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The next healthcare revolution will apply regenerative medicines using human cells and tissues.
Regenerative medicine aims to create biological therapies or in vitro substitutes for the replacement
or restoration of tissue function in vivo lost due to failure or disease. However, whilst science has
revealed the biomedical potential of this approach, and early products have demonstrated the power of
such therapies, there is a need for the development of bioprocess technology for the successful transfer
of the laboratory-based practice of stem cell and tissue culture to the clinic as therapeutics through the
application of engineering principles and practices. This Special Issue of Bioengineering on “Stem Cell
Bioprocessing and Manufacturing” addresses the central role in defining the engineering sciences of
cell-based therapies by bringing together contributions from worldwide experts on stem cell science
and engineering, bioreactor design and bioprocess development, scale-up, and the manufacturing of
stem cell-based therapies.

In the last few years, human pluripotent stem cell (hPSC) derivatives have emerged as promising
allogeneic cell therapy products, with amazing potential to treat a wide variety of diseases and a vast
number of patients globally. Brian Lee and co-authors [1] addressed various challenges related to the
manufacturing of PSCs in large quantities for commercialization, which include bioreactor process
development—namely, scalable bioreactor technology for the large-scale manufacturing of high-quality
therapeutic PSCs derivatives.

Among the most promising hPSC derivatives, hepatic cell lineages represent a potential cell source,
holding great potential for biomedical applications, such as in liver cell therapy, disease modelling,
and drug discovery. João Cotovio and Tiago Fernandes [2] assessed the production of different
hepatic cell lineages from PSCs, including hepatocytes, as well as the emerging strategies to generate
hPSC-derived liver organoids, highlighting their current biomedical applications.

Alongside the development of novel bioreactor configurations for cell therapy manufacturing,
efforts have also been undertaken to optimize bioreactor operating conditions. In their study
focused on the manufacturing of mesenchymal stem/stromal cell (MSC) therapies, Josephine Lembong
and colleagues [3] developed a fed-batch, microcarrier-based process in a Vertical-Wheel system,
which enhanced media productivity while driving a cost-effective and less labor-intensive cell expansion
process. As another strategy to improve the cost-effectiveness of cell manufacturing processes, Kathleen
Van Beylen and colleagues [4] developed a lactate-based model predictive control strategy for cell
growth monitoring and the control of cell proliferation, by adapting the feeding strategy based on
lactate measurements, while envisaging the reduction in unnecessary costs, a particularly relevant
issue in large-scale cell manufacturing.

An additional key aspect towards the successful translation of cell therapy products is the need to
use animal origin-free products (i.e., xeno(geneic)-free) for the derivation, expansion, and differentiation
of stem cells in order to minimize the risks of animal-transmitted diseases and immune reactions to
foreign proteins. In this context, Valentin Jossen and colleagues [5] developed a bioprocess approach
for the expansion of adipose-derived stem cells (ASC), targeting autologous therapies by employing

Bioengineering 2020, 7, 84; doi:10.3390/bioengineering7030084 www.mdpi.com/journal/bioengineering1
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xeno- and serum-free culture conditions and testing static, planar (2D), and dynamically mixed (3D)
cultivation systems. To this end, the authors compared the donor variability in both culture systems and
developed a mathematical growth model to describe cell growth, nutrient consumption, and metabolite
production. Following this same trend, Sandra M. Jonsdottir-Buch and colleagues [6] described
the successful proliferation of mesenchymal progenitors derived from human embryonic stem cells
(hES-MP) using a culture medium supplemented with human platelet lysates. These hES-MP cells are
proposed as interesting alternatives to adult MSC, and the authors demonstrated that these cells can be
grown using platelet lysates, maintaining similar proliferation and differentiation profiles to those
expanded in culture medium supplemented with FBS.

In addition to the increasing demand for large-scale cell manufacturing protocols, there is a
critical need to establish potency assays for stem cell therapy products and their derivatives. Katharina
M. Prautsch and colleagues [7] developed a strategy to improve the potency of ASC for nerve
regeneration through ex vivo stimulation of ASC with nerve growth factor (NGF). The authors
found that the secretome from NGF-stimulated ASC promoted significant axonal outgrowth in an
in vitro setting. Upon in vivo delivery of these stimulated ASC (on fibrin-hydrogel nerve conduits),
there was an enhancement of early nerve regeneration in a sciatic nerve gap-injury. For other cell
therapy candidates, efforts have continued towards the development of the most appropriate culture
conditions to establish regenerative phenotypes. This is the case for olfactory ensheathing cells (OECs),
a promising therapy candidate for neuronal tissue repair. Rachael Wood and colleagues [8] showed
that neither dual co-culture nor fibroblast-conditioned media support the regenerative human OEC
phenotype, which means that the appropriate priming conditions to drive a regenerative phenotype in
human OECs are yet to be determined.

Experimental culture conditions are critical for the ex vivo expansion and differentiation of
stem cells. In fact, variables such as culture supplements, the purity of the initial cell population,
the initial cell concentration, and the duration of culture affect the outcome of stem cell cultures and,
consequently, the regenerative potential of ex vivo cultured stem cell-derived products. Sam L. Francis
and co-authors [9] focused on the manufacturing of human ASC for articular cartilage regeneration.
The authors revealed that there is a higher amount of fat tissue, stromal vascular fraction cell count,
and overall yield associated with open (arthrotomy) compared to arthroscopic IFP harvest and described
a novel framework for the culture time needed to scale-up the manufacturing of these cells based on
the harvesting method.

Finally, cell-delivery methods are a key part of regenerative medicine. The delivery of stem
cells and their derivatives can be performed as scaffold-free products (e.g., single cell suspension)
or combined with polymer scaffolds. Traditionally, cells and biological agents are implanted into
the matrix of the scaffold following electrospinning. The study performed by Nasim Nosoudi and
colleagues [10] focused on the development of a novel design that simultaneously introduces cells into
the scaffold during the electrospinning process. By demonstrating that human ASC can be directly
incorporated into the electrospinning process, maintaining a high viability, the authors suggest the
potential benefits of this strategy within the tissue engineering field.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Implementing a personalised feeding strategy for each individual batch of a bioprocess
could significantly reduce the unnecessary costs of overfeeding the cells. This paper uses lactate
measurements during the cell culture process as an indication of cell growth to adapt the feeding
strategy accordingly. For this purpose, a model predictive control is used to follow this a priori
determined reference trajectory of cumulative lactate. Human progenitor cells from three different
donors, which were cultivated in 12-well plates for five days using six different feeding strategies,
are used as references. Each experimental set-up is performed in triplicate and for each run an
individualised model-based predictive control (MPC) controller is developed. All process models
exhibit an accuracy of 99.80% ± 0.02%, and all simulations to reproduce each experimental run, using
the data as a reference trajectory, reached their target with a 98.64% ± 0.10% accuracy on average.
This work represents a promising framework to control the cell growth through adapting the feeding
strategy based on lactate measurements.

Keywords: model predictive control; bio-process; cell growth; lactate; advanced therapy
medicinal products

1. Introduction

Cell-based products receiving market approval are increasing over the last years. The European
Medicine Agency (EMA) has approved 14 medicinal products based on gene therapies, cell therapies
or tissue engineering, also called advanced therapies for the European market [1]. The U.S. Food and
Drug Administration (FDA) has approved 17 cellular or gene therapy products [2]. Compared to
other pharmaceuticals such as small molecule drugs or biologics, the active pharmaceutical ingredient
(API) of these cell-based therapies is living cells. An example of such a cell-based therapy is chimeric
antigen receptor (CAR) T-cell therapy, where the patient is injected with human immune cells, which
are modified to target cancer cells [3]. Another type of cell-based therapy is skeletal tissue engineering,
where a cell-based implant is used to regenerate cartilage or bone in the patient instead of using a
prosthetic implant, which has the disadvantage that it will need to be replaced within 10–15 years [4].
Besides being the active component of the final medicinal product, cells can also be used as a tool in
the manufacturing process to produce the final product, such as extracellular vesicles [5].

Bioengineering 2020, 7, 78; doi:10.3390/bioengineering7030078 www.mdpi.com/journal/bioengineering5
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With the introduction of this promising group of cell-based or cell-derived products, the necessity to
transform the emerging cell therapy and regenerative medicine industrial sector towards a BioPharma
4.0 sector is growing. This revolution should build on a strong IT infrastructure combined with
automation technologies in order to use continuous data to steer and optimise bioprocesses in real-time
without the need for human interaction [6]. Closely monitoring and controlling the bioprocess tackles
the challenge of irreproducible manufacturing processes that are often seen for (personalised) cell-based
therapies. This bioprocess variability is inherent to donor variability, the time-varying characteristics
of progenitor cells (such as phenotype) and the complexity of living systems [7].

Progenitor cell expansion is a crucial process step whereby clinically relevant numbers are
produced typically ranging between 5 × 107–108 [8,9]. Currently, progenitor cell expansion relies on
fixed protocols which do not take into account the particularities of the cell type, donor characteristics
or the batch, leading to suboptimal outcomes [10]. In order to reduce this variability, the process has
to remain within predefined boundaries during the whole production process, which is possible by
actively adapting critical process parameters (CPP) during the cell expansion process, based on the
characteristics and individual needs of a batch. The retuning of the process parameters should be done
in a way that would enable the process to follow a predefined (reference) trajectory, providing optimal
conditions for the cultured cells. Due to the inherent variability of cells and the time-varying dynamics
of the process, modelling and controlling the cell growth is challenging [11].

Active control of cell culture bioprocesses will also result in lower batch-to-batch variability.
Without any monitoring or control of cell culture, there could be a high amount of batch rejections due to
results of in-process or finished product testing falling out of the predefined boundaries of the validated
process. These specifications are described in quality control documents approved by health authorities
and are set to assure product quality and safety. The amount of “out of specifications” test results
of two different commercial cell therapies was recently described in the biologics license application
(BLA) submission of Kymriah® and Yescarta®. Novartis reported 7% and 9% manufacturing failures
for Kymriah batches, whereas Kite reported 1% for Yescarta batches [12]. Novartis disclosed that all
out of specifications (OOS) results were caused by viability problems, resulting in final products with a
viability lower than 80%. The challenge lies in the nature of cell products having an inherent variability
and complexity.

Therefore, in this work, a model-based predictive control (MPC) system is proposed as a potential
solution to the aforementioned challenges of inherent variability and time-varying dynamics of the cell
culture process [13]. MPC exhibits several interesting features, such as intuitive concepts, easy tuning
and the ability to control a range of simple and complex phenomena, including systems with time
delays, non-minimum phase dynamics, dead times, multivariable cases and instability [14]. While
dealing with all these challenges, the MPC can easily incorporate constraints and tailor formulated
control objectives [12,13]. Model predictive control offers several important advantages: (1) the process
model captures the dynamic and static interactions between input, output and disturbance variables;
(2) constraints on inputs and outputs are considered in a systematic manner in the cost function and (3)
accurate model predictions can provide early warnings of potential problems [13].

Several studies have investigated the benefits of controlling the environment of cell culture vessels
such as dissolved oxygen tension (dO2), temperature and CO2 [15]. Instead of using these standard
physicochemical process parameters to control the bioprocess, this paper will develop a method
to control the metabolic responses of the cells. This metabolic response is measured off-line and is
used as an indication of the cell growth, which can only be measured at the end of the bioprocess
of adherent cells. An interesting metabolic response to use as an indirect measure for cell growth
in a high glucose medium is the cumulative lactate production of the cells over the culture period.
Using lactate measures has the advantage, in an environment with excess amount of glucose, that
the ratio between lactate production and glucose consumption is a known value (two) based on the
anaerobic glycolysis pathway [16]. In high glucose environments, measurements of glucose have a low
sensitivity compared to lactate. Lactate concentrations are low in fresh medium and are produced
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by the cells, resulting in higher sensitivity and indication of whether or not cells are alive. Another
advantage is controlling the pH, since this is related to the lactate concentration [17,18]. The control of
this pH is important because an increase in extracellular acidosis, i.e., a value below 6.7, leads to a
higher amount of apoptosis [19,20].

Furthermore, lowering the lactate concentration by replacing the media for 100%, 50% or 0% of
the total working volume has been reported to have a significant effect on the cell growth [15].

The aim of this paper is to describe a framework for controlling process parameters of the cell
expansion process based on lactate measurements in combination with a model predictive control
approach. As a proof of concept we used lactate measures, but depending on the considered application,
the input and output could be chosen differently, taking into account specific process parameters and
quality attributes. For example, in low glucose environments, it would be interesting to change the
measurement to glucose. By controlling the process parameters, the cell growth can be directed towards
a predefined reference trajectory. This research demonstrated the intended goal using experimental
data in combination with control strategy simulations.

2. Materials and Methods

2.1. Cell Culture Experiments

In order to develop this framework, we performed experiments on human periosteum-derived cells
(hPDCs) and studied their metabolic responses during their cell expansion process. Cell proliferation
was the aimed output. This cell growth was represented here by the cumulative lactate produced
by the cells. As an input to control the cell growth, we investigated the effect of the total amount of
replaced medium.

2.1.1. Cell Culture

The hPDCs used in this study were obtained from periosteal biopsies with patients’ informed
consent. The performed biopsy procedures, as described by [21], were approved by the Ethics
Committee for Human Medical Research (KU Leuven). These cells were expanded until passage 4 and
frozen. Culture medium consisted of high glucose Dulbecco’s modified Eagle’s medium (DMEM +
GlutaMAXTM + pyruvate, GibcoTM by Thermo Fisher Scientific, Waltham, MA, USA), supplemented
with 10% (v/v) heparin-free pooled human platelet lysate (StemulateTM by Cook Regentec, Indianapolis,
IN, USA) and 1% antibiotic-antimycotic (GibcoTM by Thermo Fisher Scientific).

The cell culture experiment started by thawing three frozen vials, each containing 1 million hPDC
cells from a different donor. The cells from these three donors were seeded in three different T175 flask
at passage 5 with 27 mL culture medium and incubated in a humidified atmosphere of 90% at 37 ◦C
and 5% CO2. The culture medium used during the experiment was DMEM supplemented with only
7.5% hPL instead of 10%, which was used for general cell culture expansion and storage. The reason
for lowering the amount of hPL is based on knowledge from previous experiments, indicating cells
cultured in 7.5% hPL as the condition with the lowest medium cost per population doubling (data not
included). Cells were subjected to a 100% medium replacement on day 2 and harvested on day 4 with
TrypLE (GibcoTM by Thermo Fisher Scientific). This passaging was repeated once again, with the same
seeding density of 5700 cells·cm−2.

2.1.2. Experimental Set-Up

Cells were harvested after the second expansion step and seeded into 6 different 12-well plates
(72 wells), each well with a density of 3300 cells·cm−2 in 1 mL of DMEM medium supplemented
with 7.5% hPL. Reducing the seeding density from the previous 5700 cells·cm−2, which was used for
expanding and storing of cells, to 3300 cells·cm−2 was, on the one hand, based on previous experiments.
These experiments indicated a seeding density of 3300 cells·cm−2 to be a more cost-effective use of the
culture vessel, due to a lower population doubling time and similar cell number harvested at the end
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of the cell culture. On the other hand, a lower seeding density would also provide more cell culture
time before reaching 80% of confluency, resulting in a higher amount of input and output data points.
The cells were cultured during 5 days while the medium was replaced according to 6 different medium
replacement strategies, as indicated in Table 1.

Table 1. Overview of medium replacement strategies. The amount of medium replaced is indicated as
a percentage of the total working volume of the well, which changed over the different days.

Medium Replaced
Day

1 2 3 4 Explanation

Condition

1 10.0 10.0 25.0 45.0 Increasing: 0; 15; 20
2 12.5 25.0 36.5 50.0 A steady increase of 12.5
3 10.0 20.0 35.0 45.0 A decreasing increase: 10; 15; 10
4 10.0 10.0 10.0 10.0 Constant replacement
5 50.0 50.0 50.0 50.0 Constant replacement
6 100.0 100.0 100.0 100.0 Constant replacement

All conditions were performed for three different donors in triplicates (54 wells). In addition a
control condition was set up in each of the six 12-well plates in triplicates (18 wells), which had the
same medium replacement scheme as condition 6, but the cells were from a pool of the three different
donors to account for possible well plate differences.

2.1.3. Lactate Measurements and Cell Counts

During the 5 days of cell culture, 100 μL medium samples were taken every day from each and
stored at −80 ◦C. Therefore, a minimum of 10% medium replacement was required. The medium
samples were analysed for lactate with the CEDEX medium analyser (Roche, Custom Biotech, Belgium)
after thawing. After five days of cell culture expansion, the cells were harvested using TrypLE express
and counted with trypan blue 0.25% using a Bürker haemocytometer.

2.2. Model-Based Control and Optimisation

2.2.1. System Identification and Modelling

The main goal of this work is to (1) optimise the cell proliferation, combined with (2) minimising
the use of medium, which can be achieved by tuning a process parameter to steer the process towards
a defined growth trajectory. In order to solve this optimisation problem, a model-based predictive
control (MPC) approach is used, which is shown in Figure 1.

The control strategy consists of a dynamic model to forecast the future behaviour of the system
(predicted outputs ŷ(k + Np

∣∣∣k) , at time k with prediction horizon Np). This predictive knowledge is
used in combination with the past knowledge of previous input and output measurements of the
system and a reference trajectory (r

(
k + Np

)
) to calculate the future errors ( ê(k + Np

∣∣∣k) ). The optimiser
will take these errors in to account, together with the cost function (J) and the constraints, to formulate
the optimal control decision (future inputs û(k + Nc|k), estimated at time k with control horizon Nc) to
be used as inputs to minimise the deviation from the reference trajectory [23].
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Figure 1. Model predictive controller scheme [22].

A first step in developing a model-based controller is to develop a model of the process. When
no readily available mechanistic model or knowledge is available, a model can be identified based
on measuring process inputs and outputs. Several methods can be used, but an approach that has
been proven successful in many applications is system identification. This approach assumes that
the observed input–output relations of the system are the manifestation of the dominant processes
occurring within the system under study. Typically, a transfer function (TF) model structure is estimated
as an objective and the parsimonious mathematical description of the process is considered [24].

The reason for using a data-based model predictive controller is based on the multiple
advantages it has regarding controlling and optimising systems compared to classical
proportional–integral–derivative (PID) controllers [25]. The model will predict the lactate increase
and use time varying parameters combined with an a priori defined reference trajectory required for
the complex and time-varying nature of the cells. Furthermore, the model is able to include feedback
knowledge of experiments and extract the main processes to see the effect on the growth. In addition,
it can take into account constraints on the input and output variables, use short prediction horizons
and avoid time delay problems.

2.2.2. Interpolated Data

One of the challenges faced during the present study was the sparsity of the data points, with
only one data point every 24 h. Therefore, an interpolation step was needed, for which the method of
piecewise linear interpolation was used. In order to do this, all collected data points are used and the
data in between are estimated using a linear function [26]. For a dataset of n points (t1, y1), .., (tn, yn)

with t1 < tn, the piecewise linear interpolation for point t situated at tk < t < tk+1, is described by

y(t) = yk +
yk+1 − yk

tk+1 − tk
·(t− tk), (1)

where y (mmol) is again the accumulated lactate produced and t (days) is the culture period in days.
The values (tk, yk) and (tk+1, yk+1) are collected data points, whereas (t, y(t)) is an interpolated data
point. The resulted interpolated data were used as a reference trajectory in the simulation step for the
developed model predictive controller.

2.2.3. Prediction Model

The MPC approach requires a dynamic model which forecasts the output, in this case the cell
growth. Furthermore, the model relates the process parameters, used as inputs, to this desired output.

9
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The goal of this work is to estimate the growth of the cells during the cell culturing phase. However,
since adherent cells cannot be measured directly in this phase, an indirect measure of cell growth is
used, namely, accumulated lactate produced by the cells during proliferation.

The advantage of the previous mentioned system-identification methods, such as transfer function
models, is that they develop the process models directly based on measured process data and thus can
take into account differences between cell types and/or time-varying characteristics.

Figure 2 shows a representation of the lactate concentrations over time, with medium replacements
at certain time points k.

 
Figure 2. Simplified lactate concentration graph during a cell expansion period with medium
replacements at time points k, k + 1 and k + 2.

At time zero, the cell culture has an initial lactate concentration which is equal to the concentration
in fresh medium and is called the baseline concentration C0. While the cells proliferate, they
consume nutrients such as glucose and produce waste products such as lactate. Therefore, the lactate
concentration increases between time zero and k from the initial C0 until C1(k). At time k, the medium
is replaced with U(k) as a percentage of the working volume of the vessel. After medium replacement,
the lactate concentration C1(k) decreases to C2(k) as described in the following equation:

C2(k) = C1(k) −C1(k)U(k) + C0U(k). (2)

To control this lactate production, the amount of medium used to replenish the cells can be used
as the manipulated process parameter (or control input).

A data-based mechanistic model approach was used to describe the effect of changing the medium
replacement on the cumulative lactate production. A transfer function input–output model structure is
used for system model identification, as little knowledge of the complex cell behaviour is required
a priori.

In this research, dynamic auto-regressive exogenous (DARX) variables are estimated using the
CAPTAIN toolbox [27] in MATLAB version 2018b. The DARX model is used in the analysis to allow
a changing relation between medium replacement and accumulated lactate during the cell culture
period [28]. The model structure is described as follows [22,23]:

yt =
B
(
z−1, t

)
A(z−1, t)

ut−δ +
1

A(z−1, t)
et, (3)

where yt is the output (accumulated lactate (mmol)) of the system and ut−δ the input (accumulated
medium replaced (mL) with a certain time delay δ. The additive noise et is assumed to have a zero

10



Bioengineering 2020, 7, 78

mean and uncorrelated variance N
(
0, σ2
)
. The series A and B have time varying parameters described

by the following equations:

A
(
z−1, t

)
= 1 + a1,tz−1 + a2,tz−2 + · · ·+ an,tz−na (4)

B
(
z−1, t

)
= b0,t + b1,tz−1 + b2,tz−2 + · · ·+ bm,tz−nb , (5)

where the backward shift operator z−1, applied on the model parameters ai,t and bi,t, can also be
expressed as:

ai,tz−i = ai,t(t− i). (6)

To obtain the relation between input and output, estimated by the polynomials A and B,
experiments were performed. These experiments changed the process parameter (u, medium
replacement) while measuring the effect on the output (y, cumulative lactate concentration). The model
parameters were estimated using refined instrumental variable (RIV) algorithms [27]. The most suitable
reduced order model structure was selected based on two identification criteria, namely, the coefficient
of determination R2 and Young identification criterion (YIC). The orders of these polynomials in
Equations (4) and (5) are na and nb. For these data, model orders between 1 and 2 for n and m
respectively were evaluated, including time delays between 0 and 1. The best fit was obtained using
first order polynomials with a fixed a1 parameter in time and a variable b0 during all the different time
points. The accuracy of this fit is measured with MATLAB version 2018b using normalised root mean
square error (NRMSE) with the goodness of fit function. This method is described as follows:

NRMSE = 1−
∥∥∥yre f − y f it

∥∥∥∥∥∥∥yre f −mean
(
yre f
)∥∥∥∥ (7)

where y f it, the modelled data, compared to yre f , the reference data. The NRMSE equals 1 for a
perfect fit.

2.2.4. Cost Function

The optimal process parameter values are those which steer the system towards the reference
trajectory function. These values are calculated as the ones minimising a controller’s cost function.
This cost function consists of one term to minimise the difference between the predicted output (ŷ)
and the reference trajectory (r), and another term to minimise the change of the control signal (Δu)
(i.e., the replaced medium volume). This equation is as follows:

J(Nc, Np) =
∑Np

j=1
δ( j)
[
ŷ(k + j

∣∣∣k) − r(k + j)
]2
+
∑Nc

j=1
λ( j)[Δu(k + j− 1)]2, (8)

where Nc is the control horizon, Np is the prediction horizon (time points where y is controlled to
follow r) and δ,λ are used as weights to create a relevance ranking [22,29].

2.2.5. Constraints

The solutions to optimise the system are subject to constraints. The input, manipulated to control
the system, could be restricted by physical boundaries. For example, replacing the medium for
100% in certain vessels is impossible without the risk of removing cells together with the medium.
In addition, the output of the system could also be restricted to assure product quality, feasibility
or safety. For example, the lactate concentration of the cell culture system is limited to avoid toxic
lactate levels, meaning a value of 20 mM [30]. There was no need to implement these constraints in the
current work, since the toxic lactate threshold was never reached in these experiments, not even for the
condition of minimal lactate replacement.
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2.2.6. Simulation

In this paper, the use of a model-based predictive control approach was evaluated for cell
growth control by quantifying the performance of the controller based on simulated control actions.
More specifically, the experimental data were used to identify time-varying transfer function models
describing the dynamic relations between cumulative lactate concentrations and medium refreshments
and these models were used in combination with the control algorithms to simulate the needed medium
refreshments. The reference trajectory for cumulative lactate concentration was assumed to be the
cumulative lactate concentrations actually measured for each condition.

3. Results

3.1. Collected Data

Figure 3 shows the amount of accumulated lactate produced and the cell number after the five
days of cell expansion. These results are summarised in Table 2, and show the average of the triplicates
for the different donors and different medium replacement conditions, which were explained in Table 1.

 
  

(a) (b) 

Figure 3. Average results with error bars for the triplicate experiments of each individual donor with
each specific medium replacement strategy. (a) Total accumulated lactate produced after 5 days of cell
culture (mM). (b) Cell numbers counted at the end of the cell culture period.

Table 2. Total amount of cells harvested after the cell culture expansion, which is averaged over the
triplicates for each donor and condition (100,000 cells).

Harvested Cells
Donor

1 2 3

Condition

1 1.48 ± 0.13 0.88 ± 0.22 1.31 ± 0.18
2 1.69 ± 0.11 1.63 ± 0.13 1.75 ± 0.12
3 1.48 ± 0.10 1.45 ± 0.33 1.73 ± 0.24
4 0.96 ± 0.25 0.65 ± 0.04 1.10 ± 0.38
5 1.99 ± 0.19 1.61 ± 0.18 1.89 ± 0.26
6 2.37 ± 0.21 2.24 ± 0.25 2.08 ± 0.22

Figure 4 represents an example of measured lactate concentration over time, similar to Figure 2,
but adapted to the data from the experiments with donor 1, condition 5 and triplicate 1.
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Figure 4. Lactate concentration over time (days) for the results of donor 1, condition 5 and triplicate 1.

Table 3 represents how efficiently the amount of medium is used for proliferation by the cells.
This is calculated by dividing the total amount of cells by the total amount of medium supplied during
the cell expansion. The table indicates that the most efficient medium replacement strategy, meaning
the most cells per amount of medium used, is donor- and not method-dependent. All three different
donors require different medium replacement strategies. However, giving the cells the highest amount
of medium (condition 6 with 100% medium replacement every 24 h) always results in the highest
amount of cells at the end of the expansion. Also, the lowest amount of medium replacement always
results in the lowest amount of cells at the end of the expansion.

Table 3. Efficiency of medium used over the total cell culture period, calculated by dividing the total
cell numbers by the total amount of medium used (10,000 cells mL−1).

Medium Efficiency
Donor

1 2 3

Condition

1 7.79 ± 0.71 4.61 ± 1.15 6.91 ± 0.93
2 7.53 ± 0.48 7.29 ± 0.60 7.79 ± 0.55
3 7.06 ± 0.45 6.88 ± 1.55 8.21 ± 1.15
4 6.85 ± 1.79 4.67 ± 0.29 7.86 ± 2.70
5 6.64 ± 0.63 5.38 ± 0.61 6.29 ± 0.88
6 4.73 ± 0.41 4.48 ± 0.51 4.17 ± 0.44

Therefore, to develop a model predictive controller, it is always necessary to keep in mind what the
goal or reference is. If the goal is to predict the feeding strategy of the cells in order to reach the highest
amount of cells, the controller would suggest to replace the medium as much as possible. The downside
is that resources are wasted due to unnecessary medium replacements. A more interesting question
would be to ask the controller how much medium should be replaced to reach, for example, 80% of the
total amount of cells according to a maximum medium replacement strategy (condition 6) in the same
amount of time. Or another question could be, in a case where a patient has a procedure scheduled in
fixed amount of time, e.g., eight weeks: how much medium should be provided to the cells to reach
the therapeutically-required amount of cells in eight weeks?

Table 4 represents the results of the average amount of lactate produced by each cell at the end
of the cell expansion. This relation is interesting for translating the accumulated amount of lactate
produced to the amount of cells. However, this number differs for each donor and differs even more
between different medium-replacement strategies. Condition 6, in which the medium is replaced
100% every day, could be a representation of how the cells produce lactate in an optimal environment.
Condition 4, in which only 10% of the medium is replaced every day, has a significantly higher amount
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of lactate produced over the expansion period, which is due to either a lack of nutrients and growth
factors, or inhibiting factors such as lactate itself.

Table 4. The accumulated lactate divided by the cell numbers at the end of the cell culture period
and divided by total culture time (120 h), averaged over the triplicates for each donor and condition
(10,000,000 mM cell−1 h−1).

Lactate Production
Donor

1 2 3

Condition

1 6.71 ± 0.65 11.49 ± 2.84 10.07 ± 1.55
2 6.16 ± 0.33 6.29 ± 0.65 7.83 ± 0.67
3 7.27 ± 0.66 7.26 ± 1.65 8.18 ± 1.38
4 11.78 ± 3.93 13.35 ± 0.88 12.09 ± 4.21
5 6.14 ± 0.99 7.09 ± 0.89 7.06 ± 1.11
6 5.27 ± 0.40 5.40 ± 0.69 6.44 ± 0.65

One of the biological reasons for this difference in lactate produced by cells could be that cells die
due to this lactate inhibition or nutrient and growth factor depletion. Therefore, less cells are counted
in the end than actually lived, causing a higher lactate·cell−1 ratio [31]. Another reason could be that
cells are changing their metabolic profiles [32].

3.2. Interpolated Data

When using the piecewise linear interpolation method, the fit was 100%, since all data points are
being used. The piecewise linear interpolation methods were further used to interpolate the sparse
data set. Instead of using only one data point every day, the data are interpolated to one data point
every hour, which reflects a more realistic approach for field conditions.

3.3. Prediction Model

The model parameters for the DARX model, represented in Equation (3), were obtained using first
order polynomials with a fixed a1 parameter (cf. Equation (4)) in time and a variable b0 (cf. Equation (5))
during all the different time points. The accuracy of this DARX model compared to the piecewise
interpolated output is shown in Table 5 and visualised in Figure 5.

Figure 5. Visualisation of dynamic auto-regressive exogenous (DARX) model for accumalated lactate
(mM) compared to the interpolated data for the experiment of donor 1, condition 5 and triplicate 1.
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Table 5. Accuracy measured using normalised root mean square error (NRMSE) of DARX model
compared to output of the interpolated data for each condition, donor and triplicates. The DARX model
used is either the one based on the corresponding experimental data (diagonal values) or on the data
of an experimental triplicate. The value is NRMSE multiplied by 100 and expressed as a percentage,
with 100 being a perfect fit.

NRMSE
Donor 1 Donor 2 Donor 3

DARX Model Triplicate

Condition 1 2 3 1 2 3 1 2 3

1

E
x
p

e
ri

m
e
n

ta
l

d
a
ta

tr
ip

li
ca

te

1 99.76 96.17 94.72 99.77 97.11 95.63 99.79 93.83 98.15
2 96.28 99.77 91.74 97.17 99.78 93.34 94.08 99.79 92.77
3 94.65 91.42 99.76 95.50 93.00 99.78 98.12 92.45 99.79

2

1 99.78 93.27 97.14 99.80 95.59 98.14 99.82 91.97 94.21
2 93.56 99.79 95.87 95.73 99.80 94.17 92.42 99.80 97.16
3 97.21 95.78 99.79 98.06 93.94 99.78 94.47 97.13 99.80

3

1 99.79 93.34 98.64 99.80 98.30 95.47 99.82 98.02 93.74
2 93.66 99.79 92.78 98.29 99.80 95.19 97.99 99.82 94.68
3 98.67 92.39 99.80 95.34 95.02 99.79 93.49 94.55 99.81

4

1 99.75 99.13 92.60 99.75 97.45 95.98 99.77 90.54 95.41
2 99.22 99.77 93.26 97.46 99.74 93.62 91.10 99.77 95.41
3 92.20 92.93 99.77 95.87 93.31 99.76 95.55 95.26 99.77

5

1 99.81 98.30 87.19 99.82 98.54 95.71 99.83 94.76 91.61
2 98.31 99.81 86.28 98.54 99.82 96.61 94.58 99.81 96.52
3 85.80 84.63 99.82 95.58 96.52 99.82 91.12 96.43 99.81

6

1 99.80 94.34 94.67 99.83 96.96 98.84 99.82 97.13 94.34
2 94.53 99.81 90.32 97.03 99.84 97.43 97.08 99.82 96.84
3 94.44 89.54 99.82 98.90 97.39 99.84 94.10 96.75 99.81

Using a fixed parameter a1 and a dynamic parameter b0,t results in only one parameter adjusting
to the dynamics of the system, making the interpretation of the changes easier. From Figure 6 it can be
deducted that b0,t is an indicator of how much the cells are competing for the medium. On one hand,
if the parameter exhibits an overall low absolute value, as seen in Figure 6a, it indicates that the cells
have leftover medium that is not used and will be replaced unnecessarily, which means that resources
are wasted. On the other hand, if an overall higher absolute value is attained, as seen in Figure 6b,
then the cells do not have enough medium to fulfil their potential growth.

 

(a) (b) 

Figure 6. Graphs exhibiting the b0,t values over time. (a) b0,t values for triplicates of donor 1 under
condition 6, which means 100% medium replacement every 24 h. (b) b0,t values for triplicates of donor
1 under condition 4, which means only 10% medium replacement every 24 h.
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3.4. Simulation of the Model Predictive Controller

MPC simulations were performed based on the identified prediction models for each type of
medium replacement strategy. An example for condition 1 and condition 6 are given in Figure 7,
with accumulated lactate produced by the cells as target output and accumulated amount of medium
replacement as an input variable.

 

(a) (b) 

Figure 7. Top graph shows the interpolated output (accumulated lactate (mM)) compared to the
simulated output. Bottom graph represents the interpolated input (total replaced medium (mL))
compared to the simulated input. (a) model-based predictive control (MPC) simulation applied to
donor 1, condition 1 and triplicate 1; (b) MPC simulation applied to donor 3, condition 6 and triplicate 3.

The goodness of fit between the controller’s input suggestions and output and the experimental
data are summarised in Tables 6 and 7.

Table 6. The accuracy of the MPC simulation is measured using NRMSE and multiplied by 100 to
be expressed as a percentage, with 100 being a perfect fit. The accuracy of the MPC simulation is
represented for the difference in input (accumulated replaced medium (mL)) of the experimental data
compared to the input of the simulated data. All NRMSE values calculated for all three donors and all
three triplicates are equal for the same condition of medium replacement.

Condition 1 2 3 4 5 6

NRMSE 84.96 86.28 86.18 87.18 87.07 87.03
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Table 7. The accuracy of the MPC simulation is measured using NRMSE and multiplied by 100 to
be expressed as a percentage, with 100 being a perfect fit. The accuracy of the MPC simulation is
represented as the difference between output (accumulated lactate (mM)) of the experimental data
compared to the output of the simulated data. The DARX model used to perform the simulation is
either the one based on the corresponding experimental data (diagonal values) or on the data of an
experimental triplicate.

NRMSE
Donor 1 Donor 2 Donor 3

DARX Model Triplicate

Condition 1 2 3 1 2 3 1 2 3

1

E
x

p
e

ri
m

e
n

ta
l

d
a

ta
tr

ip
li

ca
te

1 98.76 98.77 98.77 98.73 98.72 98.73 98.65 98.64 98.65
2 98.76 98.76 98.77 98.73 98.73 98.73 98.64 98.63 98.64
3 98.82 98.82 98.83 98.68 98.67 98.68 98.67 98.66 98.67

2

1 98.70 98.70 98.71 98.67 98.66 98.66 98.58 98.57 98.59
2 98.70 98.70 98.71 98.68 98.67 98.67 98.57 98.56 98.58
3 98.71 98.71 98.72 98.67 98.66 98.66 98.59 98.58 98.60

3

1 98.67 98.67 98.68 98.63 98.62 98.63 98.58 98.56 98.61
2 98.68 98.68 98.69 98.65 98.64 98.65 98.56 98.54 98.59
3 98.68 98.68 98.69 98.61 98.61 98.62 98.56 98.54 98.59

4

1 98.77 98.78 98.78 98.83 98.82 98.84 98.67 98.66 98.67
2 98.76 98.78 98.78 98.85 98.84 98.85 98.67 98.65 98.66
3 98.77 98.78 98.78 98.82 98.81 98.82 98.67 98.66 98.67

5

1 98.60 98.59 98.60 98.64 98.64 98.64 98.51 98.50 98.51
2 98.62 98.62 98.63 98.65 98.65 98.65 98.53 98.52 98.53
3 98.56 98.56 98.57 98.64 98.64 98.64 98.51 98.50 98.51

6

1 98.55 98.55 98.56 98.53 98.53 98.53 98.47 98.47 98.47
2 98.53 98.53 98.54 98.53 98.53 98.54 98.48 98.48 98.48
3 98.49 98.50 98.50 98.51 98.51 98.51 98.47 98.47 98.47

4. Discussion

Monitoring and controlling the cell growth is crucial when developing a large-scale reproducible
cell culture process. However, there are currently no standardised methods to sample the amount
of cells during a cell culture expansion in tissue flasks or hollow fibre bioreactors. Previous studies
have therefore investigated the benefits of controlling the environment of the cell culture vessels
using standard physicochemical process parameters [15]. In addition, other studies developed
potential soft sensors using the metabolic responses of the cells to control the process, mostly glucose
concentration [33,34]. This work used this metabolic soft sensor concept by measuring the lactate
concentration off-line and used it as an indication of the cell growth, which can otherwise only be
measured at the end of the bioprocess.

Choosing the correct control strategy for this framework results in high accuracy between the
experimental data and the simulated data. Many different control strategies have been explored
in fermentation processes [35], some for mammalian cells [15,17], and a few for human cells [36].
These control strategies are built on either user experience, a process model or historical data [35].
Each strategy has its own benefits and disadvantages. Using an approach based only on user experience
has the advantage that it can be quickly applied to a new system without the need for historical data
or a process model. However, these approaches, such as probing control [37] or fuzzy control [38],
are running behind the action, because they act when the current state is not ideal, without an optimal
strategy for the whole process. When there is a large amount of historical data, interesting approaches
are artificial neural networks [20,21] or statistical process controls [39]. However, for cell therapy
bioprocesses this is mostly not the case, since these data are very process-specific and cannot be
extrapolated for different cell types, batch sizes or in autologous applications, which are donor-specific.
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Mechanistic mathematical approaches encounter the same difficulty, because their specific sets of
kinetic parameters have to be redefined for each specific process, requiring many specific data sets.
A mathematical model, for example, one that describes the exponential growth of cells in combination
with consumption nutrients and production waste products [36], is useful for the prediction of an
average control strategy for that cell type. However, the downside of these mathematical models is
that they contain cell-lineage-specific kinetics parameters from literature and should be updated for
every stage of that cell lineage, e.g., proliferation or differentiation [40].

In cases where there is a process model available, the preferred choice would be to use model-based
predictive control (MPC), because it can deal with non-linear dynamics, unpredictable disturbances and
provides insight for the user [35]. Other attempts at controlling bioprocesses using an MPC have been
made. One of them consisted of controlling the glucose concentration to maintain more than a certain
threshold of 11 mM in a 15 L fed-batch system [34]. To achieve this, they used a non-linear model-based
predictive control to adapt the feed rate based on a mechanistic mathematical model which describes
the cell growth and metabolism. However, the main problem was the process–model mismatch,
which is inherent to the variability of a bioprocess. They also compared an off-line measurement
method with 12 h between samples to an on-line spectroscopy technique sampling every six minutes.
The problem with on-line glucose methods was a high sample-to-noise ratio. Another study tried to
avoid this problem of the high cost and noise of on-line glucose sensors by developing a soft sensor [33].
This soft sensor uses cumulative oxygen transfer rates, calculated using several on-line measured
variables. It defines the correlation between the on-line soft sensor and the real glucose concentration
by comparing off-line measures of glucose every 24 h to recalculate the correlation.

What was still missing from most current control strategies is the combination of a model predictive
control with an adaptive control strategy to avoid the process–model mismatch [34]. Therefore,
this paper uses the MPC approach and implements an adaptive prediction model. This allows the
model to predict the next input to achieve the desired output based on all previous inputs and
outputs, taking into account unpredictable disturbances or inherent batch variability in bioprocesses by
updating the model parameters in real-time. The accuracy of the model fit when using the same model
over different medium replacement conditions or different donors can even be below 50%. This is
represented in Table A1 where the model for donor 2 is fitted on data of donor 3. This points out the
variability between donors and realisations. However, the potential of the approach developed in
this work is that the model is estimated and adapted in real-time solely using data for that specific
realisation/individual, and thus guarantees a personalised approach.

This work also uses the concept of a soft sensor by using another measurable variable (lactate
concentration) to estimate a desired critical quality attribute of the bioprocess (cell number).
The flexibility of the controller to react to disturbances as well as process variability is shown
by successfully applying the controller to three different donors and six different control strategies
in triplicate.

