, Sujeeun et al.’® used in vitro cell culture data and
electrospun scaffold physicochemical characterization data in
combination with machine learning approaches to predict in
vivo outcomes. They employed six regression algorithms,
namely SVR, lasso regression, random forest regression, deci-
sion tree regression, KNN regression, and linear regression, to
predict MTT values. They found that among these algorithms,
the random forest regression gave the highest accuracy of
62.74%, and decision tree algorithms gave the lowest accuracy
of 53.91%. In another study, Entekhabi et al* implemented
artificial neural networks (ANN) and kernel ridge regression
(KRR) to predict the degradation rate of genipin cross-linked
gelatin scaffolds with different amounts of gelatin and geni-
pin. They used the scaffold's mechanical properties, pore size,
the extent of cross-linking, and swelling data as input and
showed that ANN can predict degradation rate with a mean
squared error (MSE) of 2.68%, while KRR can predict degrada-
tion rate with MSE = 4.78%.

As previously noted, the diameter of fibers and the electrical
conductivity of electrospun scaffolds play pivotal roles in neural
tissue engineering. Despite their significance, precise models
for predicting the average fiber diameter and conductivity of
electrospun scaffolds based on input values such as solution
and electrospinning process parameters are lacking. Such
a model holds immense importance, not only for minimizing
costs and time, and optimizing scaffold fabrication parameters,
but also for ensuring the quality, and repeatability of electro-
spun fibers properties throughout the manufacturing process.
Fiber diameter, which is one of the characteristics of the
nanofiber morphology, plays an important role in determining
the mechanical strength and pore size of scaffolds.**** In the
present research, the fibers diameter and conductivity of elec-
trospun polymeric materials have been predicted through
a machine learning approach for the first time. In this study two
main methods, namely classification and regression, were used
to achieve this goal. In the classification task, voting and K
nearest neighbors classifiers were applied to predict the fibers
diameter and conductivity. In the regression task, MultiLayer
Perceptron (MLP) and K neighbors regressors were utilized to
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predict the relations between compound and electrospinning
parameters with fibers diameter and conductivity, respectively.
Simplified molecular-input line-entry system (SMIELS) repre-
sentation was employed to represent polymeric materials as
numeric values and to give the machine learning models
generalized performance. The results confirmed successful
machine learning models’ performance in predicting fibers
diameter based on material and electrospinning parameters. An
experiment using the electrospinning process was performed to
verify the model potential for prediction of the actual values of
fibers diameter. It was concluded that the model is highly
capable of predicting the fibers diameter of experimentally
produced electrospun scaffolds.

2. Machine learning models
establishment

All the machine learning models are divided into two cate-
gories: supervised and unsupervised learning. The differences
between supervised classification and unsupervised clustering
are illustrated in Fig. 1.** In supervised learning, all the samples
have a specific output or target value, and the model tries to find
an algorithm that patterns the best relation between input and
output. For example, in Fig. 1a, part of the data is labeled as
class 1 (red group), while other parts of the data are labelled as
class 2 or 3 (yellow or green groups). The goal of supervised
learning is to learn mapping from input variables to output
ones based on the labelled training data. In supervised classi-
fication, the algorithm learns to classify input data into pre-
defined labels or classes based on the input provided. On the
other hand, in the unsupervised learning, there is no deter-
mined label or target value for samples, and the model tries to
find the relations between the samples instead of the features
and only tries to cluster the input data (Fig. 1b). The algorithm
learns from the unlabeled data, whereas the training samples
do not have corresponding target labels. Clustering is one of the
unsupervised learning tasks where the algorithm tries to group
similar data points together into clusters based on their feature
similarity.

Fig. 2 illustrates the four stages essential for developing
a reliable machine learning model for engineering problem-
solving. Initially, identification of input features and the
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Fig. 2 Machine learning procedure for engineering problem-solving.

target value is crucial, which can be achieved by carefully
assessing the base and target spaces. In this study, the base
space is for a combination of materials-based and process-
based parameters, while the target space is for physical prop-
erties, as indicated in Table 1. Note that the effect of tabulated
processing parameters at each row in Table 1 has been experi-
mentally estimated by ignoring the effect of other variables.
Secondly, compiling a dataset containing information pertinent
to the base and target spaces is imperative. It's essential to
eliminate any uncorrelated data, especially noise and outlier
data, to ensure accurate interpretation of the model.*> Thirdly,
the appropriate machine learning model to learn from the built
dataset should be selected.® Before fitting the learning model,
the type and complexity of the model must be considered.
Identifying the optimal model before fitting it to the data is
challenging. Accordingly, different models were chosen and
fitted to the data, and ultimately the best model was selected. In
the final step, the built model should be optimized and evalu-
ated to provide the highest quality prediction of the unseen
data. This procedure is performed with test data unseen by the
machine learning model before the prediction.
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Fig. 1 A schematic representation of the main differences between (a) supervised classification and (b) unsupervised clustering.
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Table 1 Inputs and target values of the dataset
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Variable types Input features

Effect

Target values

Material-based influential
parameters

Matrix polymer type, matrix
polymer concentration, matrix
polymer solvent

High polymer concentration leads to molecular
chain entanglements, which overcomes surface
tension without fragmenting the jet, resulting in

Fibers diameter,
electrical conductivity

uniform continuous fibers. Higher molecular chain
entanglement increases viscosity, which reduces
electrospinnability and increases fiber

thickness
Adequate conductivity facilitates charge

accumulation, reducing jet eruption voltage. High
conductivity may cause unstable multi-jetting from

