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Abstract: In this methodological paper, lyophilized fibroin-coated alginate microcarriers (LFAMs)
proposed as mesenchymal stem cells (MSCs) delivery systems and optimal MSCs seeding conditions
for cell adhesion rate and cell arrangement, was defined by a Design of Experiment (DoE) approach.
Cells were co-incubated with microcarriers in a bioreactor for different time intervals and conditions:
variable stirring speed, dynamic culture intermittent or continuous, and different volumes of
cells-LFAMs loaded in the bioreactor. Intermittent dynamic culture resulted as the most determinant
parameter; the volume of LFAMs/cells suspension and the speed used for the dynamic culture
contributed as well, whereas time was a less influencing parameter. The optimized seeding conditions
were: 98 min of incubation time, 12.3 RPM of speed, and 401.5 uL volume of cells-LFAMs suspension
cultured with the intermittent dynamic condition. This DoE predicted protocol was then validated
on both human Adipose-derived Stem Cells (hASCs) and human Bone Marrow Stem Cells (hBMSCs),
revealing a good cell adhesion rate on the surface of the carriers. In conclusion, microcarriers can be
used as cell delivery systems at the target site (by injection or arthroscopic technique), to maintain
MSCs and their activity at the injured site for regenerative medicine.

Keywords: mesenchymal stem cells; microcarrier; design of experiment; cell delivery; silk fibroin;
alginate; one-step clinical procedure

1. Introduction

The research on stem cell-based therapies is rapidly evolving but, despite the promising results,
the translation process from basic research to clinical practice is facing several hurdles in terms of
practical and regulatory issues. As demonstrated by recent findings, the therapeutic function of
Mesenchymal Stem Cells (MSCs) is not only related to their multi-differentiation potential, but also to
their immunomodulatory and trophic activities exerted through the release of a plethora of different
molecules with a paracrine function on resident cells [1-8]. Especially in the context of musculoskeletal
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disorders, therapies involving local administration of MSCs through injection would represent a
preferred strategy, thanks to the non-invasive nature of the procedure.

MSCs-based treatments may include one and two step procedures, using non-expanded or in vitro
cultured cells, respectively. While the latter approach allows for the selection of a more homogeneous
and standardized cell population [9], it is very expensive and thus hardly affordable. Moreover,
it requires extensive in vitro cell manipulation, falling in the field of advanced-therapy medicinal
products (ATMPs), and requiring the satisfaction of rigorous regulatory requirements for the translation
in clinical practice [10,11]. The minimal manipulation of cells according to the current European
Directives for cell therapy allows some of these limitations to be overcome [10-12]. Indeed, starting
from a minimally invasive harvesting of bone marrow or adipose tissue, it is possible to concentrate
the MSC population present in these tissues by commercially-available disposable devices [13]. Since
they do not imply substantial cell manipulation and are performed at the point of care, these products
are not considered ATMPs and they would reduce the costs and the patients” discomfort.

Nowadays, the correct targeting of the injury site represents a main technical concern in the
field of MSCs-based therapies, and many studies have been performed in recent years to investigate
different MSC-delivery strategies, in the presence or absence of specific carriers [14-17]. In fact, despite
the well-known homing ability of MSCs, allowing them to migrate to the site of injury [18,19], it has
been demonstrated that, in the case of systemic administration, only a small number of cells would
actually reach the target tissue [18,20-23].

Therefore, the local injection of MSCs in association with biomaterials would improve their
presence at the injury site, allowing the maintenance of their physiological status of adherent cells and
thus promoting their action [24].

Among medical devices, microcarriers represent a valid tool to enhance the rate of cell delivery at
the target site, leading to an improvement of MSCs therapeutic potential [25-34].

Starting from the positive findings of a previous study reporting the use of silk fibroin mats
to subcutaneously deliver stromal vascular fraction in the murine model [35], biocompatible silk
fibroin-coated alginate microcarriers (FAMs) were developed as a multiparticulate injectable cell-carrier
device to deliver expanded or freshly isolated cells [36,37]. Despite providing rapid cell adhesion,
the seeding protocol applied in the previous study just allowed for a non-homogeneous arrangement of
human adipose-derived stem cells (hASCs) on the surface of the carriers, with formation of cell clusters.

Therefore, the goal of the present study was to optimize the cell seeding process of MSCs on the
surface of Lyophilized FAMs (LFAMs), ameliorating the cell adhesion rate, the cell arrangement on the
surface of FAMs, and the whole time of the process while maintaining the cell viability for the duration
of the process. A dry product (LFAMs) can be considered as more stable, from a physico-chemical
point of view, with respect to a fresh product (FAMs). The water content of FAMs significantly reduced
their shelf-life and, for this reason, we performed the lyophilization.

Given the high number of parameters considered, the principles of Quality by Design (QbD) were
applied to this study to improve the efficiency of the investigation. During recent years, the application
of the QbD concept has been widely adopted in pharmaceutical research to improve and optimize
drug formulations, and to reduce the risks of failure, through the standardization and automatization
of the procedures [38]. In this context, the Design of Experiment (DoE) is fundamental to satisfy the
QbD principles. DoE employs the statistical principles of randomization, orthogonality, and data
distribution to identify the effect of the process variables and the synergistic mechanism between them,
using an optimized number of experiments [39].