The next step for this work is to implement the controller in real-time to the system and re-evaluate
the performance of the controller. The prediction model will be updated with every new data point
received from the current experimental run. In future experiments, the idea is to start from the
known model structure, which was found to be the best representation for that bioprocess. In this
case, the model would be a DARX model with a fixed a1 parameter and a variable b0 over time.
After gathering enough data points, depending on the measuring frequency, this could be one day.
The model will be developed based on the parameters defined by the process at hand. After this initial
data gathering period, the model and controller will be updated in real-time using only the data from
the current experiment. Using only the fixed model structure from previous experiments would lead
to better results compared to other modelling techniques, where the parameter values of previous
experiments are also used without tuning them based on experiment-specific data. The MPC approach
presented in this work, which uses the data of each specific realisation, results in a model that adapts
well to the process at hand.
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In addition, this MPC model could potentially address a case study based on giving the process just
enough medium to reach a certain percentage of the maximum cell number at harvest. This maximum
cell number is estimated when supplying the process with 100% medium every day. However,
to practically perform such a controlled process, additional knowledge about the system is required,
which can be gained by performing follow-up experiments. One strategy to consider for these
experiments is to observe the b0 values of the DARX model, which is continuously re-estimated with
every new data point collected from the experiment at hand. Further analysis could lead to finding
certain thresholds for this parameter that would result in reaching a predefined percentage of the
maximum achievable cell number at harvest.

Another additional path to explore is to correlate the cumulative lactate produced back to the
biomass growth, in order to use the measurements as a soft sensor and estimate the amount of biomass
at each lactate sample time point. However, the relation between the number of cells and lactate
produced can differ not only between cell types, but also between different medium replacement
strategies. In cases where cells receive a very low amount of medium, cells could die due to nutrient
and growth factor depletion. Another possibility which could lead to a change in the relation between
the amount of cells and the amount of lactate produced is a metabolic alteration (a by-product of
glycolysis) by the cells when the amount of replaced medium is low [41]. Therefore, it would also be
important in additional experiments to assess different quality attributes of the cells to check whether
all process parameters are possible or if certain thresholds on medium replacement are required to
avoid changing the quality and characteristics of the cells. The quality could be assessed with live/dead
analysis, additional measures such as Lactate Dehydrogenase (LDH) and flow cytometry for MSC
markers or the trilineage potential, determining the osteogenic, chondrogenic or adipogenic potential.

When these two steps of real time implementation and translation into cell numbers are combined,
the controller could potentially solve case studies using an adaptive reference trajectory where a specific
number of cells is required by a specific realistic time period using a minimal amount of medium.
This approach is also capable of implementing different manipulated and controlled variables, in case
new sensor techniques come onto the market.

Finally, instead of using well plates as a way to keep process costs low and experimental time
short for a large amount of experiments, we envisage the use of such tools for suspension bioreactors
where progenitor cell populations can be scaled-up for clinical production, allowing, at the same time,
the capacity for real-time process adaptation [10,40].

5. Conclusions

The model predictive controller developed in this work is a generic algorithm which requires
minimal effort to implement different process parameters and different responses of the system.
This controller has the potential to be an inexpensive tool to minimise the costs and time of cell
expansions in combination with assured product quality by design (QbD) [42]. Using cumulative
lactate concentrations as an output measurement of the controller has proven to be useful in this
specific bioprocess setting, where high glucose DMEM was used. However, it is important, when
applying this method to a different bioprocess, to first assess which output measurement and related
process parameter would suit that specific bioprocess.

Six different combinations of medium replacement were tested on three different donors in
triplicate in order to model the dynamical response of medium replacement on cell proliferation.
This dynamic response is best modelled using a DARX prediction model, resulting in an overall high R2

of 99.80% ± 0.02% for the DARX model on the same experimental data. The process–model mismatch
is also low when applying a model based on experimental data from one triplicate to experimental
data from another one of the triplicates. The average fit for the triplicates in DARX models on all the
triplicates of experimental data is 96.57% ± 3.26%.

Based on simulations, the model predictive controller designed in this work shows promising
results to accurately predict the effect of medium replacement on cell growth. The medium change
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input suggested by the simulation has a 86.45% ± 0.78% accuracy compared to the real experimental
data, whereas the accumulated lactate output has an accuracy of 98.64% ± 0.10% compared to the
target experimental data.

The results in this work show that this lactate-based model predictive controller can be applied to
different donors as well as different medium-replacement strategies. The parameters are estimated for
each individual experimental run, resulting in a high accuracy fit between the simulated data and the
experimental data. Using these individualised parameters is the main advantage compared to other
control strategies, which are more focused on a suitable prediction for the average bioprocess [14,17].
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Appendix A

Table A1. Model mismatch example, where the DARX models of donor 2 are applied to experimental
data from donor 3. The results are the NRMSE multiplied by 100, between the DARX model and
the data.

NRMSE
DARX Model Donor 2

Triplicates

Condition 1 2 3

1

E
x

p
e

ri
m

e
n

ta
l

d
a

ta
tr

ip
li

ca
te

d
o

n
o

r
3

1 54.16 50.70 59.50
2 61.82 58.50 66.99
3 52.98 49.47 58.27

2

1 56.75 50.97 58.41
2 66.54 61.10 68.14
3 63.83 58.28 65.50

3

1 57.66 56.96 63.13
2 55.66 54.89 61.14
3 49.32 48.60 55.05

4

1 51.67 48.30 57.18
2 63.02 59.82 68.15
3 57.41 54.13 62.73

5

1 87.32 87.72 90.86
2 82.54 83.28 86.94
3 78.60 79.38 83.17

6

1 90.43 87.27 89.94
2 87.54 84.30 86.98
3 84.36 81.07 83.82
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Abstract: Human Adipose Tissue Stem Cells (hASCs) are a valuable source of cells for clinical
applications (e.g., treatment of acute myocardial infarction and inflammatory diseases), especially in
the field of regenerative medicine. However, for autologous (patient-specific) and allogeneic
(off-the-shelf) hASC-based therapies, in-vitro expansion is necessary prior to the clinical application
in order to achieve the required cell numbers. Safe, reproducible and economic in-vitro expansion
of hASCs for autologous therapies is more problematic because the cell material changes for
each treatment. Moreover, cell material is normally isolated from non-healthy or older patients,
which further complicates successful in-vitro expansion. Hence, the goal of this study was to perform
cell expansion studies with hASCs isolated from two different patients/donors (i.e., different ages and
health statuses) under xeno- and serum-free conditions in static, planar (2D) and dynamically mixed
(3D) cultivation systems. Our primary aim was I) to compare donor variability under in-vitro conditions
and II) to develop and establish an unstructured, segregated growth model as a proof-of-concept study.
Maximum cell densities of between 0.49 and 0.65 × 105 hASCs/cm2 were achieved for both donors
in 2D and 3D cultivation systems. Cell growth under static and dynamically mixed conditions was
comparable, which demonstrated that hydrodynamic stresses (P/V = 0.63 W/m3, τnt = 4.96 × 10−3 Pa)
acting at Ns1u (49 rpm for 10 g/L) did not negatively affect cell growth, even under serum-free
conditions. However, donor-dependent differences in the cell size were found, which resulted in
significantly different maximum cell densities for each of the two donors. In both cases, stemness
was well maintained under static 2D and dynamic 3D conditions, as long as the cells were not
hyperconfluent. The optimal point for cell harvesting was identified as between cell densities of
0.41 and 0.56 × 105 hASCs/cm2 (end of exponential growth phase). The growth model delivered
reliable predictions for cell growth, substrate consumption and metabolite production in both types
of cultivation systems. Therefore, the model can be used as a basis for future investigations in order
to develop a robust MC-based hASC production process for autologous therapies.

Keywords: human adipose stem cells (hASCs); serum- and xeno-free conditions; UrSuppe stem
cell culture medium; autologous therapy; kinetic growth modeling; segregated and unstructured
growth model

Bioengineering 2020, 7, 77; doi:10.3390/bioengineering7030077 www.mdpi.com/journal/bioengineering23



Bioengineering 2020, 7, 77

1. Introduction

The successful development and application of cell-based therapies has the potential to treat a
number of currently incurable diseases and to improve patient care. It is therefore not surprising
that many research activities [1,2] are taking place all over the world in the field of regenerative
medicine. However, despite the progress in this field, there are a number of challenges that remain
before cell-based therapies can be performed more routinely in clinical practice.

Human Adipose Tissue Stem Cells (hASCs) have demonstrated their potential to target a number
of currently incurable clinical conditions [2]. This is not surprising since adipose tissue has recently
been discovered to be a novel abundant source of adult stem cells, which can be collected by minimally
invasive, low risk procedures for the donors/patients and processed by different techniques [3–5].
Moreover, results from recently performed clinical trials have indicated possible applications in the
treatment of acute myocardial infarction, stroke and a host of inflammatory and immune disorders [6].
Human ASCs are also gaining increasing interest in plastic and reconstructive surgical procedures,
where a trend towards stem cell-based tissue-engineering strategies is evident. However, the majority of
these clinical applications require in-vitro expansion of the cells to deliver an effective therapeutic dose.
The intention of the in-vitro expansion step is to manufacture a sufficient number of hASCs under Good
Manufacturing Practice (GMP) conditions and in a cost-effective manner [7–10]. The processing of hASCs
must be performed in accordance with the Directive 2003/94/EC for cell-based medicinal products [11].
In general, hASC-based therapies can be broadly divided into two categories: patient-specific therapies
(autologous) and off-the-shelf therapies (allogeneic). From an economic point of view, the allogeneic
therapy approach seems to be the most attractive option at present [12–14]. However, a crucial factor
for the economic success of allogeneic cell-based therapies in terms of affordability will depend on
whether the patient receiving the stem cell therapy will require immunosuppressive medication.
A combined treatment with immunosuppressive drugs will significantly increase the overall life cycle
cost of the treatment. In contrast, autologous therapies require careful consideration of regulatory
challenges as well as the distribution and delivery of a safe and effective cell-based therapeutic.
Furthermore, it is crucial to consider how a cell therapy manufacturing process can be developed
to consistently manufacture products from multiple patients/donors [15]. Therefore, technical and
biological characterizations of different cultivation technologies, different donors and other biological
aspects are important and will support the development of descriptive and predictive models in the
future. Achieving consistency and reproducibility in the manufacture of medicinal products is a key
requirement for regulatory approval [16,17] and can be achieved to some extent by a reduction in
process variations. A key aspect in reducing process variation is the elimination of fetal bovine serum
(FBS) in the cell culture medium [18]. Various studies have already shown that serum-free cell culture
media can be used in combination with stirred bioreactors and Microcarrier (MC) technology [19–22]
in order to expand human mesenchymal stem cells (hMSCs). In addition to the MC-based expansion
technology, hollow fiber bioreactors are also frequently used for the hMSC expansion, with which
total cell densities of up to 109 hMSC can be achieved [23,24]. In contrast to the MC-based expansion,
hMSC cell growth occurs inside the hollow fibers, which are permanently flown through with cell
culture medium. However, cell harvest could be problematic in these systems and must be carefully
developed based on the expansion process. Amini et al. [25] developed a static, wicking matrix
bioreactor that provides a thing film of medium that drips onto cells on the scaffold. They used this new
bioreactor concept successfully for the expansion of hiPSC-derived pancreatic cells for the production
of insulin. Thus, such new bioreactor concepts are also interesting for the expansion of hMSCs.

In contrast to traditional planar and static cultivation systems, MCs (typically in the range
of 100–300 μm) provide a surface on which the strictly adherent hASCs can grow in stirred and
instrumented bioreactors. The MCs consist of different materials (e.g., polystyrene and gelatin),
including synthetic/organic or natural polymers that are synthesized with different porosities and
topographies. The careful selection and tuning of the MCs and the serum-free cell culture medium is
important and has an influence on the success of in-vitro cultivation.
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The aim of this proof-of-concept study was to perform cell expansion experiments with hASCs
isolated from two different patients/donors (i.e., different age and health status) under xeno- and
serum-free conditions in static, planar (2D) and dynamically mixed (3) cultivation systems. In so
doing, we (I) compared the donor variability under in-vitro conditions in two different cultivation
systems and (II) developed and established an unstructured, segregated growth model for future
investigations. However, due to the limited accessibility of the donor/patient material, only two
donors were considered in the present study in order to establish first versions of the growth model.
Special emphasis was placed on determining growth-related parameters (i.e., parameters for growth
rate and metabolic flux) and comparing cell-specific Critical Quality Attributes (CQAs) during the
processing of the hASCs under the static 2D and dynamic 3D process conditions. The growth-related
parameters were subsequently used to establish a mathematical growth model for donor-dependent cell
growth description, substrate consumption and metabolite production under static 2D and dynamic
3D process conditions.

2. Materials and Methods

2.1. Procurement of Subcutaneous Adipose Tissue from Human Donors

The human adipose tissue samples used in this study (n = 2 donors, referred to as 080 and 085)
were obtained from tissue excess originating from surgical interventions performed at the Department
of Plastic, Reconstructive and Aesthetic Surgery at the Ospedale Regionale di Lugano (Switzerland).
All patients who donated their adipose tissue provided written agreement in compliance with the
directives of the local Ethics Committee of the Canton of Ticino (Switzerland), which approved the
project and its procedures (project reference number: CE 2915).

The cellular sources used in this study originate from subcutaneous adipose tissue harvested
from the abdominal region of female patients undergoing autologous breast reconstruction under
general anesthesia. Firstly, depending on the position of the deep inferior epigastric artery and its
perforating vessels (DIEP-flap), a symmetrical diamond-shaped abdominal flap was dissected between
the umbilicus and the pubis. Any excess subcutaneous adipose tissue, not used for breast reconstruction,
was packed into two sterile bags to avoid any contamination and was delivered for further processing
of the tissue. The adipose tissue samples were stored at room temperature and processed within
24 h [26] to obtain the Stromal Vascular Fraction (SVF).

2.2. Isolation and Establishment of a Serum-Free hASC Culture

The extraction of the SVF from human adipose tissue and the in-vitro expansion and
cryopreservation of the isolated hASCs was performed in accordance with the ethical principles
outlined in the Declaration of Helsinki and in compliance with the directives of the Ethics Committee
of the Canton of Ticino (Switzerland). The isolated tissue samples were firstly separated from the skin
tissue, washed in PBS and homogenized in a blender for 10–15 s (100–400 g of fat tissue). After this
initial step, the tissue was digested for 45 min at 37 ◦C with 0.28 Wünsch Unit/mL of Collagenase
AB [27] (Worthington Biochemical Corp., Lakewood, NJ, USA). The enzymatic reaction was stopped
by the addition of PBS supplemented with 1% human albumin (CSL Behring AG, Bern, Switzerland).
After separating the aqueous phase from the lipid phase, the aqueous phase was collected in a new
sterile tube. The cells were subsequently centrifuged and filtered to obtain a fresh SVF.

In order to characterize the SVF, the cells were stained with anti-CD34-BV650, anti-CD45-PC7,
anti-CD73-FITC (BioLegend, San Diego, CA, USA), anti-CD146-PE, anti-CD36-APC (Miltenyi BioTech,
Bergisch Gladbach, Germany), 7-amino-actinomycin D (7-AAD) (Becton Dickinson, Franklin Lakes,
NJ, USA) and Syto40 (Life Technologies from Thermo Fisher Scientific, Waltham, MA, USA). All of
the antibodies were titrated to optimize the signal–to–noise ratio and used at a specific concentration
(further information can be found in “Supplementary Materials Table S2”). After 20 min of incubation,
the erythrocytes were lysed with 1 mL of VersaLyse solution (Beckman Coulter Inc., Brea, CA, USA).
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A Forward Scatter Time-of-Flight channel was used to select single cell events, Syto40 DNA marker
was used to exclude cellular debris and 7-AAD was used to discriminate between dead and living
cells. Cells were acquired using a Cytoflex flow cytometer (Beckman Coulter Inc., Brea, CA, USA).
The ASC cell population was defined as CD45−, CD146−, CD36−, CD34+ and CD73+.

After characterization, cells were seeded at a density of 30,000 ASCs/cm2 in fibronectin precoated
plates (Corning Inc., New York City, NY, USA) with our chemically defined serum- and xeno-free stem
cell culture medium, called UrSuppe. The stem cell culture medium was changed every 2–3 days,
always keeping 50% of the conditioned medium, until the cells reached a confluency of 80–90%.
For passaging, the cells were detached from the growth surface by incubating them for 2 min at 37 ◦C
in TrypLE Select [28] (Life Technologies from Thermo Fisher Scientific, MA, USA). After discarding
the supernatant, the cells were resuspended in UrSuppe and passaged or used for other experimental
investigations in this study.

2.3. hASC Growth Characterization under Planar, Static Conditions (2D Monolayer Expansion)

2D growth characterization of previously isolated hASCs was performed in precoated T25-flasks
(5 μg/cm2 r-fibronectin; Sigma Aldrich, St. Louis, MO, USA) with the UrSuppe stem cell culture
medium (5 mL). For this purpose, the cryopreserved, patient-derived hASCs (P1, 080-PDLcum. 3.9,
085-PDLcum. 3.7) were thawed and precultured in T75-flasks (10,000 hASCs/cm2; 37 ◦C, 5% CO2,
80% rH) in order to achieve the required cell numbers to inoculate 22 × T25-flasks per donor (P2,
080-PDLcum. 6.3, 085-PDLcum. 6.5, 10,000 cells/cm2). The hASC growth characteristics were assessed
over 11 days by harvesting two T25-flasks per donor (2 mL TrypLE Select at 37 ◦C, 2 min) every day.
The cell density, substrate and metabolite measurements were carried out using a NucleoCounter
NC-200 (Chemometec, Allerod, Denmark) and a Cedex Bio (Roche Diagnostics, Rotkreuz, Switzerland),
respectively. In addition to standard T25-flasks, T25-flasks equipped with pH and DO sensor spots
(PreSens, Regensburg, Germany) were also inoculated in parallel for each donor in order to assess
the pH and DO profiles during cell growth (37 ◦C, 5% CO2, 80% rH). In each case, partial medium
exchanges of 40% and 60% were performed for each donor on days 4 and 8.

2.4. hASC Growth Characterization under Dynamically Mixed Conditions (Microcarrier-Based Expansion)

3D growth characterization was performed for each donor (P3, 080-PDLcum. 11.5, 085-PDLcum.

11.6) using fibronectin-coated polystyrene beads (ProNectin® F-COATED, Pall SoloHill, New York
City, NY, USA) in 125 mL disposable Corning spinner flasks (=100 mL UrSuppe). An initial cell
density of 15,000 cells/cm2 (=54,000 cells/mL) and a Microcarrier (MC) concentration of 10 g/L (=1 g,
360 cm2) were used to inoculate the spinner flasks. The MC concentration of 10 g/L was defined based
on previous investigations by Schirmaier et al. [29] and Jossen et al. [1,30]. The cell inoculum was
prepared in T75-flasks coated with r-fibronectin (5 μg/cm2) and with cells from P1 (=080-PDLcum. 3.9,
085-PDLcum. 3.7). Before inoculation, the MCs were prepared and sterilized according to the vendor
recommendations one day before usage. After cell inoculation, a static cell attachment phase of 24 h
was performed in a cell culture incubator (37 ◦C, 5% CO2, 80% rH) to allow the cells to attach to the MC
surface. After the static attachment phase, the culture was continuously stirred at 49 rpm. The selected
impeller speed, which corresponded to the Ns1u criterion for 10 g/L MCs in the 125 mL disposable
Corning spinner flask, was defined based on experimental and numerical fluid flow investigations by
Kaiser et al. [31] and Jossen et al. [1,30]. The Ns1u suspension criterion defines the lower limit of Ns1
(=Njs), meaning that some MC beads are still in contact with the reactor bottom, but none of them
were at rest [32]. On day 5, a partial medium exchange of 50% was performed. For this purpose,
the impeller was switched off and the MCs were allowed to settle. Fifty percent of the working volume
was replaced with fresh preheated UrSuppe stem cell culture medium, and the impeller was restarted.
No MC feeds were performed during the cultivations.

Off-line samples were taken daily to measure substrate and metabolite concentrations (Glc, Lac and
Amn) with a Cedex Bio (Roche Diagnostics, Rotkreuz, Switzerland). After the cells had been detached
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from the MC surface by the enzymatic treatment (15 min with TrypLE Select), the hASC cell number
was measured using a NucleoCounter NC-200. The measured cell specific values were used to calculate
the growth-related parameters as described in Section 2.6. In addition to the cell measurements, 1 mL
of the MC-cell suspension was fixed immediately after sampling with a 3% paraformaldehyde solution
for 4′,6-diamidin-2-phenyliondol (DAPI) staining.

2.5. Cell Analytics

2.5.1. Flow Cytometric Analysis

Flow cytometric measurements were performed at the end of the growth characterization
experiments (10th day of cultivation): 2D monolayer and MC-based expansion. The flow cytometric
measurements contained different mixtures of the following antibodies: CD26-FITC, CD73-FITC,
CD90-APC, CD105-PE (BioLegend, San Diego, CA, USA), CD36-APC, CD146-PE (Miltenyi Biotec,
Bergisch Gladbach, Germany), CD55-BV421 (Becton Dickinson, Franklin Lakes, NJ, USA) and CD54-PE
(Thermo Fisher Scientific, Waltham, USA). All of the antibodies were titered in advance in order to
improve the signal-to-noise ratio; the final measurements were carried out with 50 ng/test (respective
mAbs and Isotype controls). A Zombie Yellow™ Fixable Viability Kit (BioLegend, San Diego, CA, USA)
was used to distinguish between live and dead cells after fixation (1% paraformaldehyde in DPBS for
1 min at RT). For the staining procedure, 50,000 cells in 100 μL FACS buffer (PBS supplemented with
1% albumin and 50 ng/μL human immunoglobulin, Privigen Immunogobulin, CSL Behring AG, Bern,
Switzerland) were pipetted into a well, gently mixed and subsequently incubated in the dark for 15 min
at room temperature. After the incubation step, the samples were diluted with 100 μL FACS buffer.
Sample acquisition and analysis were performed using a Cytoflex flow cytometer (Beckam Coulter Inc.,
Brea, CA, USA) and Kaluza analysis software. The spectral spill-over from the different fluorochromes
was assessed by spectral compensation of the individual fluorescence channels. For this purpose, single
stained control particles (VersaComp Antibody Capture Bead Kit, Beckman Coulter, Brea, CA, USA)
or cells in combination with the different fluorochromes were used. The compensation matrix was
automatically calculated using the dedicated software function integrated into the Kaluza analysis
software. Flow cytometer functionality, including the control of the optical alignment and fluidics,
was verified routinely with fluorospheres (CytoFLEX Daily QC fluorospheres, Beckman Coulter,
Brea, CA, USA). Further information about the different antibodies can be found in “Supplementary
Materials Table S2”.

2.5.2. RT-qPCR Analysis

RT-qPCR measurements were carried out at different times (day 1, day 5 and day 10) after daily
harvesting of the hASCs. The different RT-qPCR measurement times represent distinct phases of cell
proliferation; day 1: start of cell proliferation, day 5: exponential cell growth and day 10: plateau due
to cellular confluence (end of cultivation). For this purpose, RNAs were extracted from the cell
pellets or from the MCs covered with cells by using a Nucleospin®RNA kit (Macherey-Nagel, Düren,
Germany). The RNA purification process included an on-column digestion step with DNase I and was
performed according to the manufacturer instructions. The RNA purity and quantity was assessed
with a NanoDrop microvolume spectrophotometer (Thermo Fisher, Waltham, MA, USA) and the total
RNA integrity was periodically verified by agarose gel analysis. cDNA was obtained from 900 ng
RNA using a GoScriptTM Reverse Transcription System (Promega, CA, USA). Detailed information
about the protocol can be found in “Supplementary Materials Table S3”. RT-qPCR of the PREF1,
SOX9, WISP1, WISP2, NOTCH1, DLL1, CD26, CD55, CD248, CD142, ZP521, ZFP423, PPARG, DKK1,
RUNX2, CD34, CD36 and CD146 genes was performed using 20 ng cDNA for each gene of interest and
a SsoAdvancedTM Universal SYBR® Green Supermix kit (Biorad, Hercules, CA, USA) in combination
with a CFX Connect System for signal detection. An overview of the different primer sequences is
shown in Table 1, where ACTB was used as an internal control for all measurements. Each primer pair
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product was checked for proper amplification using agarose gel electrophoresis and only single sharp
bands of the expected size were used for further analysis. The RT-qPCR process was divided into
5 phases: (I) initial denaturation (95 ◦C, 120 s), (II) cycle denaturation (95 ◦C, 5 s), (III) cycle annealing
and extension (60 ◦C, 20 s), (IV) final denaturation (95 ◦C, 5 s) and (V) melting curve (65–95 ◦C, 18 min),
where phases II and III were repeated 40 times in the sequence. The resulting data were analyzed using
CFX software in order to evaluate the ΔΔCt values, which were normalized using the value of the
housekeeping gene ACTB as the reference gene. The relative fold changes of the analyzed genes are
related to the beginning of the culture (day 1).

Table 1. Overview of primer sequences used for RT-qPCR measurements.

Genes Forward Primer (5′-3′) Reverse Primer (3′-5′)
ACTB CTG GAA CGG TGA AGG TGA CA AAG GGA CTT CCT GTA ACA ATG CA
PREF1 TGA CCA GTG CGT GAC CTC T GGC AGT CCT TTC CCG AGT A
SOX9 AGC GAA CGC ACA TCA AGA C CTG TAG GCG ATC TGT TGG GG
WISP1 CGA GGT ACG CAA TAG GAG TGT GAA GGA CTG GCC GTT GTT GTA G
WISP2 GCG ACC AAC TCC ACG TCT G TCC CCT TCC CGA TAC AGG C

NOTCH1 TGG ACC AGA TTG GGG AGT TC-3′ GCA CAC TCG TCT GTG TTG AC
DLL1 ACT CCG CGT TCA GCA ACC CCA T TGG GTT TTC TGT TGC GAG GTC ATC AGG
CD26 AGT GGC ACG GCA ACA CAT T AGA GCT TCT ATC CCG ATG ACT T
CD55 AGA GTT CTG CAA TCG TAG CTG C CAC AAC AGT ACC GAC TGG AAA AT
CD248 AGT GTT ATT GTA GCG AGG GAC A CCT CTG GGA AGC TCG GTC TA
CD142 GGC GCT TCA GGC ACT ACA A TTG ATT GAC GGG TTT GGG TTC
ZFP521 GGC TGT TCA AAC ACA AGC G GCA CAT TTA TAT GGC TTG TTG
ZFP423 GAT CAC TGT CAG CAG GAC TT TGC CTC TTC AAG TAG CTC A
PPARG TGA CAG CGA CTT GGC AAT ATT TAT T TTG TAG CAG GTT GTC TTG AAT GTC T
DKK1 ATA GCA CCT TGG ATG GGT ATT CC CTG ATG ACC GGA GAC AAA CAG

RUNX2 TCA ACG ATC TGA GAT TTG TGG G GGG GAG GAT TTG TGA AGA CGG
CD34 TGG CTG TCT TGG GCA TCA CTG G CTG AAT GGC CGT TTC TGG AGG TGG
CD36 TGT GCA AAA TCC ACA GGA AGT G CCT CAG CGT CCT GGG TTA CA

CD146 AGC TCC GCG TCT ACA AAG C CTA CAC AGG TAG CGA CCT CC

2.6. Determination of Cell Biological Kinetic Parameters: Growth Dynamics and Metabolic Activity

Based on regular measurements of cell density and substrate/metabolite concentration,
growth-dependent parameters were calculated for the planar and MC-based cultivations as follows:

(I) Specific growth rate (μ):

μ =
ln(XA(t)) − ln(XA(0))

Δt
(1)

where μ is the net specific growth rate (d−1), XA(t) and XA(0) are the cell numbers (cells/cm2) at the end
and the beginning of the exponential growth phase, respectively, and t is the time (d).

(II) Doubling time (td):

td =
ln(2)
μ

(2)

where td is the doubling time, ln(2) the binary logarithm of 2 and μ the specific cell growth rate.

(III) Population Doubling Level (PDL):

PDL =
1

log(2)
·log
(

XA(t)
XA(0)

)
(3)
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where PDL is the number of population doublings, and XA(0) and XA(t) are the cell numbers (cells/cm2)
at the beginning and the end of the cultivation, respectively.

(IV) Expansion factor (EF):

EF =
XA(tmax)

XA(t = 1)
(4)

where EF is the expansion factor and XA(tmax) is the maximum cell number and XA(t=1) is the cell
number on day 1 (i.e., after cell attachment phase).

(V) Lactate yield from glucose (YLac/Glc):

YLac/Glc =
ΔLac
ΔGlc

(5)

where YLac/Glc is the lactate yield from glucose, ΔLac is the lactate production over a specific time period
and ΔGlc is the glucose consumption over the same time period (=exponential growth phase).

(VI) Specific metabolic flux (qmet):

qmet =

(
μ

XA(t)

)(
Cmet(t) −Cmet(0)

eμt − 1

)
(6)

where qmet is the net specific metabolite consumption or production rate (for Glc, Lac and Amn), μ is the
specific cell growth rate (d−1), XA(t) is the cell number (cells/cm2) at the end of the exponential growth
phase, Cmet(t) and Cmet(0) are the metabolite concentrations (mmol/L) at the end and the beginning of
the exponential growth phase, respectively, and t is the time (d).

2.7. Modelling of hASC Growth Kinetics in 2D Culture Systems (T25-Flasks)

Based on the findings from the static, planar growth experiments, an unstructured, segregated,
simplistic growth model was developed and used to describe the hASC growth kinetics in the T25-flask
cultures. A comparable model approach has already been successfully used by Jossen et al. [1]
to simulate the anchorage-dependent growth of hASCs on MCs during serum-reduced (5% FBS)
expansion in single-use spinner flasks. The same model approach as that employed by Jossen et al. [1]
was also used with only minor modifications to simulate MC-based hASCs growth kinetics in this
study. Detailed information about the MC-based growth model can be found in Jossen et al. [1] and in
“Supplementary Materials”.

The general concept for the growth model and the factors that influence the T25-flask cultures are
shown in Figure 1. Since hASC growth is anchorage-dependent, possible formation of spheroids in
the suspension was not considered in the model. This simplification was justified since no spheroid
formation was observed in any of the 2D cultivations that employed an appropriate surface coating
(data not shown). Thus, it can be assumed that cells in suspension do not contribute to an increase in
the overall cell number, with cell growth restricted to the planar growth surface. To define the starting
conditions, it was assumed that initial cell attachment took place during the cell attachment phase,
which can be described by the attachment constant kat. After the cells had attached themselves to the
planar growth surface, a short cell adaption phase was considered, before the cells began to proliferate.
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Figure 1. Principle of the growth model and influencing factors.

The cell adaption phase was considered by introducing the coefficient α(t) (see Equation (7)),

α(t) =
tn

tl
n + tn (7)

where tl defines the lag time and the point at which α(t) is half of the maximum. The exponent n
in Equation (7) affects the slope of f (α(t)). If n = 1, α(t) is described by Michaelis–Menten kinetics.
Otherwise, a sigmoidal curve is obtained that becomes steeper as n increases. Both variables (tl and n)
were obtained from experimental growth studies using different donor cells.

The specific cell growth rate (μ) was calculated based on Monod-type kinetics. Hence, glucose (Glc),
lactate (Lac), ammonium (Amn) and the available growth surface (Xmax) were considered to be
influencing factors (see Equation (8)). However, analysis of microscopic pictures from time lapse
microscopic investigations indicated that cell growth restriction based on the maximum available
growth surface does not follow a normal Monod-type kinetic (data not shown). This observation
can mainly be ascribed to cell migration during cell growth. Thus, the effect of the growth surface
restriction term becomes more significant towards the end of the cell growth phase. For this reason,
the exponent n was also introduced in Equation (8) as a growth surface restriction term.

μ = μmax·
(

Glc
KGlc + Glc

)
·
( KLac

KLac + Lac

)
·
(

KAmn
KAmn + Amn

)
·
(

Xmax
n −XA

n

Xmax
n

)
(8)

The cell number on the planar growth surface (XA) increased through mitotic cell division and the
attachment of cells from the suspension (see Equation (9)). However, this cell number increase was
affected by the detachment of hASCs from the planar growth surface, which was accounted for by the
detachment constant (−kdet).

dXA
dt

= α·μ·XA + kat· (Xmax
n −XA

n)

Xmax
n ·XSus − kdet·XA (9)

Since T25-flasks are static systems, kdet is not substantially affected by changing hydrodynamic
stresses and can be assumed to be constant. hASC growth in suspension was negligible and therefore
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changes in cell number were only affected by cell attachment to or detachment from the growth surface
(see Equation (10)).

dXSus
dt

= kdet·XA − kat· (Xmax
n −XA

n)

Xmax
n ·XSus (10)

Glucose consumption was assumed to be limited by the glucose concentration itself
(see Equation (11)). In other words, glucose consumption was the result of glucose uptake by the
mitotic cells and the maintenance metabolism of the mitotic and non-mitotic cells (XV). A step response
(δGlc) was implemented in Equation (11) to avoid negative glucose concentrations, even though it was
highly improbable that Glc was completely consumed during the culture time. This was mainly due to
the frequent partial medium exchanges and the theoretically low maximum ratio of cells to Glc in the
T25-flasks.

dGlc
dt

= − 1
Y X

Glc

·α·μ· (Xmax
n −XA

n)

Xmax
n ·XA −mGlc·δGlc·XV (11)

L-glutamine (Gln) consumption was not considered in this model, since metabolic
measurements indicated that Gln was not a limiting factor in the T25-flask cultures. Moreover,
UltraGlutamine (L-alanyl-L-glutamine) was used in the UrSuppe stem cell culture medium, which had
undergone a series of complex degradation steps (i.e., (I): cleavage by extracellular peptidases, (II)
degradation of free L-glutamine or absorption into the cells and metabolization). The production of
lactate (Lac) and ammonium (Amn) was accounted for by Equations (12) and (13).

dLac
dt

= qLac·XA·α+ pLac·XV (12)

dAmn
dt

= qAmn·XA·α+ pAmn·XV (13)

All growth-related simulations were performed using MATLAB 2019a (MathWorks Inc.,
Natick, MA, USA). The set of model equations were solved using the ode15s solver in MATLAB.

3. Results and Discussion

3.1. Isolation of hASCs from Subcutaneous Adipose Tissue (SAT)

The SVF obtained from human subcutaneous adipose tissue is a heterogeneous mixture of cells,
which are isolated by enzymatic dissociation. In general, adipocytes represent roughly two-thirds of the
total cells extracted and the rest are blood-derived cells, vascular cells, endothelial cells, smooth muscle
cells, pericytes, fibroblasts and hASCs. A multiparameter flow cytometric assay was used in the
study to determine the absolute cell number for every cell population and to characterize the cells
in the SVF. For this purpose, the target hASC population was defined as being positive for CD34+

and CD73+, and negative for CD36−, CD45− and CD146− [33,34]. Table 2 provides an overview of
the two patients/donors (080 = healthy patient, 085 = post-chemotherapy patient) investigated in
this study and the number of living hASCs isolated from their biopsies. For both investigated cases,
the number of isolated hASCs was in the range of 5.7–7.7% of the total living cell population and
the fraction of hASCs obtained from donor 085 was 35% greater than from donor 80. Based on the
information about the number of live hASCs per patient biopsy, the cells were directly seeded in
precoated T-flasks (30,000 cells/cm2) with our xeno- and serum-free UrSuppe stem cell culture medium
in order to establish P0.
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Table 2. Results obtained from the two different patients.

Donor Heath Status Region Age Live Cells Live hASCs hASCs

(-) (-) (-) (-) (106 cells) (105 cells) (%)

080 Healthy Abdomen 46 9.5 5.4 5.7
085 Post-chemotherapy Abdomen 26 4.8 3.7 7.7

3.2. hASC Growth under Planar, Static Conditions

Figure 2 shows light microscopic pictures of the patient-derived hASCs (a = donor 080,
b = donor 085) during the growth characterization study in the T25-flasks. It is clear that cell attachment
occurred during the first 4–6 h after cell inoculation. In both cases, ≥98% of the inoculated cells attached
to and spread out across the growth surface under the xeno- and serum-free conditions. These cells
exhibited typical fibroblast-like or fibroblastoid cell morphology, with minimum and maximum cell
diameters in the range of 12–54 μm and 30–291 μm. Interestingly, analysis of the light microscopic
pictures showed that the hASCs isolated from donor 085 had a higher average cell area (2480 μm2,
+ 24–30%) compared to those from donor 080 (1810 μm2). Therefore, lower maximum cell densities
(= cells/cm2) can be expected for donor 085, which has an effect on the total cell yield and future process
designs. Qualitative analysis of the microscopic pictures showed that the cells began to migrate and
proliferate immediately after the cell attachment phase. As expected, cell confluency increased in both
cases as a function of the cell number. This resulted in a cell confluency of nearly 80–90% in both
cultures after day 5. From day 5 to day 10, the increase in cell confluency slowed down due to the
reduced cell proliferation rate, which was caused by the higher frequency of cell contact inhibition.
A maximum cell confluency of 95–100% was achieved in both cases by the end of the cultivation
studies (=day 10). From a visual point of view, no significant differences in morphology (i.e., shape,
granularity) were found between the two donors or during the culture time.

(a) 

 

(b) 

Figure 2. Light microscopic pictures of patient-derived Human Adipose Tissue Stem Cells (hASCs;
a = donor 080, b = donor 085) during cell growth in T25-flasks. Scale bar = 275 μm.

Figure 3a–d shows a quantitative analysis of cell growth and substrate/metabolite concentrations.
It is clear that in both cases, the hASCs followed a classical exponential growth curve, which was
characterized by four different growth phases: (I) cell adaption phase, (II) exponential growth
phase, (III) cell growth restriction phase and (IV) stationary growth phase. A maximum cell density
of 0.65 ± 0.02 × 105 hASCs/cm2 (=3.25 ± 0.1 × 105 hASCs/mL) and 0.52 ± 0.02 × 105 hASCs/cm2

(= 2.60 ± 0.1 × 105 hASCs/mL) was achieved for donors 080 and 085, respectively. Consequently,
the peak cell density of the hASCs from donor 080 was 25% higher than for donor 085. As already
mentioned, the differences in the maximum cell densities may be explained by the higher average hASC
cell areas from donor 085 compared to donor 080. Interestingly, cell size could be a “consequence” of
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slow cell growth, in which some cells increase their volume by an increased DNA content and/or other
macromolecules [35]. However, these observations need to be further investigated in future studies.
During the culture period, cell viability was in both cases always > 95%. The maximum cell densities
corresponded to maximum PDLs and EFs in the range of 2.79–3.22 and 7.4–9.9, respectively. Hence,
the hASC PDL and EF from donor 080 were 15% and 33% higher, respectively, than for the hASCs from
donor 085. Due to the metabolic activity of the cells during the growth phase, glucose was consumed,
and lactate and ammonium were produced (Figure 3b,d). In both cultures, the glucose concentration
did not drop below 14.04 mmol/L due to the regular partial medium exchanges. Maximum lactate
and ammonium concentrations were measured in both cultures in the range of 6.2–6.8 mmol/L and
1.13–1.16 mmol/L. Based on data from Higuera et al. [36] and Schop et al. [37,38] lactate and ammonium
did not, however, reach growth-inhibiting concentrations (Lac = 25–35 mM, Amn = 2.5 mM). The online
measured pH values (data not shown) agreed well with offline measured data (± 1%) and indicated
stable pH values in the region of 7.2–7.3 during the entire cultivation. Cellular respiration caused
oxygen to be consumed during cell growth. However, the oxygen supply in the T25-flasks was not
a limiting factor and the DO values did not drop below 80% (data not shown). It is clear that by
using the developed growth model (see Figure 3a–d lines), the time courses of the cell densities
on the MC surface, and the substrate and metabolite concentrations could be well approximated.
As indicated by the light microscopic pictures, only a few cells were observed in the supernatant during
the static 2D cultivations. Hence, cell density in the supernatant was negligible (simulation results see
“Supplementary Material”). Maximum deviations between the measured and simulated cell densities
in both cultures were in the range of 8–16%, while slightly higher deviations of up to 21% were found
between the measured and simulated substrate/metabolite concentrations. These higher deviations can
be explained by (I) uncertainties in substrate/metabolite measurements, (II) error propagation in the
calculation of the specific consumption/production rates and (III) slightly different behavior in the real
cellular metabolism. Nevertheless, based on growth-dependent parameters, the model successfully
describes and predicts cellular growth, substrate consumption and metabolite production in the static
2D cultivation systems.

Table 3 summarizes the calculated growth-dependent parameters for donors 080 and 085. It is
clear that with a specific growth rate of 0.52 d−1 (td = 32 h), the hASCs from donor 080 grew 33%
faster than the hASCs from donor 085 (μmax = 0.39 d−1, td = 42.7 h). Salzig et al. [20] reported specific
growth rates for human bone marrow-derived mesenchymal stem cells (hBM-MSCs) cultivated in
a serum-free culture medium in the range of 0.38–0.45 d−1 (td = 36.9–43.7 h). Comparable specific
growth rates (0.31–0.47 d−1) were also reported by Heathman et al. [22] for hBM-MSCs from different
donors and over different passages. Therefore, specific hASC growth rates obtained in this study were
in a comparable range or even slightly higher (+15%). However, a direct comparison of the specific
growth rates is critical since the hMSCs were from different tissue sources and donors and were grown
in different serum-free cell culture media. Specific glucose consumption rates (-qGlc) were between 1.35
and 1.98 pmol/cell/d and demonstrated that the glucose was more efficiently metabolized by the cells
from donor 080. As a result, hASCs from donor 085 produced more lactate for the same equivalent
amount of glucose (YLac/Glc: 1.14 vs. 1.05 mmol/mmol). Ammonium production (0.28–0.32 pmol/cell/d)
was comparable in both cultures.
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Figure 3. Time-dependent profiles of cell densities (a,c) and substrate/metabolite concentrations (b,d)
in T25-flasks. Donor 080 (upper row) and 085 (lower row). Partial medium exchanges of 40% and 60%
were performed on days 4 and 8, respectively. The symbols represent the experimentally measured
values collected from offline measurements. The lines represent the simulated time courses.

Table 3. Overview of the main growth-dependent parameters in the 2D cultivations.