Conductive polymer type,
conductive polymer medium,
conductive polymer dopant

47,48

electrical discharge into the ambient

atmosphere
The voltage should be higher than a critical voltage
(Vc) to overcome the surface tension and to sustain

Process-based influential
parameters

Voltage® (kV)

49-51

a jet. There is an inverse relationship between
voltage and flight duration; increasing voltage
shortens flight time, and alter fibers diameter, and,
beyond a critical threshold, causes the development

of erratic jets and beads
Above the critical flow rate, an increase in flow rate

Flow rate (ml h™)

52-54

results in less fiber stretching, a bigger pore size,

and a greater fibers diameter
Thinner fibers are favored by increasing rotation

Collector rotation speed (rpm)

55-57

speed of the collector. Decreasing the rotation
speed beyond a critical speed promotes the

formation of thicker and beaded fibers
When the distance is decreased beyond a critical

Distance of the tip (cm)

58,59

point, it results in thicker fibers and morphological
abnormalities. Thinner fibers result from
increasing the distance. However, when the
distance is raised beyond a critical point, it leads to
beaded or fused fiber defects®**?

“ The variation of the morphology of the fibrous scaffolds with respect to the applied voltage highly depends on the type of materials used. Only the

most common effects of voltage have been summarized in Table 1.

3. Dataset establishment

3.1. Dataset collection

In the field of tissue engineering, numerous studies have
explored 2D conductive scaffolds fabricated using the electro-
spinning technique.”**** Polymeric materials are dominant
constituents in the fabrication of conductive scaffold materials.
Thus, these components have been selected as influential
material-based parameters to evaluate relations between
constituent materials and the physical properties of the fabri-
cated scaffold. In this regard, 58 samples from the published
articles were collected for scaffold conductivity and fibers
diameter prediction.*****7® It should be mentioned that
numerous experimental datasets could not be utilized due to
variations in methodologies employed by researchers. To facil-
itate comparison of parameters across samples and enable
machine learning models to catch their relationships, it is
imperative for all parameters within each sample to adhere to
a consistent framework. This necessitates gathering data with
standardized parameters. As a result, inconsistent data from the
dataset was excluded to ensure data integrity.

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.2. Materials and methods

Every material in the collected dataset is assigned to one of the
following four categories:

e Matrix polymers.

e Conductive polymers.

e Solvents.

e Conductive polymers' dopants.

The matrix polymers in the dataset include both synthetic
polymers, namely polyvinyl alcohol (PVA) and polycaprolactone
(PCL), as well as natural polymers such as chitosan and gelatin.
The conductive polymers used in this work are polypyrrole
(PPy), poly(3,4-ethylene dioxythiophene) (PEDOT), and poly-
aniline (PANI). Different organic and inorganic solvents, such as
distilled water, acetic acid, and chloroform, were used in the
reported studies. Different dopants, including sodium para
toluene sulfonate (TSNa), camphor sulfonic acid (HCSA), etc.,
were doped into the conductive polymers to modify their elec-
trical conductivity. The list of materials mentioned and cate-
gorized in the collected dataset is represented in Table 2.

RSC Adv, 2024, 14, 15178-15199 | 15181
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In the fabrication process, the initial step is to dissolve the
matrix polymer in its solvent, creating a polymer solution. Next,
the conductive polymer is dissolved or dispersed in a suitable
liquid medium. Due to the difficulty of dissolving certain
conductive polymers, sometimes dispersing them is preferred
over dissolution. Subsequently, the conductive solution or
suspension is incorporated into the matrix polymer solution.

In addition to material-based parameters, process-based
variables also significantly influence the diameter and
conductivity of fibers. These encompass applied voltage, flow
rate, collector rotation speed, and tip-to-collector distance. The
electrospinning process involves preparing a polymer mixture,
followed by pumping the polymer solution containing the
conductive component through a syringe. Subsequently, nano-
fibers are produced by ejecting a polymer jet from the tip of
a metallic needle. The schematic of the fabrication procedure is
represented in Fig. 3.

3.3. Base space and target space

The first task before any modeling and optimization is to
determine the base and the target spaces of the work. The field
of materials science is composed of the following five
components:*°

e Compound.

e Process.

e Structure.

e Properties.

e Performance.

Each of the aforementioned components can be categorized
as either a base or target space. In this study, the base space
pertains to the compound (materials) and process (electro-
spinning technique). Conversely, the target space encompasses
properties, specifically physical properties such as fiber diam-
eter and electrical conductivity. While other components, such
as structure and performance, are relevant, this study will
primarily concentrate on the base space of compound and
process, and the target space of properties.

3.4. Libraries

In the present study, the whole analysis was carried out using
the assistance of Pandas, NumPy, Scikit-learn, TensorFlow,
Keras, RDKit, and Seaborn libraries. Pandas and NumPy
libraries are often used for the mathematical processing of data.
Scikit-learn, TensorFlow, and Keras libraries are used for
modeling and tuning. Here, the RDKit package was used to

Table 2 List of different categories of materials in the collected dataset

Paper

represent polymeric materials as meaningful values to the
computer, and finally, the Seaborn library was used to plot
figures.