2. Materials and Methods

2.1. Lyophilized-FAMSs Preparation and Characterization

Fibroin-coated alginate microcarriers (FAMs) were fabricated as previously described [36,40-42].
Briefly, sodium alginate (1% w/v, medium viscosity, Sigma-Aldrich, St. Louis, MO, USA) was
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solubilized in distilled water and then the solution was added dropwise into an aqueous solution
containing calcium chloride (Sigma-Aldrich) 100 mM under magnetic stirring using a bead generator
(Encapsulator VAR V1, Nisco Engineering AG, Zurich, Switzerland) to obtain alginate microcarriers
(AMs). AMs were divided into two aliquots, the first was lyophilized (LAMs) for further analyses
(Fourier Transform Infrared FT-IR Spectroscopy) while the second was used for the coating procedure.

Bombyx mori cocoons were degummed and silk fibroin fibers were solubilized in phosphoric
acid/formic acid (80:20 v/v) (Sigma-Aldrich) under magnetic stirring at room temperature (RT);
the obtained silk fibroin solution was dialyzed against distilled water (membrane cut off 12 kDa,
Visking, London, UK) at RT. Alginate microcarriers (AMs) were shaken into fibroin solution (volume
ratio alginate microcarriers: fibroin solution 1:2) and then immersed in 96% (v/v) ethanol (Carlo Erba
Reagents, Milan, Italy) to induce silk conformational transition. The procedure was performed three
times to assure the homogeneous and complete coating of fibroin-coated alginate microcarriers (FAMs).
FAMs were then washed with distilled water and subjected to a freeze-drying process (8 x 10~! mbar,
—50 °C for 72 h; Modulyo® Edwards Freeze Dryer, Kingston, NY, USA). Lyophilized fibroin-coated
alginate microcarriers (LFAMs) were stored at RT.

Granulometric analysis of LAMs and LFAMs was performed with a laser light scattering
granulometer (Beckman Coulter L5230, Miami, FL, USA) equipped with small cell volume (120 mL
volume, obscuration 5%). FAMs were suspended in aqueous solution, transferred to the measurement
cell and run (5 replicates of 90 s each); while LFAMs were previously rehydrated in distilled water (2 h
at 37 °C) and then analyzed.

FT-IR spectra of LAMs and LFAMs were obtained using a Spectrum One Perkin-Elmer
spectrophotometer (Perkin Elmer, Wellesley, MA, USA) equipped with a MIRacle™ ATR device
(Pike Technologies, Madison, WI, USA). The IR spectra in transmittance mode were recorded in
the spectral region of 6504000 cm~! with a resolution of 4 cm~!. Each experiment was performed
in triplicate.

2.2. Cell Isolation and Culture in Monolayer

Adipose tissues and bone marrow aspirates were obtained at the Galeazzi Orthopaedic Institute
from patients who underwent aesthetic liposuction and hip replacements, respectively. All the
procedures involving the use of waste human biological material were carried out according to
our Institutional Review Board approval (M-SPER-015-Ver. 2-04.11.2016).

Waste portions of adipose tissue were collected from female and male donors (44 & 11 years
old) who underwent abdominal liposuction. The samples were washed with Phosphate Buffered
Saline (PBS) and centrifuged at 1200 g for 2 min to remove blood and other contaminants. Human
ASCs were collected after enzymatic digestion with collagenase type I 0.075% w/v (Worthington
Biochemical Corporation, LakeWood, NJ, USA) for 30 min at 37 °C [43,44], filtration and centrifugation
at 350x g for 4 min. The cell pellet obtained was suspended in complete medium, composed of
Dulbecco’s Eagle Modified Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 10% of Fetal Bovine Serum (FBS, GE Healthcare HyClone, Piscataway, NJ, USA) and 1% of
Penicillin-Streptomycin-Glutamine (PSG, Thermo Fisher Scientific, Waltham, MA, USA) and then
seeded at a density of 5000 cells/cm?.

Waste bone marrow samples were obtained from the femoral canal of male donors (58 & 13 years
old) who underwent total hip replacement. The bone marrow samples were rinsed in PBS and
centrifuged for 10 min at 623 x g. The mononuclear cells were plated at a density of 10,000 cells/cm?
in complete medium.

When 90% confluence was reached, both the hASCs and the human bone marrow-derived stem
cells (hBMSCs) were detached by Trypsin-EDTA (Life Technologies, Carlsbad, CA, USA) 0,025% and
then re-plated up to passage 4 when they were used for the following experiments.
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2.3. Seeding Protocol and Experimental Set Up by DoE

The set of experiments was performed on hASCs isolated from 3 different donors. LFAMs were
first divided into portions of 10 mg and then rehydrated with complete medium. hASCs were added
to LFAMs at a density of 15,000 cells/mg and maintained in an incubator at 37 °C and 5% CO, for
a maximum time of two h, based on the different times of adhesion designed by the DoE approach.
The cell density (15,000 cells/mg) for a total of an amount of 10 mg LFAMs for each sample was
considered as a fixed parameter and remained constant for all the experiments (Table 1).

Table 1. Endpoints of the study. Setting up of fixed and variable parameters. LFAMs = lyophilized
fibroin-coated alginate microcarriers.

Cell Adhesion Rate
Cell Arrangement

Cell density (15,000 cells/mg)
LFAMs/sample (10 mg)

Endpoints

Fixed process parameters

30 min
60 min
90 min
120 min

5 RPM

Stirring speed 10 RPM
20 RPM

Intermittent
Continuous

Volume of LFAMs/ cells suspension 400 pL
(3.75 x 10° cells and 10 mg of LFAMs) 1000 puL

Length of time

Variable process parameters

Dynamic culture

The standard protocol (SP) previously developed [36] consisting of two h of dynamic culture
by an oscillating shaker (Rotamax 120, Heidolph) at 70 RPM, was considered as reference protocol
and used as a starting point for the identification of the variable parameters (volume of cell/LFAMs
suspension in the bioreactor, the dynamic culture modalities, the stirring speed and the duration of
each protocol) (Table 1).