Donor Xmax (*) PDL (*) EF (**) μ td YLac/Glc qGlc qLac qAmn

(-) (105 cells/cm2) (-) (-) (d−1) (h) (mmol/mmol) (pmol/cell/d)

080 0.65 ± 0.02 3.22 ± 0.04 9.9 0.52 32.0 1.05 1.35 1.41 0.28
085 0.52 ± 0.02 2.79 ± 0.05 7.4 0.39 42.7 1.14 1.98 2.26 0.32
(*) Value was calculated based on the values of the stationary growth phase (mean ± σcells). (**) Value was calculated
based on Xmin and Xmax.

3.3. MC-Based hASC Expansion in Single-Use Spinner Flasks

Based on the growth-related parameters obtained from the planar growth characterization studies,
cell growth was also characterized for dynamic conditions in MC-based cultivations. Figure 4a,d
shows the time-dependent profiles of the cell density and the substrate/metabolite concentrations for
hASCs from donors 080 (upper row) and 085 (lower row). After the 24 h cell attachment phase, a
cell attachment efficiency of 137% (080) and 118% (085) was achieved. These results indicate that a
portion of the cell population had already started to divide within the static cell attachment phase.
A peak cell density of 0.61 ± 0.01 × 105 hASCs/cm2 (=2.16 ± 0.04 × 105 hASCs/mL) was achieved for
donor 080. At 0.49 ± 0.01 × 105 hASCs/cm2 (=1.76 ± 0.04 × 105 hASCs/mL), the maximum cell density
for donor 085 was again lower (−19%), but nonetheless agreed well with the data from the planar
2D cultivations. In both cases, the maximum cell densities in the MC-based cultivations agreed well
with those achieved in the planar cultivation systems. In both cultures, maximum PDLs and EFs
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were in the range of 1.58–1.72 and 3.2–3.3, respectively. During the cultivation, glucose concentrations
decreased to 15.2 mmol/L (080) and 14.3 mmol/L (085), meaning glucose was not a limiting factor in
either cultivation. As a result of glucose metabolization, lactate concentration increased to maximum
values of 4.5 mmol/L (080) and 5.9 mmol/L (085), and ammonium concentrations remained relatively
low during the entire cultivation (080-Amn = 0.94 mmol/L, 085-Amn = 0.99 mmol/L). Both lactate and
ammonium levels were below critical concentrations [36–38]. From the time-dependent profiles of
Figure 4, it can be seen that the growth model can also be used to describe the growth kinetics and
substrate/metabolite profiles in MC-based hASC cultivations. The simulated and measured values
differed only slightly. Maximum deviations in cell density of ≤7% were found, and deviations in the
substrate/metabolite concentrations were only slightly higher (≤15%). Nonetheless, the model can be
used in the future to describe hASC growth kinetics in different cultivation settings.

(a) (b) 

  

(c) (d) 

  

Figure 4. Time-dependent profiles of cell densities (a,c) and substrate/metabolite concentrations (b,d)
in the Corning spinner flasks. Donor 080 (upper row) and 085 (lower row). A partial medium exchange
of 50% was performed on day 5. The symbols represent the experimentally measured values collected
by offline measurements. The lines represent the simulated time courses.

Table 4 provides an overview of the main growth-dependent parameters calculated for the two
different hASC cultivations. The hASCs from the two different donors grew at comparable specific
growth rates of between 0.42 and 0.44 d−1 (td = 37.8–39.6 h). The calculated specific growth rates were in
a comparable range to literature data for MC-based expansions of hBM-MSCs in serum-free cell culture
media [20–22,39]. In both cases, glucose was metabolized less efficiently by the hASCs, although -qGlc
values (1.34–1.96 pmol/cell/d) were comparable to those in the 2D cultures. Therefore, YLac/Glc was in
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the range of 1.39–1.68 mmol/mmol. The less efficient metabolism of glucose was caused by a higher
qLac, which might be a consequence of the hydrodynamic stresses acting on the cells in dynamically
mixed systems. The rates of ammonium production in both cultures (0.26–0.27 pmol/cell/d) were
comparable with those in the 2D culture systems.

Table 4. Overview of the main growth-dependent parameters in the Corning spinner flasks.

Donor Xmax (*) PDL (*) EF (**) μ td YLac/Glc qGlc qLac qAmn

(-) (105 cells/cm2) (-) (-) (d−1) (h) (mmol/mmol) (pmol/cell/d)

080 0.61 ± 0.01 1.58 ± 0.01 3.2 0.44 37.8 1.68 1.34 2.24 0.27
085 0.49 ± 0.01 1.72 ± 0.04 3.3 0.42 39.6 1.39 1.96 2.72 0.26
(*) Value was calculated based on the values of the stationary growth phase (mean ± σcells). (**) Value was calculated
based on Xmin and Xmax.

Cell growth in the MC-based cultivations was mainly restricted by the growth surface. Figure 5a,b
shows fluorescence microscopic pictures of DAPI-stained hASCs on MCs during cultivation in the
spinner flasks. It is clear that on day 1 (after the cell attachment phase) nearly all of the MCs were
covered by 2–5 cells. On day 4, some of the MCs were already partially covered with cells and the cells
had started to form initial MC-cell-aggregates. By the end of the cultivation, almost all of the MCs
were part of a MC-cell-aggregate and only a few MCs were floating around as single beads.

(a) 

 

(b) 

Figure 5. Fluorescence microscopic images during cell growth in Corning spinner flasks. Donors 080
(a) and 085 (b). DAPI-stained cells on Microcarriers (MCs) on day 1 (left), day 4 (middle) and day 9
(right). Scale bars: 275 μm (left and middle) and 650 μm (right).

Figure 6a,b shows the MC-cell-aggregates at the end of the cultivations (=day 10) and the
results of the size distribution analysis of the maximum MC-cell-aggregate diameters. It can be seen
that a comparable MC-cell-aggregate size distribution was obtained at the end of both cultivations,
with mean MC-cell-aggregate diameters of 1.95 mm (085) and 1.97 mm (080). Minimum and maximum
MC-cell-aggregate diameters were measured at 0.8 mm and 5.7 mm for donor 080 and 0.7 mm and 5.0 mm
for donor 085. This indicates local volume-weighted hydrodynamic stresses (τnt = 4.96 × 10−3 Pa,
τnn = 1.15 × 10−3 Pa, Jossen et al. [1]) acting on the MC-cell-aggregates controlled their size to some
extent. This observation also agreed well with literature findings [40,41]. Furthermore, the results
indicated that increased MC-cell-aggregation mainly took place during the stationary growth phase.
Therefore, the cell harvest point should also be defined based on MC-cell-aggregate size data.
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(a) 

 

(b) 

 

(c) 

 

Figure 6. MC-cell-aggregate diameter distributions (a) and photographic images (b,c) of MC-cell
aggregates at the end of the cultivations (day 9). Donor 080 (b) and 085 (c).

3.4. Flow Cytometric Analysis of Standard Markers Expressed by hASCs Cultured in 2D or 3D

Figure 7a,b shows the flow cytometry expression profiles of selected markers analyzed at the
end of the cultivation studies (2D vs. 3D). There was no significant difference between the marker
expression profile of cells cultured in 2D and those cultured in 3D on MCs. Moreover, no significant
differences in the expression profiles were observable between the two donors, which agreed with
our expectations. Positive hASC markers (CD26+, CD54+, CD55+, CD73+ and CD90+) were strongly
expressed, while negative markers (CD36− and CD146−) were only weakly expressed. CD105 was the
only positive marker that was weakly expressed, which might be caused by the hyperconfluence of the
cells after 10 days of cultivation [42–44].

(a) (b) 

  

Figure 7. Flow cytometry expression profile of selected markers. hASCs from donor 080 (a) and donor
085 (b) cultivated in 2D (T25-flasks) or 3D (MC). hASCs were analyzed after harvesting on day 10.
Mean fluorescence was calculated based on specific isotype controls (=relative marker expression).

3.5. Monitoring the Expression of Selected Stemness or Cell Differentiation Genes Measured by RT-qPCR

The cells used in this study were extracted from subcutaneous adipose tissue. It is therefore
logical to assume that the “default differentiation pathway” of hASCs, in the event of unwanted and
uncontrolled spontaneous maturation, is towards adipogenesis. In recent years, several important
genes have been discovered that are crucial for the maintenance of stemness and for the differentiation
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of hASCs [34,45,46]. Further information about the different genes, including their relationships to each
other and a short description, can be found in “Supplementary Materials” or in the literature [47–83].
The selected genes can be used as markers in RT-qPCR tests to assess and compare the differentiation
status of hASCs expanded in static 2D (see Section 3.2) and/or dynamic 3D conditions (see Section 3.3).
To facilitate analysis, the genes were subdivided into three groups:

A. Stemness maintenance genes: PREF-1, SOX-9, ZFP521, WISP2, NOTCH1 and DLL1
B. Differentiation regulators/markers: PPARγ, ZFP423, RUNX2, DKK1, CD34, CD36, CD146

and WISP1
C. Lineage hierarchy markers: CD26, CD55, CD142 and CD248

Figure 8 shows the results of the RT-qPCR measurements. In the category, “Stemness Maintenance”
(Figure 8a), the cells of both donors on day 5 of the dynamic 3D cultivations had a better profile
(high expression of Pref-1 and ZFP521) than the hASCs grown in static 2D conditions. However,
after 10 days, the cells were hyperconfluent in both cases. Consequently, the expression of almost all
genes decreased [42–44]. Nonetheless, the cells on the MCs performed well and their gene expression
pattern was similar to that of those obtained from hASCs grown in static 2D conditions.

In the second category, “Differentiation Regulators/Markers” (Figure 8b), it is clear that for the
3D dynamic conditions, the expression of PPARγ, RUNX2, DKK1, CD34, CD36 and WISP1 on day 5
was lower or very similar to the standard 2D set-up. Thus, it can be concluded that the cells retained
their “stemness” under the dynamic 3D conditions. As already mentioned, on day 10, the cells were
hyperconfluent in both cases. In this situation it is normal that the stemness genes are downregulated,
while the differentiation genes are induced [42,44]. However, it is worth noting that the expression of
PPARγ, the master regulator of adipogenesis, was lower for both donors (080, 085) under dynamic
3D conditions.

In the last category, “Lineage Hierarchy Markers” (Figure 8c), on day 5, the hASCs grown in
standard 2D conditions displayed a better gene expression profile than the cells in 3D. However, on
day 10, both cell culture systems showed similar satisfactory profiles. It should be noted that the
expression of the four genes tested increased during the last days in the 3D spinner system, whereas in
the 2D set-up it remained similar between days 5 and 10.

The results of the RT-qPCR measurements clearly showed that the stemness of the hASCs was very
well preserved when the cells were grown on xeno-free polystyrene-based MCs with the serum-free
UrSuppe stem cell culture medium. The differences in the gene expression profiles were more
pronounced on day 5. However, on day 10, due to the very high cell density, most of the stemness
genes decreased and most of the differentiation genes increased in both systems, resulting in similar
profiles [42–44]. These results clearly demonstrated that for both donors, the optimum point of harvest
was on day 5–6 (see Section 3.3). This quality-related observation also agreed very well with the
growth-related results and will have an influence on future growth investigations. Hence, higher MC
amounts are required to provide the desired cell density, even at lower levels of cell confluency.
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Figure 8. Results of RT-qPCR measurements of donors 080 (I) and 085 (II). The investigated genes
were subdivided into 3 groups: (a) stemness maintenance genes, (b) differentiation regulators/markers
and (c) lineage hierarchy markers. Data are represented as 2(-ΔΔCt) and related to the beginning of
the culture (day 1). A single value for each experimental condition was calculated with this method.
This figure is also depicted as “heat maps” and is shown in the “Supplementary Materials” (Figure S3).

4. Conclusions

In this proof-of-concept study, growth- and quality-related investigations were performed under
xeno- and serum-free conditions in planar 2D and dynamic 3D cultivation systems with hASCs isolated
from two different patients/donors (080 and 085). In order to collect donor-dependent data, two donors
of different ages (26 vs. 46 years) and with different health statuses (healthy and post-chemotherapy)
were selected for this proof-of-concept study. The hASCs were isolated from the SVF under fully
serum-free conditions in order to fulfill the regulatory requirements for future hASC manufacturing
processes for autologous therapies. The results demonstrated that by using the serum-free UrSuppe
stem cell culture medium, hASCs from both donors could be successfully isolated and cultured.
The observed tissue frequency of living hASCs was comparable for both donors, although differences
in age and health status existed. This is very important for future autologous therapies, as most
patients/donors are older or unhealthy. However, further investigations in terms of the biological
variation (e.g., gender, broad age range and health conditions) between donors and its effects on
successful in-vitro cultivation at different production scales are necessary.

Growth characterization under static 2D conditions revealed differences in the growth performance
and the maximum achievable cell densities for the two donors. Due to the higher mean cell areas
for donor 085, maximum cell densities were lower, which reduced the overall total cell number
per cultivation. The same observations were also performed during the MC-based cultivations.
Information about cell morphology (i.e., cell size and area) and the maximum achievable cell density
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per donor under static 2D conditions is crucial for process scale-up in order to achieve the cell densities
required for autologous therapies within the shortest time and number of passages (e.g., issue of
cellular senescence). Due to the restricted maximum cell densities for individual donors, high amounts
of MCs are necessary in order to increase the total cell number per process step. However, this has
an effect on the choice of the stirred bioreactor type and the process conditions. As a result of the
shear sensitivity of hASCs, the number of MCs can only be increased up to a certain point, where
the occurring hydrodynamic stresses do not negatively affect cell growth or quality. The MC-based
expansions clearly showed that the hydrodynamic stresses at Ns1u did not significantly affect cell
growth or cell quality, even though the stem cell culture medium did not contain FBS. The flow
cytometric and RT-qPCR measurements highlighted the maintenance of the stemness during the static
2D and dynamic 3D cultivations of cells from both donors. Surface marker and gene expression profiles
under dynamically mixed conditions were comparable for both donors and partially even better than
for static 2D conditions. The results also clearly indicate that careful determination of the correct
harvest point is important in order to retain stemness. A hyperconfluent culture would increase the
total cell density per cultivation but lead to a downregulation of stemness maintenance genes and an
upregulation of differentiation marker genes. Thus, optimal cell harvest densities for both donors were
determined to be between 0.41 and 0.56 × 105 hASCs/cm2, which were on average 14–22% lower than
the maximum cell densities. Consequently, the required MC surface area per cultivation should in the
future be defined based on the optimal cell harvest density.

The unstructured, segregated growth model very clearly showed time courses for cell growth,
glucose consumption, lactate production and ammonium production that were similar to experimental
data from the planar 2D and dynamic 3D cultivations. Maximum deviations for cell density and
substrate/metabolite concentrations were in the range of 7–16% and 15–21%, respectively. This means
that the descriptiveness power of the model was satisfactory, especially when considering the accuracy
of the experimentally measured values. The intensified MC-cell-aggregate formation during the
MC-based expansion was not considered in the growth model. Nevertheless, good agreement has
been achieved. Therefore, the model can serve as basis for further investigations with hASCs. For this
purpose, comprehensive growth studies with hASCs from a larger number of patient/donors (n = 12–20)
are planned in stirred, instrumented single-use bioreactors (i.e., BioBLU 0.3c) based on a Design of
Experiment approach.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5354/7/3/77/s1.
Growth model principle and influencing factors in MC-based hASC expansions; Figure S1. Factors that positively
or negatively regulate adipogenesis; Figure S2. Time-dependent profiles of cell density in the supernatant of the
T25-flasks for donor 080 (a) and 085 (b); Figure S3. Results of RT-qPCR measurements (“heat maps”) of donors 080
(I) and 085 (II); Table S1. Parameters used for the kinetic growth model (2D and 3D); Table S2. Detailed information
of the antibodies used for the flow cytometric measurements; Table S3. Reverse transcription detailed procedure;
Table S4. Overview of measured stemness maintenance genes; Table S5. Overview of measured differentiation
regulators/markers; Table S6. Overview of measured lineage hierarchy markers.
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Latin Symbols

Amn mmol/L Ammonium concentration
EF - Expansion factor
Glc mmol/L Glucose concentration
kat d−1 Cell attachment constant
kdet d−1 Cell detachment constant
KAmn mmol/L Inhibition constant of ammonium
KGlc mmol/L Monod constant of glucose
KLac mmol/L Inhibition constant of lactate
Lac mmol/L Lactate concentration

Ns1u rpm
Impeller speed at which the MCs are still in contact with the reactor
bottom but none of the at rest (lower limit of Ns1)

PDL - Population doubling level
pAmn mmol/cell/d Specific ammonium production rate (growth-independent)
pLac mmol/cell/d Specific lactate production rate (growth-independent)
qAmn mmol/cell/d Specific ammonium production rate (growth-dependent)
qGlc mmol/cell/d Specific glucose consumption rate
qLac mmol/cell/d Specific lactate production rate (growth-dependent)
td d Doubling time of cell population
tl d Lag or cell adaption time
XA cells/cm2 Cell concentration on planar growth surface
Xmax cells/cm2 Maximum cell concentration on planar growth surface
XSus cells/mL Cell concentration in suspension
XV cells/cm2 Cell concentration of viable cells (XSus + XA)
YLac/Glc mmol/mmol Lactate yield per glucose equivalent

Greek Symbols

α - Cell adaption phase coefficient
βMC g/L Microcarrier concentration

δGlc -
Step response in glucose balance to avoid negative glucose values
(δGlc = 0 or 1)

μ 1/d Specific cell growth rate
μmax 1/d Maximum specific cell growth rate
σcells cells/cm2 Standard deviation of cell density
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Abstract: Human embryonic stem cell-derived mesenchymal progenitor (hES-MP) cells are
mesenchymal-like cells, derived from human embryonic stem cells without the aid of feeder
cells. They have been suggested as a potential alternative to mesenchymal stromal cells (MSCs) in
regenerative medicine due to their mesenchymal-like proliferation and differentiation characteristics.
Cells and cell products intended for regenerative medicine in humans should be derived, expanded and
differentiated using conditions free of animal-derived products to minimize risk of animal-transmitted
disease and immune reactions to foreign proteins. Human platelets are rich in growth factors needed
for cell culture and have been used successfully as an animal serum replacement for MSC expansion
and differentiation. In this study, we compared the proliferation of hES-MP cells and MSCs;
the hES-MP cell growth was sustained for longer than that of MSCs. Growth factors, gene expression,
and surface marker expression in hES-MP cells cultured with either human platelet lysate (hPL) or
fetal bovine serum (FBS) supplementation were compared, along with differentiation to osteogenic
and chondrogenic lineages. Despite some differences between hES-MP cells grown in hPL- and
FBS-supplemented media, hPL was found to be a suitable replacement for FBS. In this paper,
we demonstrate for the first time that hES-MP cells can be grown using platelet lysates from expired
platelet concentrates (hPL).

Keywords: embryonic stem cells; mesenchymal stromal cells; blood platelets; cell culture techniques;
progenitor cells

1. Introduction

The field of regenerative medicine has rapidly expanded in recent years. Various types of somatic
stem cells, as well as embryonic and induced pluripotent stem cells, have been evaluated for their
regenerative abilities [1–4].

Adult human mesenchymal stromal cells (MSCs) have been studied extensively and are
considered promising candidates for regenerative therapies due to their differentiation potential
and immunomodulatory function [5–7]. Several limitations are associated with MSCs that may hamper
their use in regenerative medicine. These include inter-donor variability, variable isolation protocols,
which commonly result in a heterogeneous population of cells, reduced proliferation capacity with cell
age, and impairment of biological characteristics following long-term in vitro expansion [5,8–11].

Embryonic stem cells (ESCs) have the potential to provide a uniform and unlimited source of
cells with efficient long-term proliferation and differentiation potential [3]. However, ESCs can cause
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teratoma formation, which reduces their applicability [1]. Various protocols are available that describe
the derivation of cells with high MSC resemblance from ESCs [12–18], with the aim of combining the
regenerative potential of MSCs with the long-term proliferation of ESCs. ESCs are commonly grown
on feeder cells, such as mouse fibroblast cells [19]. Animal-free conditions are, however, recommended
when deriving and growing cells intended for human use [1,20,21].

Human embryonic stem cell-derived mesenchymal progenitor (hES-MP) cells resemble MSCs and
are derived from human ESCs under feeder-free conditions [22]. They demonstrate efficient long-term
proliferation and can differentiate towards osteogenic, chondrogenic, and adipogenic lineages [23].
In addition, they do not form teratomas [23]. For those reasons, they have been suggested as a potential
off-the-shelf product to replace MSCs [22,24].

In an effort to provide xeno-free conditions for culturing human cells, it has previously been
demonstrated that human platelet lysate (hPL) supplementation is suitable as an animal serum
alternative for MSC cultures [25–28]. Platelet lysates can be manufactured from expired human platelet
concentrates (PCs) obtained directly from an accredited blood bank; this ensures that the platelets
used have been obtained from healthy blood donors and have passed appropriate quality control,
mandatory for manufacturing and issuing of blood components [26]. Recycling expired PCs reduces
biological waste and avoids competition with blood banks for platelet donors, who are already in high
demand [29].

Since hES-MP cells resemble MSCs, we hypothesized that hPL might be a good culture supplement
choice to ensure the continuation of an animal-free growth environment. The purpose of this study,
therefore, was to determine whether hPL is a suitable replacement for fetal bovine serum (FBS) as a cell
culture media supplement for the growth and differentiation of hES-MP cells. Indeed, we demonstrated
for the first time that hPLs produced from expired PCs are suitable as culture supplements for hES-MP
cells. The lysates allowed hES-MP cells to maintain long-term proliferation, mesenchymal surface
marker expression, and differentiation towards bone and cartilage.

2. Materials and Methods

2.1. Ethical Statement

The study was approved by the National Bioethics Committee (number: VSN19-189).

2.2. Preparation and Characterization of hPLs

Ten expired PCs were acquired from the Blood Bank (Reykjavík, Iceland) and frozen (−80 ◦C)
within 24 h after their expiry. Seven PCs were collected by apheresis (donor number, dn = 7), and three
PCs were prepared from buffy coats (dn = 15). All PCs were obtained from healthy blood donors of
the Blood Bank (22 males and 9 females, aged 18 to 64) and had undergone standard quality control.

Each PC underwent three freeze-thaw cycles (from −80 to 37 ◦C) to promote platelet lysis.
The resulting lysate was platelet-depleted by centrifugation at 5000× g for 20 min. After centrifugation,
the supernatant was removed and subjected to a second depletion step. Platelet fragments, visible as a
pellet after each centrifugation step, were discarded. The supernatant was filtered through a 0.45 μm
filter (Millipore, Billerica, MA, USA), and 40 IU/mL of heparin (Leo Pharma A/S, Ballerup, Denmark)
was added. The resulting hPL was aliquoted and stored at −20 ◦C. Five batches of pooled platelet
lysates were prepared. Three batches contained lysate from a buffy coat PC and an apheresis PC,
while two batches were made from apheresis PCs only.

The human serum albumin concentration of hPL was evaluated with a Human Albumin ELISA
Quantitation Kit (Bethyl Laboratories, Montgomery, TX, USA) to assess variability between the five
batches prepared above (Figure S1); no significant batch variability was detected.

Growth factors were measured in both hPL (n = 5, for five hPL batches) and FBS (Gibco, Grand
Island, NY, USA; n = 3). The concentrations of bone morphogenic protein 2 (BMP-2), basic fibroblast
growth factor (bFGF), vascular endothelial growth factor (VEGF), insulin-like growth factor (IGF),
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and platelet-derived growth factor BB (PDGF-BB) were evaluated with a standard ELISA development
kit (PeproTech, Rocky Hill, NJ, USA), and the transforming growth factor beta (TGF-β) concentration
was evaluated with a Human TGF-beta1 Quantikine ELISA Kit (R&D Systems, Minneapolis, MN,
USA). The concentrations of growth factors found in hPL were compared to the concentrations found
in FBS (Figure S2).

2.3. Cell Culture and Proliferation

Human bone marrow-derived MSCs from three human donors were acquired from Lonza
(Walkersville, MD, USA), and hES-MP cells (hES-MP002.5) were donated by Takara Bio Europe AB
(previously Cellartis AB), Gothenburg, Sweden [22]. The MSCs used here have been previously
used and studied by our group [25,26], and they adhere to International Society for Cellular Therapy
(ISCT) criteria, as guaranteed by the manufacturer (the MSCs adhere to plastic under standard culture
conditions and can be differentiated to adipogenic, chondrogenic, and osteogenic lineages. The ISCT
standards regarding cell surface marker expression are followed). The hES-MP cells (from the same
batch reported on in [22]) have previously been shown to differentiate to adipogenic, chondrogenic,
and osteogenic lineages and to express several markers of MSCs [22], although they do not expand well
on plastic and a gelatin layer must be used (as described below). The representative images of hES-MP
cell morphology and of hES-MP cells differentiated into adipogenic, chondrogenic, and osteogenic
lineages are provided in Figure S3.

MSCs and hES-MP cells were grown in DMEM/F12+ Glutamax medium (Gibco, Grand Island,
NY, USA), 1% penicillin/streptomycin (Gibco), and either 10% hPL (hPL–hES-MP and hPL–MSC
treatments/cells) or 10% FBS (FBS–hES-MP and FBS–MSC treatments/cells). The decision to use
10% hPL was made after evaluating different hPL concentrations; our group typically uses 10% hPL
in studies with bone marrow-derived MSCs, and this concentration has been investigated in other
studies [30–32], which matches the typical concentration of FBS used for supplementation.

The culture surface was coated with 0.1% gelatin (Sigma-Aldrich, St. Louis, MO, USA) to allow
hES-MP cell attachment. The cells were grown under standard culture conditions (37 ◦C, 5% CO2,
and 95% humidity). The medium was changed every 2 to 3 days, and cell passaging was performed
when the cells reached 80% to 90% growth confluence. The cells were used for experimentation before
reaching passage 8, except when evaluating the long-term proliferation and surface marker expression
(10 passages).

Cell proliferation was evaluated with a cell population-doubling (PD) assay over 10 passages for
MSCs (n = 3) and hES-MP cells (n = 6). The cells were maintained at standard culture conditions, and
the cell count was determined at the end of each passage using a Neubauer hemocytometer (Assistant,
Munich, Germany). The number of PDs at each passage was then used to find the cumulative PDs
(CPDs) using Equations (1) and (2), as previously described [28,32]:

PDs =
log10(NH) − log10(N0)

log10(2)
, (1)

CPDs =
n∑

i=1

PDsi, (2)

where N0 and NH represent the number of cells seeded and the number of cells harvested (at the end
of the expansion period), respectively, and n represents the number of passages.

2.4. Surface Marker Expression

The surface marker expression of hES-MP cells was evaluated with flow cytometry after expansion
in either 10% hPL (hPL–hES-MP) or 10% FBS (FBS–hES-MP) for 4, 6, and 10 passages. Cells were
stained with CD10, CD13, CD29, CD44, CD45, CD73, CD105, CD184, and HLA-DR antibodies (BD
Biosciences, San Jose, CA, USA) according to manufacturer’s instructions and then fixed with 0.5%
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paraformaldehyde (Sigma-Aldrich) in phosphate-buffered saline (PBS, Gibco). Appropriate isotype-
matched controls were used as negative controls. Samples were measured with a FACSCalibur
flow cytometer equipped with an argon ion laser (BD Biosciences) and subsequently analyzed using
Cellquest Pro software (BD Biosciences). Cells were gated according to their side scatter and forward
scatter profiles.

Note that at the time of this study, we were unable to test for CD90. However, in subsequent work
(unpublished data), the same batches of hES-MP cells were confirmed to be positive for CD90.

2.5. Osteogenic Differentiation

The hES-MP cells were differentiated towards the osteogenic lineage following two passages
in media supplemented with either FBS (FBS–hES-MP) or hPL (hPL–hES-MP). Three thousand
hES-MP/cm2 were seeded and then cultured in hMSC Osteogenic Differentiation Medium BulletKit®

(Lonza) for 28 days under standard culture conditions. The differentiation media was fully changed
every 2 to 3 days. The cells were harvested after 0, 7, 14, and 28 days of osteogenic differentiation for
gene expression analysis, the analysis of alkaline phosphatase (ALP) activity, and the quantification of
mineralization with alizarin red staining. The ALP activity was tested with an alkaline phosphatase
activity assay (Sigma-Aldrich) and normalized to sample protein concentration using a BCA assay
(Pierce Biotechnology, Rockford, IL, USA), as previously described [26]. Mineralization was visualized
with alizarin red staining and then quantified after dissolving the bound dye with cetyl-pyridinium
chloride (Sigma-Aldrich). The cultures were fixed with 10% formaldehyde (Sigma-Aldrich) and
then washed with distilled H2O prior to being stained with alizarin red for 20 min. After staining,
the cultures were washed four times with dH2O and allowed to dry. Before quantification, the cultures
were rehydrated with dH2O overnight, and then the bound alizarin red dye was dissolved with 10%
cetyl-pyridinium chloride for 15 min. Subsequently, the Optical Density (OD) at 562 nm was measured
with a photospectrometer (Thermo Scientific, Vantaa, Finland).

2.6. Chondrogenic Differentiation

Chondrogenic differentiation was performed in pellet cultures. First, 2.5 × 105 hES-MP cells
were seeded in hMSC Chondrogenic Differentiation Media (BulletKit®, Lonza) in 1.5 mL microtubes
(Sarstedt, Nümbrech, Germany). The tubes were then centrifuged at 150× g for 5 min to generate a cell
pellet. The tube lids were then punctured with a 2 mm sterile needle (Misawa, Tokyo, Japan) to facilitate
gas exchange. The medium was fully changed every 2 to 3 days. Chondrogenic pellets were harvested
after 0, 7, 14, 28, and 35 days for both gene expression analysis and the evaluation of glycosaminoglycan
(GAG) concentration. For GAG analysis, the pellets were washed with PBS three times and then
digested for 3 h at 65 ◦C in a papain extraction reagent containing 0.1 M sodium acetate (Sigma-Aldrich),
0.01 M Na2EDTA (Carl Roth GmbH + Co. KG, Karlsruhe, Germany), 0.005 M cystein HCl (Sigma),
and 8 μL of crystallized papain (Sigma-Aldrich). After papain digestion, the GAG concentration was
evaluated with a Blyscan assay (Biocolor, Carrickfergus, UK) following the manufacturer’s instructions.
The pellets were stained with hematoxylin and eosin staining and Masson’s trichrome staining after
28 days of differentiation.

2.7. Gene Expression Analysis

Osteogenic samples for gene expression analysis were harvested with trypsinization after 0, 7, 14,
21, and 28 days of differentiation, put in TRIzol® Reagent (Thermo Scientific) and stored at −80 ◦C
until RNA isolation was performed, which was done within two months. Chondrocytic pellets were
harvested after 0, 7, 14, 28, and 35 days of differentiation, washed once in PBS, put in TRIzol® Reagent
and stored at −80 ◦C until RNA isolation within two months. Prior to RNA isolation, samples were
homogenized in TRIzol® Reagent using the gentleMACS™ Dissociator (Miltenyi Biotec, Bergisch
Gladbach, Germany). RNA isolation was performed according to the TRIzol® Reagent manufacturer’s
instructions. After RNA isolation, RNA clean-up was performed using an RNeasy Plus Mini Kit
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(Qiagen, Hamburg, Germany), following the manufacturer’s instructions. Reverse transcription was
performed using a GeneAmp® RNA PCR kit (Applied Biosystems, Foster City, CA, USA), according
to the manufacturer’s instructions. Real-time qPCR was performed on all samples with runt-related
transcription factor 2 (RUNX2, Hs00231692_m1), secreted phosphoprotein 1 (SPP1, Hs00167093_m1),
and SRY-box 9 (SOX9, Hs01001343_g1) as genes of interest. The two most stable reference genes
were carefully chosen after the screening of several reference genes. TATA box-binding protein (TBP,
Hs00427620_m1) and YWHAZ (Hs03044281_g1) were found to be most suitable and were used for the
normalization of expression in all samples. TaqMan® Gene Expression Assays (Applied Biosystems)
were used in all experiments.

2.8. Statistics

GraphPad® Prism version 5 (GraphPad Software, La Jolla, CA, USA) and Microsoft Excel 2013
were used to analyze all data except gene expression data. Two-way ANOVA was used to analyze
statistical significance, followed by a Bonferroni correction as a multiple comparison correction.

Relative gene expression was evaluated using REST-384© version 2, followed by a pairwise fixed
reallocation randomization test to determine statistical significance [33]. Two reference genes, TBP and
YWHAZ, were used for normalization in each sample and relative values presented. Three independent
donors of MSCs were used in all experiments. Experiments with hES-MP cells were performed
in triplicate. Data are presented as mean ± standard error. A p-value of ≤0.05 was considered
statistically significant.

3. Results

3.1. hES-MP Cells Growm in the hPL-Supplemented Medium Demonstrate Consistently High Proliferation
Rates over Long Culture Periods

Proliferation was evaluated by counting PDs of MSCs and hES-MP cells at each passage for 10
passages (80 days) (Figure 1). The mean PDs for hES-MP cells were 2.63 ± 0.36 and 2.46 ± 0.374 PDs
for FBS and hPL, respectively, whereas the mean PDs for MSCs were 1.69 ± 0.283 PDs for FBS and
0.974 ± 1.32 PDs for hPL. No significant differences in proliferation were noted based on the type of
media supplement used. hES-MP cells and MSCs exhibited similar growth kinetics until passage 7
(P7), after which MSC proliferation continuously declined while hES-MP cell proliferation continued
at a comparable rate to earlier passages (Figure 1). The difference in proliferation between cell types
became significant at P7 (p ≤ 0.05) and remained significant at every passage thereafter, with the
greatest difference observed at P10 (13.7 ± 0.89 CPDs; p ≤ 0.001).

Figure 1. Long-term proliferation of human embryonic stem cell-derived mesenchymal progenitor
(hES-MP) cells and mesenchymal stromal cells (MSCs). The MSCs experienced overall lower cumulative
population doublings (CPDs) than the hES-MP cells. Differences in cell proliferation were not linked
to the type of cell culture supplement used (human platelet lysate (hPL) or fetal bovine serum (FBS)).
(* p ≤ 0.05; *** p ≤ 0.001).
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3.2. hPL–hES-MP and FBS–hES-MP Cells Express CD10, CD13, and CD105 Differently

The surface marker expression in hES-MP cells was evaluated with flow cytometry after expansion
in either FBS- or hPL-supplemented media (FBS–hES-MP or hPL–hES-MP, respectively) after P4, P6,
and P10. The hES-MP cells strongly expressed CD29, CD44, and CD73, while CD45, CD184, and
HLA-DR were expressed only at very low levels (Figure S4). The FBS–hES-MP cells did not express
CD10 at P4, P6, and P10 (16.52 ± 0.29, 17.11 ± 0.48, and 15.72 ± 0.20 geometric mean fluorescence
intensity (gMFI), respectively) (Figure 2A). The hPL–hES-MP cells, on the other hand, did express
CD10. The CD10 expression in the hPL–hES-MP cells was strongest at P6 (p ≤ 0.05; n = 3), with a
fluorescence intensity of 114.6 ± 8.54 gMFI. At P4 and P10, the CD10 expression values were 71.6 ± 0.71
and 61.3 ± 8.74 gMFI, respectively (Figure 2A). Both the FBS–hES-MP and hPL–hES-MP cells were
CD13-positive (Figure 2B). However, the CD13 expression remained constant in the FBS–hES-MP
cells but increased in the hPL–hES-MP cells over time (p ≤ 0.01 between P4 and P6; p ≤ 0.05 between
P6 and P10, n = 3). The CD13 expression was significantly stronger in the hPL–hES-MP cells than
in the FBS–hES-MP cells at both P6 and P10 (322.8 ± 4.60 and 491.0 ± 56.71 gMFI, p ≤ 0.001, n = 3).
The hES-MP cells expressed CD105 in all cultures, but the expression was significantly lower in the
hPL–hES-MP cells than in the FBS–hES-MP cells at P4 (p ≤ 0.01, n = 3) and P10 (p ≤ 0.001, n = 3),
with the difference in expression being 165.9 ± 10.9 and 228.9 ± 10.0 gMFI, respectively (Figure 2C).

Figure 2. CD10 (A), CD13 (B), and CD105 (C) expression on the hES-MP cell surfaces over 10 passages.
The CD10 expression was detected in the hPL–hES-MP cells at all passages, but not in the FBS–hES-MP
cells. The CD13 expression was detected in all cultures with the hPL–hES-MP cells, demonstrating
time-dependent increases, while the FBS–hES-MP cells showed constant expression. The CD105
expression was significantly lower in the hPL–hES-MP cells than in the FBS–hES-MP cells at all
timepoints. (gMFI = geometric mean fluorescence intensity; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001).

3.3. Alkaline Phosphatase and Glycosaminoglycans Levels Follow Defined Patterns during Differentiation after
Culture in Media Supplemented with either hPL or FBS

The hPL supplementation of cells prior to differentiation was not found to affect the activity of ALP
during osteogenic differentiation or the GAG levels during chondrogenesis (Figure 3). Following growth
under standard conditions, the FBS–hES-MP and hPL–hES-MP cells were induced towards osteogenic
and chondrogenic differentiation after receiving the same differentiation treatment. ALP activity
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during osteogenic differentiation was evaluated after 0 (control), 7, 14, and 28 days of differentiation
(Figure 3A). In the FBS–hES-MP cells, the ALP activity increased from 2.46 ± 0.74 to 39.0 ± 6.10
nmol(p-nitrophenol)/min/mg protein, while in the hPL–hES-MP cells it increased from 5.64 ± 1.21 to
40.62 ± 5.24 nmol(p-nitrophenol)/min/mg protein. The GAG concentration was evaluated as ng of GAG
per chondrocytic pellet (Figure 3B). The GAG concentration increased between days 7 and 14, from 249.6
± 133.1 to 783.4 ± 423.9 ng/pellet in the FBS–hES-MP cells and from 41.9 ± 26.5 to 658.1 ± 359.1 ng/pellet
in the hPL–hES-MP cells. After day 14, the GAG concentration gradually decreased. The histology
further revealed hypertrophic cells and decrease in cell number at the pellet core by day 28 (Figure S5).
No statistically significant differences were observed in ALP activities or GAG concentrations between
cultures based on the choice of culture supplement used during expansion.

Figure 3. Lineage-specific bioactivity during osteogenic and chondrogenic differentiation. (A) During
osteogenic differentiation, the alkaline phosphatase (ALP) activity significantly increased in a
time-dependent manner over four weeks. (B) An initial increase was seen in GAG levels in chondrogenic
cultures, with a subsequent decrease after two weeks of differentiation as chondrogenesis advanced.
(* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001).

3.4. hPL–hES-MP Cells Mineralize Later than FBS–hES-MP Cells during Osteogenic Differentiation

The level of mineralization was evaluated after 0 (control), 7, 14, 21, and 28 days of osteogenic
differentiation (Figure 4). An increase in mineralization was detected after day 21 for the FBS–hES-MP
cells (1.21 ± 0.15 OD; p ≤ 0.001) and day 28 for the hPL–hES-MP cells (0.96 ± 0.12 OD; p ≤ 0.001).
Mineralization increased significantly between days 21 and 28 in all cultures, with an increase of
0.79 ± 0.12 OD (p ≤ 0.01) for the FBS–hES-MP cells and 0.90 ± 0.12 OD (p ≤ 0.001) for the hPL–hES-MP
cells. Mineralization was significantly greater in the FBS–hES-MP cells than in the hPL–hES-MP cells
at days 21 and 28, with the observed difference being 1.15 ± 0.07 OD (p ≤ 0.001) and 1.04 ± 0.11 OD
(p ≤ 0.001) on days 21 and 28, respectively (Figure 4).

3.5. Lineage-Associated Gene Expression is Observed during Differentiation following Culturing in the
hPL-Supplemented Medium

The expression of RUNX2 and SPP1 was evaluated after 7, 14, 21, and 28 days of osteogenic
differentiation, and SOX9 was evaluated after 7, 14, 28, and 35 days of chondrogenic differentiation
(Figure 5). The expression was compared to those of undifferentiated FBS–hES-MP and hPL–hES-MP
cells. The hPL–hES-MP cells had the significantly higher expression of both RUNX2 and SPP1 during
the differentiation phase than the FBS–hES-MP cells. The RUNX2 expression in both FBS–hES-MP
and hPL–hES-MP osteoblasts followed a similar pattern but was consistently higher in cells grown
with hPL (Figure 5A). The differences ranged from 0.37 ± 0.04 fold (p ≤ 0.05; n = 3) to 0.53 ± 0.07
fold expression (p ≤ 0.01; n = 3). The SPP1 expression in the FBS–hES-MP osteoblasts also followed a
similar pattern to that in the hPL–hES-MP osteoblasts, except at day 21, where the SPP1 expression
increased in the hPL–hES-MP cells but continued to decrease in the FBS–hES-MP cells (Figure 5B).
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The expression of SPP1 was consistently higher in the hPL–hES-MP cells than in the FBS–hES-MP cells,
with the greatest difference observed at day 21 (0.59 ± 0.03 fold; p ≤ 0.01; n = 3).

Figure 4. Mineralization during osteogenic differentiation. Significant mineralization was observed
after 21 and 28 days for the FBS–hES-MP and hPL–hES-MP cells, respectively. The level of mineralization
was significantly higher in the FBS–hES-MP cells than in the hPL–hES-MP cells by the end of 28 days.
(** p ≤ 0.01; *** p ≤ 0.001; p-values directly above data points were compared with that data point on
day 0.)

Figure 5. Lineage-specific gene expression during osteogenic and chondrogenic differentiation.
During osteogenic differentiation, the hPL–hES-MP cells had the significantly higher expression of both
RUNX2 (A) and SPP1 (B) than the FBS–hES-MP cells. (C) The SOX9 expression increased with time in
chondrocytes derived from both the FBS–hES-MP and hPL–hES-MP expansion cultures until day 28.
The SOX9 expression was initially higher in the hPL–hES-MP cells, but after day 14 the expression was
higher in the FBS–hES-MP cells. (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001).
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The expression of SOX9 increased with time in chondrocytes derived from both the FBS–hES-MP
and hPL–hES-MP expansion cultures until day 28, after which a slight decrease was observed
(Figure 5C). The SOX9 expression was observed to be higher in hPL chondrocytes at earlier time
points, but at day 28, a 4.27 ± 0.04 fold greater increase was observed in the SOX9 expression in the
FBS chondrocytes than in the hPL chondrocytes, after which the expression remained higher in FBS
chondrocytes (by 3.18 ± 0.07 fold on day 28) and 3.97 ± 0.08 fold on day 35; p ≤ 0.001; n = 3).