4. Preprocessing

4.1. Imputation

During dataset building, it might happen that some values have
not been mentioned or measured in the literature. However,
this does not imply that machine learning algorithms cannot be
applied to this data.®* To impute the missing values in a dataset
with different strategies, three imputers in the Scikit-learn
library can be used: iterative imputer, simple imputer, and
KNN imputer.®>#* All three of these imputers were used to infer
the missing values and were subsequently evaluated using some
of the data presented. Finally, the best imputer was selected to
complete the dataset. The simple imputer is the simplest
imputer that uses straightforward strategies to impute the data.
These strategies include median, mean, or most frequented.
The KNN imputer is derived from the KNN estimator, which
considers the ‘¢’ number of the closest neighbors to the missing
point and replaces the mean value of the ‘&’ nearest neighbors
instead of the missing one value. The iterative imputer is
a meta-estimator that works with regression or classification
estimators and predicts the missing value as a function of other
values. The imputers utilized to impute the missing values of
the gathered dataset for this work are listed in Table 3 with their
imputation R* scores (the R*> score was measured between the
imputed data, which have been eliminated to compare). The
iterative imputer with gradient boosting estimator was selected
according to the highest R* score value (0.9342). Following this
step, the dataset was devoid of any missing values, making it
ready for the subsequent step which involved material
representation.

4.2. Material representation

In machine learning approaches, materials need to be input to
the model as numeric data. Thus, converting material names
and structures into meaningful numerical representations
poses a challenge. Two effective approaches may be used to
address this problem. The first method involves assigning
a numerical value to the materials' names and structures in
a series of discrete numbers, i.e., 0, 1, 2. This solution, known as
encoding, is carried out using two main encoders in the Scikit-
learn library, namely, ordinal encoder and one hot encoder.?*
The second solution to address this problem is to represent

Category

Material name

Matrix polymers

Conductive polymers

Solvents

Conductive polymers' dopants

15182 | RSC Adv,, 2024, 14, 15178-15199

Chitosan, PVA, PCL, gelatin etc.

PPy, PANI, PEDOT

Distilled water, acetic acid, chloroform etc.
TSNa, HCSA, TSA etc.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 A schematic presentation of electrospinning process.

Table 3 Different imputers used with their relevant R? scores

Imputer Imputing R> score

Simple imputer (median) 0.6128
KNN imputer (n_neighbors = 1) 0.8733
Iterative imputer (random forest) 0.9334
Iterative imputer (gradient boosting) 0.9342

materials using specific descriptors, such as their physical,
mechanical, or magnetic properties. The combination of these
descriptors provides meaningful information for the machine
learning model to identify the materials.*>*® Some methods can
be utilized to solve this problem, such as fingerprint, SMILES
code, coulomb matrix, weighted graph, and other similar
approaches.®*°

In this study, the SMILES code was utilized to represent
materials as numeric values for input into the machine learning
model. SMILES, a linear notation, uniquely represents chemical
compounds as strings over a defined alphabet. This notation
employs specific grammar and an alphabet to define the atoms
and structure of chemical compounds. As an example, the
SMILES string for the chemical known as sodium p-toluene-
sulfonate compound is written as CC1=CC=C(C=C1)S(=
0)(=0)[0"][Na"].>*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In this study, a simple SMILES enumeration strategy has
been employed to represent polymeric and organic materials.
There are two possible methods by which the SMILES repre-
sentation is applied to materials:

¢ Using a simple enumeration strategy to represent materials
in a meaningful numerical matrix.

e Converting the SMILES string to a SMILES convolution
fingerprint (SCFP) using either a recurrent neural network
(RNN) or a convolutional neural network (CNN); in other words,
masking the SMILES string.*”

In order to enumerate the SMILES strings into a numeric
matrix, the first method was used. The numerical values related to
the atomic substance quantities, such as degree, charge, chirality,
etc., were computed using the RDKit (version 2022.03.3).°> One
Hot encoder was used to compare all SMILES compounds to the
base substance to build the matrix of materials represented by
numeric 0 and 1. The base substance could be anything since,
when the base substance is changed, all the materials experience
a shift and once again have a distinct and unique matrix. In this
approach, the base substance's numeric 0 and 1 matrix were
produced according to the elements, bounds, and other charac-
teristics that RDKit determined. The input for the encoder
consists of sequential symbols describing the chemical properties
of the target compound. In other materials, just compared to the
base matter, the difference between the target and base matter
makes zero in the corresponding value of the representation

RSC Adv, 2024, 14, 15178-15199 | 15183
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matrix. The differences could be due to the elements, bounds,
charge, etc. Finally, the representation matrix, including all the
materials, was generated. Fig. 4 shows the process of material
representation by the SMILES representation technique.

Using SMILES representation requires basic knowledge
about the SMILES alphabet. There are 42 symbols in total to
represent the atoms, and original SMILES. There are 21 symbols
for atoms consisting of the type of atom, its charge, and its
chirality.”* The other 21 symbols were used to represent the
SMILES original. All 42 symbols for SMILES representation are
listed in Table 4.

4.3. Dimensionally reduction

Using SMILES representation, a flattened matrix consisting of
nearly 21000 arrays for each material was provided in this
investigation. Numerous columns carry different information
depending on the material represented. Processing this data at
this volume requires a very high-end resource and significant
time. Handling data at this volume demands high-end
resources and considerable time. Moreover, the high correla-
tion among the arrays means that many contain redundant
information for the model. Consequently, the presence of
highly correlated features posed a challenge that required
a solution. That was also a non-computational problem because
all the features, which included materials and methods, were
independent. Principal component analysis (PCA) was imple-
mented to minimize the dimensions and correlations in the
data.” Following the application of the PCA, all the features
were mapped onto some new components, which explained the
determined identified variance as features carry. Following this,
the number of features was reduced to seven components with
a variance of 0.999999 compared to the raw data. Another
benefit of employing PCA is that the newly mapped components
frequently exhibit a Gaussian distribution when the dataset
dimensions are reduced using this technique.