The cell adhesion rate and the homogenous cell arrangement on the surface of LFAMs were
considered the endpoints of the DoE analysis (Table 1). The DoE was performed by the JMP software
(SAS Institute Inc.) that allows an optimized setup of experiments and a dependable and fast data
analysis to be automatically obtained. After the setting up of the endpoints, the fixed and the variable
input and process parameters, the statistical analysis permitted the definition of an optimized number
of experiments (n = 13) to be performed.

For each hASCs population, the 13 protocols were tested in triplicate. The dynamic culture of
LFAMs/cells suspension was provided by a bioreactor system previously described [45]. Briefly,
this bioreactor is a custom-made tube roller that permits a pre-settable dynamic culture to be obtained,
as it is able to rotate at a programmable speed in continuous mode or with a defined pause between
rotation cycles (Figure S1).

Analyzing the outcomes of these 13 experiments, the DoE predicted an optimized final protocol
(model) in terms of cell adhesion and cell arrangement on the surface of LFAMs (Table 2) that was then
tested and validated.

The validation step consisted of comparing the protocol predicted by the DoE with the other two
reference seeding protocols, that are the standard protocol (SP: 70 RPM, 120 min, continuous, 1000 pL),
already tested in the previous study [36], and the best protocol among the 13 tested.
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Table 2. Design of Experiment (DoE)-selected protocols resulting by combination of the variable parameters.

Variable Parameters

Dynamic Culture

Protocol  Stirring Speed (RPM)  Time (min) Intermittent (+) or Continuous (—)

Volume (uL)

1 20 30 + 1000
2 20 120 + 1000
3 10 60 + 400
4 10 120 + 400
5 5 30 + 400
6 5 90 + 1000
7 20 60 - 400
8 20 90 — 400
9 10 30 — 1000
10 10 60 — 1000
11 10 120 — 400
12 5 30 - 400
13 5 120 - 1000

2.4. Evaluation of the Cell Adhesion Rate

For each protocol tested, the medium was removed to exclude non-adherent cells immediately
after the end of the seeding phase. The total amount of adhered cells was evaluated by DNA
quantification with the CyQuant assay (Invitrogen, Carlsbad, CA, USA) and an estimation of cell
number based on the relative metabolic activity of each sample was obtained by Alamar Blue assay
(Life Technologies, Carlsbad, CA, USA). Cell viability was calculated by metabolic activity normalized
on the quantity of DNA in each sample. In detail, each LFAM/ cells sample was incubated with a 10%
v/v Alamar Blue solution for 4 h at 37 °C. Fluorescence was measured at Ex/Em 560/590 nm by a
spectrophotometer (Victor X3, Perkin Elmer). The same samples were then harvested and lysed with
Triton X-100 0.1% in ddH;O for the DNA content evaluation by CyQuant cell proliferation Assay Kit.
Fluorescence was read at 520 nm (excitation 480 nm).

Evaluation of cell adhesion was performed with Calcein staining (Life Technologies): each sample
was treated with 2 uM of Calcein-AM in saline solution for 10 min at 37 °C and 5% CO,.
The auto-fluorescence of silk fibroin after exposure to green light was used to better discriminate the
surface of adhesion [46]. Then, micrographs were obtained by observing cells with a fluorescence
microscope (Olympus IX71). For each experimental condition, a quantification of the adherent
Calcein-stained cells per single LFAMs was performed by Image] software. Briefly, three representative
images for each experimental condition were selected and then used for the semi-quantitative analysis.
The threshold level was modified in order to discriminate green fluorescent cells and the “Analyze
Particles” command was used for the cell count; particles with a size less than 10 pixel? were ignored.

2.5. Statistical Analysis

DoE was performed using JMP (SAS Institute software). A DoE custom design was generated for
the study, defining cell adhesion rate and cell arrangement on the surface of LFAMs, obtained from the
quantification of DNA of adhered cells and the assessment of their metabolic activity, as outcomes to
be maximized. The time (min), the stirring speed (RPM), the dynamic culture modalities (intermittent
or continuous) and the volume of LFAMs/cells suspension (uL) were defined as variable process
parameters. The software automatically generates the design of the experiments to perform. After the
experiments, the obtained data were inserted in the software and the screening effect was evaluated
for each single output and for the overall results. The personality of the model was set at standard
least squares whereas the emphasis set to effect screening.

Statistical analyses of data were performed by GraphPad Prism v5.0 software (GraphPad Software
Inc., La Jolla, CA, USA). Data are expressed as the mean =+ standard deviation (SD). The values
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distribution was assayed by the Kolmogorov-Smirnov normality test. For normally distributed data,
the student T-test or the one-way analysis of variance (ANOVA) were performed to compare groups.
If the data were not normally distributed, the Mann—-Whitney test or Kruskal-Wallis test were applied:
p values < 0.05 were considered statistically significant.

3. Results

3.1. LEAMs Properties

Size distribution of FAMs and LFAMs were evaluated using a light scattering granulometer;
LFAMSs were previously rehydrated, with water at 37 °C for 2 h in ddH,O, mimicking the hydration
procedure used before the cell adhesion tests. Our results demonstrated that, after the rehydration,
LFAMs showed the same particle size distribution with respect to FAMs (462.97 £ 160.25 um and
418.14 £ 59.58 um, respectively). These results demonstrated that the freeze-drying process did not
affect the microcarrier structure and it can be considered an effective strategy to obtain a dry, stable,
and ready-to-use product. FI-IR analysis was performed on both LAMs and LFAMs to evaluate the
fibroin and alginate molecular conformation (Figure 1a).

LAMs

3490}
3449

P
1631

1616
LFAMSs 500pm

32‘88
1234

1628 500pum

| I | |
4000 3000 2000 1000
Wavenumber, cm™!