4. Discussion

hES-MP cells have been reported to have similar characteristics and bioactivity to MSCs [22].
Due to this resemblance, they have been suggested as a potential off-the-shelf product that can be
handled and used in an identical manner to MSCs [22,34]. hPL has been widely described as a
promising culture supplement for MSCs, but the evidence regarding hES-MP cells has been lacking to
date [35]. The goal of the current study was to evaluate, for the first time, how maintaining hES-MP
cells in an hPL-supplemented culture medium from expired platelets affects their in vitro growth
and differentiation.

When the culture medium was supplemented with hPL, the hES-MP cells demonstrated excellent
long-term growth and exhibited the expression of key surface markers previously described for
MSCs [36,37]. The evaluation of proliferation over 10 passages revealed that the hES-MP cells exhibited
a continuous rate of proliferation for a longer time than the MSCs, with no signs of senescence at the
end of the experiment (Figure 1). The MSC growth, on the other hand, began to decline after five
passages. No differences in proliferation were found based on whether the hES-MP cells were grown
in FBS- or hPL-supplemented media.

The expression of cell surface markers commonly seen on the MSCs was evaluated over 10 passages
and compared between treatments (Figure 2). The CD10 expression was detected on the hES-MP cells
from hPL-supplemented culture media, but not in FBS-supplemented culture media. The Expression of
CD10 on MSCs has been a subject of controversy for a long time, with previous studies reporting both
positive and negative expression [38,39]. Karlsson et al. [22] reported that hES-MP cells express CD10
when supplemented with a human serum. A review of the literature revealed several studies that
evaluated cell surface markers expressed on hES-MP cells following expansion in FBS-supplemented
media, none of which reported on the expression of CD10 [23,24,34,40,41]. CD10 has been identified
as playing a role in maintaining the stem cell pool in various body compartments, especially the
early progenitor population. This is achieved by its endopeptidase activity, which cleaves proteins
in the cellular microenvironment and thus prevents them from promoting differentiation [42,43].
The expression of CD10 is associated with higher stemness of expressing cells when compared to
nonexpressing cells [42]. Here, we demonstrated for the first time that hES-MP cells do not express
CD10 after expansion in FBS-supplemented media, which possibly points to lower overall stemness
of the hES-MP population following culture media supplementation with FBS. Further studies into
factors causing CD10 expression, or lack thereof, based on the expansion media used are warranted.

The expression of both CD13 and CD105 was detected, regardless of whether FBS or hPL was used
as a culture media supplement (Figure 2). The expression of CD13, however, was found to increase
with time for the hPL–hES-MP cells. The CD105 expression was significantly lower in hPL–hES-MP
cells than in the FBS–hES-MP cells. CD13 (also known as aminopeptidase N) has been described as a
cellular marker for MSCs and other adult stem cells, even though its role in stem cell biology remains
largely unknown [44]. Studies done on liver cancer stem cells and skeletal muscle satellite stem cells
have demonstrated the role of CD13 in the survival of the stem cell pool [44,45]. Gabrilovac et al. [46]
demonstrated that TGF-β increases the expression of CD13 on HL-60 cells in a concentration- and
time-dependent manner. The time-dependent increase in CD13 expression seen in the hES-MP cells
grown in the hPL-supplemented medium could be explained by the higher amount of TGF-β observed
in hPL than in FBS (Figure S2). The significance of the CD13 expression in the hES-MP cells, however,
remains unknown.
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The stronger CD105 expression was associated with the hES-MP cells cultured in the medium
supplemented with FBS. CD105 (also known as endoglin) is a co-receptor for ligands of the TGF-β
family, such as TGF-β1 and BMP-2, and is important for activating the Smad signaling pathway [47,48].
The role of CD105 in cancers has been studied extensively and is commonly associated with migration
and adhesion of cells, as well as being important for angiogenesis [47,49–51]. The role of CD105 in the
cell biology of MSCs and hES-MP cells, however, has been studied only to a very limited extent and
remains largely unknown [50,52].

It was found that the hES-MP cells successfully differentiated towards both osteoblasts and
chondrocytes after expansion in culture media supplemented with hPL or with FBS. The ALP
activity increased with time, indicating successful differentiation towards osteoblasts (Figure 3A).
Tissue mineralization is normally seen at advanced stages of differentiation. The in vitro mineralization
of MSCs is usually detected after 21 days of growth in the presence of osteogenic stimulants [53].
Our results for hES-MP cells are therefore consistent with previous findings for MSCs; in this study,
hPL–hES-MP cells mineralized later (day 28) than FBS–hES-MP cells (day 21) (Figure 4). This may be
related to the fact that hPL contains significantly higher levels of TGF-β than FBS. TGF-β has been
described as an inhibitor of osteogenesis, promoting the development of pre-osteoblasts but inhibiting
the development of mature osteoblasts and mineralization [54]. During differentiation, all hES-MP
cell cultures were treated with the same osteogenic induction media, regardless of whether they were
expanded in hPL or FBS, and thus high levels of TGF-β were not present at the time of differentiation.
However, pre-treatment with high levels of TGF-β prior to differentiation might encourage the cells to
mineralize later than when pre-treated with low levels of TGF-β.

The significantly higher expression of the osteogenic markers RUNX2 and SPP1 was observed
in osteoblasts derived from hPL than in FBS-supplemented hES-MP cell cultures at all time points
evaluated (Figure 5). The upregulation of osteogenic markers and the increased ALP activity during
differentiation are both suggestive of successful osteoblast formation and indicate that growing hES-MP
cells in hPL-enriched culture media allows them to preserve their osteogenic potential. How delayed
mineralization will affect the quality of differentiation remains to be determined.

Chondrogenic differentiation was evaluated in terms of the accumulation of GAG and the
expression of the chondrocytic marker SOX9. hES-MP cells cultured in the hPL-supplemented medium
prior to differentiation initially expressed SOX9 at significantly higher levels than cells cultured in the
FBS-supplemented medium (at 7 and 14 days), but this was reversed at later time points (Figure 5C).
In all cultures, the SOX9 expression peaked at day 28 and subsequently declined, similar to what
has been reported by others [55]. However, at day 28, chondrocytes derived from hES-MP cells
grown in the FBS-supplemented medium prior to differentiation had four-fold expression of SOX9
compared to those derived from cells from the hPL-supplemented medium. GAG concentrations
were initially observed to increase, but they subsequently decreased over a period of five weeks.
No differences were observed, based on which culture supplement the cells were treated with prior to
differentiation (Figure 3B). These findings are consistent with previous reports for MSC chondrogenic
differentiation [25].

It should be noted that there was a slight difference in processing the hPL and FBS media
supplements in this study: hPL was subjected to centrifugation and filtration steps, while FBS was
not. This difference could contribute to the differences observed between cells derived in FBS- and
hPL-supplemented culture media.

In the current study, the presence of extracellular vesicles (EVs) in hPL was not considered.
The presence of EVs in hPL, such as fibrinogen, can result in gel formation in culture media as well
as the precipitation of fibrin during storage and cell culture, and it may influence cell migration,
proliferation, and differentiation [56]; therefore, EVs in the culture media supplements used in this
study may influence the results to some degree. Therefore, in future work, the removal of EVs from
hPL should be carried out (e.g., using the protocol developed by Pachler et al. [56]) and confirmed
(e.g., via the monitoring of the platelet marker CD41).
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5. Conclusions

hPLs are suitable for enriching culture media for the growth of hES-MP cells and allow cells to
maintain good growth, osteogenic and chondrogenic differentiation, and normal expression of cell
surface markers. Since cells are derived under animal-free conditions, hPL can be used instead of
FBS as a growth medium supplement to ensure the continuity of an animal-free environment during
cell culture.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5354/7/3/75/s1,
Figure S1: Human serum albumen concentrations for different hPL batches, Figure S2: Concentrations of key
growth factors in hPL and FBS treatments, Figure S3: Morphology and trilineage differentiation of hES-MP cells,
Figure S4: Surface marker expression on hES-MP cells following culture in hPL, Figure S5: hES-MP cartilage
pellets after 28 days of differentiation.
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An overview. Biomark. Med. 2011, 5, 855–863. [CrossRef] [PubMed]

52. Fonsatti, E.; Del Vecchio, L.; Altomonte, M.; Sigalotti, L.; Nicotra, M.R.; Coral, S.; Natali, P.G.; Maio, M.
Endoglin: An accessory component of the TGF-β-binding receptor-complex with diagnostic, prognostic, and
bioimmunotherapeutic potential in human malignancies. J. Cell. Physiol. 2001, 188, 1–7. [CrossRef] [PubMed]

53. Chevallier, N.; Anagnostou, F.; Zilber, S.; Bodivit, G.; Maurin, S.; Barrault, A.; Bierling, P.; Hernigou, P.;
Layrolle, P.; Rouard, H. Osteoblastic differentiation of human mesenchymal stem cells with platelet lysate.
Biomaterials 2010, 31, 270–278. [CrossRef] [PubMed]

54. Matsumoto, T.; Abe, M. TGF-β-related mechanisms of bone destruction in multiple myeloma. Bone 2011, 48,
129–134. [CrossRef] [PubMed]

55. Yamashita, A.; Nishikawa, S.; Rancourt, D.E. Identification of five developmental processes during
chondrogenic differentiation of embryonic stem cells. PLoS ONE 2010, 5, e10998. [CrossRef]

56. Pachler, K.; Lener, T.; Streif, D.; Dunai, Z.A.; Desgeorges, A.; Feichtner, M.; Öller, M.; Schallmoser, K.;
Rohde, E.; Gimona, M. A Good Manufacturing Practice–grade standard protocol for exclusively human
mesenchymal stromal cell–derived extracellular vesicles. Cytotherapy 2017, 19, 458–472. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

60



bioengineering

Article

Bioreactor Parameters for Microcarrier-Based Human
MSC Expansion under Xeno-Free Conditions in a
Vertical-Wheel System

Josephine Lembong, Robert Kirian, Joseph D. Takacs, Timothy R. Olsen, Lye Theng Lock,

Jon A. Rowley and Tabassum Ahsan *

RoosterBio, Inc., 5295 Westview Drive, Suite 275, Frederick, MD 21703, USA; josephine@roosterbio.com (J.L.);
robert@roosterbio.com (R.K.); joseph@roosterbio.com (J.D.T.); tim@roosterbio.com (T.R.O.);
lyetheng@gmail.com (L.T.L.); jon@roosterbio.com (J.A.R.)
* Correspondence: taby@roosterbio.com

Received: 2 June 2020; Accepted: 5 July 2020; Published: 8 July 2020

Abstract: Human mesenchymal stem/stromal cells (hMSCs) have been investigated and proven
to be a well-tolerated, safe therapy for a variety of indications, as shown by over 900 registered
hMSC-based clinical trials. To meet the commercial demand for clinical manufacturing of hMSCs,
production requires a scale that can achieve a lot size of ~100B cells, which requires innovative
manufacturing technologies such as 3D bioreactors. A robust suspension bioreactor process that
can be scaled-up to the relevant scale is therefore crucial. In this study, we developed a fed-batch,
microcarrier-based bioreactor process, which enhances media productivity and drives a cost-effective
and less labor-intensive hMSC expansion process. We determined parameter settings for various
stages of the culture: inoculation, bioreactor culture, and harvest. Addition of a bioreactor feed,
using a fed-batch approach, was necessary to replenish the mitogenic factors that were depleted from
the media within the first 3 days of culture. Our study resulted in an optimized hMSC culture protocol
that consistently achieved hMSC densities between 2 × 105–6 × 105 cells/mL within 5 days with no
media exchange, maintaining the final cell population doubling level (PDL) at 16–20. Using multiple
hMSC donors, we showed that this process was robust and yielded hMSCs that maintained expansion,
phenotypic characteristic, and functional properties. The developed process in a vertical-wheel
suspension bioreactor can be scaled to the levels needed to meet commercial demand of hMSCs.

Keywords: bioreactor; hMSCs; microcarrier; bioprocess

1. Introduction

Human mesenchymal stem/stromal cells (hMSCs) have been investigated and proven to be a
well-tolerated, safe therapy for a variety of diseases [1], as indicated by over 900 registered hMSC-based
clinical trials in ClinicalTrials.gov as of 2019. Previous analysis of cell dose estimates from the
ClinicalTrials.gov website shows that most indications requiring hMSC treatment need a target
production lot size of ~100B cells [1,2], with some exceptions including low dose indications such
as ocular diseases [3]. Such production lot size requires a scalable manufacturing platform such
as 3D bioreactors, where MSC expansion in suspension is typically performed by growing cells on
adherent substrates such as microcarriers [4–6]. A robust suspension bioreactor process that can be
scaled-up is therefore crucial to meet this demand for clinical manufacturing of hMSCs, and this starts
with process development and optimization at a scaled-down bioreactor model.

To accommodate hMSC expansion in suspension bioreactors, it is critical to choose a bioreactor
platform that allows cell attachment to the microcarriers, homogeneously suspends the cells
and microcarriers, as well as distributes gas and nutrients while imposing low shear, as hMSCs
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are known to be sensitive to shear stress [7–9]. In addition to providing large cell numbers, an hMSC
manufacturing platform should facilitate maintenance of the hMSC undifferentiated cell state and
phenotype to retain their therapeutic potency. Among many bioreactor platforms, the stirred-tank
bioreactor has been extensively evaluated for hMSC expansion [10–13]. More recently, vertical-wheel
bioreactors have been developed to provide a uniform, low-shear fluid mixing environment for
efficient particle suspension. The agitation mechanics provided by the vertical impeller and the
shape of the bioreactor vessel allows for a better homogenization of the microcarriers with low
power input compared to commonly used cylindrical bioreactors with horizontal impellers [14].
The low power, and consequently low hydrodynamic shear, makes this bioreactor specifically a
great candidate for culture of shear-sensitive, anchorage dependent cells such as hMSCs [15,16].
In addition, this low shear environment remains constant across the full range of vessel sizes from
0.5 to 500 L [17]. For hMSC culture, it has been reported that the vertical-wheel bioreactor facilitated
higher cell-microcarrier attachment compared to the stirred-tank bioreactor and the generated hMSCs
showed a higher percentage of proliferative cells, lower percentage of apoptotic cells, and reduced levels
of HLA-DR positive cells compared to cells grown on stirred-tank bioreactors [18]. The availability of
this bioreactor platform in multiple scales, currently ranging from 0.1 L to 80 L, is also key as hMSC
manufacturing processes need to be developed with future scalability in mind. Thus, a low shear,
vertical-wheel bioreactor was chosen as the platform to develop our process.

In clinical hMSC manufacturing, there has been movement away from serum-containing
processes due to higher risk of graft rejection, immunoreactions, and virus contamination associated
with animal-derived products [19–21]. To ensure product safety, xeno-free (XF) supplements
such as human serum and human platelet lysate [19,22–24] have therefore become increasingly
incorporated in hMSC clinical manufacturing processes [21]. While XF MSC-microcarrier cultures
have been developed, it typically involves full or partial media exchanges to manage nutrient supply
and waste build-up [25–29]. Borrowing from best practices in the monoclonal antibody field, fed batch
processes can lead to high media productivity [30], as defined in the Glossary for Cell & Gene Therapy
and Regenerative Medicine as millions of cells/liter of media consumed [31]. Optimizing this media
productivity is critical as media is the major cost driver in cell manufacturing [30], which also carries
the hidden costs of labor associated with media exchange.

Another paradigm for consideration is perfusion, in which media is continuously circulated
through the culture, therefore simultaneously supplying nutrients and removing waste from the
culture. While perfusion offers a continuous process and can achieve high cell densities, it utilizes large
quantities of media and consequently induces high media costs and logistics/supply chain issues [32].
Thus, perfusion has not been widely adopted at larger scales. In addition, most hMSC culture process
development and pilot scale manufacturing utilize a fed-batch paradigm [33], making it a bigger
regulatory hurdle to switch to a perfusion process and demonstrate comparability [32]. For this reason,
a fed-batch process was developed in this study with future scalability in mind.

We established this fed-batch process in hMSC expansion in the vertical-wheel bioreactors, where
a fed-batch process showed a higher cell yield and therefore enhanced media productivity compared
to a batch process (Figure 1A,B). Addition of the bioreactor feed was necessary to replenish the growth
factors that were depleted from the media within the first 3 days of culture (Figure 1A). Formation of
cell-bead aggregates during the expansion process was observed (Figure 1C), with aggregate size
increasing over time.
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Figure 1. Fed-batch bioreactor culture paradigm. (A) Comparison study of a xeno-free (XF)
bioreactor process utilizing batch and fed-batch processes shows a distinct advantage of the fed-batch
process on final cell yield (n = 3). (B) Media productivity is enhanced using a fed-batch process.
(C) Images indicating typical cell growth on microcarriers during a 5-day culture in a vertical-wheel
bioreactor (* p ≤ 0.05). (D) Schematic of the bioreactor culture workflow using a fed-batch process.

With the fed-batch paradigm in place, further optimization of this MSC bioreactor culture process
is central to maximizing yields and recovering healthy, functional cells at harvest. To achieve that,
optimization studies need to be performed in the small-scale bioreactors prior to scaling up to a full
production scale. Various stages of a XF bioreactor culture need to be studied: cell and microcarrier
inoculation, seeding strategies, culture, feed, and harvest protocol (Figure 1D). Each of these steps is
associated with numerous parameters that need to be evaluated, which is the objective of our study.
In this paper, we developed and optimized a xeno-free, fed-batch, microcarrier-based culture process
in a scalable low-shear bioreactor system, resulting in consistent hMSC yield and maintenance of cell
health and characteristics following culture.

2. Materials and Methods

2.1. hMSC Planar Culture for Seed Train

hBM-MSC Working Cell Banks (WCB) from five adult donors (RoosterBio, Frederick, MD, USA)
were used in this study. These cells had been isolated and previously expanded under XF conditions
(PDL: 8-10, Passage number: 2). Cells were thawed and seeded at a density of 3000 cells/cm2 in
Corning® CellBIND® culture flasks (Corning Incorporated, Corning, NY, USA), in the accompanying
High Performance XF Media Kit (RoosterBio). Cells were cultured at 37 ◦C with 5% CO2. After 4 days,
cells were dissociated from the flasks with TrypLE™ Select Enzyme (Thermo Fisher Scientific, Waltham,
MA, USA), quenched with medium, then counted using the NucleoCounter® NC-200™ (Chemometec,
Allerod, Denmark). Cell suspension was then spun down at 300× g for 5 min and resuspended in
growth medium at a density of 1 × 106 cells/mL for cell inoculation in the following steps.
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2.2. hMSC Bioreactor Culture

Following the seed train, hMSCs were cultured on Corning® Low Concentration Synthemax™ II
microcarriers (Corning) inside PBS-0.1 single-use Vertical-Wheel™ bioreactors (PBS Biotech, Camarillo,
CA, USA). To seed the cells onto the microcarriers, a 1–6.3 mL cell suspension was inoculated into
the bioreactor containing 30 mL of medium and 0.75–2.5 g of microcarriers, resulting in cell seeding
density of 11,000–70,000 cells/mL, and areal density of 2222–9333 cells/cm2 of microcarrier surface.
To facilitate attachment, the cells were incubated for 20 min at static condition, then gently shaken
to re-distribute the cells and the microcarriers, and finally incubated for 20 more minutes to further
cell attachment to microcarriers. Our data showed that an average of 84% cell attachment could be
achieved using this seeding method (Figure S1).

At the end of the cell attachment duration, fresh culture medium was added to a total
volume of 90 mL. The PBS-0.1 vessel was placed on its controller base in a 5% CO2 incubator
and agitation was initiated at 25 rpm. On Day 3 of the bioreactor culture, an XF bioreactor feed,
RoosterReplenish™-MSC-XF (RoosterBio), was added at 2% of the working volume and agitation
speed was increased to 30 rpm.

2.3. Bioreactor Sampling

Daily sampling of the bioreactor was performed to quantify cell numbers as well as the metabolite
and waste profile to assess the kinetics of cell growth and media consumption. A 3 mL sample was
taken daily while the cells/microcarriers were in suspension at 30 rpm agitation. The cell/microcarrier
sample were left to sediment, the supernatant was isolated for medium analysis, and an equal volume
of TrypLE was added to dissociate the cells from the microcarriers. Following dissociation, the number
of cells was counted. The medium supernatant was analyzed using the BioProfile FLEX2 Analyzer
(Nova Biomedical, Waltham, MA, USA) to monitor the metabolite and waste concentration.

Visualization of cell attachment and cell/microcarrier aggregation was performed by obtaining a 1 mL
sample from the bioreactor and visualizing it under light microscopy (EVOS M5000 Cell Imaging System;
ThermoFisher Scientific).

2.4. In-Vessel Harvest

Following hMSC expansion in bioreactors for 5–6 days, in-vessel harvest was performed.
While bioreactor sampling provides the kinetics during culture, the most accurate quantification of total
cell yield after the culture duration is obtained through complete in-vessel harvest, minimizing any
potential errors from non-representative sampling when large cell-microcarrier aggregates are present
in the culture. After agitation is stopped and the cells/microcarriers settle to the bottom of the bioreactor,
the medium was removed and the remaining cells/microcarrier solution were washed with PBS.
TrypLE was added to the bioreactor at half of the working volume, and agitation was initiated
(20–100 rpm for 20–40 min) in a 37 ◦C incubator. Cells were then separated from the microcarriers
using a 100-μm cell strainer, quenched with an equal volume of medium, and then counted to obtain
the final harvest yield. Values are presented as concentrations (cells/mL) to emphasize the scalable
process that was being developed.

2.5. Analysis of Cell Health, Quality Attributes and Functionality

Evaluation of hMSC properties was conducted on the cells harvested from the bioreactor and
compared to the properties of cells that were expanded on 2D planar flasks, which served as a control.
Cell populations were evaluated for expression of MSC surface markers and differentiation potential
(to the adipo-, osteo-, and chondrogenic lineages). Functional properties of MSCs were also evaluated,
such as immunomodulatory function and angiogenic cytokine secretion.
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2.5.1. Cell Health Analysis

To determine the health of the hMSCs harvested from the bioreactor, cell expansion was quantified
by culturing the cells harvested from the bioreactor in CellBIND flasks for 5 days. Following a
5-day culture, cells were harvested and the fold expansion was quantified. Expansion capability of the
cells harvested from the bioreactor is an important measure of cell quality/health and is an important
validation of the bioreactor process following the final cell yield.

2.5.2. Tri-Lineage Differentiation

Qualitative evaluation of hMSC differentiation down adipo-, osteo-, and chondrogenic lineages
were performed on the cells harvested from the bioreactor and compared to those from the
2D flask controls. For adipogenic differentiation, harvested cells were cultured in STEMPRO®

Adipogenesis Differentiation Kit media (Gibco) for 7–14 days, then fixed and stained with
Oil Red O Solution (Sigma-Aldrich). For osteogenic differentiation, cells were cultured in
STEMPRO® Osteogenesis Differentiation Kit media (Gibco) for 14 days, then fixed and stained
with 2% Alizarin Red Stain (Lifeline Cell Technology, Walkersville, MD, USA). For chondrogenic
differentiation, cell pellets were generated in ultra-low attachment plates and cultured in STEMPRO®

Chondrogenesis Differentiation Kit media (Gibco) for 21 days, then fixed, sectioned, and stained with
Alcian Blue. All differentiated samples were imaged following staining and compared with matched
undifferentiated samples.

2.5.3. Flow Cytometry for Cell Surface Marker Expression

Cells dissociated from the microcarriers and harvested from the bioreactors were analyzed for the
expression of surface markers (CD73(+), CD90(+), CD105(+), CD166(+), CD14(−), CD34(−), CD45(−))
using flow cytometry and compared to those from 2D flask controls.

2.5.4. Immunomodulatory Function

Induction of indoleamine 2,3-dioxygenase (IDO) activity by exposure of hMSCs to the
pro-inflamatory cytokine interferon-gamma (IFN-γ) is central to the immunosuppressive function of
hMSCs [34–36]. hBM-MSCs harvested from the bioreactors were cultured for 24 ± 4 h, then washed
and stimulated with 10 ng/mL IFN-γ for 24 h. The cell supernatant was collected, and the kynurenine
concentration was measured using a spectrophotometric assay and normalized to number of cells and
days of incubation to obtain the amount of IDO secreted (expressed as pg kynurenine per cell per day).
This kynurenine level was then compared to the levels from the 2D flask controls.

2.5.5. Angiogenic Cytokine Secretion

MSCs have been shown to secrete cytokines which help promote tissue angiogenesis [37–39],
therefore we quantify the secretion of various angiogenic cytokine as a measure of cell functionality.
hBM-MSCs harvested from the bioreactors were cultured for 24 ± 4 h, then washed and switched
to medium supplemented with 2% FBS. After 24-h incubation, the supernatant was collected and
assayed for FGF, HGF, IL-8, TIMP-1, TIMP-2 and VEGF concentration using a MultiPlex ELISA
(Quansys Biosciences, Logan, UT, USA). Cytokine concentration was normalized to number of cells
and days of incubation to obtain cytokine secretion rates, and compared to the concentrations from the
2D flask controls.

2.6. Statistical Analysis

We previously quantified bioreactor-to-bioreactor variability within an experiment, and observed
the following coefficient of variation values: CV < 6% for final harvest density and CV < 2% for
post-bioreactor cell expansion (Figure S2). Due to these small variabilities, a ≥ 10% difference among
groups of different experimental parameters was deemed biologically meaningful. A sample size of
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n = 1 bioreactor per group in these kinetic experiments therefore still allowed for the determination of
the effects of the tested experimental parameters. This approach allowed for the breadth of experiments
presented here.

3. Results and Discussion

3.1. Cell and Microcarrier Inoculation Concentration in a Fixed Media Volume

To first determine the maximum expansion capability in a fixed media volume in the bioreactor, we
performed a fed-batch culture in bioreactors where a range of cell numbers and microcarriers amount were
seeded, from 1.25 g and 2.1 × 106 cells (1×) to three times the microcarriers and cell number at 3.75 g and
6.3 × 106 cells (3×). At 1.25 g, the microcarriers provide 450 cm2 surface area in 90 mL medium, which is
the recommended surface area to media volume ratio by the manufacturer. The cell density for the
1× condition is 23,333 cells/mL (4667 cells/cm2). The effect of media exchanges on the group with the highest
cell number and microcarriers (at a concentration that far exceed the manufacturer’s recommendations)
was also investigated (denoted as 3×ΔΔ in Figure 2). Among the three fed-batch conditions, we observed
that bioreactor seeding with 2.1 × 106 cells with 1.25 g microcarriers resulted in the highest cell yield
(Figure 2A,B). In the groups where 4.2 × 106 cells or 6.3 × 106 cells were seeded, cell growth was limited
by the media, as shown by the decrease in cell density on day 3 or day 4 (Figure 2A). With two complete
media exchanges on day 3 and day 4 (instead of the bioreactor feed addition), growth of 6.3 × 106 cells
can be supported (Figure 2A, dotted line), justifying the media limitation in our fed-batch system at this
high cell-to-media ratio. Media exchanges, however, are costly [30], resulting in low media productivity
(Figure 2C), and completely untenable at larger bioreactor scales. Thus, a fed-batch paradigm is critical due
to its high media productivity (Figure 1B). We therefore selected 2.1 × 106 cells with 1.25 g microcarriers
for seeding, which then remained consistent during evaluation of subsequent process parameters.

 
Figure 2. Determination of cell and microcarrier inoculation number. (A) Growth kinetics in bioreactors
for various cell numbers and microcarrier during seeding, as well as media exchanges. Cell counts were
obtained from sampling. (B) Final harvest density obtained from in-vessel harvest. At the highest tested
cell-to-media ratio, cell growth can only be supported through media exchanges. (C) Media productivity
comparison shows the disadvantage of media exchanges despite the high cell yield. Tested groups are
1×: 2.1 × 106 cells and 1.25 g; 2×: 4.2 × 106 cells and 2.5 g; 3×: 6.3 × 106 cells and 3.75 g; and 3×ΔΔ:
6.3 × 106 cells and 3.75 g with media exchanges on Days 3 and 4.

3.2. Bioreactor Seeding Strategies: Cell and Microcarrier Concentrations at Inoculation

The effects of cell seeding parameters, i.e., cell numbers and microcarrier surface area, were each
investigated independently. First, various cell numbers were seeded into the bioreactor with 1.25 g
microcarriers: 1 × 106 cells (2222 cells/cm2 seeding density), 2.1 × 106 (4667 cells/cm2 seeding density),
and 4.2 × 106 cells (9333 cells/cm2 seeding density). Seeding of 2.1 × 106 and 4.2 × 106 cells resulted
in similar yield of 4 × 105 cells/mL, while bioreactor seeding with 1 × 106 cells resulted in the lowest
yield (Figure 3(Ai,Aii)). However, a high cell number at inoculation (4.2 × 106 cells) reached a growth
plateau after 3 days despite the addition of a bioreactor feed on Day 3 (Figure 3(Ai)). Note that it
is best practice to harvest cells during the exponential growth phase while proliferation still occurs
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(not during the plateau) to help ensure the maintenance of the hMSC phenotype. Inoculation with
2.1 × 106 cells resulted in both the highest observed cell yield and maintained post-bioreactor cell
health, as shown by the expansion of the cells harvested from the bioreactor, which is similar to that of
the 2D control (Figure 3(Aiii)). Higher post-bioreactor expansion potential of the cells from the 1M
group is likely due to the observed lower proliferation within the bioreactor, resulting in cells with a
lower population double level (PDL). Medium analysis from all three bioreactor conditions revealed
observable glucose consumption and lactate production over the culture duration (Figure 3(Aiv)),
with the 4.2 × 106 group with the highest nutrient consumption and waste production. Taken together,
these results indicated the use of 2.1 × 106 cells (23,333 cells/mL) as the cell inoculation density in
subsequent studies, as after 5 days of culture the cell yield is maximized, and cell health is maintained.

 

Figure 3. Optimization of bioreactor seeding parameters at fixed microcarrier amount (A; 1.25 g),
or fixed cell number (B; 2.1 × 106 cells). (A) Effect of cell seeding numbers on bioreactor culture
yield with 1.25 g microcarriers, and (B) effect of microcarrier density on bioreactor culture yield with
2.1 × 106 cells seeded. For both optimizations, we presented hMSC growth kinetics in bioreactors based
on cell density from daily sampling (i), final density obtained from an in-vessel harvest (ii), expansion of
cells harvested from the bioreactors compared to the 2D control (iii), and analysis of nutrient and waste
in medium during culture (iv). Both seeding parameter studies support bioreactor seeding with 1.25 g
of microcarriers and 2.1 × 106 cells (4667 cells/cm2) to optimize for the cell yield and post-bioreactor
expansion, while minimizing costs associated with materials.

With the cell to media ratio established at 2.1 × 106 cells and 90 mL, the effect of seeding density
was then investigated. The amount of microcarriers were varied, providing a range of available surface
area for cell growth: 0.75 g (270 cm2), 1.25 g (450 cm2), and 2.5 g (900 cm2), which corresponds to seeding
density of 7777 cells/cm2, 4667 cells/cm2, and 2333 cells/cm2, respectively. The growth kinetics and final
cell yield after a 5-day culture were similar among the three conditions (Figure 3(Bi,Bii)). Analysis of
nutrient and waste concentration in the medium also showed comparable glucose consumption/lactate
production profiles in all three bioreactor conditions (Figure 3(Biv)). However, the cells harvested from
the bioreactor with 0.75 g microcarriers (7777 cells/cm2) showed markedly reduced expansion compared
to the other conditions with 1.25 g (4667 cells/cm2) and 2.5 g microcarriers (2333 cells/cm2), as well as the
2D control (Figure 3(Biii)). Thus, although bioreactor inoculation with 2.5 g microcarriers resulted in
similar biological metrics (final harvest density, post-bioreactor cell expansion, and metabolite profile),
1.25 g was preferred due to the reduction in materials cost, which has notable impact when processes
are scaled up to the pilot and production level (potentially hundreds to thousands of liters).

These results indicate the use of 2.1 × 106 cells and 1.25 g microcarriers for bioreactor inoculation.
The formation of hMSC-microcarrier aggregates associated with these bioreactor seeding studies is
shown in Figure S3, where aggregate size at Day 5 was seen to be independent of cell numbers or
microcarrier amount at seeding. This qualitative assessment of the bioreactor culture looks largely
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similar for all of the experiments; therefore, typical pictures are not shown for the remainder of
the study.

3.3. Bioreactor Culture Parameters: Agitation Speed, Day of Bioreactor Feed, Microcarrier Addition

We have shown that the addition of a bioreactor feed is necessary to obtain optimal cell growth
(Figure 1A) without costly media exchanges (Figure 2A). With the fed-batch process in place,
further optimization on the bioreactor culture process was performed. The increase of agitation
speed on Day 3 was initiated due to the rapid cell growth following the feed addition, which often
results in a high degree of cell aggregation (Figure 1C, Figure S3). Cell/microcarrier aggregation can be
caused by cell-cell connections aided by the production of extracellular matrix (ECM) [40], which acts
as an adhesive to bridge microcarriers upon collision during culture. This phenomenon started to
be evident on Day 3 of the culture (Figure 1C). Subsequent increase in aggregate size may be due to
increased cell number following the bioreactor feed addition and hence increased production of ECM.

Extensive cell aggregation has been mentioned to possibly correlate with the end of the exponential
growth phase, as the cells within these aggregates were unable to receive sufficient nutrients and
oxygen [41]. In fact, cell viability in hMSC aggregates has been shown to decrease as aggregate size
increases due to limited nutrient transfer to the cells [40,42], therefore for optimal cell yield inside the
bioreactor, aggregate size needs to remain small enough for it to continue being viable during culture.

To prevent cells from forming large aggregates, agitation speed can be varied. The cell/microcarrier
suspension was subjected to two agitation speeds following addition of the bioreactor feed on Day 3:
30 rpm or 45 rpm. The bioreactor culture that is subjected to higher agitation speed showed slower
growth after Day 3 (Figure 4A). A similar trend has been observed in other suspension bioreactor systems,
where agitation above the optimal speed that keeps the cells in suspension results in a decrease in
cell yield [43]. The reduction of cell growth at a higher agitation speed could be attributed to local
shear-induced mechanical damage/cell detachment [8,9] or high levels of lactate production that
inhibits cell growth [43].

 
Figure 4. Optimization of bioreactor culture process. (A) Effect of bioreactor agitation speed on
hMSC growth. Higher agitation speed (45 rpm) results in lower final cell yield. (B) Cell health
following bioreactor culture. Cells harvested from the bioreactor on Day 6 showed 30% reduced
expansion potential. (C,D) Effect of bioreactor feed timing on hMSC growth. Addition of feed on Day 3
results in the highest cell yield. (E) Effect of microcarrier addition during culture. Addition of 1.25 g of
microcarriers (additional 450 cm2 of surface area) to increase growth surface area during culture did
not influence overall hMSC growth.
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The cell growth kinetics also showed a decline in cell density after 5 days of culture (Figure 4A).
In addition, when cells sampled from each day of bioreactor culture were plated, we observed >30%
decline in expansion potential for cells harvested from Day 6 compared to Day 5 (Figure 4B). To both
maximize cell yield and maintain post-harvest cell health, bioreactor harvest was therefore performed
on Day 5 moving forward.

Another process parameter that is critical during a fed-batch bioreactor culture is the timing of the
feed addition. Investigation of the effect of dynamic nutrient feeding in bioreactors has been performed
in other cell types, where feedback control on nutrient demand was utilized to optimize for efficient
cell metabolism [44,45]. Similarly, in our system, the effect of feeding time was evaluated. We observed
that culture with feed on Day 4 resulted in a yield that was >25% lower than culture fed on Day 3
(Figure 4C,D). As seen in the shape of the growth kinetic curves, feed addition on Day 3 is necessary
to maintain exponential cell growth over 5 days, while Day 4 addition was after media limitations
had led to irreversible adverse effects on growth rates. In separate experiments, we also observed that
addition of feed on Day 2 or the addition of two feeds (on Day 3 and 4, or Day 2 and 4), did not result
in higher cell yield compared to feed addition on Day 3 (data not shown). This was consistent with
our cytokine analysis data from the bioreactor spent media, which showed rapid depletion of FGF
in bioreactor culture within days (Figure S4). The bioreactor feed was therefore added on Day 3 to
replenish the media in subsequent studies.

Bead-to-bead cell transfer has been demonstrated in cultures of various cell types in various
bioreactor systems [46–49]. The addition of fresh, empty microcarriers to an ongoing suspension culture
could therefore potentially increase yield by providing additional area for cell growth (assuming media
is not the limitation). For hMSCs, it has been reported that the bead-to-bead transfer process depends on
the microcarrier substrate and culture medium [48]. In this system, the addition of 1.25 g of microcarriers
(additional 450 cm2 of surface area) on Day 3 of bioreactor culture showed no effect on cell growth
(Figure 4E), possibly due to minimal cell migration between microcarriers. Complete investigation of
bioprocess parameters that may allow the addition of microcarriers to in fact increase cell yield are
beyond the scope of these studies.

3.4. Addition of Surfactant

While oxygen supply for hMSC culture at this scale (0.1 L) is sufficient through headspace
gassing, sparging is often necessary to increase medium oxygenation to large-scale cultures with
higher densities [50]. As bioreactors are operated at increasing working volumes, the ratio of the
surface area available for headspace gassing to the culture volume decreases, therefore sparging
could be implemented to meet the increasing oxygen demand [51]. The presence of gas bubbles
from sparging, however, are known to cause cell damage and thus addition of a surfactant or
antifoam are often implemented to reduce this damage [52,53]. We evaluated the addition of Pluronic
F68 (PF68), a common surfactant used in cell culture to protect cell membranes from shear [54–56],
at various concentrations and quantified the effect on cell growth in the bioreactor and the post-harvest
cell health. Incorporation of PF68 on Day 3 at concentrations up to 2 g/L did not hinder cell growth
(Figure 5A), however the use of 2 g/L of PF68 in the bioreactor culture reduced the cell expansion
following bioreactor harvest by >50% compared to when 1 g/L PF68 was used (Figure 5B). Therefore,
when sparging is necessary, a dosimetry study of pluronic concentration is necessary to determine the
impact on post-expansion cell health, and in the case of PF68 a concentration of ≤1 g/L is recommended.
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Figure 5. Effect of surfactants on hMSC growth in bioreactor. Addition of pluronic PF68 shows
no effect on cell growth (A), however a high concentration of PF68 (2 g/L) markedly reduces
post-bioreactor expansion (B).

3.5. Bioreactor Harvest Process: Agitation Speed, Quench Hold Time, Quench Solution Temperature

Following 5-day culture, hMSCs were harvested from the bioreactor. To date, the effect of harvest
parameters on hMSC health/characteristics has been mainly focused on the choice of dissociation
buffer and its effect on harvest yield and cell viability [57–59]. Here, we evaluated additional harvest
process parameters, where agitation speed and duration were varied during the cell dissociation from
the microcarriers using trypLE. The effect of dissociation duration in 2D cultures has been previously
shown to affect MSC phenotype [59,60]. In our system, it was observed that high agitation (100 rpm)
for 45 min resulted in the highest post-harvest cell health compared to multiple cycles at various
agitation speeds (Figure 6A).

Figure 6. Effect of various bioreactor harvest conditions on post-harvest cell health: (A) agitation
duration and speed during harvest in TrypLE, (B) duration in quench solution, and (C) temperature of
quench solution.

Following cell detachment from the microcarriers, the enzymatic reaction was quenched by the
addition of medium. Downstream processing of a large-scale bioreactor process, especially volume
reduction and wash, can often take up to 4 h of processing time [61]; therefore, the effect of processing
time on cell health was investigated. We compared the expansion of cells harvested from the bioreactor,
where cells were plated straight after harvest (0 h) or after 3 h in quench solution. Increase of processing time
to 3 h reduces the post-bioreactor cell expansion up to 54% in one donor (Figure 6B). Process development
for bioreactor harvest and any further downstream processing should therefore be optimized to minimize
time, particularly when scaling up to a production scale. Following harvest, the use of quench solution
at 4 ◦C for 3 h resulted in higher post-bioreactor expansion compared to those using room temperature
quench (25 ◦C) (Figure 6C). Although the difference is small (<20%), longer processing times likely
amplify the disparity between processing at the two different temperatures. The use of a chiller is
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therefore recommended during downstream processing of cells from a large-scale bioreactor to optimize
for cell health.

3.6. Validation of hMSC Expansion in Fed-batch Bioreactor Process and Maintenance of Critical Quality Attributes

Quantification of the effects of various bioreactor process parameters on the cell yield and
post-bioreactor health resulted in an optimized protocol for hMSC expansion in a vertical-wheel
suspension bioreactor (Figure 7A). This fed-batch protocol was validated with expansion of 5 hMSC
donors in bioreactors (Figure 7B).

Figure 7. Validation of optimized fed-batch bioreactor process and hMSC characterization following
bioreactor culture. (A) Parameters for fed-batch culture in a bioreactor. (B) Validation of optimized
bioreactor culture process in five hMSC donors. (C–G) Verification of cell health, critical quality
attributes, and functionality following bioreactor culture: XF hMSCs expanded in the bioreactor
maintained their cell surface marker expression identity (C), tri-lineage differentiation potential to
osteo-, adipo-, and chondrocytes (E), inducible indoleamine 2,3-dioxygenase (IDO) activity when
stimulated with IFNγ (F), and cytokine secretion profile (G). The health, critical quality attributes,
and functionality of three hMSC donors are comparable for cells harvested from bioreactor and cells
harvested from its respective 2D flask control (In panel E, Scale bar = 400 μm).