4.4. Standardization

After using PCA to reduce the dimensions of the data, different
features have various means and standard deviations. These
two factors determine the value of each feature. The features
must be standard before processing to make all the features
comparable for learning models. The standard scaler was used
to standardize the features to a mean value of 0 and the same
standard deviation.

Paper

4.5. Discretization

Using the classification strategy to solve this problem could
provide some benefits for improving accuracy, since this
strategy simplifies and reduces the complexity of the problem.
Firstly, the target values should be confined to specific, defined
ranges to solve the problem using classification techniques.
Table 5 represents the instruction for classifying the target
values in a specific numeric range. After discretization, the
problem can be solved with two regression and classification
algorithms (a regression algorithm for continuous values and
a classification algorithm for discrete target values).

The next step in the classification task is balancing the data
for better learning. Unbalanced data will cause the model to
miscalculate the weight of the samples.® To overcome this
problem, all the target value classes should have the same
sample number. Hence, all the samples related to a specific
target value are copied to the most frequented target value class
number. For the first target, which measures fibers diameter, all
the classes should have ten samples, and for the second target,
which evaluates conductivity, all the samples should have
twenty samples.

4.6. Visualization and correlation

The heatmap correlations between the new components and
target values (fibers diameter and conductivity) were plotted in
Fig. 5a for continuous target values (regression). While Fig. 5b
and c provide the information for discrete target values (clas-
sification). Some important information included in the values
of the correlations determines the proper machine learning
model. The correlation in Fig. 5 is measured as the Pearson
coefficient correlation, ranging from —1 to 1.°* This value could
determine the linearity or non-linearity of the relations between
components and target values. The correlation value closer to
—1 or 1 indicates linear mode, whereas the closest value to
0 indicates non-linear mode. As observed, all components
exhibit correlation values close to 0 for the continuous target 1
(fiber diameter). Clearly, a nonlinear machine learning model is
necessary for learning the relations between components and
the first target value. Various models were employed, and the
most complex one (deep neural network) was chosen to build
the optimal model.

The correlation values indicate the semi-linear relations for
the second continuous target (fibers conductivity) (close to
|0.5]). As KNN regressor is a non-parametric model, it can be
either linear or non-linear based on the fed data and has

CH,

SMILES representation
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C
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Fig. 4 Schematic of SMILES representation procedure.
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Table 4 SMILES representation alphabets
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Feature Description Total number
Degree Degree of unsaturation 5
Charge Formal charge 1
Chirality R, S, or others 1
Atom H, C, O, N, or others 1
NumHs Total number of H atoms attached to it 1
Valence Total valence 1
Ring Whether it is included in a ring 1
Aromaticity Whether it is included in an aromatic structure 3
Hybridization s, sp, sp>, sp>, sp°d, sp>d?, or others 7
( Branch start 1
) Branch end 1
[ Atom or atom group start 1
] Atom or atom group end 1
. Ionic bond 1
Aromatic bond 1
= Double bond 1
# Triple bond 1
Cis 1
/ Trans 1
@ Chirality (above or below) 1
+ Cation (positive ion) 1
Anion (negative ion) 1
Ton charge Numbers show ionic charge (2-7) 6
Start Numbers show ring start 1
End Numbers show ring end 1

Table 5 Instruction of target values discretization

Target 1 Target 2

Values (nm) Classes Values (S cm ™) Classes
50-100 1 10'-10° 1
100-150 2 10°-107"

150-200 3 1071072 -1
200-250 4 1072107 -2
250-300 5 10 3-107* -3
300-350 6 107*-10° —4
350-400 7 107°-10"° -5
400-450 8 107%-10"" —6
450-500 9 1077-10"® -7
500-550 10 <1078 -8
550-650 11

650-850 12

850-1200 13

More than 1200 14

enough flexibility to find relationships between variables with
semi-linear correlation. Consequently, the KNN regressor was
selected here as the best machine learning model to learn the
relations between data. Further information about this model is
provided in Section 5.3.

Using PCA, a scatter matrix plot was utilized to inspect the
distribution of the new components. Fig. 6 shows that most
components have a better distribution than the basic features.
It can be related to the PCA application in the dimension

© 2024 The Author(s). Published by the Royal Society of Chemistry

reduction step. The distribution of the features plays an
essential role in the efficiency of different estimators. For
example, the K nearest neighbors' algorithm does not need
many preprocessing tasks. On the other hand, the distribution
significantly impacts the model performance, particularly in the
Gaussian process. Accordingly, the distribution of the features
was plotted for visualization and comprehension purposes.

5. Processing
5.1. Machine learning in tissue engineering

In recent decades, modeling and statistical approaches have
been employed to model different problems and build predic-
tive models to learn biological, physical, mechanical, and many
other properties between variables and predict desired target
values.”*® Similar to statistical modeling, machine learning
techniques also necessitate some understanding of the problem
before modeling. However, in contrast to statistical methods,
a machine learning model can discern relationships within the
provided data without relying on any prior assumptions about
the relationships between the variables involved in the
problem.*®

As explained in the previous sections, two tasks were
considered to build predictive models to learn the relationship
between compounds, processes, and properties. To predict the
fibers diameter and conductivity of the fiber in the regression
task, an artificial neural network (ANN) and one of the
conventional machine learning models named K-nearest
neighbors (KNN) regressors have been adopted, respectively.
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Fig. 5 Heatmap of correlations between new components and target
values after dimension reduction (a) continuous targets, (b) discrete
target 1, and (c) discrete target 2.