(a) (b)
Figure 1. Fourier transform infrared (FT-IR) spectra of lyophilized alginate microcarriers (LAMs) and
lyophilized fibroin-coated alginate microcarriers (LFAMs) in the spectral region 4000-1000 cm™~! (a).
Representative micrographs of fibroin-coated microcarriers (FAMs) and LFAMs after exposition at
green light. Magnification 4X (b).

The FT-IR spectra of LAMs demonstrated the presence of calcium alginate absorption bands; in
particular, in the range 3000-3600 cm ™! the bands were related to the stretching vibration of O-H
bonds, while the ones at 1616 and 1631 cm ™! were correlated to the asymmetric stretching vibration
of carboxylate group. On the other side, the FT-IR spectra of LFAMs showed the typical absorption
bands of fibroin used for the coating of alginate microcarriers. The presence of two bands at ~1620
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and 1520 cm~! demonstrated the stable 3-sheet conformation of silk fibroin coating as previously
demonstrated by other authors [47,48]. The band detected at 1628 cm ! was ascribed to the C=O
stretching of Amide I groups, while at 1520 cm ! the C-N stretching and the N-H blending of Amide IT
were detected. The presence of fibroin coating was also confirmed by the absorption band at 3288 cm 1,
observable only in the LFAMs spectra; this peak was attributable to the N-H stretches of fibroin amines.

The auto-fluorescence of silk fibroin after exposure to green light was exploited to morphologically
observe microcarriers, before (FAMs) and after (LFAMs) the lyophilization process. In general, when
lyophilized, the microcarrier structure is well maintained and it does not show any kind of damage.
The rounded shape of microcarriers is preserved even if LFAMs present some small deformation with
respect to the FAMs (Figure 1b). Furthermore, the stained surface of LFAMs (Figure 1b) demonstrated
that lyophilization and rehydration did not induce any structural and morphological modification,
in terms of shape and fibroin coating integrity.

3.2. Quantification of Cell Adhesion Rate on the LFAMs Surface

Although no statistically significant differences were observed, higher DNA content was found
in samples seeded with intermittent dynamic protocols (10 min of static and 10 min of dynamic cell
culture; protocols 1-6), in comparison with those seeded under a continuous dynamic condition
(protocols 7-13) (Figure 2a).

DNA Quantificaticn

Total metabolic activity

3 4 5 6 7 8 9 10 11 12 13 SP
1. 2 3 4 5 6 7 8 8 10 11 12 13 SP

Experimental conditions.
Experimental conditions

(a) (b)

Cell viability
500

400

300

1.2 3 4 5 6 7 8 9 10 11 12 13 SP

Arbitrary Unit of Fluorescence (AUF)/ing DNA

Experimental conditions
(9

Figure 2. (a) DNA quantification, (b) total metabolic activity and (c) cell viability of samples for each
protocol (1: 20 RPM, 30 min, intermittent, 1000 pL; 2: 20 RPM, 120 min, intermittent, 1000 uL; 3: 10 RPM,
60 min, intermittent, 400 pL; 4: 10 RPM, 120 min, intermittent, 400 uL; 5: 5 RPM, 30 min, intermittent,
400 uL; 6: 5 RPM, 90 min, intermittent, 1000 uL; 7: 20 RPM, 60 min, continuous, 400 pL; 8: 20 RPM,
90 min, continuous, 400 uL; 9: 10 RPM, 30 min, continuous, 1000 uL; 10: 10 RPM, 60 min, continuous,
1000 uL; 11: 10 RPM, 120 min, continuous, 400 uL; 12: 5 RPM, 30 min, continuous, 400 uL; 13: 5 RPM,
120 min, continuous, 1000 uL; SP: 70 RPM, 120 min, continuous, 1000 nL). Results are reported as mean
+ SD.

The amount of cell adhesion was also assessed by the detection of total metabolic activity by
Alamar Blue assay. The highest values were obtained under protocol 3 (3: 10 RPM, 60 min, intermittent,
400 pL) and 4 (4: 10 RPM, 120 min, intermittent, 400 uL) (Figure 2b). This observation suggests that
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independently of the time of seeding, the use of the intermittent dynamic culture at a speed of 10 RPM
in a volume of LFAMSs/ cells suspension of 400 uL may represent the best combination of factors to
promote cell adhesion.

No relevant differences were observed by comparing all the protocols in terms of cell viability,
defined as metabolic activity normalized on DNA content of each sample, as shown in Figure 2c,
thus suggesting that no significant effects on cell viability were determined by all the different
experimental set-ups.

Observing the data obtained using the standard protocol, higher levels of DNA content (Figure 2a),
metabolic activity (Figure 2b), and cell viability (Figure 2c), were found with respect to all the other
protocols tested.

3.3. Qualitative Evaluation of Homogeneity in Cell Adhesion

To assess the cell arrangement on the surface of LFAMs, Calcein staining was performed
immediately after the end of the seeding phase (Figure 3).