Following bioreactor culture, it is important to verify the cell health, quality, and functionality.
The cell health following bioreactor culture was verified by quantifying the subsequent 2D expansion
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of the cells harvested from the bioreactor. For three donors, this cell expansion at P5 was comparable to
each donor’s respective 2D control at similar population doubling level (PDL) (Figure 7C). In addition,
the critical quality attributes (CQAs) of the cells need to be maintained and the functionality of
the cells need to remain intact. Thus, we performed a general analytic panel to ensure CQAs of
hMSCs, including cell identity (i.e., cell surface marker expression), trilineage differentiation potential,
and functionality testing.

We observed that cells harvested from the bioreactor maintained their CQAs of hMSC surface
marker expression of CD14, CD34, CD45, CD73, CD90, CD105 and CD166 (Figure 7D) as well as
osteogenic, adipogenic, and chondrogenic differentiation potential (Figure 7E), therefore meeting
ISCT’s minimal criteria for defining MSCs [62]. In addition, functionality of cells from the bioreactor is
also maintained, as indicated by inducible immunomodulatory potential (as measured by functional
IDO activity) (Figure 7F) and angiogenic cytokine (FGF, HGF, IL-8, TIMP-1, TIMP-2, and VEGF)
secretion (Figure 7G), where these values were comparable to those of cells grown in 2D culture with
similar PDL. While the representative qualitative images for tri-lineage differentiation potential are
shown for a single donor, images for three hMSC donors are presented in Figure S5.

Our developed bioreactor process yielded a range of harvest densities of 2 × 105–6 × 105 cells/mL,
which was within the reported range of hMSC yield in various microcarrier-based bioreactor
systems [63]. Previous studies of hBM-MSC expansion conducted in small scale (≤1 L) microcarrier
suspension bioreactors have yielded 7.5 × 104–4.8 × 105 cells/mL density, with most of the
studies being performed under serum-containing conditions in a 7–14 day bioreactor process [63].
In xeno-free cultures, cell densities of 2 × 105–3 × 105 cells/mL were achieved after 14 days [63].
In comparison, similar yields were achieved in these studies within 5 days of culture using a
fed-batch process.

With this developed fed-batch microcarrier hMSC culture process, scaleup is the necessary
next step to meet the demands for commercial manufacturing. In addition to verifying and further
optimizing these parameters at larger scales, there are other considerations in large-scale production
of hMSCs in bioreactors, such as the availability of platforms for downstream processing [61,64].
For example, while separation of microcarriers from the cells during the harvest step was done using a
100 μm cell strainer in our study, this method is not feasible for processes ≥1 L for which single-use
filter bag technology is more appropriate. Furthermore, a cell concentration step is required prior to
the final formulation and fill of the cell product. Large volume manufacturing of hMSCs demands
scalable technologies for this step such as continuous counterflow centrifugation systems and newer
technologies such as the acoustic wave cell processing, all of which are commercially available.

4. Conclusions

We developed a fed-batch, microcarrier-based bioreactor process, which enhances media
productivity and drives a cost-effective and less labor-intensive hMSC expansion process. In this study,
we determined parameters for various stages of the bioreactor culture: cell number and microcarrier
concentration at inoculation, agitation speed during expansion, feed timing, culture length, as well
as agitation speed and duration during the harvest process. We found that bioreactor inoculation
at 5 cm2 microcarriers surface area per mL of media and cell seeding density of 23,333 cells/mL
resulted in an optimized yield and post-harvest cell health. The addition of a bioreactor feed on
the third day of culture was critical to maintain the cell expansion by replenishing the mitogenic
factors that were depleted from the medium. Our study resulted in an optimized hMSC culture
protocol in a vertical-wheel suspension bioreactor. Our process is robust and works in multiple donors,
and yields hMSCs with maintained expansion capability, phenotypic and functional properties that are
comparable to traditional 2D flask cultures. The evaluated parameters were all investigated due to their
relevance for larger scale production of hMSCs and parameter settings were selected both on biological
response as well as system scalability to move towards production of hMSCs in larger bioreactors
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(>80 L). We intend to continue to scale up this process to development, pilot, and production scale
bioreactors, which are critical steps to generating the cell numbers necessary for clinical therapies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5354/7/3/73/s1,
Figure S1: 24-hour cell attachment efficiency on microcarriers, Figure S2: Bioreactor-to-bioreactor variability
within an experiment, Figure S3: hMSC cultures were sampled and monitored for cell growth on microcarriers
during bioreactor culture, Figure S4: Depletion of FGF in bioreactor culture, Figure S5: Tri-lineage differentiation
potential (to osteo-, adipo-, and chondrocytes) of 3 hMSC donors, comparing cells harvested from the bioreactor
and each donor’s respective 2D flask control.
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Abstract: Peripheral nerve injuries often result in lifelong disabilities despite advanced surgical
interventions, indicating the urgent clinical need for effective therapies. In order to improve the
potency of adipose-derived stem cells (ASC) for nerve regeneration, the present study focused
primarily on ex-vivo stimulation of ASC by using growth factors, i.e., nerve growth factor (NGF) or
vascular endothelial growth factor (VEGF) and secondly on fibrin-hydrogel nerve conduits (FNC)
assisted ASC delivery strategies, i.e., intramural vs. intraluminal loading. ASC were stimulated
by NGF or VEGF for 3 days and the resulting secretome was subsequently evaluated in an in vitro
axonal outgrowth assay. For the animal study, a 10 mm sciatic nerve gap-injury was created in
rats and reconstructed using FNC loaded with ASC. Secretome derived from NGF-stimulated ASC
promoted significant axonal outgrowth from the DRG-explants in comparison to all other conditions.
Thus, NGF-stimulated ASC were further investigated in animals and found to enhance early nerve
regeneration as evidenced by the increased number of β-Tubulin III+ axons. Notably, FNC assisted
intramural delivery enabled the improvement of ASC’s therapeutic efficacy in comparison to the
intraluminal delivery system. Thus, ex-vivo stimulation of ASC by NGF and FNC assisted intramural
delivery may offer new options for developing effective therapies.

Keywords: adipose stem cells; neurotrophic factors; growth factors; peripheral nerve injuries; fibrin
nerve conduits; hydrogels; stem cells delivery; axonal regeneration; Schwann cells

1. Introduction

Peripheral nerve injuries often result in loss of sensory and motor functions due to lack of effective
therapeutic strategies, thus there is a great clinical need for developing new therapies [1,2]. Schwann
cells (SC) play a crucial role in neuronal survival, axonal regeneration and re-myelination [3,4] by
secreting an array of molecular signals, neurotrophic factors (NTF) and extracellular matrix proteins [5].
Furthermore, SC generate bands of Büngners for topographical guidance and path finding of the
regenerating axons [6]. However, therapeutic use of SC is hampered due to the problems associated
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with harvesting the cells from healthy nerves and resulting co-morbidities [7]. Therefore, the need for
stem cell-based therapies emerged for treating nerve injuries.

Therapeutic stem cells should be easily accessible and undergo rapid proliferation and
differentiation in vitro under controlled conditions. Mesenchymal stem cells (MSC) can differentiate
into SC-like cells under specific stimuli and enhance peripheral nerve regeneration [8–11]. Not limiting
to the source of bone marrow, MSC with multi lineage capacity can also be obtained from adipose tissue,
dental pulp, umbilical cord blood and Wharton’s jelly of umbilical cord [12–15]. Adipose-derived
stem cells (ASC) are easily accessible in large quantities from fat-tissue enabled by liposuction or
abdominoplasty [6,13,16]. ASC proliferate rapidly [6] and possess a multi-lineage capacity, i.e.,
adipocytes, osteoblasts, chondrocytes [13,17,18]. Furthermore, ASC retain their mesenchymal potency
over long-term culture [6,18] and promote the nerve regeneration similar to bone marrow stem
cells [7]. In allogeneic transplantation, usage of ASC, like any other adult stem cells, benefits from their
hypo-immunogenicity or immune-privilege by virtue of the reduced expression of HLA-DR class II
histocompatibility antigen [19,20]. Thus, ASC may enable the development of “off-the-shelf therapies”
for promoting the nerve regeneration. Within this context, neurotrophic potency of ASC and their
delivery approaches play a crucial role in improving therapeutic efficacy.

As shown by many studies, factors that are present in the secretome of ASC promote axonal
regeneration both in vitro and in vivo. When co-cultured with motor neuron-like cells or dorsal root
ganglion (DRG) sensory neurons, ASC enhanced the neurite number and outgrowth length [21–23].
In line with these findings, several animal studies reported enhanced axonal regeneration and
sensory-motor nerve conduction, when ASC were transplanted in polymeric nerve conduits (NC)
or fibrin-hydrogel nerve conduits (FNC) [24–26]. Improved axonal growth and elongation was
found in the FNC loaded with ASC in comparison to empty FNC [24,27,28]. However, an optimal
delivery route for ASC still remains to be established in the context of peripheral nerve reconstruction.
Various studies involving ASC therapy employed different cell delivery routes, i.e., injection into
the lumen, dispersion within the fibrin conduit wall, dispersion within the lumen of fibrin matrix
and coating on the luminal surface [7,22,26,27,29,30]. However, the therapeutic efficacy of the cells
was scarcely correlated with delivery routes and carrier matrix in the context of nerve regeneration.
Thus, the ineffective and incomplete outcome achieved so far by using the ASC therapy can be
attributed largely to various structural and biochemical microenvironments that were inadequately
orchestrated through different delivery routes. Moreover, studies focusing on the cell delivery strategies,
for understanding the spatiotemporal influence of carrier matrix on the efficacy of therapeutic cells,
are largely missing. Therefore, there is a clear need to investigate systematically the impact of important
local delivery strategies on nerve regeneration and to establish effective options.

The most important soluble factors known to support the neuronal survival and axonal
regeneration following traumatic nerve injury are NTF [4,31–33]. Nerve growth factor (NGF),
amongst other NTF, specifically promotes survival and regeneration of sensory neurons by binding
to the high-affinity trk-A receptors [34]. Vascular endothelial growth factor (VEGF) on the other
hand is a potent angiogenic factor, which promotes proliferation of endothelial cells, formation and
permeability of vascular structures [35]. Nevertheless, several studies demonstrated VEGF for having
neurotrophic activities that were mediated either by flk-1 and flt-1 receptor binding or by enhanced
vascularization [35–39].

Same as for ASC, various studies reported the improved nerve regeneration supported by
exogenously administered NTF [31,34,40,41]. Despite these findings, the growth-promoting effects
of ASC in response to a specific growth factors’ stimulus largely remain elusive in the context of
nerve regeneration. On the other hand, rapid upregulation of NGF and VEGF after traumatic nerve
injury [4,33] clearly shows the clinical significance for exposing the therapeutic impact of ASC following
growth factors’ stimulation in the context of axonal regeneration.

We hypothesize improvement in the neurotrophic capacity of ASC in response to exogenous
growth factors stimulation. Furthermore, a novel design of the fibrin hydrogel nerve conduits would
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facilitate discrete options for cell delivery and for enhancement of their therapeutic efficacy. Thus,
the present study evaluated the capacity of ASC in response to specific stimuli of NGF or VEGF for
promoting the axonal regeneration in vitro and in vivo. Furthermore, the influence of the stem cell
delivery route, i.e., FNC assisted intramural vs. intraluminal ASC loading on early nerve regeneration
was also investigated in rats by using a 10 mm sciatic nerve gap-injury model.

2. Materials and Methods

2.1. Isolation and Culture of Adipose Stem Cells (ASC)

All the in vitro studies were conducted in accordance with the local veterinary commission in
Basel, Switzerland (No. 2925). Visceral adipose tissue was harvested from adult Sprague-Dawley rats
and processed under sterile conditions as described earlier [21]. Briefly, the fat tissue was rinsed in
0.01 M phosphate-buffered solution (PBS), minced and resulting tissue was digested with 0.15% (w/v)
Type I Collagenase (Gibco Life Technologies, Cat. No. 17100017) for 1 h at 37 ◦C and centrifuged for
5 min at 1500 rpm and 4 ◦C. The pellet was re-suspended in growth medium (GM) i.e., Dulbecco‘s
Modified Eagle‘s Medium (DMEM, Gibco, Cat. No. 41965039) supplemented with 10% Foetal Bovine
Serum (PAN-Biotech, EU-approved, Cat. No. P40-47500) and 1% Penicillin/Streptomycin (BioConcept,
Cat. No. 4-01F00-H). Isolated ASC were seeded at a density of 3000 cells/cm2 and expanded at 37 ◦C
with 5% CO2 in a humid atmosphere; GM was changed every 72 h. Cells were passaged using 0.25%
Trypsin-EDTA (BioConcept, Cat. No. 5-51F00-H) at 90% confluence and resulting cells at passage 2
(P2) or 3 (P3) were used for the experiments.

2.2. ASC Characterization

Rat ASC (P2) were seeded on 24 well plates for characterization. Cells were fixed in 4%
paraformaldehyde (PFA) at room temperature (RT) for 10 min and permeabilized and blocked in 1%
normal goat serum (NGS) in PBS (i.e., dilution buffer) for 60 min at RT. ASCs were incubated overnight
at 4 ◦C with the human mesenchymal stromal cell markers monoclonal mouse anti-CD44 (1:1000),
monoclonal mouse anti-CD90 (1:200), monoclonal mouse anti-CD105 (1:200) and monoclonal rabbit
anti-CD29 (1:100), and the hematopoietic marker polyclonal rabbit anti-CD45 (1:500) (Abcam, Cat.
No. ab93758). Cells were then washed in PBS and incubated for 60 min at RT with the secondary
antibody goat anti-mouse Alexa Fluor 488 (1:500, Abcam, Cat. No. ab150109) and goat anti-rabbit
Alexa Fluor 488 (1:500, Abcam, Cat. No. ab150061) and Hoechst 33258 nuclear staining (1:1000, Sigma
Aldrich, Cat. No. 94403). Subsequently, digital images were acquired at 20×magnification (numerical
aperture 0.45) by using a Nikon Eclipse Ti2 fluorescent inverted microscope (Nikon Eclipse Ti2-E, -E/B,
Nikon Corporation, Japan) and a Photometrics prime 95B 25 mm camera (Teledyne photometrics,
Tucson, AZ, USA). The images were automatically stitched by the Nikon NIS-Elements AR image
analysis software (NIS- Elements AR Analysis 5.11.00 64-bit, Laboratory Imaging, spol. s.r.o., Praha,
Czech Republic). Furthermore, immunostaining images of ASC for various markers were analyzed
quantitatively using ImageJ.

2.3. Isolation of Chicken Embryonic Dorsal Root Ganglions (DRG)

Fertilized chicken eggs were obtained from Gepro Geflügelzucht AG (Flawil, Switzerland).
The eggs were shipped at ambient temperature and incubated at 37.8 ± 0.2 ◦C under 100% relative
humidity for 10 days (E10). After incubation, the eggs were cleaned with 70% ethanol and opened
under a laminar airflow cabinet to collect the embryos. E10 embryos were dissected following a
standard dissection protocol under a stereomicroscope [34]. DRG-explants were collected from the
lumbar part of the spine and transferred to GM for cell culture.
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2.4. ASC Stimulation and Secretome Harvest

ASC were seeded on 24 well plates at a density of 13,000/cm2 and 500 μL of GM was added with
or without supplementation of exogenous growth factors, i.e., 10 ng/mL of recombinant human NGF
or recombinant mice VEGF, as indicated in the experimental design. NGF (Cat. No. 256-GF) and VEGF
(Cat. No. 493-MV) were obtained from R&D Systems (Minneapolis, MN, USA). Cells were cultured
for 72 h and no growth medium was exchanged during culture to enrich the secretome. After 72 h of
enrichment, the resulting conditioned medium enriched with secretome (STM) was collected and used
for subsequent experiments.

2.5. Experimental Design In Vitro

As illustrated in Figure 1, ASC were stimulated by NGF (NGF-ASC) or VEGF (VEGF-ASC)
or without growth factor (ASC) for 72 h and resulting secretome (STM), i.e., STM-NGF-ASC,
STM-VEGF-ASC and STM-ASC was subsequently used for DRG assay for 48 h. When the ASC
were not stimulated prior to DRG assay, STM derived from the ASC was either supplemented with
NGF (STM-ASC+NGF) or VEGF (STM-ASC+VEGF) or no growth factors (STM-ASC) at the time of
DRG seeding. As a control, culture conditions with NGF alone (NGF) or VEGF alone (VEGF) or
without growth factors (no GF) were used. In all cases, growth factors were applied at 10 ng/mL
based on preliminary experiments [34]. For the axonal outgrowth assay, DRG-explants were seeded
at a density of one per well onto 24 well plates. Cultures were maintained in a humid atmosphere
at 37 ◦C and 5% CO2 for 48 h and images were captured at 5× and 10× magnification. In total,
3 independent experiments resulting in a total of 8 DRG-explant cultures for each experimental
condition were performed.
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Figure 1. Ex-vivo stimulation of adipose stem cells using growth factors and fibrin-hydrogel nerve
conduits assisted stem cell delivery strategies for enhancing the axonal regeneration.
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2.6. Immunocytochemistry of DRG Cultures

After 48 h, DRG cultures were observed under a microscope and bright-field images with
phase-contrast were taken at 5× magnification using a Zeiss Axio Vert.A1 inverted fluorescent
microscope (Carl Zeiss AG, Jena, Germany) and a Zeiss AxioCam MRc camera (Carl Zeiss AG, Jena,
Germany). DRG-explants were then fixed in 4% PFA at room temperature (RT) for 10 min and
permeabilized and blocked in PBS containing 0.1% Triton X-100 and 1% BSA (i.e., dilution buffer) for
60 min at RT. For immunocytochemistry, the cultures were incubated overnight with the following
primary antibody at 4 ◦C: monoclonal mouse anti-β-Tubulin III (1:1000, Sigma-Aldrich, Cat. No. T8578)
for axons. The cultures were then washed in PBS and incubated with the following secondary antibody:
sheep anti-mouse Cy3 (1:500, Sigma Aldrich, Cat. No. C2181) and Hoechst 33258 nuclear staining
(1:1000, Sigma Aldrich, Cat. No. 94403) for 60 min at RT. Subsequently, digital images were acquired
at 10× magnification (numerical aperture 0.45) by using a Nikon Eclipse Ti inverted fluorescent
microscope and a Photometrics prime 95B 25 mm camera.

2.7. Quantitative Measurements of Axonal Outgrowth

DRG-explant cultures were analyzed for axonal length and axonal area in an automated manner
with a standardized analysis mask created using the Nikon NIS-Elements AR image analysis software.
The DRG area was defined in the Hoechst channel and the intensity threshold was set to be 45. The area
occupied by axonal outgrowth was evaluated in the Cy3 channel and the intensity was set to be 65.
For accurate axonal area measurements, no binary processing for “fill holes” was selected. For analysis
of the axonal length, on the other hand, binary processing for “fill holes” was used. A binary operation
expression was used for defining the origin of axonal outgrowth from DRG as well as axonal endpoints.
The shortest perpendicular distances from the axonal growth origin to the endpoints were measured
and the output was displayed automatically.

2.8. Stimulated ASC for Animal Studies

ASC were harvested and cultured as explained earlier. Briefly, ASC were cultured in 75 cm2 flasks
at a density of 13000 cells/cm2 and stimulated by NGF 10 ng/mL for 72 h prior to transplantation.

2.9. Fibrin-Hydrogel Nerve Conduits (FNC)

FNC were prepared according to the manufacturer’s instructions as described earlier (Tisseel Kit
VH 1.0, Baxter, SA, USA) [42,43]. Briefly, Tisseel provides a fibrinogen solution containing fibrinogen
100 mg/mL, factor XIII 0.6–10 IU/mL, plasminogen 40–120 mg/mL, aprotinin synthetic 3000 KIU/mL,
and a thrombin solution 500 IU/mL with calcium chloride 40 μmol/mL. Fibrin conduits measuring
14 mm in length, 1 mm in wall thickness and 2 mm in lumen were produced for bridging a 10-mm
nerve gap injury. The thrombin 500 IU/mL was diluted in sterile water to 30 IU/mL. Equal amounts of
the diluted thrombin and the fibrinogen solution were mixed directly into a silicone mold pre-set with
a stainless steel lumen and incubated for 30 min at 37 ◦C for polymerization. Resulting FNC constructs
were stored in sterile PBS at 4 ◦C for a maximum of 24 h before animal experiments.

2.10. Intramural Delivery of ASC

About 2 million NGF-stimulated ASC or unstimulated ASC were incorporated into the wall of
the conduit, the resulting fibrin conduits were designated as FNC-W(NGF-ASC) and FNC-W(ASC)
respectively. Immediately before transplantation, cells were trypsinized and suspended in a volume of
540 μL Fibrinogen. Further, 60 μL of thrombin solution 30 IU/mL was added to the ASC-Fibrinogen
suspension and the resulting solution was cast into the FNC.
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2.11. Intraluminal Delivery of ASC

About 2 million NGF-stimulated ASC or unstimulated ASC were incorporated into the lumen
of the conduit, the resulting fibrin conduits were designated as FNC-L(NGF-ASC) and FNC-L(ASC)
respectively. Cells were suspended in the final volume of 20 μL of Fibrinogen solution (25 mg/mL).
Further, 20 μL of thrombin was added to the ASC-Fibrinogen suspension. The resulting solution was
injected into the lumen of the FNC and incubated for 30 min at 37 ◦C for polymerization.

2.12. Surgical Procedure and Experimental Groups In Vivo

All the studies were conducted in accordance with the local veterinary commission in Basel,
Switzerland (No. 2925). About 12-week old female Sprague-Dawley rats weighing 250–300 g
(Janvier, Mayenne, France) were used for the experiment. A total of 36 rats were operated and
randomly categorized into 6 groups: (1) autograft, (2) fibrin-hydrogel nerve conduit without cells,
i.e., FNC, (3) FNC assisted intramural delivery of unstimulated ASC, i.e., FNC-W(ASC), (4) FNC
assisted intramural delivery of NGF-stimulated ASC, i.e., FNC-W(NGF-ASC), (5) FNC assisted
intraluminal delivery of unstimulated ASC, i.e., FNC-L(ASC), (6) FNC assisted intraluminal delivery
of NGF-stimulated ASC, i.e., FNC-L(NGF-ASC). All surgical procedures were performed under
general anesthesia with 3% isoflurane. Routinely, Buprenorphine (Temgesic®, 0.3 mg/mL, 0.05 mg/kg,
Indivior AG, Baar, Switzerland) was administered before and after the surgery. The left sciatic nerve
was approached dorsally using a gentle spreading technique of the gluteus muscle. The sciatic nerve
was transected 5 mm distal to the gluteal branch and nerve ends were inserted 2 mm into the fibrin
conduit and fixed to the conduit by a single epineural suture (9/0 nylon, S&T). Muscles and fascia
layers were closed with a single resorbable stitch (5/0 Vicryl, Ethicon) and the skin was closed by a
continuous running suture (5/0 Vicryl, Ethicon). For analgesia, the animals received subcutaneous
injections of Meloxicam (Metacam ®, 2 mg/mL, Boehringer Ingelheim GmbH, Basel, Switzerland)
2 mg/kg BW postoperatively, and then 1 mg/kg BW every 24 h for two days. Further, Paracetamol
(Becetamol®, 100 mg/mL, Gebro Pharma AG, Liestal, Switzerland) 50mg/kg BW/day was added to
the drinking water for 7 days.

2.13. Tissue Processing and Immunohistochemistry

At 4 weeks post-operation, all the animals were euthanized by CO2 and regenerated nerve tissue
was harvested with the proximal and distal nerve stumps. The harvested nerves were embedded in OCT
freezing media (Tissue-Tek, Sakura, Japan) and flash-frozen in liquid nitrogen through 2-methylbutane
(Sigma Aldrich, Cat. No. M32631). Nerve cross-sections were prepared by cryostat from the middle,
distal and far distal part of the explanted nerve tissue as shown in Figure 2K. The middle sections were
taken right in the middle of the explanted conduit, the distal sections at the distal suture point, and the
far distal sections 5mm distal to the distal suture. Serial 5 μm thick tissue sections were prepared onto
slides (Superfrost plus, Menzel-Gläser, Braunschweig, Germany) and stored at −80 ◦C. For staining,
every second section was processed. First, the slides were fixed in 4% PFA for 10 min and washed in
distilled water and then blocked using dilution buffer for 60 min at RT. Slides were then incubated
overnight at 4 ◦C with the following primary antibodies: monoclonal mouse anti-β-Tubulin III (1:1000,
Sigma Aldrich, Cat. No. T8578) and polyclonal rabbit anti-S100 (1:100, abcam, Cat. No. ab76729).
After rinsing in PBS, secondary sheep anti-mouse antibodies Cy3 (1:500, Sigma Aldrich, Cat. No. C2181),
donkey anti-rabbit Alexa Fluor 488 (1:500 abcam, Cat. No. ab150061) and Hoechst 33258 (1:1000,
Sigma Aldrich, Cat. No. 94403) were applied for 60 min at RT. The slides were mounted using
ProLong Gold (Invitrogen, Cat. No. P36930) and digital images were acquired using a Nikon Eclipse
Ti2 inverted fluorescent microscope and a Photometrics prime 95B 25 mm camera at 10× (numerical
aperture 0.45), 20× (numerical aperture 0.75) and 40× (numerical aperture 0.95) magnification.
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Figure 2. Fibrin assisted delivery of stimulated stem cells for axonal regeneration: (A) Microphotographs
of DRG-explant cultures treated with growth factors. (B) Quantitative measurements of axonal length.
(C) Quantitative measurements of the axonal area. (D) Microphotographs of DRG-explant cultures
that were treated with secretome derived from unstimulated ASC (STM-ASC) or NGF-stimulated
ASC (STM-NGF-ASC) or VEGF-stimulated ASC (STM-VEGF-ASC). (E) Quantitative measurements
of axonal length. (F) Quantitative measurements of the axonal area. (G) Microphotographs of
DRG-explant cultures that were treated with ASC’s secretome in combination with exogenous NGF
(STM-ASC+NGF) or VEGF (STM-ASC+VEGF). (H) Quantitative measurements of axonal length.
(I) Quantitative measurements of the axonal area. For images (A)–(I), the scale bar represents 500 μm
and the bars represent mean ± SD of n = 8. Significant differences at * p < 0.05 are indicated in
comparison to all other treatment groups. (J) Microphotographs showing the β-Tubulin III+ axons
for various experimental groups: Autograft; empty fibrin-hydrogel nerve conduit “FNC”; FNC’s
wall loaded with unstimulated ASC, i.e., intramural ASC delivery “FNC-W(ASC)”; FNC’s lumen
loaded with unstimulated ASC, i.e., intraluminal ASC delivery “FNC-L(ASC)”; FNC’s wall loaded
with NGF-stimulated ASC, i.e., intramural NGF-ASC delivery “FNC-W(NGF-ASC)”; FNC’s lumen
loaded with NGF-stimulated ASC, i.e., intraluminal NGF-ASC delivery “FNC-L(NGF-ASC)”. The scale
bar represents 100 μm. (K) Anatomical segmentation representing the histological analysis of the
reconstructed nerves. (L) Quantitative measurements of β-Tubulin III+ axons for various experimental
groups: Autograft; empty fibrin-hydrogel nerve conduit “FNC”; FNC’s wall loaded with unstimulated
ASC, i.e., intramural ASC delivery “FNC-W(ASC)”; FNC’s lumen loaded with unstimulated ASC,
i.e., intraluminal ASC delivery “FNC-L(ASC)”; FNC’s wall loaded with NGF-stimulated ASC, i.e.,
intramural NGF-ASC delivery “FNC-W(NGF-ASC)”; FNC’s lumen loaded with NGF-stimulated ASC,
i.e., intraluminal NGF-ASC delivery “FNC-L(NGF-ASC)”. Blue staining is Hoechst indicating cell
nuclei. The bars represent mean ± SD of n = 6. Significant differences at * p < 0.05 are indicated in
comparison to all other experimental groups.

2.14. Histological Analysis

Following immunofluorescence staining, digital images of 20×magnification were acquired and
used for quantitative analysis of anatomical structures. For measuring the axonal density and area
occupied by SC, an automated program was performed using the standardized analysis mask created
by Nikon NIS-Elements AR image analysis software. Axonal count and nerve area values were used
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for calculation of axonal density. Similarly, the area occupied by SC was given in reference to the
nerve area.

2.15. Statistical Analysis

Data were analyzed by two-way analysis of variance (ANOVA) following Bonferroni procedure
with post hoc multiple comparisons using SPSS (version 15.0; SPSS, Chicago, IL, USA). Values with
p < 0.05 were considered significant.

3. Results

3.1. Characterization of Isolated ASC

ASC were isolated, cultured and resulting cells were characterized phenotypically by
immunocytochemistry. ASC were found to be positive for mesenchymal marker CD29 (87%),
CD44 (78%), CD90 (81%) and CD105 (85%), and negative for hematopoietic marker CD45 (Figure S1).

3.2. Stem Cell Derived Secretome and Axonal Growth In Vitro

Consistent with our previous reports [34], DRG explants exhibited an important and dense
axonal outgrowth in response to NGF-stimulation (Figure 2A). Quantitative measurements of axonal
outgrowth, i.e., axonal length (in μm) and axonal area (in mm2) resulted in 307 ± 110 and 1.05 ± 0.37
(Figure 2B,C). In contrast to NGF, stimulation with VEGF or without growth factors (no GF) resulted in
only minimal axonal length, i.e., 85 ± 55 and 66 ± 45 (Figure 2B), which are consistent with axonal area
measurements, i.e., 0.14 ± 0.10 and 0.10 ± 0.05 (Figure 2C) respectively.

Interestingly, STM-NGF-ASC enhanced the significant axonal outgrowth, i.e., 657 ± 224 and
1.76 ± 0.65 (Figure 2D,E). In the case of STM-ASC, no significant axonal outgrowth could be observed,
i.e., 80 ± 56 and 0.083 ± 0.039 (Figure 2F). Together these observations clearly indicate the significantly
enhanced potency of ASC in response to the NGF-stimulation for promoting axonal regeneration
in vitro (Figure 2D–F).

In contrast to NGF conditions, STM-VEGF-ASC did not result in the enhancement of axonal
outgrowth, i.e., 161 ± 55 and 0.111 ± 0.032 (Figure 2E). These observations indicate no significant
improvement of ASC’s potency in response to VEGF-stimulation for supporting axonal regeneration
in vitro (Figure 2D–F).

In line with STM-NGF-ASC, STM-ASC+NGF culture condition resulted in a robust axonal
outgrowth, i.e., 569 ± 86 and 1.98 ± 0.53 (Figure 2G–I). Together these results underline the
important role of NGF for promoting axonal regeneration (Figure 2B,E,H). In contrast to these
results, the STM-ASC+VEGF culture condition did not elicit synergy as evidenced by axonal outgrowth
measurements, i.e., 181 ± 51 and 0.22 ± 0.077 (Figure 2H).

3.3. Stimulated Stem Cells and Delivery Route Impacted Early Nerve Regeneration

Considering in vitro findings on the enhanced potency of ASC in response to NGF-stimuli,
NGF-ASC were further investigated in rats for treating a 10 mm sciatic nerve gap-injury. The impact of
different ways of delivering these cells on the early nerve regeneration, i.e., intramural vs. intraluminal
delivery, was also analyzed (Figure 1).

As depicted in Figure 2J, histological recovery of the treated animals was measured by analyzing
the β-Tubulin III+ axons (Figure 2J,L) and S100 + SC structures (Supplementary Figure S2A,B) from the
middle, distal and far-distal parts of the regenerated nerve tissue. In the middle part of the fibrin conduit,
axonal regeneration (i.e., number of axons/ mm2) resulted in the order of 6190 ± 2061, 5260 ± 1257,
3075 ± 1432, 2614 ± 743, 1810 ± 629 and 2197 ± 1478 for autograft, FNC-W(NGF-ASC), FNC-W(ASC),
FNC-L(NGF-ASC), FNC-L(ASC) and FNC treatment groups respectively. These results reveal the
enhanced axonal regeneration supported by the NGF-stimulated ASC. On the other hand, the superior
performance of intramural stem cell delivery was evident compared to the intraluminal delivery route
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(Figure 2J,L). Together, these results reveal the autograft matching performance of NGF-stimulated ASC
in combination with the intramural delivery route i.e., FNC-W(NGF-ASC). Furthermore, the general
tendency of enhanced axonal regeneration supported by the FNC-W(NGF-ASC) is evident in distal and
far-distal segments in comparison to all other treatment groups (Figure 2J,L), although the differences
between some of the groups were not statistically significant (Figure 2L).

In contrast to the distinct axonal growth response (Figure 2J,L) found for the various stimuli
conditions, SC exhibited no differences (Figure S2A,B). However, the molecular differences for
the recruited SC in the animals due to the various stimuli conditions remain to be investigated.
We hypothesize that the Schwann cells recruited in response to the various stimuli conditions may
vary in their phenotype (sensory vs. motor) and secretome.

4. Discussion

We hypothesized impactful change in the ability of ASC in response to growth factors’ stimuli
for supporting the axonal regeneration. Therefore, the present study was designed to investigate
the growth promoting capacity of ASC following NGF- or VEGF-stimulation in vitro and to further
translate in vitro findings into animals in combination with two different cell delivery approaches, i.e.,
FNC assisted intramural vs. intraluminal ASC loading for studying the early nerve regeneration.

In the present study, experiments were conducted using VEGF or NGF stimulated-ASC. A large
portion of the research investigating the neurotrophic effect of ASC involved SCLC derived from ASC
while studies on undifferentiated ASC remained scarce [5,44]. Although an SCLC phenotype seems to
be desirable for optimal regenerative support, 2 to 4 weeks of in vitro differentiation process represents
a major obstacle for the clinical use of differentiated ASC. On the other hand, the therapeutic benefits
of differentiated vs. undifferentiated ASC are still not clear. Nevertheless, several studies suggest a
similar therapeutic potential for both cell types [29,45,46]. There are two mechanisms explaining the
regenerative potency of undifferentiated ASC. The first hypothesis states that ASC might undergo an
in vivo trans-differentiation in response to the regenerative microenvironment [21,45,47,48]. The other
hypothesis postulates that the neurotrophic potential of ASC may lie in the secretome containing a wide
range of biochemical and molecular factors [49]. ASC exosomes releasing miRNA21, miRNA222 and
miRNAlet7a play an important role in neuronal survival by inhibiting apoptotic pathways. In addition,
the secretome of ASC contains nerve growth factor (NGF), glial cell-derived neurotrophic factor
(GDNF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), insulin-like growth factor
1 (IGF-1), vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), basic fibroblast
growth factor (bFGF), transforming growth factor beta (TGF-ß), and platelet-derived growth factors
(PDGF) [50–54]. Furthermore, transplanted ASC may enhance the recruitment of endogenous SC to
the injury site [29].

To the factors secreted by ASC, adult neurons may respond differently in contrast to embryonic
neurons, as the trophic dependency of the various subsets of the neurons in the peripheral nervous
system may change with the age. However, several studies have shown that injury-induced expression
of various growth factors and surface receptors that are responsive for both adult and embryonic
neurons [34,55]. Thus, the embryonic DRG assay used in our study should provide relevant information
on the neurotrophic capacity of the secretome derived from ASC.

The data obtained in the present study clearly showed the enhanced ability of ASC in response to
NGF-stimulus for axonal regeneration. The secretome derived from ASC after 72 h of NGF-stimulation
(i.e., STM-NGF-ASC), as well as the secretome of unstimulated ASC supplemented with exogenous
NGF (i.e., STM-ASC+NGF) induced the significant axonal outgrowth. Further on, there is no significant
difference found in the axonal outgrowth promoted by either of these culture conditions indicating
the growth-promoting function of NGF in combination with ASC’s secretome. However, the exact
mechanism of the underlying molecular functions needs to be determined along with the analysis of the
secretome profile of ASC resulting from various experimental stimuli. On the contrary, VEGF culture
conditions did not result in enhanced axonal regeneration in vitro. These observations may indicate
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no direct effect of VEGF in vitro on axonal regeneration. Interestingly, ASC secretome contains a
wide range of growth factors, in addition to high amounts of VEGF (i.e., 2000 to 3000 pg/mL) [53,54]
indicating that there may be no need for additional exogenous VEGF administration for ASC therapies.
Thus, the in vitro results and data instructed the design of animal experiments using single factor NGF
stimulated ASC.

In agreement with our in vitro findings, NGF-stimulated ASC exhibited a potential for promoting
enhanced early nerve regeneration as evidenced by the increased number of β-Tubulin III+ axons.
Functional restoration of human nerve injuries is critical and controlled by timely entry of regenerative
axons into the distal nerve segment, which in turn is influenced by the quality (i.e., axonal growth
speed) and quantity (axonal number) of early axonal regeneration. Thus, the present study reports
on the important aspects of early nerve regeneration in the context of ASC-fibrin-hydrogel based
therapeutic conduits.

In the middle of the fibrin conduit, i.e., regenerated nerve tissue, the density of regenerating axons
for the animals treated with intramural delivery of NGF-stimulated ASC is statistically comparable to
the autograft treatment, indicating not only the benefits of stimulated stem cells but also the importance
of the cell delivery route. However, the outcome in the subsequent distal and far-distal segments is
significantly higher for the autograft group. Further on intramural delivery of NGF-stimulated ASC,
i.e., W(NGF-ASC) promoted better axonal regeneration as evidenced by the increased axonal number
in the different parts of the conduit including the far-distal segment, although the axonal growth was
found in the distal part of the conduit in all the other groups. The beneficial effects of delivering
individual VEGF for nerve regeneration are unclear, given the number of studies reporting with
variable outcomes, i.e., increased angiogenesis with or without functional benefits [56,57]. On the other
hand, studies reporting in the literature with sequential release of VEGF and NGF exhibited beneficial
effects. However, early axonal regeneration in those animals appeared poor than autograft animals as
evidenced by significantly lower axonal regeneration in the middle graft after 4 weeks [58]. Therefore,
the regeneration levels achieved in our present study appeared superior to that of dual-factor NGF
and VEGF treatment, indicating the potential of the NGF stimulated-ASC for better nerve regeneration
and for reducing the complexity of administering additional exogenous growth factors.

In order to improve the outcomes, i.e., suboptimal results obtained particularly at the distal part
of the nerve, we would need to further refine our technology by optimizing the loading density of
stem cells and by incorporating the topographical guidance structures. Given the focus i.e., early nerve
regeneration of the present study, we measured only early axonal regeneration. However, the data
and knowledge obtained in the present study create strong rationale for the further evaluation of
functional restoration, i.e., behavioral recovery, electrophysiological recovery and re-innervation in a
long-term study.

The delivery of cells within a conduit is a subject of research and the most optimal delivery system
remains to be determined. Particularly for FNC, only a few methods have been evaluated separately
and no systematic comparison was reported so far. In general, fibrin solution loaded with cells can
be injected into the lumen of the FNC [27]. An alternative approach is to integrate the fibrin solution
loaded with the cells into the main structure of the FNC’s wall by polymerization [26]. The least
interesting way is to suspend the cells in a carrier medium and to place them into the lumen of the
conduit [30], which usually results in leakage of cells.

In our study, we tested the first two approaches by delivering the NGF-stimulated ASC either
by FNC assisted intramural or by intraluminal loading. For this, fibrin conduits measuring 14 mm
in length, 1 mm in wall thickness and 2 mm in lumen were produced for bridging a 10-mm nerve
gap injury. It is widely accepted that fibrin hydrogels possess macro porous structures with a pore
size of 10–20 μm [59]. Therefore, conduits used in our study may possess pore sizes in the range of
2–4 μm and 10–20 μm respectively for intramural and intraluminal fibrin structures that can naturally
facilitate the diffusion of ASC secretome. ASC based exosomes and microvesicles are in the range
of a sub-micrometer size (i.e., 150 nm to 200 nm) [49,60]. Thus, the macro porous fibrin hydrogels
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enable easy passage of nanometer-sized vesicles and related soluble factors. However, the density of
transplanted cells within the hydrogel microenvironment may account for different outcomes achieved
through different delivery routes in the present study. In the case of the intramural delivery system,
2 million cells were loaded in the 600 μL of carrier fibrin hydrogel in contrast to an intraluminal
delivery system where 2 million cells were loaded in 40 μL of carrier hydrogel. Although homogeneity
of cell treatment (i.e., the dose of the total cells) for animals was ensured, the high density of cells
within the lumen of the fibrin nerve conduit may result in the high concentrations of the local growth
factors. Thus, the highly enriched luminal microenvironment of the intraluminal delivery system may
impede the speed of axonal regeneration in contrast to the intramural delivery system. Taken together,
the underlying structural and cellular factors may explain appropriately the better outcome achieved
by the intramural cell delivery system in the present study.