To predict the fibers diameter and conductivity in the classifi-
cation task, a KNN classifier and a voting classifier were used,
respectively. The next section provides some general informa-
tion about these models.
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5.2. Artificial neural network (ANN)

Artificial neural networks have a successful track record in
different fields, including materials science and tissue
engineering.’*>'?*'*> ANN was introduced in 1943, inspired by
the network of biological neurons in the human brain.'® This
network comprises artificial neurons interconnected by artifi-
cial synapses. Input data is fed into neurons and experiences
various mathematical functions. The outputs of neuron can
serve as either the final network value (target value) or as input
for subsequent layer neurons. The architecture of neural
networks is determined by factors such as input, hidden, and
output layers; the quantity of neurons; their activation func-
tions; and their solvers. Fig. 7 represents the schematic of
a neural network with the input layer, two hidden layers, and
the output layer. The corresponding synapse weights each input
value to neurons. This makes the model more accurate for
target prediction.

In this context, there are various activation functions named
identity, logistic, hyperbolic tangent, relu, etc. The activation
function determines the topology of the connection between
neurons, scales, and then produces each neuron's output. Table
6 represents the formula for the four mentioned activation
functions.**

Avoiding overfitting is one major challenge in building
neural networks. There are two effective methods to solve
that:'*

e Using dropout for hidden layers’' neurons. In this method,
during the learning process (each epoch), each neuron has
a determined chance (dropout value) to be inactivated or
dropped. It means that inactivated neurons will not be updated
during the learning process. This method is conducted to
reduce the overfitting of the model.

e Using an early-stop routine. In other words, setting the
number of epochs determines the number of iterations during
the neural network learning process. However, this method is
used to improve the model's performance and avoid
underfitting.

Another challenge in neural networks is finding the optimal
combination of hyperparameters to build an effective predictive
model. Factors such as the number of neurons, hidden layers,
activation functions, and dropout percentages can each present
individual challenges.'® In the present study, different combi-
nations of hyperparameters were hired to find the best setting.
Table 7 represents the search space for hyperparameter tuning.
The search space for these parameters is extensive, making grid
searching impractical. Therefore, these parameters were eval-
uated manually to minimize the mean validation loss. The
optimized hyperparameters selected are outlined in Table 7.

Here, a neural network with optimized hyperparameters was
fitted to training data to build a predictive model for target 1,
which represents the fibers diameter. The model's results will
be discussed in the Results and discussion section.

5.3. K-nearest neighbors (KNN)

K-nearest neighbors (KNN) stands out as one of the oldest and
simplest models in machine learning algorithms. Utilizing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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distance measurement between all other points and the target,
KNN identifies both the nearest and farthest data points. When
predicting a new datapoint, it typically assesses the pre-
determined number of closest neighbors surrounding the target
point and calculates the mean of these values for the predic-
tion. The model's approach to learning relations and

© 2024 The Author(s). Published by the Royal Society of Chemistry

predicting new data points is illustrated in Fig. 8. Here,
neighbor numbers 4 and 6 were randomly selected to enhance
comprehension of how the KNN model works and how new data
points are predicted. The selection of these numbers is arbi-
trary, and wusers can define them by regularizing the
‘n_neighbor’ hyperparameter during model fitting. In
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Table 6 Different activation functions with their formula.***

Activation function Formula

Hyperbolic tangent fx) = (exp™ — exp )/(exp™ + exp ™)
Logistic flX)=1/(1 +exp ™)

Identity flo)=x

Relu flx) = max (0, x)

Table 7 Hyperparameters' search space and the best setting

Upper search  Lower search

Activation function space limit space limit Best setting

Number of hidden layers 5 1 2
Number of neurons 10 500 (100, 100)
Activation functions ReLu Adam ReLu
Number of epochs 500 10 000 4200
Dropout percentage 0 20 0

a classification task, the model's approach is the same, but
when predicting a new datapoint, it considers the most fre-
quented class as the predicted value.

KNN has a significant advantage over other machine
learning models due to its simplicity, making it accessible even
to non-experts. There are two principal hyperparameters for this
model: the number of neighbors, which controls the complexity
of the model; and the way of measuring the distance between
data points.'® By increasing the number of neighbors, the non-
linearity of the model decreases. On the other hand, the
minimum value for the number of neighbors (n = 1) led to the
highest non-linearity of the model. Plotting the validation curve
allows for the evaluation of the neighbors' number hyper-
parameter effect. Furthermore, distance-measuring metrics,
such as Manhattan, Euclidean, and Minkowski, are often
adopted to measure the distance between data points. This
study defaults to using the Minkowski metric.

Paper

This model was trained using the training data to capture the
relations between variables and make a prediction for target 2,
which represents fibers conductivity. In the Results and
discussion section, the accuracy of the model and its evaluation
will be explored.