Intermittent dynamic culture Continuous dynamic culture

cells/single FAM

500pm

(b) (©)

Figure 3. Representative images of Calcein stained cells (green) seeded on LFAMs (auto-fluorescent in
red) with the 13 different protocols suggested by Design of Experiment (DoE) (a) (1: 20 RPM, 30 min,
intermittent, 1000 uL; 2: 20 RPM, 120 min, intermittent, 1000 pnL; 3: 10 RPM, 60 min, intermittent,
400 pL; 4: 10 RPM, 120 min, intermittent, 400 uL; 5: 5 RPM, 30 min, intermittent, 400 uL; 6: 5 RPM,
90 min, intermittent, 1000 puL; 7: 20 RPM, 60 min, continuous, 400 puL; 8: 20 RPM, 90 min, continuous,
400 pL; 9: 10 RPM, 30 min, continuous, 1000 nL; 10: 10 RPM, 60 min, continuous, 1000 pL; 11: 10 RPM,
120 min, continuous, 400 uL; 12: 5 RPM, 30 min, continuous, 400 uL; 13: 5 RPM, 120 min, continuous,
1000 uL) and the Standard Protocol (b) (SP: 70 RPM, 120 min, continuous, 1000 pL). Scale bar = 500 pm.
Semi-quantitative evaluation of Calcein-stained cells on the surface of LFAMs (c).
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The use of the standard protocol induced the formation of cell clusters instead of a homogeneous
cell arrangement on LFAMs. Again, the highest adhesion rate and the most homogenous cell adhesion
were obtained when an intermittent dynamic culture was used (Figure 3a, protocols 1-6), especially
using protocols 3, 4, and 6. This evidence was confirmed by the semi-quantitative analyses of sample
that revealed a higher amount of Calcein-stained cells adherent on the surface of the LFAMs (Figure 3c).
Well-distributed adherent cells were found on the surface of LFAMs in the samples seeded with the
intermittent dynamic conditions, in contrast with what was observed in samples seeded with the
standard protocol.

3.4. Influence of Single Parameters on the Cell Adhesion Rate

Grouping all data for intermittent vs. continuous dynamic culture, the estimated number of cells,
meant as both DNA content and total metabolic activity was higher in the intermittent group, in a
significant manner, at least for that concerning total metabolic activity (p < 0.05) (Figure 4a,b).

DNA guantification Total metabolic activity
200+ .. 25000+ *
i 1 |
z ' '
150- 3 200004
< g B
< £ 15000
a 100- —_— n
E! E 10000+
=
=
50 2 5000-
.E
0- T h 0-
-+ -
(a) (b)
Cell viability
€
& 250
[=]
g
S 200
=z
g
& 150+
irl
:
£ 100- .
.
£ 504
2
g
;o -
= + =

(©)

Figure 4. (a) DNA quantification, (b) total metabolic activity and (c) cell viability of samples grouped
for the intermittent (+) vs. continuous (—) dynamic culture. Results are reported as mean + SD.
*p <0.05.

Similarly, cell viability resulted in being slightly affected, showing a higher level in samples
cultured with the intermittent dynamic protocols, even if no statistically significant differences were
observed (Figure 4c).

Focusing on the data derived from intermittent dynamic protocols only, the samples where a small
volume of LFAMs/ cells suspension (400 pL) was used showed higher values in terms of DNA content
and total metabolic activity (p < 0.05) with respect to those with the larger one (1000 uL) (Figure 5a,b).
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Volume Volume
DNA quantification Total metabolic activity
200- _. 30000+ [ * i
5
<
150 -
g 20000+
. &
& 100 3
2 = |
o
E 100004
50+ ;
E
g
0- T < 0- T
400 pl 1000 pl 400 pl 1000 pl
(a) (b)
Stirring Speed Stirring Speed
DNA quantification Total metabolic activity
2504 * 40000~
 — &g
wk
200 3 —
2 30000+
@
5 1501 g |
o
a 2 20000+
s
z 100004 -IT—-
§
L 1 = 0' T T
10 RPM 20 RPM 5 RPM 10 RPM 20 RPM
(c) (d)
Time Time
DNA quantification Total metabolic activity
250+ * _ 250004
I i 5
<L
200 —|— g 20000+
§
« 150 £ 15000
z =]
& E
=] w
= 1004 s 10000+ |
T £
504 g‘ 50004
] g
30 milnules 60 minutes 90 minutes 120 mlinutes 30 milnutes 60 milnutes 90 minutes 120 m'inules
(e) ()

Figure 5. (a,c,e) represent the DNA content while (b,d,f) represent the total metabolic activity of samples
cultured with intermittent dynamic protocols (1-6), grouped for volume LFAMs/cells suspension (uL)
(a,b), stirring speed (RPM) (c,d) and time of the process (min) (e,f). Data are expressed as mean values
£ SD. *p <0.05,*p <0.01.

The seeding speed of 10 RPM allowed for the obtainment of the highest values with respect to
samples seeded at 5 RPM and 20 RPM (Figure 5c,d), in term of both DNA content and total metabolic
activity. For what concerns DNA content, this difference resulted in being statistically significant
(*p <0.05and ** p < 0.01, vs. 5 RPM and 20 RPM, respectively) (Figure 5c,d).

Regarding the time of process, 120 min was the time able to guarantee the highest DNA amount
in respect to the other conditions (30 min, 60 min, and 90 min) with a statistically significant difference
(p > 0.05) when compared with the 30 min ones (Figure 5e). No relevant differences were observed in
terms of total metabolic activity even if the highest value was obtained in the samples cultured for
60 min (Figure 5f).
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3.5. Identification of the Optimal Experimental Condition to Optimize the Cell Adhesion Process onto LEAMs

The DoE approach allowed for a complete screening of the effects on the cell seeding derived
from the modification of the variable process parameters. A prediction profile was generated by the
JMP software, showing the synergistic effect and the relative desirability values of each parameter in
relation to the final output. The optimal experimental parameters combination resulting from the DoE
analysis was obtained maximizing the desirability, corresponding to an intermittent dynamic culture

with a duration of 98 min, at a speed of 12.27 RPM, in a seeding volume of 401.5 pL, having the highest
overall desirability score (0.717) (namely model protocol) (Figure 6a).
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Figure 6. DoE outcome reporting the optimal parameter configuration obtained maximizing the
desirability in the statistical software. (a) Extraction of the optimal combination by the maximization
of the input variables. (b) Surface profiles of the DNA quantification and (c) of the total metabolic

activity, related to the seeding time (min) and the stirring speed (RPM). (red: maximum efficiency;
green: medium efficiency; blue: low efficiency).