Fibrinogen concentrations used in the present study for both intramural and intraluminal
constructs were based on our earlier research work and no-detrimental effects were found when the
fibrin matrix was used alone. As we previously reported [29], ASC showed survival signals up to
14 days after transplantation through nerve conduit. These findings indicate that the regenerative
effects of transplanted ASC are mediated by the initial boost of released growth factors. The cell delivery
route dependent outcome observed in our present study may partly be attributed to the potency of the
transplanted cells. Further investigation on the spatiotemporal profile of the transplanted cells may
provide important understanding and knowledge for the optimization of ASC therapies. The present
study was conducted using rat-derived ASC, therefore further studies are required using human ASC,
in order to translate these findings into clinical settings.5. Conclusions

We report on a growth factor based strategy for ex-vivo stimulation of ASC and show the
evidence for the enhanced neurotrophic potency of ASC in response to NGF-stimulation, but not VEGF,
to promote axonal regeneration in vitro and in vivo. Furthermore, our study reveals the importance of
a fibrin-hydrogel conduit assisted intramural delivery system in improving the therapeutic efficacy
of ASC for nerve regeneration. Together, these findings provide new knowledge and important
insights for the development of ASC based therapies for treating nerve gap-injuries. Further studies
are required for assessing the long-term impact of the ex-vivo stimulated ASC on anatomical and
functional nerve regeneration, and for understanding the secretome profile of the ASC resulting from
various stimuli-conditions.
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Abstract: Olfactory ensheathing cells (OECs) are a promising candidate therapy for neuronal tissue
repair. However, appropriate priming conditions to drive a regenerative phenotype are yet to be
determined. We first assessed the effect of using a human fibroblast feeder layer and fibroblast
conditioned media on primary rat olfactory mucosal cells (OMCs). We found that OMCs cultured
on fibroblast feeders had greater expression of the key OEC marker p75NTR (25.1 ± 10.7 cells/mm2)
compared with OMCs cultured on laminin (4.0 ± 0.8 cells/mm2, p = 0.001). However, the addition of
fibroblast-conditioned media (CM) resulted in a significant increase in Thy1.1 (45.9 ± 9.0 cells/mm2

versus 12.5 ± 2.5 cells/mm2 on laminin, p = 0.006), an undesirable cell marker as it is regarded to be a
marker of contaminating fibroblasts. A direct comparison between human feeders and GMP cell line
Ms3T3 was then undertaken. Ms3T3 cells supported similar p75NTR levels (10.7 ± 5.3 cells/mm2)
with significantly reduced Thy1.1 expression (4.8 ± 2.1 cells/mm2). Ms3T3 cells were used as feeder
layers for human OECs to determine whether observations made in the rat model were conserved.
Examination of the OEC phenotype (S100β expression and neurite outgrowth from NG108-15 cells)
revealed that co-culture with fibroblast feeders had a negative effect on human OECs, contrary to
observations of rat OECs. CM negatively affected rat and human OECs equally. When the best
and worst conditions in terms of supporting S100β expression were used in NG108-15 neuron
co-cultures, those with the highest S100β expression resulted in longer and more numerous neurites
(22.8 ± 2.4 μm neurite length/neuron for laminin) compared with the lowest S100β expression
(17.9 ± 1.1 μm for Ms3T3 feeders with CM). In conclusion, this work revealed that neither dual
co-culture nor fibroblast-conditioned media support the regenerative OEC phenotype. In our case,
a preliminary rat model was not predictive of human cell responses.

Keywords: olfactory ensheathing cells; spinal cord injury; neural regeneration; cell therapies

1. Introduction

Spinal cord injury (SCI) is a devastating injury to the central nervous system (CNS) that affects
250,000–500,000 new people worldwide every year. People with an SCI are 2–5 times more likely to die
prematurely [1], and lifetime costs are estimated between US$1 and US$5 million, excluding indirect
costs such as a loss in wages [2]. The majority of patients will suffer partial or complete paralysis [3]
and can also suffer from chronic neuropathic pain syndromes, which have a serious effect on the
quality of life [4]. Following SCI, inflammation and cell death ensue, and eventually, scar tissue forms,
which is the main impediment to spontaneous regeneration, as the axons that do sprout and re-grow
are unable to path-find through the scar to reach their target [5–9].
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Unlike the rest of the body, the CNS does not regenerate. An exception is the olfactory system,
which retains its ability to regenerate throughout adult life, due to the presence of a special type of glial
cell, the olfactory ensheathing cell (OEC) [10]. These cells have been studied for potential use in spinal
cord repair [11] due to their natural role in regenerating and guiding olfactory receptor neurons from
the peripheral nervous system (PNS) into the CNS. Mucosal OECs can be biopsied via a minimally
invasive intranasal approach, and although mucosa OECs tend to have lower yields and purity, they
are more clinically attractive than their counterparts, bulb OECs, which are found in the lining of the
brain [12].

Characterisation of OECs is commonly based on the expression of the neurotrophic receptor,
p75NTR, in cell populations isolated from the olfactory mucosa or bulb [11,13–15]. p75NTR is a receptor
that induces neurite outgrowth and cellular survival [16]; however, it is not a definitive marker for
OECs [17]. In addition to p75NTR, glial cell marker S100β is commonly used as a positive marker for
OECs [18], and Thy1.1 and fibronectin (Fn) are used as markers for contaminating fibroblasts [11,19–21].

For an OEC therapy to be developed, more understanding is needed of how to control the growth
of functional subsets that express glial markers p75NTR and S100β and also how accurately these
putative identity markers are predictive of function. If we better understand the markers that predict
regenerative potential, we can then make strides toward enriching cells expressing those markers.

Due to the rapid onset of damage that occurs during an SCI, surgical options have to be enacted
within 24 h of the injury [22], and by three weeks, the majority of the damage has occurred, so it is
important to administer any cell therapy before this point [23]. A key issue with OECs is that their
yield and purity variance cannot be predicted. Due to this, allogeneic cell therapy is seen as the
most promising option as an off-the-shelf therapy that can be administered in the vital period before
severe secondary damage sets in [24,25]. With the variability between patients, there would be no
guarantee that enough functional cells could be produced in the required time frame, let alone all the
release testing carried out to ensure the patient’s safety. Previously, our group generated conditionally
immortalised human mucosa-derived OEC cell lines [26] toward the goal of producing an off-the-shelf
therapy for SCI. In this study, we aim to compare our human cell line against primary rat cells to
determine the best conditions for OEC culture and identify the relevance of animal studies in this area.

2. Materials and Methods

2.1. Primary Cell Isolation and Culture

Mucosae were isolated following the optimum protocol previously identified [27]. The mucosae
were dissected from three adult female Sprague-Dawley 200–250g rats, which were euthanized by carbon
dioxide asphyxiation (Schedule 1 method [28]) according to the U.K. Animals (Scientific Procedures)
Act 1986. Each rat provided two mucosae. Each mucosa was placed in DMEM/F12 media to be
transported to the laboratory. The mucosae were placed in Hanks’ Balanced Salt Solution (HBSS, Gibco
Life Technologies, Gaithersburg, MD, USA) with 1% P/S (10,000 units penicillin, 10 mg streptomycin/mL)
in a petri dish and washed by gently wiping each mucosa across a spatula. After washing, the mucosae
were placed on a petri dish and cut up into small pieces, then placed in a 5 mL dispase II (2.4 units/mL,
Sigma-Aldrich, UK) solution for 45 min at 37 ◦C in order to digest the tissue enzymatically.

The mucosa and dispase solution was placed in the centrifuge for five minutes at 400× g.
The supernatant was discarded, and the cells and tissue were re-suspended in 5 mL collagenase
(Type I solution, 0.05%, Sigma-Aldrich, UK) for 15 min at 37 ◦C. Every five minutes, the collagenase
was taken out of the incubator and mechanically triturated briefly before being placed back in the
incubator. At the 15 minute point, the collagenase suspension was placed in the centrifuge for five
minutes at 400× g. The cells were re-suspended in 7 mL DMEM/F12 media (2% FBS, 1% P/S) in a T25
flask at 37 ◦C in 5% CO2 for 24 h. All cell cultures were carried out at 37 ◦C and 5% CO2.

The cells were placed in a tissue culture flask for 24 h as a differential adhesion step. The purpose
of this step was to decrease the amount of contaminating fibroblasts in the culture. Fibroblasts have
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a faster adhesion time than OECs. After 24 h, most fibroblasts will adhere to the tissue culture
plastic, whereas OECs will still be in suspension [27]. After 24 h, the suspension was replated onto
laminin-coated (20 μg/mL, Sigma-Aldrich, UK) wells. The wells were coated for four hours at 37 ◦C.
The laminin was then removed, and the cells were plated while the matrix was still wet.

2.2. Cell Line Generation and Culture

The feeder layer (HuG418) was prepared from cells isolated from the human olfactory mucosa.
The cells used were thawed from a pre-existing cell line prepared by Dr. Melanie Georgiou (UCL).
The protocol followed by Dr. Melanie Georgiou was summarised in the paper by Pollock et al. [29].
The human mucosa OEC line was generated using the same technology; however, the purification
steps were carried out before immortalisation to ensure a purer OEC population. The generation
and culture conditions of this line (PA5) were covered by Santiago-Toledo et al. [26], and the culture
conditions remained the same for HuG418.

2.3. Feeder Layer Generation

Feeder layers were prepared by removing the media from the T75 flask and replacing with 4 mL
mitomycin C (MMC) (Sigma-Aldrich, UK) for 2 h at 37 ◦C to inactivate the cells. After two hours,
the MMC was removed from the cells, and the cells were washed with PBS (Lonza). The cells were
removed from the flask using Trypsin/EDTA (Sigma) and placed in the centrifuge for five minutes at
400× g. After discarding the supernatant, cells were re-suspended in DMEM/F12 and plated up at
12 × 103 cells/cm2. This density was used as it gave a good coverage of the well whilst allowing space
for the OECs on the well surface. Feeders remained in the incubator for two days before any cells were
plated on them.

2.4. Collection of Conditioned Media

Conditioned media (CM) was collected from HuG418 cells after two days of culture. The media
was centrifuged for five minutes at 400× g. CM was mixed at 1:1 with fresh media and added to the
required conditions.

2.5. Culture of PA5 Cells

For the experiments involving PA5 cells, wells were coated either with Ms3T3 feeders, poly-l-lysine
(PLL), or laminin. PA5 cells were plated at 6000 cells/cm2 and cultured for five days. After five days,
cells were fixed and stained for S100β and fibronectin. Neurotrophic factor 3 (NT-3) was added to
some media conditions at 50 ng/mL as the literature indicated that NT-3 encourages the neurological
repair phenotype in OECs [27].

2.6. In Vitro Co-culture with NG108-15 Neurons

NG108-15 neurons were either grown alone on Ms3T3 feeders (as a control) or on a layer of
PA5 cells that were seeded onto either laminin or Ms3T3 feeders. NG108-15 neurons were seeded at
500 cells/cm2 onto the laminin-coated plates or feeder layers. Co-culture was carried out for five days
with a media change occurring on Day 3 following the protocol laid out by Santiago-Toledo et al. [26].
Cells were fixed with 4% PFA at room temperature (RT), and cells were stained to detect β-III tubulin.

2.7. Immunocytochemistry (ICC)

Cells were fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich, UK) for 20 min at RT. The
PFA was removed, and the cells were washed three times with PBS. Three washes with PBS were
carried out in between every step of the immuno-staining in order to remove and dilute any traces
of the previous reagent. One wash was defined as filling the well with PBS and leaving for five
minutes. Zero-point-two-five percent Triton-X (Sigma-Aldrich, UK) was added to each well and left for
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20 min at RT. All solutions were made up in PBS. Five percent goat serum solution (Dako) was used as
the blocking solution for 30 min at RT. Primary antibodies were prepared at a dilution of 1:200 and
added for 90 min at RT. The primary antibodies used were as follows: rabbit anti-p75NTR (Millipore),
mouse anti-Thy1.1 (Millipore), rabbit anti-S100β (Dako), mouse anti-fibronectin (Sigma-Aldrich, UK),
and mouse anti-βIII tubulin (Sigma-Aldrich, UK). The negative control was subjected to the same
treatment as other wells, the exception being the exclusion of the primary antibody. The secondary
antibodies (DyLight® 488 or 594, goat anti-rabbit IgG (H + L) and goat anti-mouse IgG (H + L), Vector
Laboratories, Burlingame, CA, USA) were prepared at 1:200 and Hoechst (Sigma-Aldrich, UK) at
1:1000 and incubated for 45 min at RT. Fluorescent imaging was carried out on an EVOS FL microscope
(Life Technologies).

Five images were taken per well and were taken in a cross formation around the centre of the well.
Two to three wells were stained per condition. After imaging, each channel was examined to assess
whether the images taken were representative of the well. Brightness and shutter speed were set by
identifying a cell that was determined to be positive and ensuring the background was dark to prevent
overexposure of the cells. These settings were held constant between images for an experiment to
ensure the images could be directly compared.

Images were analysed using ImageJ. A colour threshold was set to identify a positive cell, and
only cells that were identified to be above this threshold were counted as positive. Positive cells were
counted, and the results were calculated as the proportion of cells positive for the marker and the yield
of positive cells over the imaged area.

2.8. Circularity Analysis

A macro was written in ImageJ in order to analyse the morphology of the cells. Circularity was
used as the defining value. The macro was written in JavaScript to automate a calculation method
that already exists in ImageJ. The “adjust threshold” window opens automatically when the macro
is run and can be adjusted to select the area of interest. Any cell that was larger than a set threshold
(this value can be adjusted depending on whether the nucleus or the whole cell is being analysed) was
discarded to prevent cell clusters being included in the calculation. In addition to this, any cells on the
boundary of the image were discarded so they did not contribute to false readings. The circularity was
calculated as in Equation (1), where A is the area (pixels2) and P is the perimeter (pixels).

Circularity =
4Aπ
P2 (1)

A circularity of 1 indicates a perfect circle, and a circularity of 0 indicates a straight line. When the
macro was run, a printout of the circularities was displayed. These data were exported to GraphPad®

and plotted as a histogram.

2.9. Neuronal Growth Analysis

According to the literature, five days of co-culture are optimal for observing enhanced neurite
outgrowth compared with three days of co-culture [27]. After five days of co-culture, cells were
labelled with antibodies against βIII-tubulin. Neuron number, neurite number, and neurite length
were quantified using the NeuronJ plugin in ImageJ [30]. Neurites were traced and measured within
the software and exported to GraphPad® for analysis.

2.10. Statistical Analysis and Data Accessibility

Data are presented as the mean ± standard error of the mean (SEM). For the majority of the
data, one-way ANOVA was used to determine statistically significant differences, and the Bonferroni
correction was carried out using GraphPad® software to calculate p-values. When there were only
two sets of data to compare, the Shapiro–Wilk test was used to test for normality. When data were
normally distributed, the Tukey test was used to test for significance. When data were not normally
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distributed, the Kruskal–Wallis test was used. The Bonferroni correction was not used for sets of data
that only compared two conditions as there was no need to correct for multiple comparisons. For the
comparison of histograms, the Kolmogorov–Smirnov test was carried out.

In this work, one experimental repeat (n) was defined as cells taken from different flasks/groups
of animals.

Statistics are only reported in the text when there are significant differences atα= 0.05. In all figures,
a single asterisk (*) indicates p < 0.05, two asterisks (**) p < 0.01, and three asterisks (***) p < 0.001.

The datasets generated and analysed during this study are available from the corresponding
author upon reasonable request.

3. Results and Discussion

3.1. Human Feeders Encourage an Increase in p75NTR and Spindle-Shaped Cells in Rat OECs

The ICC was quantified using yield (positive cells per mm2), but not purity, as the presence
of the feeders in only some conditions would make any assessment of purity misleading. It can be
observed from Figure 1B,E,H,K,M that the addition of CM significantly increased the expression of
Thy1.1. When CM was added to OECs cultured on feeders, an increase in Thy1.1 over and above the
higher expression induced by feeders with standard media was observed (25.7 ± 12.4 cells/mm2 on
feeders with CM from 14.5 ± 4.8 cells/mm2 on feeders with standard media). The increase in Thy1.1
expression observed on laminin with CM (45.9 ± 9.0 cells/mm2) indicated that HuG418-derived CM
affected Thy1.1 expression more when the feeders themselves were not present. This could be due
to the feeders supporting themselves. Where feeders were present, those cells could uptake some of
the soluble factors present in the CM, leaving a lower concentration of soluble factors for the OECs.
This would mean that there were more soluble factors in the media when the feeders were not present.
Fibroblasts participate in paracrine signalling [31,32], and therefore, it follows that if they are not
present to receive the factors, the factors present can significantly assist other cells present.

p75NTR was present in all conditions at a similar level, with the exception of laminin with
standard media, which was significantly lower at 4.0 ± 0.8 cells/mm2. The presence of CM increased
the expression of p75NTR on laminin (19.7 ± 7.6 cells/mm2). An increase in p75NTR expression
without the presence of the feeders would imply that there was some form of paracrine signalling
occurring. Whether this was due to FGF2 expression or a combination of other factors would require a
deeper examination of the components in the CM. Without the higher expression of Thy1.1, CM with
laminin would be a promising condition to take forward. Thy1.1, historically an undesirable marker
of fibroblast phenotype in the OEC field, negated the positive effect of the increase in putative OEC
marker p75NTR as it implied a higher level of fibroblast impurities that would need to be removed
from the culture.

The morphology of S100β-positive cells was analysed using an automated circularity macro
in ImageJ (Figure 1N–Q). Numerical analysis revealed that there was no significant difference
between the distributions for feeders versus feeders with CM, and both conditions had a left skew
(skew = 0.4 and 0.5, respectively). The laminin condition had a skew value of 0.3 and a kurtosis
value of −0.8. When CM was added to the laminin condition, the distribution was significantly
different from the standard laminin condition (Kolmogorov–Smirnov, p = 0.01). The distribution
with CM had a less flattened distribution (kurt = −0.3 compared to −0.8) and a more pronounced
left shift (skew = 0.7 compared to 0.3). This was a stronger shift than the feeder conditions. This was
significant as this was the condition with the most Thy1.1-positive cells. The most likely option
was that spindle-shaped OECs were also expressing Thy1.1, as well as S100β. Co-labelling of these
antibodies was not carried out in this study due to the lack of consistency experienced with the separate
S100β antibody, which meant the Thy1.1 and S100β antibodies used were raised in the same species.
The literature indicated that it is possible that OECs do co-express p75NTR and Thy1.1 [33–36] and
Thy1.1 and GFAP [34], so the assumption that Thy1.1 is a contaminating cell marker may need to be

97



Bioengineering 2020, 7, 37

re-examined. Due to the lack of putative OEC markers [37,38], these cells are poorly characterised, and
this presents one of the major challenges of OEC research.

Figure 1. Fluorescent micrographs of primary rat olfactory mucosal cells (OMCs) cultured on laminin
(A–F) and HuG418 feeders (G–L) in the presence (D–F, J–L) and absence (A–C, G–I) of HuG418
conditioned media and stained for olfactory ensheathing cell (OEC) biomarkers p75NTR and S100β
and fibroblast marker Thy1.1. Positive cells were counted in ImageJ and calculated as the number of
positive cells over the image area (M). OMCs cultured on laminin with standard media had the lowest
yield for p75NTR, and the addition of conditioned media caused an upregulation of undesirable marker
Thy1.1. Circularity was used as a measurement of morphology, and positive S100β cells were analysed
for their circularity (N–Q). Cells on laminin with standard media and feeders with conditioned media
gave more enlarged cell morphologies. The scale bars represent 400 μm. Data are the means ± SEM.,
n = 3. CM, conditioned media.

Although a differential adhesion step was used to remove rapidly adherent cells, leaving the slow
attaching OECs in culture, the primary culture could still harbour contaminating cell types. This is
demonstrated in Figure 2, where an entire well of OECs on feeders was imaged at 10× objective
magnification (EVOS Life Technologies AMF4300) and the resulting images merged together using
PanoramaPro2 in order to gain an understanding of the culture as a whole. It was observed that
there were distinct areas of Thy1.1-positive colonies. When images were taken for counting, these
images could yield data from 100% p75NTR-positive to 0% p75NTR-positive. This wide range of
values resulted in a large standard deviation and therefore a large standard error of the mean across
independent experiments (seen Figure 1M). These large errors were due to stochastic variability in
the cultures due to the different cell subsets present, and these different cells could predominate in
different regions of a single dish. From a cell manufacturing perspective, this created a significant
challenge for creating a robust and well-characterised product.
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Figure 2. Assembled fluorescent micrograph of a cell population derived from rat olfactory mucosa
cultured on a human feeder layer of olfactory fibroblasts. Images were taken at 100× total magnification
in a 24 well plate (diameter = 15.6 mm) and stitched together using PanoramaPro2. It can be seen from
this stitched image that there are definite populations present in the well plate. There are distinct areas
of Thy1.1 (red) that do not appear to be dispersed with the areas of p75NTR (green). This variety in
present populations explains the large error bars found in the cell counts. When multiple views were
taken for counting, the purity could range from 0–100%, which relates to a large standard deviation.

After staining, there was also a red/yellow ring around the periphery of the plate that was not
associated with any positive cells. On close inspection of the well plates used, it was found that the
bottom of the wells was rarely smooth, and often, there were circular scratches, presumably as a result
of the manufacturing process. It was postulated that the antibody interacted with this non-smooth
surface or was trapped in ECM deposited as a consequence of cell responses to the surface scratches
and gave the circular staining [39]. This pattern was observed in several images; however, it was not
until the full well was imaged that it was noticed that it made a complete circle.

3.2. Comparison of Different Feeder Layers

One striking observation in the S100β (detecting OECs) and Fn (fibroblasts) staining condition
comparing Ms3T3 and HuG418 feeders (Figure 3) was that the OECs did not appear to grow directly
over the feeder layer. Instead, they grew close to the fibroblasts (Figure 3C,D). This placement made
sense if the cells were gaining benefits from cell-to-cell contact. If paracrine factors were involved,
the OECs would not necessarily border the fibroblasts so closely [40].

No differences in p75NTR expression were observed on the different feeder layers (Figure 3A,B,G)
with yields of 15.9 ± 6.8 cells/mm2 and 10.7 ± 5.3 cells/mm2 on Ms3T3 and HuG418, respectively.
This may indicate that the OECs were benefitting from general cell-to-cell contact, not specifically
anatomically-matched HuG418 cells. However, as both lines were comprised of fibroblasts, there could
also be a common paracrine factor involved. OECs have been well documented to grow poorly in
isolation, and when a low yield is obtained, they do not proliferate [41–43]. Additionally, they have
been observed to survive better in a culture with a mixed population (normally OECs and olfactory
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fibroblasts) [10,44–47]. This would also explain why the HuG418 CM did not have the anticipated
beneficial impact on OECs’ p75TNR expression as hoped as the cells themselves may be required.
In the literature, it has been observed that there is a close relationship between OECs and olfactory
fibroblasts. However, it does appear that this relationship is due to the physical contact as opposed to
any paracrine factors present [48].

Figure 3. Cells were fixed after 14 days of culture and stained for OEC biomarkers p75NTR and
S100β and fibroblast biomarkers Thy1.1 and Fn (A–D). Positive cells were quantified in ImageJ and
graphed as the yield of positive cells in the image area (E–G). Circularity was used as a measurement of
morphology, and positive S100β cells were analysed for their circularity (H,I). The scale bars represent
400 μm. Data are the means ± SEM, n = 3.

Thy1.1 expression was found to be significantly different between the two feeders (Kruskal–Wallis,
p = 0.01). As observed in the ICC images and quantification, the presence of Ms3T3 downregulated the
expression of Thy1.1 (yield of 14.6 ± 4.1 cells/mm2 on HuG418 and 4.8 ± 2.1 cells/mm2 on Ms3T3). This
was important as it indicated that the Ms3T3 feeders were superior to the HuG418 when it came to
supporting OEC growth and expression of p75NTR. OECs appeared to be supported by cell-to-cell
contact and did not gain any benefit from paracrine factors. These results suggested that Ms3T3 feeders
were superior to HuG418 cells as they resulted in fewer Thy1.1-positive cells whilst maintaining similar
p75NTR expression levels.

These results, together with the results obtained with CM, indicated that OECs benefitted from
cell-to-cell contact rather than paracrine signalling by HuG418 cells. Ms3T3 cells are commercially
available as a GMP cell line (Sigma-Aldrich, UK). Therefore, their application as a feeder layer to
enhance OEC phenotype during scalable manufacture is attractive to advance OECs towards the clinic.
Potential safety concerns around the purity of the final clinical preparation could be addressed by
purifying OECs with affinity-based removal of the mouse feeders. From this initial work with primary
rat OECs, it was found that rat OECs have a more promising regenerative function when cultured
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with feeders. However, there was no difference between human olfactory mucosa-derived feeders and
mouse 3T3 cells in their ability to support OEC marker expression.

3.3. Human OECs Behave Differently to Rat OECs in Culture

Studies in small animals are important to generate pre-clinical data and to gain an understanding
of responses in physiologic systems before moving into humans. However, there are concerns that
OECs in different animals behave differently [49–51], and animal cells and tissue do not accurately
reflect the function or behaviour of human material. This is especially important when the length
of the injury is considered. The gap to be bridged by the neurons in an SCI is much smaller in a rat
compared to a human [50], and the ability of OECs to support neurons over this small distance may
not be relevant on the human scale. Therefore, we generated conditionally immortalised cell lines from
the human olfactory mucosa [26] and tested these under the same conditions in order to determine
how translatable animal studies are.

ICC micrographs in Figure 4 revealed that Fn staining on laminin occurred in a completely different
pattern from the other matrix conditions. In Ms3T3 and PLL conditions, the Fn deposition could be
more easily traced back to the individual cells producing it. In contrast, on laminin, the staining pattern
was more widely distributed. These distinct differences in the pattern were unexpected. Due to this
staining pattern, cell counts and yield were not carried out for Fn due to the inaccuracy of determining
the original cell responsible for the Fn. The reason for the different staining pattern on laminin is not
known, and no references to similar occurrences could be found in the literature.

 
Figure 4. PA5 cells cultured on laminin or Ms3T3 feeders, in standard media or HuG418 conditioned
media. Cells were cultured for five days and stained for S100β and Fn (A–L). S100β-positive cells
were quantified in ImageJ and graphed as yield of positive cells in the image area (M). Conditioned
media constantly gave lower yields of S100β, and laminin with standard media gave the highest yield.
The scale bars represent 400μm. Data are the means ± SEM, n = 3.

S100β expression appeared to be more prominent in conditions with NT-3 compared with those
conditions cultured in its absence and CM did not have any positive impact on S100β expression
(Figure 4). From the three matrix conditions, it was found that the presence of Ms3T3 feeders
was less beneficial for glial marker expression compared with PLL and laminin, which contrasted
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what was observed for rat OECs (yield of 133.7 ± 24.0 cells/mm2 on Ms3T3 with standard media
compared to 184.8 ± 27.7 cells/mm2 and 235.9 ± 31.0 cells/mm2 for PLL and laminin with standard
media, respectively). This was not necessarily surprising, as it has been found that there are several
differences between the rat and human olfactory system [52] including in vitro growth, spontaneous
immortalisation, and morphology [53,54]. Additionally, in terms of implantation and isolation, the
olfactory mucosa in rats is yellow, whereas in humans, it cannot be discerned from the respiratory
tissue [55]. This leads to a higher level of non-OECs being present in the implant, which may or may
not assist in regeneration. It does cause concern that any previous work that has been carried out in rat
is not translatable to human scale up [24,49].

Another difference between the rat and human OECs is that the human OECs do not appear
to benefit from the presence of NT-3. Although the study was not carried out as part of this work,
previous studies have shown that NT-3 significantly increased the expression of glial markers in rat
cells [27]. For our human cell line, the presence of NT-3 seemed to increase the level of expression
slightly, but not significantly.

The differences that occurred between rat and human OECs in regard to neurotrophic factors and
matrix preference showed that more in depth study and understanding of human OECs are necessary
to be able to predict cell behaviour. It also indicated that care needs to be taken when translating
results from rat to human OECs. Two human cell lines were investigated (data not shown from the
second cell line), and they both followed the same pattern with laminin being the highest performing
condition in terms of yield and significantly higher than most of the conditions with CM. Due to this,
human OECs were carried forward into the future work to ensure the conditions investigated were
relevant to the clinic.

3.4. Human OEC Co-culture with Neurons

Neurite outgrowth in cultured neurons is considered an indication of neuro-regenerative
potential [56–60], and therefore, neurite outgrowth was quantified to compare the cultures. Neurite
number and length were normalised to the number of neurites and neurons. Neurons were cultured in
isolation to ensure any neurite extension we observed could be related to the presence of the OECs.

Cells co-cultured on laminin with standard media had a higher number of neurites with longer
extensions (Figure 5). Cells co-cultured on laminin and feeders with CM did not perform as well as
cells cultured with standard media. No difference was observed between the neuron-only conditions
on the different matrices for all measurements. This indicated that the neurons were responding to the
PA5s as opposed to the culture conditions (matrix and media).

The conditions cultured with OECs performed best in regard to average neurite length (Figure 5S,
one-way ANOVA, Bonferroni post-hoc, p < 0.001). Although co-culture on laminin with standard
media performed better than those co-cultured with CM (49.7 ± 3.7μm versus 40.4 ± 1.6 μm), this did
not result in any significant difference.

When the neurite length per neuron was examined (Figure 5T), the co-culture on laminin with
standard media showed significantly longer neurites per neuron (76.0 ± 11.2 μm) compared with every
other condition (43.6 ± 5.5 μm on laminin with CM and 41.0 ± 10.6 μm on Ms3T3 with CM, one-way
ANOVA, Bonferroni post-hoc, p < 0.01). All conditions without OECs performed similarly to each
other (22.8 ± 2.4 μm, 17.8 ± 2.3 μm and 17.9 ± 1.1 μm on laminin with standard media, laminin with
CM and Ms3T3 with CM, respectively).

The number of neurites extended by each neuron revealed a similar pattern (Figure 5U) where the
co-culture on laminin with standard media produced more neurites per neuron (1.54 ± 0.20) than the
majority of the other conditions (one-way ANOVA, Bonferroni post-hoc, p< 0.001) with the exception of
co-culture on laminin with CM (1.08 ± 0.14). Collectively, these data showed that the matrix and media
condition that gave the highest S100β expression in OECs resulted in the best neuronal growth support.
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Figure 5. PA5 cells were co-cultured with NG108-15 neurons for five days under different matrix and
media conditions. NG108-15 cells were also cultured in isolation to ensure that any improvement
observed could be reliably attributed to the PA5 cells as opposed to the matrix and media conditions.
After five days of NG108-15 culture, cells were fixed and stained for βIII-tubulin and p75NTR (A–R).
The NeuronJ plugin in for Image J was used to quantify the neurite outgrowth, and measurements were
made for neurite length/neurite (S), neurite length/neuron (T), and neurites/neurons (U). The scale bars
represent 200 μm. Data are the means ± SEM, n = 3.

The formation of neurites from neurons is vital to the functionality and development of the
nervous system [61]. From these results, it can be seen that co-culture on laminin with standard
media was the condition that provided the most support to the development of neurons in regard to
the longest average neurite. In the absence of co-culture, the development of neurons was not well
supported, and as a result, shorter neurites were observed. Previously, it was found that laminin with
standard media was a promising condition for OEC proliferation and S100β expression. This suggested
that when OECs were expressing higher levels of S100β and that they were able to provide better
support to neurons. When S100β expression was lower, the presence of the OECs was still able to
benefit the neurons.

When Schwann cells support peripheral nerve repair, it has been observed that an upregulation of
S100β leads to identification of so-called “reactive” Schwann cells, which are responsible for axonal
sprouting [62]. If OECs followed a similar behavioural pattern, it could be that the conditions with
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higher S100β were more capable of allowing axonal sprouting and therefore resulted in increased
neurite numbers.

It has been observed in several studies that laminin is an extracellular matrix that is able to
stimulate rapid neurite growth and has been directly linked to neurite outgrowth in vitro [63–65].
Studies have also shown that enhanced neurite outgrowth and preferred attachment was observed
when neurons from the CNS were plated on laminin [66], and it is thought that the presence of laminin
starts to create a more permissible environment for axonal extension [67]. The hostile environment
present after SCI is a key part of why nerve regeneration does not happen spontaneously [24,68,69].
There was no significant difference observed between neurons cultured in isolation on laminin and
on Ms3T3 feeders. This suggests there is more to the interaction than the preference for laminin.
The combined effect of the favourable matrix and support cells could explain why laminin with
standard media was the highest performing condition.

CM collected from HuG418 had a lesser effect on the average neurite length per neuron compared
to standard media. This may be initially related to the lower S100β expression in the OECs in this
condition. It would indicate that the CM from HuG418 does not have any beneficial soluble paracrine
factors for the neurons. This lack of factors and therefore interaction between these two populations
is not necessarily unexpected as although studies have shown a benefit in transplantation with a
mixed population of OECs and fibroblasts (Keyvan-Fouladi et al., 2003 [44], Ramón-Cueto et al.,
2000 [10], Raisman and Li, 2007 [47], Teng et al., 2008 [46]), it has been under the understanding that
the fibroblasts support the OECs, not the neurons. Fibroblasts have not been pursued as a cell therapy
option for nerve regeneration, and they are not believed to have specific properties that enhance the
function of neurons [70,71]. Therefore, standard media resulting in longer neurites than conditioned
media can be seen as an expected output.

4. Conclusions

We established that the behaviour of rat and human OECs did not follow the same patterns, and
therefore, caution needs to be engaged when using pre-clinical data that have been carried out using
rat models. When focusing on human OECs, we found that out of the conditions investigated, laminin
with NT-3 was the best condition for protein expression and neurite extension. It would be valuable to
investigate the components of the fibroblast conditioned media to further understand what aspects
resulted in Thy1 upregulation and how the population reacts when Thy1 positive cells are removed.
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Abstract: Allogeneic cell therapy products, such as therapeutic cells derived from pluripotent stem
cells (PSCs), have amazing potential to treat a wide variety of diseases and vast numbers of patients
globally. However, there are various challenges related to the manufacturing of PSCs in large
enough quantities to meet commercial needs. This manuscript addresses the challenges for the
process development of PSCs production in a bioreactor, and also presents a scalable bioreactor
technology that can be a possible solution to remove the bottleneck for the large-scale manufacturing
of high-quality therapeutic cells derived from PSCs.
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1. Introduction

With their potential to cure a wide variety of disease indications and address vast patient
populations, allogeneic cell therapies derived from pluripotent stem cells (PSCs) are poised to
revolutionize therapeutic medicines [1,2]. However, 2D planar manufacturing technologies that
have been commonly used for small scale R&D and early stage clinical trials are inadequate and
cost-prohibitive for production at the larger scales required for late-stage clinical trials and commercial
manufacturing [3]. Single-use bioreactors are widely recognized as a feasible manufacturing solution
but need to be optimized in order to meet the unique process requirements of PSCs [4]. One of the
critical challenges for future success in commercializing allogeneic cell therapy products is establishing
a scalable manufacturing technology that can reliably reproduce the yield and quality of PSC-derived
products generated from small-scale R&D at larger scales sufficient for commercial manufacturing [5].

PSCs are mortal human cells that include specific cell types such as human embryonic stem cells
(hESCs) and induced pluripotent stem cells (iPSCs). When cultivated in a 2D planar vessel, PSCs attach
to a surface substrate and grow as a monolayer. In contrast, starting from single cells or small clumps
in suspension bioreactors, PSCs that come into contact will naturally clump together to form spherical
cell aggregates [6]. The formation of cell aggregates is required not only for the cell expansion phase
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but also for subsequent differentiation, which can be a multi-step process that directs the pluripotent
cells to turn into a final target cell type for treating a particular disease.

Depending on a particular cell expansion and differentiation process, there is an optimal range
of spherical cell aggregate sizes that can maximize the efficiency and production yield of expansion
and differentiation processes in a bioreactor [7–9]. If a PSC aggregate becomes too large, nutrients
and the growth or differentiation factors may be unable to evenly diffuse from the aggregate surface
into its center, leading to unwanted cell death or heterogeneous cell populations during expansion or
differentiation [10,11]. PSC aggregates that are too small may result in less efficient cell expansion and
differentiation, thus lowering the yields of final target cells [12].

There are varying published examples of optimal cell aggregate sizes for different cell types and
cell culture process steps. One experiment using hESCs showed that maximum viability and minimal
cell apoptosis during expansion was achieved when average aggregate diameter was 300 μm after
7 days of expansion, while apoptosis (with the majority of necrotic cells in the centers of aggregates)
peaked by day 14 if the average diameter reached 500 μm [13]. In another experiment, hESC aggregates
with diameters of 400 μm detrimentally had half the concentration of oxygen in their centers compared
to aggregates of 200 μm [10]. In a different experiment focusing on hESC differentiation, an average
diameter of 450 μm was ideal for cardiogenesis, whereas diameters between 150–300 μm were ideal
for endothelial cell differentiation [14]. For two different experiments involving hPSCs, an average
aggregate diameter of 139 ± 26 μm was optimal for initiating differentiation into neural cells in one
experiment [15], while an average diameter of 130 ± 40 μm was optimal for endoderm induction in the
other experiment [16]. As these various experiments indicate, optimal cell aggregate size is highly
dependent on factors such as cell type and expansion or differentiation process steps.

While PSC aggregate formation can be influenced by variables such as cell proliferation rate,
cell–cell adhesion strength, and cell packing density, the hydrodynamic environment inside a bioreactor,
which is created by the impeller used to continually mix the liquid media, also has a significant impact
on determining aggregate size and, ultimately, cell viability [17]. The hydrodynamic environment is
characterized by the two parameters of fluid shear stress and turbulent energy dissipation rate. Both
of these parameters are inversely correlated with the average size of PSC aggregates: higher levels of
shear stress and turbulent energy dissipation rate result in smaller sized aggregates, and vice versa.
After the initial seeding of single cells or small preformed aggregates into a bioreactor, collisions due to
the hydrodynamic environment will facilitate aggregate growth, either through the addition of single
cells onto existing aggregates or the fusion of smaller aggregates into larger ones. At sufficiently higher
agitation rates, the increased levels of shear stress will promote the breakage of loosely attached or
temporarily agglomerated larger aggregates and thus limit their maximum possible size [18].

Fluid mixing in a bioreactor using a traditional horizontal-blade impeller creates a significantly
uneven hydrodynamic environment. The highest levels of shear stress and turbulent energy dissipation
rates will be near the tips of the rapidly spinning impeller, with decreasing gradients of these
hydrodynamic parameters as the distance from the impeller increases [19,20]. Such a wide range of
shear stress levels and energy dissipation rates in a horizontal-blade impeller bioreactor results in a
non-uniform hydrodynamic environment, which in turn results in a wide variation in PSC aggregate
sizes. In this scenario the size of cell aggregates will vary and the range of aggregate diameters in
suspension becomes broad, which ultimately results in an inconsistent yield and quality of PSCs during
expansion and differentiation steps. This variation in PSC aggregate size becomes more pronounced at
larger sizes of horizontal-blade impeller bioreactors.

2. Scalable Bioreactor Technology as Manufacturing Solution

In contrast, the innovative Vertical-Wheel™ impeller, in conjunction with a distinct U-shaped
vessel, provides a significantly more homogeneous hydrodynamic environment in Vertical-Wheel
bioreactors. Computational fluid dynamics (CFD) analysis shows consistently low shear stress levels
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on all surfaces of the Vertical-Wheel impeller, as well as a narrow range distribution of turbulent energy
dissipation rates throughout the U-shaped vessel (Figure 1) [21].

Figure 1. Computational fluid dynamics (CFD) analyses of shear stress on the surface of vertical-wheel
impeller and range of turbulent energy dissipation rates in U-shaped vessel.

Fluid mixing using the Vertical-Wheel results in a very low variation in these two hydrodynamic
conditions while still achieving the complete and continual suspension of PSC aggregates.
The homogeneous hydrodynamic environment will result in a much tighter distribution of PSC
aggregate size (Figure 2A). As a result, PSC aggregates in a Vertical-Wheel bioreactor will consistently
have spherical shapes with similar diameters.

(A) 

Figure 2. Cont.
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(B) 

Figure 2. (A) Projected distribution of cell aggregate sizes in Vertical-Wheel bioreactor (homogeneous)
vs. horizontally stirred bioreactor (non-homogeneous) hydrodynamic environments. (B) inverse
correlation between average pluripotent stem cells (PSC) aggregate diameter and agitation rate in
Vertical-Wheel bioreactors.

In addition, the average diameter of PSC aggregates can be controlled by simply adjusting
the agitation rate of the Vertical-Wheel impeller (Figure 2B). As agitation rate increases, turbulent
energy dissipation rates and shear stress levels also increase while maintaining a homogeneous
hydrodynamic environment, resulting in smaller average aggregate diameters and still narrow size
distributions. The inverse is also true, with average aggregate sizes becoming larger as agitation rate
is lowered. Starting with a relatively low agitation rate after seeding can promote initial aggregate
spheroid formation. The agitation rate could later be increased to a speed that completely suspends
larger particles and forms optimally sized cell aggregates, while also preventing unwanted fusion or
agglomeration. Furthermore, the homogeneous hydrodynamic environment is maintained as bioreactor
volume increases. Being able to predict the mixing properties and hydrodynamic environment at
larger scales based on process development done at a small scale will be enormously beneficial for
establishing a scalable manufacturing process for PSCs.

3. Independent Biological Performance Data from Collaborators

Biological studies in Vertical-Wheel bioreactors have confirmed the inverse correlation between
agitation rate and average size for iPSC aggregates (Figure 3A). The uniformity of cell aggregate sizes
at different agitation rates in small-scale Vertical-Wheel bioreactors, compared to those produced in
horizontal spinner flasks, was also confirmed (Figure 3B) [22]. The observed narrow size distributions
and uniform morphology also indicate that unwanted agglomeration into overly large or irregular
spheroids is minimized across various agitation rates.
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(A) 

(B) 

Figure 3. (A) Inverse correlation between average iPSC aggregate diameter and agitation rates in
Vertical-Wheel bioreactor (0.1 L Scale). (B) Comparison of iPSC aggregate diameters and morphology
with different agitation rates in Vertical-Wheel bioreactor vs. horizontal-blade spinner (0.1 L scale).
Scale bar (200 μm).

As previously mentioned, the uniformity of PSC aggregates is essential not only for the
efficiency of cell expansion, but also for directed differentiation, by minimizing the chance that
growth and differentiation factors diffuse unevenly through aggregates, and therefore avoiding
the undesired heterogeneity and lower quality of target cells. In another set of experiments, iPSC
aggregates were successfully differentiated into neural cells, which then formed cerebellar organoids in
suspension within small scale Vertical-Wheel bioreactors (Figure 4). After 35 days of a cell expansion
and differentiation process, iPSC-derived organoids were efficiently maturated to GABAergic and
Glutamatergic neurons in 0.1 L scale Vertical-Wheel bioreactors [23]. Other iPSC aggregates were
successfully differentiated into beta cells, cardiomyocytes, or mammary organoids in suspension using
different differentiation processes in various scales of Vertical-Wheel bioreactors (data not shown).
In addition, studies to differentiate iPSCs into liver organoids in suspension are currently ongoing.
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Figure 4. Directed differentiation of human iPSCs into cerebellar organoids in 0.1 L scale Vertical-Wheel
bioreactor. Scale bar (100 μm).