5.4. Voting classifier

Ensemble methods could combine powerful methods to build
predictive models. The voting classifier is the ensemble
approach that was employed in this work. Voting ensembles
have a simple but powerful strategy to predict. In this method,
different classifiers are employed and learned individually from
the training data. Each classifier has a specific output predic-
tion. The final prediction is determined by considering the
majority's answer. This study uses two classifier estimators: the
KNN classifier and the gradient boosting classifier (GB). GB is
an ensemble method based on a decision tree estimator. This
estimator operates by generating a series of decision trees, and
each tree attempts to modify the previous one.'” Fig. 9 illus-
trates the schematic of the voting classifier in this study. It was
built using the KNN classifier with n_neighbors = 1 and
a gradient-boosting classifier with 1000 decision trees.

6. Experimental section

In addition to the data preprocessing, model training and
testing, and optimization outlined in the previous section, an
experiment was conducted. This experiment involved fabri-
cating PVA and PVA/PPy scaffolds via electrospinning technique
to experimentally validate the model predictions. Below, the
experimental procedure will be described in detail.

6.1. Materials

Polyvinyl alcohol (PVA) (M,, 70000, 99% hydrolyzed), pyrrole
monomer (reagent grade 98%), anhydrous iron(u) chloride
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Fig. 8 The KNN model approach to predict a new datapoint.
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(FeCl3), and sodium dodecyl sulfate (C;,H,5Na0,S) anionic
surfactant were purchased from Sigma-Aldrich.

6.2. Polypyrrole synthesis

According to Yussuf et al.,"*° polypyrrole (PPy) was polymerized
by chemical oxidative polymerization. PPy synthesis was carried
out in a 600 ml beaker of oxidant, surfactant, and pyrrole
monomer solutions in deionized water (DI water) in a water-ice
bath. Table 8 shows the concentration of oxidant, surfactant,
and pyrrole monomer in distilled water. Firstly, aqueous solu-
tions of iron chloride (m) and sodium dodecyl sulfate were
mixed for 20 min. Then, the pyrrole monomer-solution in DI
water was added. Fine black particles of the PPy were formed
immediately. The PPy polymerization process was carried out
for 4 hours in the ice-water bath. During polymerization,
vigorous magnetic stirring was maintained to facilitate the
formation of the PPy. Finally, PPy precipitates were filtered
using filter paper, washed several times with DI water and
ethanol, and dried in an oven at about 40 °C overnight.

6.3. Electrospun scaffold fabrication

Initially, a homogenous PVA aqueous solution (10% wt/v) was
prepared by magnetically stirring PVA powder in DI water at 80 ©
C for 4 h. In the next step, to prepare the PVA/5%wt. PPy elec-
trospinning solution, 0.023 g of PPy was added to the PVA

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Materials concentration in the PPy polymerization

Material name Designated Concentration (M)
Pyrrole monomer mPPy 0.05

Ferric chloride FeCl; 0.1

Sodium dodecyl sulfate Cy,H,5Na0,S 0.025

solution and magnetically stirred for 2 h. The 2D electrospun
scaffold was fabricated using a single nozzle electrospinning
apparatus. The solution was pumped at a constant feeding rate
of 0.6 ml h™' from a 5 ml syringe (0.8 mm OD needle) with an
applied high voltage of 9.3 kV. The fibers were collected on an
aluminium-covered rotating drum placed at 14 cm distance
from the needle. The entire electrospinning procedure was
carried out at ambient temperature and humidity. To enhance
the mechanochemical properties of the fabricated scaffolds,
electrospun nanofibers underwent crosslinking using glutaral-
dehyde in a sealed desiccator saturated with glutaraldehyde
vapor. This process involved placing a Petri dish containing
2 ml of aqueous glutaraldehyde solution (25 percent v/v) at the
bottom of the desiccator. The nanofiber scaffolds were then
positioned on a mesh plate on the upper layer and left for 24
hours at 45 °C.

6.4. Electrospun scaffold characterization

Field-emission scanning electron microscopy (FE-SEM) was
used to study the structural morphology of electrospun fibrous
scaffolds (FEI NOVA NanoSEM450) at an accelerating voltage of
10 kV. To avoid electron charging, a platinum sputtered layer
was applied to samples prior to imaging. The diameters of at
least 60 fibers were randomly measured from each picture using
Image] software, and the results were presented as the average
+ standard deviation (D, £ SD).

7. Results and discussion

The results of machine learning models were first divided into
two evaluation tasks: classification and regression. Initially, the
classification models underwent evaluation, followed by the
regression models. Subsequently, the experimental results were
presented, and the machine learning models were assessed by
comparing the predicted diameter with the actual fiber diam-
eters of PVA and PVA/PPy electrospun scaffolds.

7.1. Classification models

Two classification models were used to build predictive models
to learn the dataset's relationships. Learning the relations
between the features and the first target (fibers diameter) was
performed using an ensemble voting classifier with the hyper-
parameters previously mentioned. The result of the built model
on the data is represented in Table 9.

The results presented in Table 9 demonstrate the efficacy of
the voting classifier, suggesting that the model was constructed
with optimal complexity for the problem. Analysis of Fig. 5
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Table 9 Voting classifier model scores for fibers diameter prediction

Metrics Score

Mean cross validation 0.9841
Cross validation STD 0.0224
Test score 0.9143
Balanced accuracy 0.9478

reveals a Pearson correlation between components and the
target value, indicating a semi-linear model. Moreover, the built
model closely aligns with the actual function of the problem
under study. Fig. 10 illustrates the confusion matrix for the
fibers diameter classifier for further assessment.