Considering the intermittent dynamic protocols only and the effect of the seeding time versus
the stirring speed (RPM), two surface profiles were generated for DNA content and metabolic activity.
Theoretically, the maximum DNA content would be obtained with 100 min of seeding time at 13 RPM
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(Figure 6b), while the highest total metabolic activity value would result when using 84 min of seeding
time at 11.5 RPM (Figure 6c).

3.6. Validation of the Optimized Protocol

To validate the ability of the protocol theoretically predicted by DoE (model: 12.27 RPM, 98 min,
intermittent, 401.5 uL) to outperform the standard protocol (SP: 70 RPM, 120 min, continuous, 1000 puL),
and the best performing protocol tested (3: 10 RPM, 60 min, intermittent, 400 pL), three populations of
hASC and three of hBMSCs were seeded on LFAMs under these conditions.

When the model protocol was applied, the DNA amount of adhered cells on LFAMs was 136 +
24 ng and 183 =+ 44 ng for hASCs and hBMSCs, respectively (Figure 7a).
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Figure 7. (a) DNA quantification and (b) total metabolic activity of cells cultured with the
DoE-predicted model (model: 12.27 RPM, 98 min, intermittent, 401.5 uL) and with protocol 3 (3: 10 RPM,
60 min, intermittent, 400 pL). Results are reported as mean =+ SD. (c) Representative images of Calcein
stained cells seeded on LFAMs with the DoE-predicted model, Protocol 3 and the Standard Protocol
(SP: 70 RPM, 120 min, continuous, 1000 pL). Scale bar = 200 um. (d) Viability of hASCs and hBMSCs
after being cultured with the same protocols.

These values were similar to those obtained with protocol 3 (194 £ 52 ng for hASCs and 186 =+
56 ng for hBMSCs).

The total metabolic activities of hASCs detected after seeding with the model protocol and
protocol 3 were almost the same whereas slight differences were observed in hBMSCs, where the
model protocol showed higher values (Figure 7b). Again, the standard protocol allowed for higher
DNA content and metabolic activity, but these data were affected by the presence of cell aggregates
rather than LFAM-adherent cells.
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Indeed, Calcein staining confirmed that the standard protocol led to non-homogenous cell
adhesion for both hASCs and hBMSCs, with clear cell aggregates around the LFAMs, as already
shown in the previous study (Figure 7c). On the contrary, a homogenous cell adhesion on the surface
of LFAMs was observed in samples seeded with the model protocol and protocol 3, without significant
difference between them. The cell viabilities of both hASCs and hBMSCs were similar irrespective of
the seeding protocols applied (Figure 7d).

4. Discussion

The main result of this methodological study is the identification of the optimal seeding condition
to obtain MSCs adhesion on FAMs in a timeframe compatible with one-step clinical procedures,
allowing for the maintenance of cell viability and associated to homogeneous cell distribution. In our
previous works, we demonstrated that FAMs possess all the features of being a reliable cell delivery
system for MSCs [36,37]. In this study, different seeding protocols were identified by DoE to test the
homogeneity of cell distribution while keeping a high adhesion rate on the surface of the carriers.

Fibroin-coated microcarriers were selected as a delivery system since they had been widely
used in several applications, especially when cell growth was desirable [49-52]. Indeed, the main
interest in the use of microcarriers for cell culture was driven by the optimal surface—area/volume
ratio that represents a great advantage in term of cost-effectiveness, reducing the amount of the
materials and the time needed for monolayer cell expansion [53]. Moreover, the use of fibroin
as a support for cell growth was considered a suitable approach for MSCs culture to provide not
only a good cellular expansion but also a good maintenance of cell proliferation and differentiation
capability [54-58]. Finally, microcarriers were defined as a suitable cell delivery system since they
can be directly injected locally, ensuring the maintenance of cells at the target site while minimizing
patients’ discomfort [25,59,60].

In our case, the development of FAMs was thought to facilitate and improve the local injective
delivery of MSCs for musculoskeletal applications. Indeed, one-step procedures represent a convenient
and cost-effective approach to exploit the MSCs potential for the treatment of many conditions,
including osteoarthritis, the most common form of joint arthritis. However, although many studies
have demonstrated the feasibility and effectiveness of the use of MSCs in the treatment of these
pathologies, the technical aspects related to the cell delivery could be improved to enhance clinical
translation. In particular, given the lower number of MSCs obtained intraoperatively from bone marrow
or adipose tissue, the effectiveness of the local delivery of progenitor cells and their permanence at
the injury site is crucial to achieve therapeutic results. Moreover, the possibility to deliver MSCs
while adhered to a surface rather than in a liquid suspension would allow a more physiological
cell environment to be maintained, eventually resulting in a more prompt and increased activity of
MSCs, especially in terms of paracrine action [24]. While other approaches for one-step applications,
such as the direct injection in the target tissue of cells in suspension or the delivery of cells embedded
in capsules or hydrogels might allow for more rapid cell administration [61,62], they prevent the
maintenance of this peculiar feature of MSCs, likely reducing the safety and efficacy of the system [63].