While these various experiments were performed at relatively small scales (0.1 to 15 L) in
Vertical-Wheel bioreactors, the homogeneous hydrodynamic environment created by the Vertical-Wheel
impeller and U-shaped vessel has been modelled by CFD analysis up to 80 L scale and beyond. Therefore,
it can be predicted that the formation of uniformly sized PSC aggregates will also be scalable in
Vertical-Wheel bioreactors, resulting in efficient cell expansion and differentiation processes even at
larger scales.

A PSC expansion process can start with a small cryopreserved vial of PSCs from a working cell
bank, inoculating thawed cells into a small-scale bioreactor, and then expanding the cells by serially
passaging them into progressively larger bioreactors. Using the scalable bioreactor system with a
consistent hydrodynamic environment will improve the efficiency of serial passaging and total cell
yield. Studies were performed in order to determine the consistency of PSC expansion in Vertical-Wheel
bioreactors, from small-seed culture scale (0.1 L) to potential production scale (80 L). Freshly thawed
iPSCs were inoculated into a 0.1 L Vertical-Wheel bioreactor and then four consecutive passages of
iPSCs were performed using scale-down model bioreactors of identical size. These studies repeatedly
demonstrated that the use of Vertical-Wheel bioreactors led to an average 32-fold expansion of iPSCs
during 6–8 days of culture period per passage, achieving a cumulative cell expansion of greater than
one million-folds in 28 days (Figure 5). The cells harvested at the end of the serial passage were of high
quality, maintaining a normal karyotype, pluripotency, and the ability to form teratomas in vivo. This
scale-down model process suggests that commercial scale production of over one trillion high quality
iPSCs could feasibly be generated in a Vertical-Wheel bioreactor with 50 L working volume [22].

Various scaling factors can be used to the determine potential scalability of expansion and
differentiation processes developed at a small scale in Vertical-Wheel bioreactors. Common parameters
that would need to be kept constant during scale-up include Reynolds number, impeller tip speed,
power input, maximum shear stress, velocity, and energy dissipation rate. A recent study has suggested
that maintaining the volume average energy dissipation rate, determined through computational fluid
dynamics simulations, is the best scale-up method for predicting the agitation rates that will sustain
a desired average aggregate diameter with narrow size distribution [24]. Therefore, the agitation
rates for each progressively larger Vertical-Wheel bioreactor can be calculated that will maintain the
same homogenous hydrodynamic environment that was determined during process development in
small-scale Vertical-Wheel bioreactors.

114



Bioengineering 2020, 7, 31

Figure 5. Successful Serial Passaging of iPSCs in 0.1 L Scale Vertical-Wheel Bioreactors.

4. Conclusions

The ultimate goal of providing allogeneic PSC-derived products reliably to vast numbers of
patients requires a series of optimized unit operations at various scales to meet target manufacturing
lot sizes. Numerous manufacturing processes need to be considered, including seed train, expansion,
differentiation, cell harvest, wash, concentration, fill-finish, and cryopreservation. In particular,
upstream cell culture processes represent the most challenging bottleneck to achieving robust and
economical manufacturing at larger scales. With homogeneous hydrodynamic environments and
unparalleled scalability, Vertical-Wheel bioreactors can serve as the innovative manufacturing platforms
to enable commercial-scale production of PSC-derived therapeutic cells and to secure the supply of
these novel therapeutic cell products to patients.
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Abstract: Electrospinning is a scaffold production method that utilizes electric force to draw a
polymer solution into nanometer-sized fibers. By optimizing the polymer and electrospinning
parameters, a scaffold is created with the desired thickness, alignment, and pore size. Traditionally,
cells and biological constitutes are implanted into the matrix of the three-dimensional scaffold
following electrospinning. Our design simultaneously introduces cells into the scaffold during the
electrospinning process at 8 kV. In this study, we achieved 90% viability of adipose tissue-derived
stem cells through electrospinning.

Keywords: electrospinning; live-cell electrospinning; tissue engineering; cell seeding; high voltage;
viability

1. Introduction

Tissue engineering aims to produce synthetic tissues that maintain, restore, or improve native
tissue functions [1]. Engineers utilize the formation of both acellular scaffolds and scaffolds that are
seeded with cells to accomplish these objectives. Acellular scaffolds are typically used to define a space
for new tissues to develop [2]. These scaffolds serve as an extracellular matrix to promote cell adhesion
and growth in vivo. Scaffolds with seeded cells have a greater significance because they closely mimic
human tissues. It is essential for cell adhesion and migration to occur within these scaffolds. Overall,
scaffolds are usually porous and created by various methods, such as electrospinning, phase-separation,
freeze-drying, and self-assembly [3]. They enhance the body’s ability to heal itself by providing a
biodegradable matrix that can enable cells to grow [1].

Electrospinning is a quick and efficient way to produce scaffolds because it allows the scientist
to control parameters such as the sizes of nanofibers and nanopores [4]. Other parameters can
be constructed as well based on a careful selection of the polymer and an appropriate solvent [5].
During electrospinning, the polymer will dissolve in a volatile solvent and be loaded into a syringe.
This liquid is extruded from the needle tip at a constant rate by a syringe pump. In addition, a positive
or negative lead will connect to the needle-tip of the syringe while a ground lead is placed on a
collector plate [6]. The distance between the syringe-tip and the collector plate will vary depending
on the properties of the polymer solution. When the electrostatic force on the polymer solution
overcomes the surface tension, a jet of the polymer solution will form and eventually travel towards
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the collector plate [7]. As the jet flows towards the collector plate, the liquid will accelerate and deposit
micro/nanofibers of the polymer on the collector plate [8].

Utilizing current methods, cells are seeded onto the scaffold after it has been formed. Cell seeding
can be time-consuming because it requires three steps: creation of the scaffold, differentiation of the
cells, and incorporation of the cells into the scaffold. Cell differentiation is already time-consuming and
requires additional components, such as growth factors [9]. Another problem arises once these cells
are differentiated and seeded: limited ability of cell diffusion into the scaffold [10]. Limited diffusion
can produce a nonuniform distribution of cells that causes varied properties and cell densities within
different areas of the scaffold. This is potentially detrimental to the longevity of the scaffold both
in vitro and in vivo [11]. A possible method to increase cell dispersion in the scaffold is to directly
incorporate the cells into the electrospinning process.

There is evidence suggesting that externally applied magnetic fields can affect cell differentiation.
It is likely that the generated electric field affects the cell membrane [12]. When the membrane is
forced to change shape, it will distort the cytoskeleton of the cell, which attaches the cell membrane to
the nucleus. This change in the cytoskeleton will affect the expressed genes and cause the creation
of different cell signals, which could induce differentiation [13]. Incorporating stem cells into the
electrospinning process will expose them to an electric field that likely induces unique behaviors
(i.e., cell differentiation) as previously reported while using lower voltages [14,15]. While this has the
potential to be successful, there are many potential hazards to consider.

A concern in this process is that cells could not survive the voltage used in electrospinning. While
an electric field could cause unique behaviors, an excessively large electric field could be detrimental to
the viability of the cells. Moreover, the field could denature specific protein channels in the membrane,
which causes irreparable cell damage [16]. Voltages will be kept as low as possible to prevent this
from occurring. Typical electrospinning voltages range from 1 kV to 30 kV [17]. The applied voltage
required to create a scaffold will vary depending on the polymer used.

Jayasinghe et al. made use of the coaxial electrospinning from immortalized human brain
astrocytoma [18]; a year later, the author described its use from primary porcine vascular smooth
muscle cells or rabbit aorta smooth muscle cells, while the protectant polymer was polydimethylsiloxane
(PDMS) [19]. Yunmin et al. showed simultaneous bio-electro spraying of human adipose stem cells
(ASCs) while electrospinning polyvinyl alcohol (PVA), but the study used two separate needles [20].
Recently, Hoare et al. used hydrazide-functionalized POEGMA (POH) and aldehyde-functionalized
POEGMA (POA) along with poly(ethylene oxide) (PEO) to successfully encapsulate NIH 3T3 fibroblasts
and electrospin them [21].

This research will test two different polymer combinations: collagen/poly(ethylene oxide) (PEO)
and gelatin/pullulan. These polymer combinations will electrospin at around 8 kV of applied voltage.
One other constraint for this experiment is the solvent used for dissolving the polymer. In current
electrospinning methods, common solvents for collagen include 1,1,1,3,3,3-hexafluoro-2-propanol
(HFP), 2,2,2-trifluoroethanol (TFE), or acids (tri-fluoro acetic acid (TFA), acetic acid, hydrochloric
acid) [22,23]. These solvents could be toxic if cells are directly incorporated into the polymer–solvent
solution. To overcome this restriction, the group will use cell media as the solvent.

Collagen was chosen as the initial polymer because it is the primary constituent of the body’s
natural extracellular matrix [24]. However, collagen is typically electrospun with an acetic acid
solvent, which would likely cause cell death. No studies have attempted to show the success of
electrospinning collagen with cell media as the solvent. Therefore, other polymers will also be
utilized to determine which one creates the best scaffold. Moreover, collagen may degrade while
electrospinning, but successful trials have been reported using different methods, including modifying
the collagen surface with methyl methacrylate-co-ethyl acrylate [25]. Gelatin is simply denatured
collagen; therefore, it can create scaffolds with the same success as collagen [26]. Because previous
studies have determined that PEO increases the yield of uniform fibers when electrospun with other
polymers, we decided to use it as well [27]. Pullulan and gelatin are commonly used together in
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hydrogels, and pullulan has shown antioxidant potential [28]. Therefore, the group will electrospin
with pullulan, gelatin, or a combination of both. Adipose-derived stem cells (ADSCs) will be used
due to their accessibility and potential for creating various terminally differentiated cells, such as
osteoblasts, chondrocytes, adipocytes, and neurons [29]. The cells will be directly incorporated into
the five polymer solutions prior to electrospinning. To group’s knowledge, this is the first time that
electrospinning live cells using these natural biocompatible polymers has been reported.

2. Materials and Methods

2.1. Electrospinning Device

Due to the nature of working with living stem cells, it was imperative to maintain sterile conditions
throughout the entire spinning process. To maintain a sterile environment, the spinning took place
under a sterile biological safety cabinet. The electrospinning device needed to withstand exposure to
ultraviolet (UV) light, so it could be sterilized for at least 24 hours under the culture hood as the UV
light was usually turned on the night before the experiment. Acrylic, which can handle UV exposure,
was determined to be the material that the electrospinning device would be constructed with. Acrylic
sheets and cement were used to construct the framework of the electrospinning device along with the
necessary spinning supplies, such as a plate, voltage supply, electrical leads, and syringe pump.

2.2. Cell Culturing and Electrospinning

P2-P4 of adipose tissue-derived stem cells (hASCs) from Lonza (Walkersville, MD, USA) were used
for cell cultures. Cells were plated in T75 culture-treated flasks with approximately 1 million cells per
flask, and culture media was changed every 3-4 days for the duration of the culture. Three components
make up the cell electrospinning solution: protectant, solvent, and cell pellet. Collagen, Poly(ethylene
oxide 10,0000), pullulan, and gelatin powders were used as protectants. Poly(ethylene oxide) (Sigma),
pullulan (Hayashibara Laboratories, Okayama, Japan), Type A gelatin from porcine skin (Electron
Microscopy Sciences, Hatfield, PA, USA), and extracted collagen from rat tail were dissolved in solvent
at concentrations of 2.5 mg/mL, 5 mg/mL, 10 mg/mL, 20 mg/mL, and 30 mg/mL. For PEO, gelatin,
and pullulan, the powder was dissolved in serum-free culture media in the previously mentioned
concentrations, while collagen acetic acid was used instead of serum-free culture media. The protectants
and mesenchymal stem cell medium (solvent) were mixed again at the ratio of 1:1 by volume and placed
on a stirring hot plate for 20–30 minutes to warm and mix. The solution was warmed to 40 degrees
Celsius in the case of gelatin. The tube temperature reduced to 37 degrees Celsius. Cell pellets (1 × 106)
were then added to the protectant solution. Cell electrospinning content was aseptically transferred
to a sterile 10 ml syringe, and a sterile 18-gauge syringe needle tip was secured. The collector plate,
which is a petri dish, was positioned 7.5 cm from the end of the needle tip. The syringe pump
settings were adjusted to produce readings for a plastic 10 ml syringe pump. The pump rate was
set to 30 μL/min and reduced at increments of 5 μL/min to determine the optimized pump rate for
each cell electrospinning solution. Control cells using the same combination of gelatin, pullulan,
gelatin/pullulan, collagen, or PEO were sprayed at the same rate on an empty petri dish without any
voltage application. This procedure was done at room temperature, and electrospinning was never
performed for more than 15 minutes.

2.3. Viability Test

The viability was investigated by a live/dead assay kit and fluorescence microscopy. Approximately
6 hours after electrospinning, the culture media was aspirated from each well. After incubation with
calcein and ethidium (2 μM calcein and 4 μM ethidium in PBS) for 10 minutes at 37 ◦C, samples were
washed with PBS and cells were imaged.
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Cytotoxicity Test (Lactate Dehydrogenase (LDH) Activity)

The media was aspirated two days after spinning, and cells were washed with PBS. Lactate
dehydrogenase or LDH (Cytotox96 kit, Promega, Madison) was performed on the attached cells
according to the manufacture’s protocol to look at the cell viability using cell lysate [30].

Viability% =
Average OD o f sample ∗ 100

Average OD o f control

2.4. Gene Expression by Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Seven days after spinning, RNA was isolated according to the manufacturer’s instructions for the
RNeasy plus mini kit (Qiagen, Germantown, MD, USA), and RT-PCR was performed according to
the instruction manual of the One-Step RT-PCR kit (Qiagen, Germantown, MD, USA). The selected
pluripotential genes were SOX2 and OCT4.

2.5. Immunocytochemistry

Cellular morphology was visualized on Day 2 using fluorescence microscopy. Briefly, samples
were fixed with 4% paraformaldehyde (PFA) in PBS (pH 7.4) for 15 min at room temperature (RT).
After rinsing with PBS three times, the samples were placed in a permeabilization solution with 0.1%
(v/v) Triton X-100 for 10 min and rinsed again with fresh PBS three times. The cells were incubated
with Phalloidin 488 and DAPI (Life Technologies, Carlsbad, CA, USA) to visualize the f-actin and
nuclei, respectively.

2.6. Microscopy

To observe the structure of the scaffold, Fluorescein Isothiocyanate (FITC)-conjugated gelatin was
used. Electrospun cells/scaffolds deposited on microscope glass slides were imaged using an Olympus
BX51 microscope equipped with an Olympus DP73 camera and CellSens software.

2.7. CytoViva Microscopy

To confirm that the cells were embedded within the scaffold, the cells were labeled using a
green CMFDA cell tracker dye (Invitrogen, Oregon, Germantown, MD, USA) before electrospinning;
they were labeled with DAPI afterward. Samples were imaged using CytoViva’s patented enhanced
darkfield transmitted light condenser (NA 1.2–1.4) coupled with CytoViva’s proprietary Dual Mode
Fluorescence (DMF) module. These components were configured on an Olympus BX51 upright
microscope using an Olympus100X oil UPL Fluorite objective (NA 0.60–1.30) with adjustable iris
objective optimized for darkfield imaging. The light source used was Prior Lumen 200 with a metal
halide lamp and variable light attenuation. Optical images were captured using a DAGE-MTI XLMCT
cooled CCD camera with a 7.4 μm pixel size.

2.8. Fourier-Transform Infrared Spectroscopy (FTIR)

Scaffold compositions were determined by loading the samples onto an attenuated total reflectance
(ATR) attachment and using a Thermo Scientific Nicolet iS 50 FTIR (Thermo Fisher, Waltham, MA,
USA). Data were plotted in MS Excel (Microsoft, Redmond, WA, USA).

3. Results

A scheme of the electrospinning process is shown in Figure 1A. Electrospinning was only observed
at a concentration of 5 mg/mL at 8 kV (Table 1). Cells were detected 6 hours after electrospinning to
observe attachment as a sign of viability. Most cells in the collagen scaffold were dead (i.e., stained red).
The PEO scaffold had a lot of red cells floating in the petri dish. Gelatin, pullulan, and pullulan/gelatin
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had good cell viability (i.e., stained fluorescent green), while the number of dead cells (stained red)
was minor.

Table 1. Different concentrations that have been tried to electrospin cells.

Polymer Concentration Viability from Dead/Live

PEO 2.5 mg/mL, 5 mg/mL, 10 mg/mL, 20 mg/mL, and 30 mg/mL Not acceptable

Collagen 2.5 mg/mL, 5 mg/mL, 10 mg/mL, 20 mg/mL, and 30 mg/mL Not acceptable

Gelatin 2.5 mg/mL, 5 mg/mL, 10 mg/mL, 20 mg/mL, and 30 mg/mL Acceptable

Pullulan 2.5 mg/mL, 5 mg/mL, 10 mg/mL, 20 mg/mL, and 30 mg/mL Acceptable

Gelatin/ Pullulan 2.5 mg/mL, 5 mg/mL, 10 mg/mL, 20 mg/mL, and 30 mg/mL Acceptable

 

Figure 1. (A) Schematic diagram of electrospinning setup for live cells; (B) lactate dehydrogenase (LDH)
from cell lysate in electrospun and control groups; (C) LDH from cell lysate in electrospun (cell+media)
compared to Sprayed cell+media. Results are normalized to control. * shows p-value < 0.05.

The viability of cells in collagen was very low in both control and electrospun groups. Control
cells were sprayed at the same rate on the petri dish without any voltage application. The 0.01%
acetic acid that was used to dissolve collagen is probably the reason for low cell viability. PEO was
dissolved in cell media and is biocompatible. However, very low cell attachment was observed in
both control and electrospun groups, but the group realized this did not result from just the PEO.
The PEO viability was 50% in the control group and less than 20% in the electrospun group. There is a
significant difference between the control and electrospun group which is caused by the additional
effect of electrospinning. In the electrospinning process, the polymer solution is exposed to shear stress,
and dead cells in PEO can be the result of non-Newtonian fluids’ behaviors and shear stress. When
PEO was removed from the formulation, gelatin/cells’ viability and attachment were good, and LDH
on cell lysate showed 88% cell viability from the electrospun group compared to the control group
(Figure 1B,C). However, when the sample was switched to pullulan/gelatin/cells, the group achieved
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99% viability compared to the control, but the pullulan/cell scaffold had 91% viability. The p-value
was not statistically significant among the three groups. To prove the role of the protectants (gelatin
and pullulan), cells were electrospun with only culture media, and the cell viability reduced to 40%
compared to cells and media that were sprayed with the same rate on the petri dish.

Seven days after electrospinning, Oil Red O, toluidine blue, and Alizarin Red S staining were used
to study adipogenic, chondrogenic, and osteogenic differentiations. All cells were negative for Oil Red
O, toluidine blue, and Alizarin Red S. Moreover, PCR data showed no significant change in SOX2 and
OCT4 after electrospinning (Figure 2), which confirms stemness after and before electrospinning.

Figure 2. Gene expression in gelatin and gelatin/pullulan electrospun groups normalized to control.
Control groups are cells cultured with 5 mg/mL gelatin or 5 mg/mL pullulan/gelatin.

To look at the cell alignment, the group used actin staining 2 days after electrospinning.
Cell alignment was random as expected (Figure 3A,B). Images of the scaffold with FITC gelatin
showed a porous structure which was later confirmed by CytoViva imaging as well. (Figure 3C).

A highly porous structure was observed after CytoViva imaging. It appears that the cells become
embedded in these pores as confirmed by another CytoViva imaging, where cells were pre-stained
with a cell tracker and DAPI. Those that house the cells were approximately 10 μm in diameter.

The band observed at 996 cm−1 in the pullulan and electrospun samples, which is associated with
C-OH bending vibrations at the C-6-position in the case of polysaccharide, indicates the strength of the
interchain interactions via hydrogen bonding [31].

The primary hydroxyl groups at the C-6-position were available in the pullulan macromolecule
(Figure 4C). However, there were no hydroxyl groups at the C-6-position in gelatin. This band can
show the glycosylation between the gelatin and pullulan molecules or the formation of the interchain
hydrogen bond in the composite fiber. The amide I (AmI) band at 1630 cm−1 in pullulan/gelatin was
the strongest among the three and shifted slightly to a higher wavelength, which can be associated with
AmI sensitivity to hydrogen bonding at the C=O group [32,33]. Hydrogen bonding plays a significant
role in the stabilization of protein secondary structure which can result from the presence of pullulan
here [34].

This experiment was run at 8 kV, and the best concentration for Pullulan/gelatin was 5 mg/ml
at the ratio of 1:1. Further studies are needed to look at the effect of higher voltage on cell viability
and differentiation.
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Figure 3. (A) Actin staining of adipose-derived stem cells in control and in (B) pullulan/gelatin/cells at
10×. Phalloidin 488 (green) labels actin, while DAPI (blue) labels the nucleus. (C) Cells were surrounded
by FITC (green) conjugated gelatin.

 

Figure 4. Cont.
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Figure 4. CytoViva and FTIR of the three scaffolds. (A) The cells were stained with CellTracker
Green CMFDA (Invitrogen) at 2.5 μM for 1 h before electrospinning and were stained for DAPI after
electrospinning. (B) CytoViva image of the cells and scaffold with no pre-staining. (C) FTIR of the
pullulan, gelatin and gelatin/pullulan electrospun scaffolds.

4. Discussion

Uniaxial electrospinning with a single needle is a common technology for the fabrication of
scaffolds that can provide the initial scaffold for tissue engineering applications. On the other hand,
coaxial electrospinning facilitates the incorporation and preservation of bioactive substances, where the
shell is often used to protect sensitive substances encapsulated in the core. In this new method,
uniaxial electrospinning is incorporated with live cells. Polymers are used to protect the cells, and the
cells are encapsulated in the polymers during the electrospinning process. In this study, the group
used pullulan, gelatin, collagen, and PEO. Trials with collagen and PEO were unsuccessful as cell
viability was not acceptable. Highly hydrated polymers, such as PEO, suppress cellular and molecular
adhesions by providing a physical steric barrier [35,36].

This study proved that pullulan and gelatin could protect cells from high voltage damages.
Pullulan and gelatin are biocompatible, water-soluble polymers that have been shown to be ineffective
at changing phenotype, viability, and cell differentiation. Pullulan can quench reactive oxygen
species [37] and be a great scaffold in combination with gelatin. Moreover, pullulan can increase the
tensile strength of gelatin, which is very important in tissue engineering [38]. Its structural features,
such as the presence of large amounts of hydroxyl groups in the main chain, make it an optimal
polymer for creating scaffolds. Studies show that the increase in the pullulan content of a scaffold leads
to an increase in viscosity and eventually a decrease in electrical conductivity [39]. The group believes
that the composition used in this experiment for making scaffolds acted as a shield for live cells against
electrical conductivity, which was shown by the viability studies.

CytoViva images showed a porous structure with cells embedded in it. Moreover, we observed
single cells covered by pullulan and gelatin, which was confirmed by fluorescence microscopy. Studies
have shown that integrin is an electric field-sensing protein on the cell surface [40]. In addition, gelatin
attaches to cells via integrin. Blocking the sensing proteins may be the reason for protecting the cells
from high-voltage damage. In general, gelatin can protect the cells by covering the essential structures
required for cell function and viability [41]. Gelatin and pullulan are both water-soluble, and this
scaffold will dissolve after incubation at 37 ◦C. These polymers protect the cells during electrospinning
but eventually dissolve in the media which can be altered by biocompatible crosslinkers [42].
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In this study, no significant difference was found in Sox2 and Oct4 gene expression before and after
electrospinning, but it has been shown by numerous studies that low voltage electrical stimulation can
affect gene expression of transforming growth factor-β (TGF-β), collagen type-I, alkaline phosphatase
(ALP), bone morphogenetic proteins (BMPs), and chondrocyte matrix [43]. More experiments are
needed to better understand the effect of 8 kV on stem cells, and the broader gene expression still needs
to be studied.

5. Conclusions

The success of this project opens a new field of study within tissue engineering. The discovery
that cells can be directly incorporated into the electrospinning process has many potential benefits
within the tissue engineering realm. In this paper, electrospinning with an applied voltage of 8 kV
was observed at a concentration of 5 mg/mL gelatin/pullulan, but there are many combinations of
polymers and cell-types that can still be tested. The application of this design is endless, and many
properties of cells may change with variations of voltages and materials. Although this method is
limited to water-soluble polymers, using the core–shell technology allows the use of other polymers.
By using the core–shell technology, the outer polymer can be loaded with cells and the inner core can
be loaded with a polymer that is not water-soluble.
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Abstract: Adipose tissue is a rich source of stem cells, which are reported to represent 2% of the stromal
vascular fraction (SVF). The infrapatellar fat pad (IFP) is a unique source of tissue, from which human
adipose-derived stem cells (hADSCs) have been shown to harbour high chondrogenic potential.
This review aims to calculate, based on the literature, the culture time needed before an average knee
articular cartilage defect can be treated using stem cells obtained from arthroscopically or openly
harvested IFP. Firstly, a systematic literature review was performed to search for studies that included
the number of stem cells isolated from the IFP. Subsequent analysis was conducted to identify the
amount of IFP tissue harvestable, stem cell count and the overall yield based on the harvesting method.
We then determined the minimum time required before treating an average-sized knee articular
cartilage defect with IFP-derived hADSCs by using our newly devised equation. The amount of fat
tissue, the SVF cell count and the stem cell yield are all lower in arthroscopically harvested IFP tissue
compared to that collected using arthrotomy. As an extrapolation, we show that an average knee
defect can be treated in 20 or 17 days using arthroscopically or openly harvested IFP-derived hADSCs,
respectively. In summary, the systematic review conducted in this study reveals that there is a higher
amount of fat tissue, SVF cell count and overall yield (cells/volume or cells/gram) associated with
open (arthrotomy) compared to arthroscopic IFP harvest. In addition to these review findings, we
demonstrate that our novel framework can give an indication about the culture time needed to scale
up IFP-derived stem cells for the treatment of articular cartilage defects based on harvesting method.

Keywords: stromal vascular fraction; stem cell; adipose-derived stem cell; infrapatellar fat pad; knee;
arthroscopy; arthrotomy; tissue engineering

1. Introduction

Human adipose-derived mesenchymal stem cells (hADSCs) [1–5] are a significant player in tissue
engineering, particularly for forming chondrogenic tissue [6,7]. The two primary adipose sources
harvested are the subcutaneous fat tissue and the infrapatellar fat pad (IFP). The IFP, which is also
known as Hoffa’s fat pad, is a distinct bulk of fat that sits behind the patellar tendon extending into the
anterior knee joint [8]. The tissue is functionally structural adipose with little or no metabolic response;
furthermore, its contribution to knee function is unclear if any [8]. Stem cells isolated from the IFP
have been shown to produce higher chondrogenic potential in comparison to those sourced from
subcutaneous fat [9] and possess significant multi-differentiation potential [10]. IFP-derived hADSCs
have been used for intra-articular injections into osteoarthritic human knees [11] and for engineered
tissue implants for in vivo cartilage repair [12,13].
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In the literature, in vivo animal models of osteochondral repair using IFP-derived hADSCs paired
with tissue engineering techniques utilise the following treatment process: (1) harvest and isolation of
hADSCs, (2) culture expansion of hADSCs, (3) reimplantation of hADSCs combined with a scaffold [12].
A significant concern in these studies has been the use of excessive cell-expansion timeframes (step
2 of the treatment process), which can be performed for many months and passages. Long-term
cell expansion in a laboratory is associated with an increased risk of tumorigenic transformation,
contamination and exposure to animal-based serum products [14].

When envisioning future clinical translation of regenerative therapies in different individuals,
an efficient expansion timeframe needs to be identified. Another key advantage of using an efficient
duration for reimplantation is to identify the patient waiting time between surgical procedures (harvest
and reimplantation).

To identify the minimum time required for cellular expansion before treatment, three critical
pieces of data are needed; (1) the number of hADSCs required for therapy, (2) the IFP-derived hADSCs
doubling time, and (3) the number of hADSCs that can be isolated from the IFP.

The cell concentration in healthy cartilage and the defect volume in question dictate how many
stem cells are required for therapy. The average number of cells per mL of articular cartilage was
described as 1.0 × 107 by Hunziker et al. (2002) [15]. The average knee defect volume in humans
is approximately 550 μL (mm3) as shown in a hallmark study reporting the findings of diagnostic
arthroscopies [16]. Therefore, in an average-sized defect, 5.5 × 106 cells are required for regenerative
therapy. The doubling time of IFP-derived hADSCs has been described as roughly 5 days by Garcia et al.
(2016) [17]. The remaining piece of data needed is the number of stem cells that can be isolated from
the IFP, which has been poorly studied, with no extensive case studies evaluating the cellular yield.
When the IFP is digested, the initial cellular population retrieved is a stromal vascular fraction (SVF),
which contains many different types of cells. The proportion of SVF cells that are hADSCs has
been described in the literature as roughly 2% [18,19], and to specifically isolate these cells, selective
plastic adherence and cellular expansion are required as per the International Society for Cellular
Therapy [20,21].

A key factor influencing the cellular yield is the amount of fat tissue harvestable, which is limited
when using the IFP. The IFP is generally removed along with surrounding connective and fibrous
tissue, meaning the overall fat content is less than the amount of total tissue collected. Traditionally
the two methods to harvest IFP tissue are keyhole surgery (arthroscopy) or formal opening of the knee
joint (open arthrotomy) during arthroplasty. The amount of IPF tissue that can be harvested by either
technique is different, given one procedure is minimally invasive and the other is open.

Hence, the overall aim of this systematic review is to identify the culture time needed to scale up
IFP-derived stem cells for cartilage regeneration. The data gap within the literature is the evaluation
of how many cells there are in the IFP. By identifying this information, we can couple it with the
number of cells needed for therapy and the doubling rate (described above) to ascertain the minimum
timeframe required for cellular expansion before reimplantation and therapy. This is calculated using a
modified derivation of the cellular doubling time equation [17] and is detailed in the methods section.

The specific outcomes that will be assessed are; the amount of fat tissue retrievable, the cellular
yield and finally, the number of SVF cells obtainable. These outcomes will be evaluated by the method
of harvest used (arthroscopic or open arthrotomy).

Finally, using the sourced data from the systematic review, the minimum time required for cellular
expansion prior to treating an average-sized knee defect is determined using a newly derived equation
by the authors.
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2. Materials and Methods

2.1. Study Design and Literature Search

A systematic literature review based on the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [22] was conducted on the 15th of October, 2019.

Two independent investigators (SF, AY) searched electronic databases (PubMed, Cochrane Central
Register of Controlled Trials (CENTRAL) and Embase) with English language restrictions.

The following keywords were used: “infrapatellar fat pad” AND “mesenchymal stem cell” OR
“adipose-derived stem cell”. Duplicates were removed and reference lists were also searched manually
for additional studies. Our search combined the following search term groups;

1. Infrapatellar fat pad
2. Stem cell OR mesenchymal stem cell OR adipose-derived mesenchymal stem cell

Using the Boolean operator OR within the search group and then combining the two groups with
the operator AND we formulated our search design.

2.2. Study Selection and Eligibility Criteria

The search was restricted to human studies written in English published within the last 20 years
(1998 onwards). Search results from each database were then imported into EndNote bibliographic
management software (Thomson Reuters, Endnote version X7, Ottawa, ON, Canada) and duplicates
were then identified. Level one screening (SF and AY) was performed by looking at article titles and
abstract records and screened based on carefully selected inclusion and exclusion criteria, as shown in
Table 1.

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Human participants ≥ 18 years old Conference abstracts and non-original papers
(commentaries, reviews, letters or editorials)

Studies written in English Animal studies

Clinical studies, multi-centre studies, observational
studies, clinical trials, randomised control trials,

meta-analyses and systematic reviews

Studies conducted in children, adolescents or
pregnant women

Measurement of MSCs derived from IFP only Non-IFP-derived MSCs or studies lacking specific
data relating to IFP or MSC numbers

Explicit measurement of the quantitative value of
MSCs found per participant Off-topic studies

The remaining pool of articles underwent level 2 screening (same exclusion parameters as level 1).
The full text of these articles was screened by two independent reviewers (SF and AY) and relevant
articles selected.

Differences in opinion were resolved by consensus. Additional hand searching of reference lists
of included full-text articles were identified and added for inclusion if appropriate.

2.3. Data Extraction

Two independent reviewers (SF, AY) obtained relevant data and assessed the accuracy of the
screened articles. In the event that both authors could not reach an agreement, a third author
(PC) decided. The following information was extracted from each study: first author’s name, year
of publication, country, study design, participant eligibility, patient demographics, study sample
size, harvest procedure, surgical indication, the quantity of IFP tissue and cells yielded per study.
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Contact with corresponding authors was also attempted when deemed necessary to verify the accuracy
of the data and obtain further data for the analysis.

2.4. Quality Control and Assessment

Quality control procedures for articles included level 1 (titles/abstracts) and level 2 (full text) screening
for eligibility according to inclusion and exclusion criteria. Level 2 screening, as mentioned prior,
was performed independently by two researchers. Articles for which there was any uncertainty about
inclusion were discussed with a third researcher. Data were extracted from full-text versions of articles.

2.5. Minimum Time Required for Regenerative Therapy Using IFP-Derived hADSCs

This is calculated using the data sourced from the systematic review and the following equation,
which is a derivation from the cell population doubling time equation [17]. The number of days in
culture (t2−t1) from the original equation corresponds to the minimum time (days) used in this formula.

Minimum time (days) = [DT × ln(n2/n1)]/[ln (2)] (1)

Theorem 1. Where DT refers to the cell doubling time, n2 is the total number of hADSCs required for therapy
and n1 is the number of hADSCs initially isolated. The number of hADSCs is calculated as 2% of the SVF
population, based on literature described in the introduction.

3. Results

3.1. Search Results

Using the search strategy described above, 156 articles were obtained, of which 72 were screened
at level 1 after review of title and abstracts. Of the remaining 84 articles, after reviewing the full text,
a further 72 articles were screened out at level 2. References were checked in the remaining 12 articles,
and no new articles were added to the final list. Reasons for article exclusions are detailed in Figure 1.

 

Figure 1. Article screening process, conducted using the PRISMA guidelines, Liberati et al., BMJ, 2009 [22].
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3.2. Included Studies

All 12 included articles were controlled single-institution studies (Table 2). Of the 12 isolated
studies, 11 were retrospective [23–33] and one was a prospective cohort study [34]. There was a total
of 228 patient IFPs assessed in the 12 studies. The patient ages ranged between 17 and 89. From the six
studies indicating gender [23–25,27,31,34], 77 (62%) patients were female and 48 (38%) were male.

The amount of IFP sourced was described by volume in three (25%) studies [23,25,28], by weight
in six (50%) studies [26,30–34] and not described in three (25%) studies [24,27,29]. The range of IFP
harvested by volume was described between 2.5 and 25 mL, while the range, when described by
weight, was between 5 and 26.3 g. The number of cells (SVF) at isolation was reported in 10 (92%)
studies [23–32,34] and was described as either the total number of cells isolated, cells/g or cells/fat pad.
The remaining study [33] did not report the number of cells at isolation; instead, the number of cells
obtained after two passages of tissue culture was described. The yield of cells will be presented more
in detail below when specifically assessed based on harvesting method.

3.3. Study Outcomes

3.3.1. Arthroscopic Based Harvest of IFP

There were 3 (25%) studies [25,27,34] that investigated arthroscopically harvested IFP. In total, 53
patient IFPs were assessed in these three studies. Patient ages ranged between 17 and 69. All three
papers indicated gender, with 27 (51%) patients being female and 26 (49%) being male. The amount of
IFP sourced was described by volume in one (33%) study [25], by weight in 1 (33%) study [34] and not
specified in the remaining (33%) study [27]. One study presented the cellular count as a mesenchymal
stem cell (MSC) count; however, this conflicted with their methodology and was likely to represent the
SVF count [34].

The study [25] describing the volume of tissue harvested assessed 3 mL of IFP, from which
an average of 7.0 × 105 (6.0–8.0) SVF cells were retrieved. The yield by volume in this study was,
on average, 2.3 × 105 cells/mL of IFP tissue. The study describing the weight of IFP tissue harvested
averaged 9.4 g (6.9–11.2), with an average SVF count of 1.89 × 106 (1.2–2.3 × 106). The yield by weight
in these studies was, on average, 2.01 × 105 cells/g of IFP.

The overall yield in all these studies was calculated to be 1.2 × 106 cells per IFP (0.93–2.3 × 106),
irrespective of whether volume or weight was used to describe the harvested amount.

3.3.2. Open Arthrotomy Based Harvest of IFP

There were 10 (77%) studies [23–26,29–31] that investigated the open harvest of IFP using
arthrotomy. A total of 175 patient IFPs were assessed, with ages ranging between 37 and 89. Gender
was indicated in four studies [23–25,31]; 40 (65%) patients were female and 22 (35%) were male.
The amount of IFP sourced was described by volume in three (30%) studies [23,25,28], by weight in
five (50%) studies [26,30–33] and not described in two (20%) studies. One study did not describe the
SVF yield obtained during cellular isolation.

The volume of tissue harvested was on average 4.4 mL of IFP (2.5–25); in these studies, the number
of SVF cells isolated on average was 7.9 × 105 cells (0.1–120). The yield by volume in these studies on
average was 1.8 × 105 cells/mL of IFP tissue. The weight of IFP tissue harvested was on average 15.2 g
(5.0–26.3); in these studies, the number of SVF cells isolated on average was 4.5 × 106 cells (3.94–5.5).
The yield by weight in these studies was, on average, 3.0 × 105 cells/g of IFP.

The overall yield in all these studies was calculated to be 3.0 × 106 cells per IFP (2.8–4.0 × 106),
irrespective of whether volume or weight was used to describe the harvested amount.
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4. Discussion

Sourced papers from the systematic review originated from Europe, Asia and America, representing
a diverse pool of data; furthermore, a good spread between gender and age groups was obtained.
The difference in surgical procedures amongst different regions is an important consideration,
although for IFP harvest, arthroscopic and arthrotomy related techniques are generally the same
worldwide. Primary osteoarthritis and ligament damage were the indications for treatment in these
studies and given that IFP is opportunistically harvested, the lack of literature/data on the IFP of
healthy individuals remains a key limitation in this field.

The volume of tissue harvested by arthroscopy was, on average, 3 mL compared to 4.4 mL of IFP
using open arthrotomy. The weight of tissue harvested was on average, 9.3 g compared to 15.2 g of IFP
tissue using arthroscopy and arthrotomy, respectively. Although safe and efficiently performed, the
restricted access and exposure associated with arthroscopic surgery appear to significantly limit the
amount of tissue harvestable as compared to arthrotomy, where the whole IFP can be removed easily.

The overall cellular yield was also lower in tissue harvested from arthroscopy compared to
arthrotomy, irrespective of whether the amount was described by volume or weight. The overall yield
of SVF cells was, on average, 1.2 × 106 and 3.0 × 106 cells per IFP when using arthroscopy and an open
arthrotomy, respectively. Arthroscopically harvested tissue contains a fluidic component that is specific
to the technique, as opposed to harvest via open arthrotomy, in which the entire IFP is retrieved en
mass without the mixing or introduction of any fluid. This dilution does not affect the total number of
cells retrieved; however, it can lead to a lower overall yield per unit of tissue. Another consideration
as to why the yield is lower arthroscopically is whether the roughness involved with arthroscopic
drainage through a tube may lead to cellular damage and loss, therefore, reducing the overall live cell
count and yield.

Analysing all the IFP samples, on average 1.2 × 106 and 3.0 × 106 SVF cells were isolated using
arthroscopic and open harvest respectively. Therefore, using the formula described in the methods,
the earliest time point in which an average-sized knee defect can be treated using hADSCs sourced
from arthroscopic or open IFP harvest was calculated to be 40 (35–41 days) and 33 days (31–33 days),
respectively (calculation shown in Supplementary Section S1). If both IFPs (one in each human knee)
are utilised, treatment can be performed in 20 (17–21 days) and 17 (16–17 days) days respectively.
A limitation to the use of this calculation is the high variability seen in SVF counts, the use of an
assumed doubling time and assumed hADSCs percentage within the SVF. In culmination these
differences can add up to make a large spread of results, to control this, in our calculation, we used the
standard deviation range of the SVF yields to present a range of days that it could take to scale cells up.
Ultimately, this equation can be used as a guideline and the use of more defined input data allows for a
more precise end calculation.

Although it takes longer culturing time to scale up arthroscopically harvested IFP-derived hADSCs
to treat articular cartilage defects, this approach is the most likely to be adopted when envisioning future
clinical translation of regenerative therapies for osteochondral repair. This is due to the minimally
invasive nature of the technique, which is associated with less surgical risk compared to an open
arthrotomy and enables the development of a same-day surgical repair option.

Using the same calculation described in this review, the culture time required to scale IFP-derived
stem cells prior to cartilage repair can be determined for any defect volume. Therefore, this work
represents a framework that has never been described in the literature. The next step is to further
validate this framework by evaluating the cells obtained after specific expansion times with respect
to phenotype and function. This can be performed by utilizing an in vitro study to prove that cells
expanded for specific timeframes display the hADSCs phenotype and can then be successfully driven
into chondrogenesis. If this can be achieved in vitro, a subsequent in vivo model could be performed
to ultimately prove chondrogenic regeneration using these adapted time calculations in the native
joint environment.
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5. Conclusions

This systematic review shows that there is a higher amount of fat tissue, SVF cell count and overall
yield (cells/volume or cells/gram) associated with open (arthrotomy) compared to arthroscopic IFP
harvest. As an extrapolation, it takes an average of 20 or 17 days to scale up arthroscopically or openly
harvested IFP-derived hADSCs, respectively, to reach a sufficient amount of cells enabling cartilage
defect repair.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5354/7/3/69/s1,
Section S1: calculation of the minimum time required for regenerative therapy using IFP-derived hADSCs.
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Abstract: Liver disease is one of the leading causes of death worldwide, leading to the death of
approximately 2 million people per year. Current therapies include orthotopic liver transplantation,
however, donor organ shortage remains a great challenge. In addition, the development of novel
therapeutics has been limited due to the lack of in vitro models that mimic in vivo liver physiology.
Accordingly, hepatic cell lineages derived from human pluripotent stem cells (hPSCs) represent a
promising cell source for liver cell therapy, disease modelling, and drug discovery. Moreover, the
development of new culture systems bringing together the multiple liver-specific hepatic cell types
triggered the development of hPSC-derived liver organoids. Therefore, these human liver-based
platforms hold great potential for clinical applications. In this review, the production of the different
hepatic cell lineages from hPSCs, including hepatocytes, as well as the emerging strategies to
generate hPSC-derived liver organoids will be assessed, while current biomedical applications will
be highlighted.