As stated above, there are 14 different classes (classifying the
target values by discretization). Upon inspecting the confusion
matrix for the voting classifier, it becomes evident that predic-
tion errors were limited to only two out of the 14 classes. A key
finding is that these two errors belong to two classes in a row
(mostly classes 6 and 7), not in classes with further distance,
indicating there are no significant errors of concern; however,
there is undoubtedly room for improving the model's perfor-
mance. It was expected that most of the predicted classes would
match the actual classes because of the good scores in Table 9.

A KNN classifier with n_neighbor = 1 was developed to learn
the latent relationships between the parameters and the fibers
conductivity. The model evaluation was performed, and all the
required scores were measured and tabulated in Table 10.

There are excellent scores for the predictive model KNN with
the highest complexity (n_neighbors = 1). These results show-
case optimal data learning, identifying nearly all latent

True Class
8

Fig. 10 Confusion matrix for target 1 classifier.
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Table 10 KNN classifier model scores for fibers conductivity
prediction
Metrics Score
Mean cross validation 1.0
Cross validation STD 0.0
Test score 1.0
Balanced accuracy 1.0

relations. The result indicates that the KNN classifier is the best
possible solution for this problem. Moreover, the confusion
matrix shown in Fig. 11 is an essential additional element that
needs to be evaluated.

There are no errors in the confusion matrix for the predictive
model for target 2. As expected, all the predicted values match
true values due to the excellent scores measured and repre-
sented in Table 10. It can be considered that this model works
perfectly, and there is no room for any improvement. Given the
complexity of the problem at hand, the model's performance is
outstanding. Despite being trained on only about 45 samples; it
functions as a general model with remarkable potential for
generalization.

As previously mentioned, categorizing target values into
discrete ones provides certain advantages, such as simplifying
the complexity of the problem. However, it became apparent that
regression tasks could predict the exact target value more accu-
rately, albeit with some uncertainty. Classification facilitated the
building of a predictive model capable of learning the relation-
ship between compound, process, and properties across a mere
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Fig. 11 Confusion matrix for target 2 classifier.

45 samples. Nonetheless, regression models were utilized, and
their outcomes are elaborated upon in the subsequent section.

7.2. Regression models

A neural network regressor was employed to provide a predictive
model to learn the relation for capturing the parameters influ-
encing the fibers diameter. The neural network architecture was
finally found to optimize the model's performance through
several tries and errors. Table 11 represents the results of neural
network regressor learning.

The results demonstrate that the designed neural network
works effectively on the data. The volume of samples should
first be considered to solve this regression problem. Managing
this problem with a machine learning approach was challenged
by the scarcity of available data. The limitation in samples
stemmed from the varied methodologies employed by
researchers, necessitating data collection under uniform
procedures and parameters. Consequently, only a limited
number of samples were obtained through consistent proce-
dures. Subsequently, the model utilized this data as input to
discern the latent relationships between compounds,

Table 11 Neural network's results for target one prediction

Metrics Value

Mean cross validation absolute percentage error 13.91
Mean cross validation absolute percentage error STD 7.34
Mean absolute error 46.96
Explained variance score 0.56
Max error 412.92

© 2024 The Author(s). Published by the Royal Society of Chemistry
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processes, and properties. Therefore, the performance of the
model to capture these relations proves excellent. The histo-
gram of the prediction error shown in Fig. 12 has been plotted
to evaluate the maximum error of the prediction. It shows that
the maximum error, which is represented as a model's result,
just occurred for one sample, and all the other errors are less
than 100 nm. The value of the maximum error could be related
to an outlier data point, which has led to an increase in the
mean absolute error. If this maximum error is not considered,
the mean absolute error is less than 46.96 nm. Consequently,
the built neural network model works well even with a very
small dataset.

During the neural network's learning process, the training
and validation losses were captured. Fig. 13 displays the
changes in the values of these two parameters. As illustrated,
the model's learning and validation loss, measured by the mean
absolute percentage error, reach a plateau approximately after
4200 epochs, indicating that the model could attain stability
and operate effectively with the specified scores. The steeper
decrease in slopes during the initial epochs suggests that the
model begins learning the relationships with a robust
approach, ultimately yielding favorable results over the four
thousand epochs. Note that the validation loss is lower than the
training loss, which is unacceptable. The proportion of the two
mentioned loss factors renders the model reliable after about
2000 epochs.

Fig. 14 illustrates the prediction error graph that was used to
evaluate the distribution of predicted and true target values.
The higher related predicted and true values indicate that the
model works correctly. Consequently, the 45° line was plotted,
and the fitted line on the distribution of predicted and true
values has been hypothesized. The closeness of these two lines
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indicates a criterion of the model's accuracy, which is usually
measured as R” in regression tasks. The measured R> score for
the neural network is shown in Fig. 12. It should be noted that
the test size of the data was 0.2, which means the model could
self-evaluate on just about ten samples. Although the R* value
close to 0.723 is relatively low, it is suitable for such a low
number of test samples. Note that the model works on this very
small dataset by considering the cross-validation and R* score
as two factors of the neural network score. The error histogram
plot reveals an outlier with a significant mismatching error,
consistent with the prediction error plot where one predicted
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value deviates considerably from the 45° line. Eliminating this
outlier leads to a dramatic improvement in model scores,
potentially resulting in an R* score exceeding 0.8. Therefore, the
model displays promising capability and accuracy.