With respect to our previous study describing the feasibility of this approach [36], in this
work a more stable formulation of FAMs, in the form of a lyophilized product (LFAMs) was tested.
The shelf life of freeze-dried microcarriers (LFAMs) was higher than FAMs; the lyophilization process
represents an effective strategy to reduce the water content and to improve the stability of developed
microcarriers. The obtained results demonstrated that LFAMs maintained all their features in terms
of physico-chemical, size distribution, and cell adhesion properties with respect to FAMs, which
were analyzed in our previous work [36]. In particular, by rehydrating LFAMs for 2 h, it was
possible to obtain the same size distribution of fresh fibroin-coated microcarriers (FAMs). Furthermore,
FT-IR analysis demonstrated that after lyophilization the silk fibroin coating maintained its stable
conformation. The lyophilization process allowed us to obtain a dry and more stable product with
respect to fresh microcarriers; for these reasons the freeze-drying technique could be considered a
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good strategy to improve the technological process of FAMs production, ameliorating the preservation
and the reproducibility of the process and opening the perspective for a possible future off-the-shelf
use of LFAMs.

As the main aim of this study was to develop a protocol of use of LFAMs compliant with
the minimal requirements for MSCs delivery in a one-step clinical application, a low cell number
(15,000 cells/mg of LFAMs) and a short time for the adhesion of cells (maximum 2 h) were applied to
mimic as closely as possible the clinical setting.

To improve the previously proposed seeding protocol, the parameters that might influence the
seeding efficiency were tested in multiple combinations using the DoE approach.

Our results indicated that hASCs were able to adhere to LFAMs in less than 2 h, under suitable
conditions. In particular, the dynamic seeding of cells provided the best outcomes in comparison with
static cultures, in terms of cell adhesion and viability, confirming previously published literature
findings [64,65]. Moreover, the modality of the dynamic culture—intermittent or not—deeply
influences final cell adhesion and subsequent expansion and differentiation. Indeed, our results
showed that the intermittence was the most influencing parameter among those tested in this study,
thus confirming the hypothesis that the intermittent dynamic culture is able to improve the adhesion
rate [66]. However, the formation of cell aggregates, particularly frequent in continuous dynamic
culture, as well as cell damage and detachment from microcarriers should be prevented. The protocols
consisting of intermittent dynamic seeding provided the most homogenous cell adhesion of FAMs,
without formation of cell aggregates even if the lowest hydrodynamic shear stress to the cells has to be
guaranteed to avoid cell damage or detachment [67-69].

The main limitation of this work is the use of cultured and expanded cells, while the one-step
procedure would require freshly isolated cells, in the form of bone marrow aspirate concentrates
(BMAC) or stromal vascular fraction (SVF). The rationale of using expanded cells resides in the
methodological nature of the present paper, requiring a high number of cells in order to perform all
the experiments and the related analysis. Further experiments are needed to confirm the effectiveness
of the protocol developed in the present study for the intra-operative administration of injectable
products such as SVF and BMAC, in the view of the application of this combined approach at the point
of care.

5. Conclusions

This study shows significant insights on the use of LFAMs as a cell delivery system with a
perspective clinical relevance. LFAMs support rapid hASCs adhesion and good maintenance of their
viability. In addition, the optimized protocol suggested by the DoE analysis also permits a homogenous
arrangement of cells on the surface of the carrier. The lyophilization technique allowed us to obtain a
dry, stable, and ready-to-use product, which maintained the original properties of the fibroin-coated
microcarriers. Overall, LFAMs and the protocol of use proposed in this study comply with the minimal
requirements for the assessment of MSCs delivery in a one-step clinical application.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4923/10/4/200/s1,
Figure S1: Image of the pre-settable bioreactor used. Aliquots of LFAMs/ cells suspension were maintained in
intermittent or continuous dynamic conditions for the duration of each seeding protocol.

Author Contributions: Conceptualization, C.P.O., G.T. and L.d.G.; Data curation, C.P.O., M.V. and S.P.; Formal
analysis, C.PO., G.T., M.V. and S.P; Funding acquisition, M.L.T. and L.d.G.; Investigation, C.P.O., G.L. and PD.L,;
Methodology, A.C., M.L.T. and L.d.G.; Project administration, L.d.G.; Resources, M.L.T. and L.d.G.; Software, G.T.;
Supervision, M.M., M.L.T. and L.d.G.; Validation, C.P.O., G.L. and FEF,; Visualization, M.M.; Writing—original
draft, C.P.O., G.T. and M.V.; Writing—review and editing, E.R., A.C, M.L.T. and L.d.G.

Funding: The present work was supported by Regione Lombardia (STEMDELIVERY, Project ID. 42617604).
Acknowledgments: The authors would like to thank Luigi Zagra for helping in biological waste material collection.

Conflicts of Interest: The authors declare no conflict of interest.


http://www.mdpi.com/1999-4923/10/4/200/s1

Pharmaceutics 2018, 10, 200 15 of 18

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Caplan, A.I Mesenchymal Stem Cells: Time to Change the Name! Stem. Cell Transl. Med. 2017, 6, 1445-1451.
[CrossRef] [PubMed]

Wang, Y.; Shimmin, A.; Ghosh, P.; Marks, P; Linklater, J.; Connell, D.; Hall, S.; Skerrett, D.; Itescu, S.;
Cicuttini, EM. Safety, tolerability, clinical, and joint structural outcomes of a single intra-articular injection
of allogeneic mesenchymal precursor cells in patients following anterior cruciate ligament reconstruction:
A controlled double-blind randomised trial. Arthritis Res. Ther. 2017, 19, 180. [CrossRef] [PubMed]

Shi, Y.; Wang, Y.; Li, Q.; Liu, K.; Hou, J.; Shao, C.; Wang, Y. Inmunoregulatory mechanisms of mesenchymal
stem and stromal cells in inflammatory diseases. Nat. Rev. Nephrol. 2018. [CrossRef] [PubMed]