Keywords: human pluripotent stem cells; hepatic cell lineages; hepatocyte differentiation;
non-parenchymal liver cells; liver organoids; disease modeling; drug screening

1. Introduction

From all the internal organs that constitute the human body, the liver is the largest one, and its
endocrine and exocrine properties make it also the largest gland. As an endocrine gland, the liver is
responsible for the secretion of several hormones, while the bile constitutes the major exocrine secretion.
The liver is therefore a central organ in our body that is responsible for homeostasis throughout the
human lifespan, performing a complex array of functions [1,2]. Such functions include glycogen
storage, drug detoxification, control of metabolism, regulation of cholesterol synthesis and transport,
urea metabolism, immunological activity, and secretion of plasma proteins like albumin [1]. The liver
is such an essential player in homeostasis, that liver disease due to genetic or environmental factors,
such as hepatitis, fibrosis, cirrhosis, and hepatocellular carcinoma, often results in morbidity and
mortality [3]. Actually, liver disease is one of the leading causes of death worldwide and it is estimated
that approximately 2 million people die per year, representing 3.5% of global deaths. From the 2 million,
1.16 million deaths are caused by cirrhosis (11th cause of death worldwide) and 0.79 million deaths
are caused by hepatocellular carcinoma (16th cause of death worldwide) [4]. In addition to mortality
rates, liver disease is estimated to have an impact on over 600 million people around the world [5].
Besides that, for end-stage liver failure and other disorders, orthotopic liver transplantation is the
only possible solution, making the liver the second most common solid organ transplantation. Still,
transplantation needs are poorly met [4].
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Unfortunately, the discovery of novel therapeutics for liver disease is still a major challenge,
as in vitro modeling of the in vivo physiological functions of the liver is still not accurate. In vitro
models are traditionally based on hepatocyte cultures since they are the major parenchymal cell
type, accounting for 60% of the total cells in the organ (80% of the volume), mediating almost all
liver functions and being its functional metabolic unit [2]. The gold standard source of hepatocytes
for scientific investigation has been freshly isolated primary human hepatocytes (PHHs). However,
when in culture these cells lose their ability to proliferate and most of their functions are impaired.
Additionally, they have limited supply and present batch-to-batch variability, which greatly limit their
potential for clinical applications [6,7]. Other hepatocyte sources usually rely on immortalized or
cancer cell lines, as well as fetal liver progenitors or adult liver stem cells. Nevertheless, these sources
also present major drawbacks, like the fact that their metabolic enzymes do not entirely resemble the
ones in adult hepatocytes, in addition to poor cell survival, proliferation, and availability [6,7].

Accordingly, the generation of hepatocytes derived from human pluripotent stem cells (hPSCs)
represents a promising cell source to transform our understanding of liver disease and to change the
way it is treated [6]. However, their remarkable potential can only be translated into practice if the
capability to direct the differentiation of hPSCs into the different hepatic lineages can be achieved. In fact,
considerable progress has been made in the past few years in the development of defined protocols for
hepatocyte differentiation, which will be further addressed in detail in this review. Hepatocytes may
be the largest cellular component of the liver, but its complexity goes far beyond that. Along with
hepatocytes, other cell types account for 40% of the cells in the liver, including cholangiocytes (biliary
epithelial cells) and other non-parenchymal cells, like liver sinusoidal endothelial cells (LSECs), Kupffer
cells (resident liver macrophages), pit cells (natural killer cells), and hepatic stellate cells (HSCs) [1].
To prove this complexity and heterogeneity within the human liver, recent studies were able to create
a human liver cell atlas [8]. However, the challenge is now to determine how these cells arrange
themselves to form the three-dimensional (3D) architecture that is so crucial for hepatic function.
The growing knowledge related to hPSC differentiation triggered the development of new 3D culture
technologies like organoids [9]. Consequently, the first steps for human liver organoid production are
now being made. In this review, the production of the different hepatic cell lineages from hPSCs, as
well as the emerging strategies to generate hPSC-derived liver organoids will be assessed, highlighting
their great potential for biomedical applications in regenerative medicine, disease modelling, drug
discovery, and hepatotoxicity.

2. Hepatogenesis: Origin and Fates of Hepatic Cells

Within the early embryo, as cells develop, they become progressively restricted in their
developmental potency. When the pluripotent state is reached, a PSC has the capacity to produce all
cell types from the tissues that constitute the human body [10]. However, much of the knowledge in
this area is based on mouse developmental processes. During embryogenesis, more precisely during
the process of gastrulation, there is the formation of a transient structure in the region of the epiblast,
the primitive streak (PS). The developmental path of the liver has its origin prior to, or shortly after,
the beginning of gastrulation. Throughout this process, uncommitted cells migrate through the PS
and undergo an epithelial-to-mesenchymal transition (EMT), ending in the generation of the three
germ layers: ectoderm, mesoderm, and endoderm [11,12]. Thus, the formation of endoderm, the germ
layer that eventually gives rise to the liver, results from the intercalation of the definite endoderm that
migrated through the PS and minimally by the pre-existing visceral endoderm [13,14]. Molecularly,
the TGFβ family member Nodal is responsible for mammalian endoderm specification [15], with
high levels of Nodal promoting endoderm and low levels promoting mesoderm specification [16].
This signaling gradient activates the expression of key transcription factors like EOMES (in high levels)
and T (in low levels), leading to the cooperation between EOMES with NODAL-SMAD2/3 signaling to
induce the expression of endodermal markers such as CER1, FOXA2, and SOX17 [17].
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After gastrulation, endoderm undergoes a series of morphogenetic movements resulting in the
formation of the gut tube that, in mammals, is patterned along the anterior–posterior axis into three
regions, comprising the foregut, midgut, and hindgut [18]. This patterning results from the action of
Wnts, bone morphogenetic proteins (BMPs), and fibroblast growth factors (FGFs), that in a gradient
from low levels in the anterior region to high levels in the posterior region, results in an anterior
foregut, posterior foregut, and midgut-hindgut fate, respectively [19]. The posterior foregut endoderm
contains progenitor cells that can give rise to pancreas, liver, and gallbladder. However, for hepatic
specification, the convergence of the cardiac mesoderm [20] and septum transversum mesenchyme
(STM) [21] is required. FGFs, like FGF1 and FGF2, from the cardiac mesoderm [22,23], as well as BMPs,
like BMP4 and BMP2, from the STM are key players in this process [21]. Additionally, endothelial
cells also play a relevant role in hepatic specification [24]. Thus, hepatic endoderm thickens to form a
liver diverticulum initiating a budding process into the STM. Soon, hepatic endoderm transit from a
columnar to a pseudostratified epithelium constituted by hepatoblasts that proliferate and migrate
through the STM to form the liver bud [25]. The transcription factor HHEX controls the transition
from columnar to pseudostratified epithelium [25], whereas TBX3 and PROX1 promote hepatoblast
proliferation and migration [26,27]. HNF4a is equally essential for further development of the liver bud
structure [28]. Hepatoblasts are bipotent, having the potential to differentiate into either hepatocytes
or cholangiocytes in a process regulated by transforming growth factor-beta (TGFβ), Notch, Wnt,
BMP, and FGF [19,29]. Cells committed to a hepatocyte fate progressively mature, and together with
cholangiocytes and non-parenchymal cell types, give rise to the final structure of the adult liver (for
extend review on liver development see [1,30]).

3. Differentiation of Hepatic Cell Lineages from Human Pluripotent Stem Cells

Since the isolation of embryonic stem cells (ESCs) from the blastocyst [31–33], and later with the
recapitulation of pluripotency in vitro by reprogramming somatic cells into induced pluripotent stem
cells (iPSCs) [34–36], numerous protocols have been described for the direct differentiation of PSCs into
many cell populations across the three germ layers, including neurons [37], cardiomyocytes [38], and
also hepatic cells (Table 1). Most of the research in differentiating hepatic cell types from hPSCs has
been focused on hepatocytes, but differentiation strategies that originate other enriched populations
of liver cells have also been developed. The design of such protocols should bring a new level of
complexity to the study of liver development and medical research.

The majority of the differentiation protocols already published are at their core a recapitulation
of the natural developmental processes that occur during embryogenesis. Thus, the differentiation
of PSCs into a certain cell population can be achieved through the addition of extrinsic signals that
guide the cells into a particular fate while repressing alternative ones. These extrinsic signals are
usually presented as a combination of signaling pathway agonists and antagonists, added to the culture
medium in a stepwise fashion in specific concentrations, sequence, and time [39]. To attain this, it is
necessary to understand not only the signaling pathway kinetics, but also the developmental roadmap
of the different cell types of the liver, and studying how different cell populations are segregated during
fate transitions [40].

3.1. Hepatocytes

Since hepatocytes constitute the major cell type in the liver, there has been great interest in
differentiating PSCs into this type of cell. The first reports date back to 1996 and relied on the
spontaneous differentiation of mouse ESCs using embryoid bodies (EBs) [41]. These EBs spontaneously
recapitulate early steps of embryogenesis in an uncontrolled fashion, ending in a highly variable
structure with differentiated cells of all three germ layers, where hepatocytes can be present. Only in
the following decade the first direct differentiation of hPSCs was reported using hESCs [42] and latter
using hiPSCs [43]. Since then, based on developmental signaling pathways and morphogens, many
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protocols have used similar growth factors and small molecules to generate hepatocytes in adherent
culture conditions, leading to outstanding improvements in efficiency and functionality (Table 1).

As previously described, Nodal/Activin, members of the TGF-β superfamily of signaling molecules,
are critical for definitive endoderm induction in mammals, and the same is true for in vitro differentiation
of PSCs. Kubo and colleagues were the first to provide evidence that high concentrations of Activin A
result in endoderm induction [44]. Since then, this growth factor has been widely used in the first steps
of hepatocyte differentiation, sometimes associated with other signaling molecules that also promote
endoderm development, like BMPs, FGFs, or WNT3A, among others. Afterwards, to recapitulate
hepatic specification, BMPs and FGFs have been used to give rise to hepatic endoderm, FGF2, FGF4,
BMP4, and BMP2 being the most commonly used. Finally, to trigger hepatoblast proliferation and
subsequent hepatocyte differentiation/maturation, hepatocyte growth factor (HGF), Oncostatin M
(OSM), and Dexamethasone (DEX) are among the most frequent choices. These differentiation strategies
result in the production of what can be called hepatocyte-like cells (HLCs), since current protocols
still do not generate hepatocytes with fully mature phenotype when compared to adult hepatocytes.
To simplify, in this review we will only use the term “hepatocyte”. Nevertheless, several approaches
have been used for in vitro maturation of hPSC-derived hepatocytes, including growth factors, small
molecules, transcription factors, and microRNAs [45]. Examples of that are the already mentioned
HGF and OSM. It is established that HGF can promote hepatoblast proliferation, migration, and
survival, and in the presence of DEX it can upregulate several mature hepatocyte markers [46]. On the
other hand, it has also been proven that fetal hepatocytes in the presence of OSM acquire a similar
morphology to mature hepatocytes, also contributing to hepatic functionality [46,47].

The majority of the differentiation methods to generate hepatocytes can then be divided into three
main stages: endoderm induction, hepatic specification, and hepatocyte differentiation/maturation.
However, these three-step approaches may not precisely mimic in vivo liver development, generating
impure populations. Trying to overcome this challenge, recent studies attempt to recapitulate
hepatocyte development through a sequence of six consecutive lineage choices [40]. On the other
hand, there are groups trying to overcome the lack of definition and reproducibility between protocols,
relying for that purpose on methods solely driven by small molecules, following a growth-factor-free
strategy [48]. Additionally, some studies have been focused on the generation of scalable protocols for
large-scale production of hPSC-derived hepatocytes [49–51].

3.2. Cholangiocytes

Apart from hepatocytes, cholangiocytes have a key role in the liver as they constitute the
epithelium lining of the biliary tree, which processes bile production. Some of the first differentiation
protocols of hPSCs into hepatocytes reported the presence of bile-duct structures formed by CK7+

and CK19+ cells, which are well known cholangiocyte cell markers [52,53]. However, the first defined
protocol for cholangiocyte differentiation from hPSCs was only published several years later [54].
As mentioned before, during hepatic specification when cells become hepatoblasts, they can give rise
to both hepatocytes and cholangiocytes. Therefore, existing protocols for cholangiocyte differentiation
follow a similar strategy to obtain hepatoblasts. Once this stage is reached, different strategies have
been applied for cholangiocyte specification, including the use of epidermal growth factor (EGF) [54,55],
FGF10 [56], TGF-β, and activation of NOTCH signaling (either by using Jagged1 or by the incorporation
of OP9 stromal cells in a co-culture system) [55,57].

3.3. Other Non-Parenchymal Cells

LSECs are also essential cells of the liver. They are highly specialized endothelial cells that constitute
the permeable interface that controls the trafficking of molecules and cells between hepatocytes and
the blood stream. Additionally, LSECs play an important role in immunity, liver disease, and
regeneration [58,59]. Although important in the maintenance of normal liver functions, there are still
few protocols for differentiation of hPSCs into LSECs. In fact, to our best knowledge, there is only one
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protocol using hPSCs that specifically generates LSECs [60], and a second one using mouse ESCs [61].
Both studies assume that LSECs diverge at some point in ontogeny from endothelial progenitors.
Therefore, Koui and colleagues used FLK1+CD31+CD34+ endothelial cells derived from hiPSCs as
the starting point to generate and promote a LSEC mature phenotype by adding A83-01 (a TGFβRI
inhibitor) under hypoxic conditions. This protocol was able to produce LSECs expressing specific
markers like FCGR2B, STAB2, F8, and LYVE1. Generically, many research groups have focused their
work on the differentiation of hPSCs into endothelial cells, thus indirectly contributing to future
methods for LSEC derivation. For general reviews on this topic, please see [62,63].

Kupffer cells are the liver macrophages, the first line of defense against bacteria, microbial debris,
and endotoxins with gastrointestinal origin [64]. In addition to their immunological role, they also
cooperate with LSECs in blood clearance [59]. Recently, one study was able to differentiate hiPSCs into
Kupffer cells, recapitulating their ontogeny by firstly differentiating hiPSCs into macrophage-precursors
and subsequent exposure to hepatic cues by simply culturing these precursors in hepatocyte culture
medium (HCM) and advanced DMEM [65].

Finally, HSCs are specialized pericytes that reside in the perisinusoidal space (or space of Disse),
between hepatocytes and LSECs. They are important in the maintenance of extracellular matrix
homeostasis and its most distinctive feature is the accumulation of vitamin A. Additionally, they
play a major role in liver fibrosis upon HSCs activation, i.e., HSCs transdifferentiate from quiescent,
vitamin A storing cells into proliferative, fibrogenic myofibroblasts [66,67]. The embryonic origin of
HSCs has been and still is elusive, creating a debate around whether these cells originate from the
mesoderm, endoderm, or even the neural crest [68]. However, the hypothesis that HSCs originate
from the mesoderm (more precisely from the STM) has gained acceptance [69]. This has prompted two
studies [60,70] in which hPSCs are firstly differentiated into mesodermal cells, particularly ALCAM+

cell populations, and then divergent paths are used to generate HSCs. Koui and colleagues relied
solely on the inhibition of the Rho signaling pathway using Y27632 to achieve an HSC phenotype,
whereas Coll and colleagues adopted a more complex strategy adding FGF1, FGF3, palmitic acid,
and retinol to the culture. This last study claims that not only cells with phenotypic and functional
characteristics of mature HSCs are produced, but also that the method is highly robust with around
78% of PDGFRβ+ cells and 80% vitamin A-storing cells, a feature of mature HSCs.

Table 1. Methods for differentiation of human pluripotent stem cells into hepatic lineages.

Study Media Molecules Ref.

Hepatocytes

Rambhatla et al., 2003 KO-DMEM+FBS NaB/DMSO – NaB/HGF [42]

Kubo et al., 2004 StemPro34 – IMDM+SR Act A – DEX [44]

Hay et al., 2008 RPMI+B27 – DMEM+SR+DMSO – L15 Act A/Wnt3a – HGF/OSM [71]

Song et al., 2009 RPMI – HCM – N2B27 Act A – FGF4/BMP2 – HGF/KGF –
OSM/DEX [43]

Si-Tayeb et al., 2010 RPMI+B27 – HCM Act A – BMP4/FGF2 – HGF – OSM [72]

Sullivan et al., 2010 RPMI+B27 – DMEM+SR+DMSO – L15 Act A/Wnt3a – Act A – HGF/OSM [73]

Touboul et al., 2010 CDM Act A/Ly/BMP4/FGF2 – FGF10 –
FGF10/RA/SB – FGF4/HGF/EGF [74]

Kajiwara et al., 2012 RPMI+B27 – DMEM+SR+DMSO –
HCM

Act A/Wnt3a/NaB – Act A/Wnt3a –
HGF/OSM [75]

Siller et al., 2015 RPMI+B27 – DMEM+SR+DMSO – L15 CHIR – Dihexa/DEX [48]

Ang et al., 2018 CDM

Act A/CHIR/PI – Act A/LDN –
A83/BMP4/FGF2/ATRA – Act
A/CHIR/BMP4/Forskolin –
BMP4/OSM/DEX/Forsk/Ro/AA/Insulin –
DEX/Forskolin/Ro/AA/Insulin

[40]
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Table 1. Cont.

Study Media Molecules Ref.

Cholangiocytes

Dianat et al., 2014 RPMI Act A/Ly – Act A/FGF2/BMP4 –
FGF4/HGF/EGF/RA – EGF/GH/IL6 [54]

De Assuncao et al., 2015 RPMI – H69 Act A/Wnt3a – FGF2/BMP4/SHH –
SHH/JAG1 – TGFβ [57]

Ogawa et al., 2015 RPMI – H16 – H16/Ham’s F12 –
H21/Ham’s F12

Act A/CHIR – FGF2/BMP4 –
HGF/OSM/DEX – HGF/EGF/TGFβ/OP9 [55]

Sampaziotis et al., 2015 CDM – RPMI – William’s E Act A/Ly/FGF2/BMP4 – Act A –
BMP4/SB – Act A/FGF10/RA [56]

Liver Sinusoidal Endothelial Cells

Koui et al., 2017 StemPro34 SFM – EGM2 BMP4 – BMP4/Act A/FGF2 –
VEGF/SB/Dorsomorphin – VEGF – A83 [60]

Kupffer Cells

Tasnim et al., 2019 mTeSR1 – X-VIVO – PHCM/Adv
DMEM BMP4/VEGF/SCF – MCSF/IL3 – MCSF [65]

Hepatic Stellate Cells

Koui et al., 2017 StemPro34 SFM – MSCGM BMP4 – BMP4/Act A/FGF2 –
VEGF/SB/Dorso – ROCKi [60]

Coll et al., 2018 MCDB 201 BMP4 – BMP4/FGF1/FGF3 –
FGF1/FGF3/PA/Retinol [70]

The symbol “/” is used to separate media and molecules within the same differentiation step and the symbol “–“
is used to separate the different differentiation steps. NaB, sodium butyrate; Act A, Activin A; Ly, Ly294002; SB,
SB431542; CHIR, CHIR99021; PI, PI103; LDN, LDN193189; A83, A8301; Ro, Ro4929097; ROCKi, Y-27632.

4. Production of Liver Organoids from Human Pluripotent Stem Cells

The development of advanced 3D culture systems, triggered by the growing knowledge on hPSC
differentiation, unlocks the possibility of bringing together multiple organ-specific cell types into a
single structure, the so-called organoid [76,77]. Currently, the concept of organoid describes a stem
cell-derived 3D structure that through a self-organization process can recapitulate biological features
like spatial arrangement, cell–cell, and cell–ECM interactions [9,78]. Accordingly, these structures
can provide a much more reliable model of the in vivo anatomy and physiology of a given organ,
not only when compared to a 3D cell aggregate composed of a single cell type, but even more when
compared to a 2D monolayer culture system. Organoids are thus an emergent system that may serve
as building block for tissue engineering applications. The major step forward in this field was given by
the groups of Yoshiki Sasai and Hans Clevers in their studies focusing on optic cup [79] and intestinal
organoids [80], respectively. Today, scientists can generate organoids from a variety of different cell
sources, but some design principles must be taken into consideration when generating an organoid:
(1) biophysical properties—the use of solid ECMs to entrap the organoids, or the use of a scaffold-free
approach; (2) self-governing of organoid formation—exclusive dependence on endogenous signals or
dependence on the addition of exogenous cues; (3) starting cell population—derivation from a single
cell, from a homogeneous cell population, or from a co-culture of different cell types [10]. Besides these,
recent engineering approaches have been developed to increase the complexity of human organoids
and PSCs play an important role in this matter [10,81].

This accumulated knowledge enabled a few groups to recently report the generation of liver
organoids derived from hPSCs (Figure 1). The first report of liver organoids dates from 2001 by
Michalopoulos and colleagues using several types of adult rat hepatic cells [82], but a more robust
and long-term culture of human liver organoids was described later in 2013, using a progenitor
population of adult mouse liver [83]. In the same year, Takebe and colleagues were pioneers in
using hepatic cells derived from hPSCs, reporting the generation of human liver-like organoids that
resemble the developing liver bud during early embryogenesis [84]. These liver bud organoids were
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generated by mixing hepatic endodermal cells derived from hiPSCs, human umbilical vein endothelial
cells (HUVECS) and human mesenchymal stem cells (MSCs). This approach recapitulated the early
steps of liver organogenesis resulting in a vascularized human liver bud organoid with improved
functionality by producing key liver enzymes. For the maturation of these liver bud organoids,
the culture medium used was constituted by HCM and endothelial growth medium (EGM) in 1:1
proportion with the addition of HGF, OSM, and DEX. More recently, the same authors were able
to generate fully hPSC-derived liver buds. They used hiPSCs as the cell source to generate hepatic
endoderm cells, endothelial cells, and STM cells, and mixed them in a 10:7:2 ratio [85] (Figure 1A).
To support the relevance of this approach, complementary in vitro studies demonstrated that besides
homotypic interactions between human hepatocytes, heterotypic interactions between hepatocytes and
other non-parenchymal cells are critical for self-organization, and that paracrine signals secreted by
these cells are important for hepatic maturation [86,87], an idea previously explored in developmental
studies using mouse embryos [24]. A similar system was described in 2019 by Pettinato and colleagues
using co-cultures of hPSCs with human adipose microvascular endothelial cells (HAMECs) in a 3:1
ratio, that were then submitted to hepatocyte differentiation [88]. This protocol resulted in liver
organoids with 89% Albumin+ and 15% CD31+ cells and improved human hepatic functions associated
to mature liver cells. Interestingly, HAMECs self-organized in rosette-like structures within the
organoids (Figure 1B). Another strategy used 3D aggregates of hepatoblast-like cells derived from
hPSCs that were then co-cultured with human fetal liver mesenchymal cells (hFLMCs) [89]. By day 14
of differentiation, Albumin+ cells were found in the peripheral region, whereas PDGFR-β+ hFLMCs
were found in the center of the organoids. Overall, co-culture of hepatoblast-like cells with hFLMCs, in
a 2:1 ratio, generated organoids with increased levels of hepatic functions (Figure 1C).

Apart from co-culture of different cell types as a starting point for the generation of liver organoids,
other studies have shown how to start with homogeneous cell populations to obtain complex organoids.
Since 2017, two different protocols were published using this approach to produce hPSC-derived
liver organoids constituted by hepatocytes and cholangiocytes [90,91]. Both studies started with
differentiation of hPSCs into hepatoblasts, but they diverge not only in the approach to get to
that point, but also in the way they generate liver organoids. Guan and colleagues started with
the production of hepatoblast aggregates that with the addition of exogenous growth factors and
subsequent dissociation/reaggregation in Matrigel generated liver organoids with both hepatocytes
and cholangiocytes (Figure 1D). On the other hand, Wu and colleagues developed a protocol capable
of generating liver organoids with 60% ALB+ hepatocytes and about 30% CK19+ cholangiocytes.
They claimed that the key factors for the success of their study were the inclusion of 25% mTeSR
medium during differentiation and the addition of a cholesterol mixture for organoid functional
maturation (Figure 1E). Based on a similar approach, a recent work describes the production of
hPSC-derived liver organoids containing hepatocytes, HSCs, Kupffer cells, and cholangiocytes [92].
They initially differentiated hPSCs to foregut, collecting foregut spheroids released from the 2D culture
and embedding them in Matrigel with further addition of retinoic acid, a molecule that reportedly
plays and important role in the specification not only of parenchymal, but also non-parenchymal liver
cells (Figure 1F). Apart from these examples using hPSC-derived cells, other human cell types have
been used in the generation of human liver organoids in the past few years [83,93]. Likewise, liver
organoids have been produced using mouse [94], rat [95], cat [96], and canine cells [97].

It is important to note that organoid technology is becoming an increasing trend in biomedical
research [9]. However, some caution needs to be taken into consideration since by definition, an
organoid is a reductionist cell construct that captures the cellular, structural, and physiological
complexity of a given organ. Therefore, a clear distinction between 3D spheroids made up of a single
cell type and without clear self-organization, and organoids needs to be made. In this section we tried
to focus only on reports that fit into this organoid concept.
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Figure 1. Current strategies for the generation of human pluripotent stem cell (hPSC)-derived
liver organoids. So far, liver organoids have been generated by (A–C) co-culture of different cell
types, including hPSCs, differentiated hepatic cell lineages, or isolated human cells with potential to
promote liver organoid differentiation/maturation; (D–F) homogeneous cell populations that, through
differentiation, are capable of generating cellular constructs with structural and physiological complexity.
STM, septum transversum mesenchymal cells; HSCs, hepatic stellate cells.

5. Applications of hPSC-Derived Hepatic Cell Lineages and Liver Organoids

As demonstrated above, hPSCs have the capacity to establish human liver models giving
researchers the opportunity to design human liver-based platforms for disease modeling, drug

148



Bioengineering 2020, 7, 36

discovery, and hepatotoxicity. Furthermore, differentiated hepatic cells and liver organoids derived
from hPSCs represent a renewable source for cell-based therapies aiming at the treatment of patients
suffering from liver disease (Figure 2).

Figure 2. Clinical applications for hPSC-derived hepatic cells and liver organoids. Isolated somatic cells
from patients can be cultured and reprogrammed into patient-specific hiPSCs. These cells represent a
promising cell source for cell therapy, as differentiated hepatocytes can be used for transplantation in
regenerative medicine strategies. Additionally, differentiated hepatic cell lineages or generated liver
organoids can be applied in disease modelling, as well as drug development and hepatotoxicity assays.

5.1. Regenerative Medicine

The use of hPSC-derived cells for regeneration or replacement of damaged tissue in regenerative
medicine has been proposed to deliver functional recoveries [98]. Indeed, hPSC-based therapies
were already established in several clinical trials [99]. hiPSCs in particular have the important
advantage of their capability in generating differentiated patient-specific cells, allowing autologous
cell transplantation and, theoretically, suppressing the risk of immune rejection. This milestone
was achieved in 2014 with the successful transplantation of autologous retinal pigment epithelium
sheets derived from hiPSCs [100]. Besides all this progress, chromosomal aberrations (due to cell
reprograming and subsequent culture), as well as the tumorigenicity of undifferentiated cells, represent
some of the hurdles that need to be taken into consideration when using hPSCs in cell therapies [98,101].

As mentioned above, orthotopic liver transplantation is the single solution for end-stage liver
failure and other liver disorders, making this organ the second most common solid transplantation
after kidney. Still, given the current transplantation rates, less than 10% of global organ transplantation
needs are met [4]. This fact results in the need for alternative therapeutic strategies, and hepatocyte
transplantation has been perceived as one [102]. The first attempt to use these cells for transplantation
dates back to 1976 using Gunn rats as animal models for Crigler–Najjar syndrome [103]. Still, it
was only in 1992 that primary hepatocytes were transplanted into human patients [104]. Since then,
numerous patients with liver disease have been treated with hepatocyte transplantation. However,
this strategy still presents major hurdles like the limited source of hepatocytes, poor quality of isolated
cells, and occasional hepatocyte rejection [102]. Therefore, hPSC-derived hepatocytes have been seen
as a potential cell source for transplantation (Table 2). In fact, one of the most successful studies using
hPSC-derived hepatocytes for transplantation was able to repopulate up to 15% of the liver of uPA
immunodeficient mice after intrasplenic injection [105]. In this study, the differentiated hepatocytes
still presented fetal markers like AFP and they were largely negative for isoforms of CYP450. However,
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after transplantation, the transplanted cell population acquired mature features such as downregulation
of AFP expression and cells positive for CYP450 isoforms. This transplantation strategy has also been
successful in the alleviation of liver metabolic disorders [106] and in acetaminophen-induced acute
toxicity [107], with liver repopulation rates of 2.5–7.5% and 10%, respectively. Thus, hPSC-derived
hepatocytes demonstrated their potential to become a relevant cell source for liver cell therapy.
However, although initial studies are promising, the use of these cells for regenerative medicine
applications needs to be more efficient and effective until it can be translated into human benefit.
To accomplished that, recent studies have been using different strategies besides intrasplenic injection
for hepatocyte transplantation. One of these strategies is the transplantation of hepatocyte sheets
onto the surface of mice livers [108]. Additionally, different scaffolds have been used to support
hPSC-derived hepatocytes for subsequent transplantation, namely PCL fibers [109] and decellularized
livers [110,111]. Besides this, a recent study reported for the first time, to the best of our knowledge,
the use of current good manufacturing practice (cGMP)-compliant hepatocytes generated from hPSCs
for transplantation [112]. Liver regeneration will probably require more than simply injecting the
right type of cells in the right place. The foundation of knowledge concerning liver regeneration
mechanisms, both in normal development and after injury, seems to provide a strong platform to
achieve this goal.

Table 2. Summary of recent studies on hPSC-derived hepatocyte transplantation in murine models.

Study Route Cells Nr of Cells % Repopulation Ref.

Carpentieret al., 2014 Intrasplenic injection hPSC-hepatocytes 4 × 106 <1–20% [105]

Chen et al., 2015 Intrasplenic injection hPSC-hepatocytes 2 × 106 2.5–7.5% [106]

Tolosa et al., 2015 Intrasplenic injection hPSC-hepatocytes 1 × 106 10% [107]

Nagamoto et al., 2016 Sheet transplantation hPSC-hepatocyte sheet 8 × 105 - [108]

Takayama et al., 2017 Intraperitoneal
transplantation hPSC-hepatocytes 1 × 106 - [113]

Nie et al., 2018 Renal subcapsular
space

hPSC-hepatocyte
aggregates 1 × 106 - [114]

Rashidi et al., 2018

Intraperitoneal
transplantation

hPSC-hepatocyte
aggregates

2 × 106

(aggregates)
- [109]

Subcutaneous
transplantation

hPSC-hepatocytes in PCL
fibers - - [109]

Blackford et al., 2019 Intraperitoneal
transplantation

hPSC-hepatocyte
aggregates

2 × 103

(aggregates)
- [112]

5.2. Disease Modeling

In addition to regenerative medicine, disease modeling constitutes another important biomedical
application for hPSC derivatives. In vitro disease models based on hPSC technology should improve
our knowledge regarding pathological mechanisms underlying human diseases, either genetic or
acquired [115]. Given the relevance of liver disease, several studies using hPSC-derived hepatocytes
have been published in the last years (for extended review see [7]). However, the effort for improved
maturity and greater complexity of in vitro culture systems for disease modeling has led to recent
publications using liver organoids as a platform to study liver disease (Table 3).

With the advent of novel gene editing tools like CRISPR-Cas9, it is now possible to induce
disease-causing mutations or silencing mutations carried by patient-specific hPSCs and evaluate their
effects in differentiated cell phenotypes [116,117]. To understand liver disease mechanisms at the organ
level, at least two different studies have been published studying genetic diseases in hPSC-derived liver
organoids. Guan and colleagues used patient-specific hPSCs to model Alagille Syndrome (ALGS) and
Tetralogy of Fallotthis (TOF) genetic disorders [90]. Firstly, they generated liver organoids from hPSCs
reprogrammed from ALGS patients, where in contrast to healthy organoids, mature hepatocytes were
developed, but cholangiocytes and bile ductular structure development was impaired. Additionally,
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they used CRISPR-Cas9 technology to introduce and revert an ALGS causing JAG1 mutation, C829X,
into control and ALGS hPSCs. Thus, ALGS liver pathology was recapitulated, and it was also shown
that JAG1 haploinsufficiency alone does not produce pathology in liver organoids. Moreover, this
team also modelled a disease caused by another mutation in JAG1, TOF, demonstrating that the type
of JAG1 mutation has a considerable effect in the onset of liver disease. More recently, another study
has demonstrated that liver organoids are a suitable platform to model steatohepatitis, a condition
that is, among others, characteristic of Wolman disease, caused by a defective activity of lysosomal
acid lipase (LAL) [92]. Firstly, these researchers induced steatohepatitis phenotype in liver organoids
exposing them to free fatty acids, resulting in lipid accumulation, inflammation, and fibrosis. After
that, to highlight the clinical relevance of modelling steatohepatitis, they used patient-derived hPSCs
with LAL deficiency to generate liver organoids, thus recapitulating the Wolman disease phenotype
with severe steatohepatitis. Additionally, it was demonstrated through liver organoid technology
that the steatohepatitis phenotype could be rescued using FGF19, suppressing lipid accumulation
and improving liver organoids survival. Besides these two examples of genetic disease modeling,
organoids derived from adult liver tissue were already used to study A1AT deficiency and Alagille
syndrome [93].

Table 3. Reported studies for disease modeling in hPSC-derived liver organoids.

Study Disease Gene/Toxin Approach Ref.

Genetic Liver Diseases

Guan et al., 2017
Alagille syndrome JAG1 Patient-derived/gene editing [90]

Tetralogy of Fallot JAG1 Patient-derived [90]

Ouchi et al., 2019 Wolman disease Free fatty acids Patient-derived/induced [92]

Acquired Liver Diseases

Nie et al., 2018 Hepatitis B Hepatitis B virus Induced [118]

Wang et al., 2019 Alcoholic liver disease EtOH Induced [89]

Recently, liver disease modelling has also been successfully performed to study acquired liver
diseases. An example is hepatitis B virus (HBV) infection of hPSC-derived liver organoids [118].
This culture system proved to be more susceptible to HBV when compared to hepatocytes differentiated
in a 2D culture system. Particularly, the infection of liver organoids with HBV resulted in hepatic
dysfunction with downregulation of hepatic gene expression and emergence of hepatic injury markers,
along with the alteration of hepatic structures. Therefore, this study suggested that liver organoids can
be considered a good platform for HBV modelling, recapitulating the virus life cycle and consequent
dysfunctions. Another example of disease modeling of acquired liver diseases using liver organoids
is the study of alcoholic liver disease (ALD), the number one cause of liver-associated mortality in
Western countries [89]. Upon EtOH treatment for 7 days, liver organoids displayed liver damage
and reduction in cell viability, as well as upregulation of gene expression of fibrogenic markers, thus
recapitulating ALD pathophysiology. Additionally, EtOH treatment led to enhanced oxidative stress,
an established characteristic of ALD that starts with the metabolism of EtOH by ADH and CYP2E1.
Once more, liver organoids proved to be a reliable platform for disease modeling, encouraging its use
to study new conditions and eventually contributing to the discovery of new therapeutics.

It is important to note that the cell composition of liver organoids can be of extreme importance
when modeling liver diseases. In the examples above, it is possible to understand that given the
biliary deficiencies in ALGS and TOF, the presence of cholangiocytes within these organoids it is an
essential requirement [90]; similarly, given the characteristic fibrosis of steatohepatitis, HSCs should
also be present [92]. Obviously, increasing the complexity of the model system will result in better
recreating liver function, and it may even expose the role of the different hepatic cellular components
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in disease development. In fact, a very recent study shows how the crosstalk between hepatocytes,
hepatic Kupffer cells, and HSCs play an important role in alcoholic liver disease (ALD), providing new
insights into this pathology and identifying potential new targets for drug therapy [119,120].

5.3. Drug Discovery and Hepatotoxicity

Modeling of human diseases is driven by the need for novel therapeutics aiming at disease
treatments and cures. For this reason, drug discovery and toxicological assays are considered a potential
application for hPSC derivatives [115,121]. To this end, animal models have been continuously used
for drug screening. However, differences between the actual human setting and other animals result in
inaccurate prediction of drug effects. Moreover, animal models are not suitable for high-throughput
screening of small-molecule libraries [116,122]. As an alternative, the use of hPSC-based models for
drug screens have been amply established, assessing not only the efficacy of potential drug candidates,
but also their toxicity, predicting the likelihood of potential drugs to cause severe side effects [98].
It is also important to bear in mind that each patient has a specific genetic background, and that
this fact implies different responses to medication. Accordingly, hepatocytes and liver organoids
generated from hPSCs can be used as a new tool to investigate not only disease mechanisms, but
also therapeutic strategies, creating the foundation for personalized therapies, an emerging approach
known as precision medicine [122]. Currently, pharmaceutical development is highly costly ($2.6 billion
per drug that enters the market) and inefficient (89% of drugs that enter clinical trials will fail due to
unforeseen toxicity) [7,123]. Part of this is due to inadequate screening during preclinical studies and
so, the use of hPSC-derived hepatocytes and liver organoids in this field is of extreme relevance, as
hepatotoxicity is the major type of toxicity associated to drug withdrawals (21% of the cases) [124].

Given this context, there is the urgent need to create protocols that can generate hepatocytes or liver
organoids in a scalable and miniaturized fashion, being suitable for high throughput screening of small
molecule libraries. Examples of this have been already published [85,125]. These high-throughput
screening platforms were already used for identification of drugs for disease treatment with
hPSC-derived hepatocytes. At least three studies used small molecules/drug libraries aiming the
attenuation or reversion of the effects of diseases like alpha-1-antitrypsin (AAT) deficiency [126],
familial hypercholesterolemia [127], and mitochondrial DNA depletion syndrome (MTDPS3) [128].
The same platforms have also been used for toxicity screens evaluating the effect of certain drugs on
hPSC-derived hepatocytes, typically testing compounds known to be toxic and non-toxic and assessing
cell morphology and viability [129–131].

All of these studies are mainly focused on hepatocytes, but as described before non-parenchymal
cells hold great importance in liver physiology. For instance, LSECs are implicated in most liver
diseases making them an attractive therapeutic target [58]. Additionally, Kupffer cells play a crucial role
in drug-induced liver injury (DILI) and other liver diseases. To demonstrate this, hepatocytes have been
co-cultured with Kupffer cells resulting in a model that is more sensitive in detecting hepatotoxicity
induced by different drugs [65]. Thus, the development of more complex liver organoids composed of
different hepatic cell types can substantially benefit drug discovery and hepatotoxicity assays.

Drug screening can also be performed using microfluidic devices like the so-called organ-on-a-chip
or microphysiological systems (MPSs), where living cells can be cultured in continuously perfused
chambers, modeling the physiological functions of a given tissue or organ [132,133]. Accordingly,
organ-on-a-chip is also a valuable platform for drug development and toxicology giving insights
into adsorption, distribution, metabolism, elimination, and toxicity (ADMET), mathematical
pharmacokinetics (PK), pharmacodynamics (PD), and drug efficacy [134]. In fact, Wang and
colleagues have recently achieved the in situ differentiation of hPSCs into liver organoids using
a perfusable micropillar chip [135]. The on-chip liver organoids displayed both hepatocytes and
cholangiocytes, as well as increased cell viability and mature cell signature. Notably, the organoids
generated in this platform not only presented high levels of cytochrome P450 enzyme expression,
but also dose- and time-dependent hepatotoxic response to acetaminophen. These results support
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the notion that organ-on-a-chip technology constitutes a valid platform for drug testing. Moreover,
organ-on-a-chip technology can rely not only on individual designs, but also in more complex
interlinked multi-organ-on-chips, or body-on-a-chip platforms capable of mimicking multi-organ
crosstalk [136]. Indeed, the study of an inter-tissue crosstalk between gut and liver during inflammatory
processes was already reported [137], and more recently an interconnected MPS representing up to
10 organs, including liver, was established [138]. Applying this technology to hPSC-derivatives is still,
to the best of our knowledge, an unmet need.

6. Conclusions

Stem cell research has made considerable progress in the last years, providing researchers with the
necessary tools to replicate in vitro the developmental processes from hepatogenesis and, ultimately,
the physiological and structural features of human liver. To that end, numerous strategies have been
published for hPSC direct differentiation into hepatocytes, cholangiocytes, and other non-parenchymal
hepatic cell types. However, some of these cells still present a fetal phenotype with only a certain
degree of maturity. Recently, organoid technology has contributed to the increasing complexity of
hepatic culture systems in vitro, leading to enhanced metabolic functionality and cellular architecture,
and furthering our knowledge of liver biology. As new technologies are being developed, the
potential applications of hepatic cell lineages and liver organoids derived from hPSCs are increasing,
bringing new insights into the fields of regenerative medicine, disease modelling, drug discovery, and
hepatotoxicity. Thus, it is in the intersection of biology and engineering that many open questions
concerning the human liver can be brought to light, leading, eventually, to an improvement in the
human condition.
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