Fibers' conductivity prediction was performed using a KNN
regressor. Some regression algorithms were used to capture the
relationships between features and fibers conductivity. In all
cases, the models were unstable, and the scores varied widely.
These changes occurred because of the inadequate sample size
for the regression task for fibers conductivity prediction. It
indicates that the collected dataset cannot cover all the system

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 12 KNN regressor scores for fibers conductivity prediction information that was tried to be found. To solve this problem,
a larger sample for the dataset should be collected.
Metrics Value . Lo .
However, the information in the dataset could not provide

enough knowledge for the machine learning models. The KNN

Train score 0.998

Test score (R* score) 0.965 regressor with ‘neighbors’ number’ = 2 was fitted to learn from
Mean cross validation score 0.972  the training data. The cross-validation score and standard
Mean cross validation STD 0019 deviation, plus the train and test scores of the model, are rep-

resented in Table 12.
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Fig. 15 Different model's score with different random states for KNN regressor.
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According to the presented analysis, the scores seem to be
excellent, but that is only one of the 20 different states deter-
mined by random state parameters. By changing the random
state in the range of 1 to 20, the scores mentioned in Table 12
vary drastically. Different scores with different random states
indicate that the sampling is very decisive in the final scores,
which means different training samples provide independent
knowledge for the model and some space of problems remains
uncovered. The effect of different random states (sampling) on
the model learning could be seen by plotting the changes in the
mentioned scores for the different random states. Fig. 15 shows
the scores in Table 12, except for the training score, to figure out
the effect of sampling in this dataset.

The scores in Table 12 could change drastically due to
incomplete data in the dataset for the regressor model to
predict fibers conductivity. It indicates that the model has no
generalized performance. The model's inability indicates the
imperfect capture of the relations corresponding to the
conductivity of fibers. Although the model fits the data, it will
work more efficiently on data from a larger sample size with
additional information.

7.3. Predicted vs. experimented values

FE-SEM micrographs are displayed in Fig. 16. It is evident that
the addition of PPy has led to an increase in the mean diameter
of PVA fibers from 513 nm to 547 nm. An increase in the elec-
trical conductivity of the solution and, hence, a reduction in the
electrospun fibers diameter is expected by the addition of PPy.
On the other hand, during experimentation, it was observed
that the presence of PPy increased the solution viscosity, which
results in an increase in fiber diameter during -electro-
spinning.**"'* Hence, the addition of PPy has a two-fold effect.
As the mean fiber diameter increased in the presence of PPy, it
can be concluded that the increase in viscosity predominates
over the increase in electrical conductivity. The developed
model accurately estimated this trend in fiber diameter change.
Moreover, the model predicted the PVA and PVA/PPy scaffolds
fiber diameters to be 551 nm and 577 nm, respectively, exhib-
iting the model's high potential for accuracy.
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Fig. 16 SEM images of (a) PVA and (b) PVA/5%wt. PPy electrospun scaffolds with a fibrillar structure.

8. Conclusions

The tuning of physical properties in electrospun scaffolds is
essential for their application in the tissue engineering field. In
this study, a machine learning approach was used to predict the
fibers diameter and conductivity of 2D scaffolds based on their
material and process parameters. Two different tasks were used:
classification and regression. In the classification task, for the
prediction of fibers diameter and conductivity, the voting clas-
sifier and K-neighbors classifier were used, respectively. In the
regression task, the artificial neural network and K neighbors
regressor were used to predict the fibers diameter and
conductivity. The key aspects and main results of our studied
models are summarized here:

e Two classification models have balanced accuracy values of
0.9478 and 1.0 for predicting fibers diameter and conductivity
class, respectively. The cross-validation scores of the two clas-
sification models were 0.9841 and 1.0, respectively. The confu-
sion matrix was plotted to assess the errors in predicting classes
for two targets. In the prediction of fibers' diameter, two errors
were observed across two consecutive classes. Conversely, in the
prediction of fibers' conductivity, no errors were evident in the
confusion matrix, indicating the accurate functioning of the
classification models.

e In the regression task, the R* scores were 0.723 and 0.965
for fibers diameter and conductivity prediction, respectively.
The effect of the outlier datapoint on the reduction of the R*
score of the neural network was discussed. An absolute error
histogram was plotted to assess model errors, and the influence
of the outlier datapoint was highlighted, resulting in an eleva-
tion of the mean absolute error of the constructed neural
network. Generally, the neural network performed properly on
the very small collected dataset (without considering the outlier
datapoint). The K neighbors regressor was trained on training
data, but the model has fluctuating performance with different
samples because of inadequate data information for capturing
the relations between parameters.

e The experimental parameters of electrospinning polymeric
scaffolds of PVA and PVA/5%wt. PPy were compared with the
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developed machine learning model, and it was proved that the
model could predict the actual values of fibers diameter with
high accuracy.

e Once proper microstructural features are identified for
a given 2D polymeric scaffold, the machine learning approach
presented in this study can be employed to predict and tune the
physical properties of the sample before the scoping exercise,
without the need for costly and detailed characterizations.

e The machine learning approach proposed in this study
could play a crucial role in establishing a robust foundation for
the design of 2D polymeric scaffolds. This could result in faster
elucidation of process-structure-property relationships and
expedite the discovery of high-performance biomaterials.

e Our finding highlights the tremendous potential of
machine learning algorithms for the automated prediction of
the fiber diameter and conductivity of 2D scaffolds based on
their material-based and process-based parameters. Such great
potential holds the promise of spreading the capabilities of the
studied prediction model across both academia and industry.

e Even though environmental factors such as temperature
and humidity can affect the procedure, they have been largely
disregarded in the majority of previous research studies and
cannot be studied due to their unavailability.
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