Panés, J.; Garcia-Olmo, D.; Van Assche, G.; Colombel, J.F,; Reinisch, W.; Baumgart, D.C.; Dignass, A.;
Nachury, M.; Ferrante, M.; Kazemi-Shirazi, L.; et al. ADMIRE CD Study Group Collaborators Expanded
allogeneic adipose-derived mesenchymal stem cells (Cx601) for complex perianal fistulas in Crohn’s disease:
A phase 3 randomised, double-blind controlled trial. Lancet 2016, 388, 1281-1290. [CrossRef]

Butler, J.; Epstein, S.E.; Greene, S.J.; Quyyumi, A.A.; Sikora, S.; Kim, R.J.; Anderson, A.S.; Wilcox, J.E.;
Tankovich, N.L; Lipinski, M.].; et al. Intravenous Allogeneic Mesenchymal Stem Cells for Nonischemic
Cardiomyopathy: Safety and Efficacy Results of a Phase II-A Randomized Trial. Circ. Res. 2017, 120, 332-340.
[CrossRef] [PubMed]

Usuelli, EG.; Grassi, M.; Maccario, C.; Vigano’, M.; Lanfranchi, L.; Alfieri Montrasio, U.; de Girolamo, L.
Intratendinous adipose-derived stromal vascular fraction (SVF) injection provides a safe, efficacious
treatment for Achilles tendinopathy: Results of a randomized controlled clinical trial at a 6-month follow-up.
Knee Surg. Sports Traumatol. Arthrosc. 2018, 26, 2000-2010. [CrossRef] [PubMed]

Shapiro, S.A.; Kazmerchak, S.E.; Heckman, M.G.; Zubair, A.C.; O’Connor, M.I. A Prospective, Single-Blind,
Placebo-Controlled Trial of Bone Marrow Aspirate Concentrate for Knee Osteoarthritis. Am. |. Sports Med.
2017, 45, 82-90. [CrossRef] [PubMed]

Vega, A.; Martin-Ferrero, M.A.; Del Canto, E; Alberca, M.; Garcia, V.; Munar, A.; Orozco, L.; Soler, R.;
Fuertes, ].].; Huguet, M.; et al. Treatment of Knee Osteoarthritis with Allogeneic Bone Marrow Mesenchymal
Stem Cells: A Randomized Controlled Trial. Transplantation 2015, 99, 1681-1690. [CrossRef] [PubMed]

Lv, F-J.; Tuan, R.S.; Cheung, KM.C.; Leung, V.Y.L. Concise review: The surface markers and identity of
human mesenchymal stem cells. Stem. Cells 2014, 32, 1408-1419. [CrossRef] [PubMed]

European Union. Commission Directive 2009/120/EC of 14 September 2009 Amending Directive 2001/83/EC of the
European Parliament and of the Council on the Community Code Relating to Medicinal Products for Human Use as
Regards Advanced Therapy Medicinal Products; OJ L 242; European Union: Brussels, Belgium, 2009; pp. 3-12.

European Union. Regulation (EC) No 1394/2007 of the European Parliament and of the Council of 13 November
2007 on Advanced Therapy Medicinal Products and Amending. Directive 2001/83/EC and Regulation (EC) No
726/2004; OJ L 324; European Union: Brussels, Belgium, 2007; pp. 121-137.

European Union. Directive 2001/83/EC of the European Parliament and of the Council of 6 November 2001 on the
Community Code Relating to Medicinal Products for Human Use; OJ L 311; European Union: Brussels, Belgium,
2001; p. 67.

Ambra, L.F.; de Girolamo, L.; Mosier, B.; Gomoll, A.H. Review: Interventions for Cartilage Disease: Current
State-of-the-Art and Emerging Technologies. Arthritis Rheumatol. 2017, 69, 1363-1373. [CrossRef] [PubMed]
Jeon, O.H.; Elisseeff, J. Orthopedic tissue regeneration: Cells, scaffolds, and small molecules. Drug Deliv.
Transl. Res. 2016, 6, 105-120. [CrossRef] [PubMed]

Gupta, PK,; Chullikana, A.; Rengasamy, M.; Shetty, N.; Pandey, V.; Agarwal, V.; Wagh, S.Y.; Vellotare, PK.;
Damodaran, D.; Viswanathan, P; et al. Efficacy and safety of adult human bone marrow-derived, cultured,
pooled, allogeneic mesenchymal stromal cells (Stempeuce1®): Preclinical and clinical trial in osteoarthritis of
the knee joint. Arthritis Res. Ther. 2016, 18, 301. [CrossRef] [PubMed]

Akgun, I; Unlu, M.C; Erdal, O.A.; Ogut, T.; Erturk, M.; Ovali, E.; Kantarci, F,; Caliskan, G.; Akgun, Y.
Matrix-induced autologous mesenchymal stem cell implantation versus matrix-induced autologous
chondrocyte implantation in the treatment of chondral defects of the knee: A 2-year randomized study.
Arch. Orthop. Trauma. Surg. 2015, 135, 251-263. [CrossRef] [PubMed]

Loebel, C.; Burdick, J.A. Engineering Stem and Stromal Cell Therapies for Musculoskeletal Tissue Repair.
Cell Stem Cell 2018, 22, 325-339. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/sctm.17-0051
http://www.ncbi.nlm.nih.gov/pubmed/28452204
http://dx.doi.org/10.1186/s13075-017-1391-0
http://www.ncbi.nlm.nih.gov/pubmed/28768528
http://dx.doi.org/10.1038/s41581-018-0023-5
http://www.ncbi.nlm.nih.gov/pubmed/29895977
http://dx.doi.org/10.1016/S0140-6736(16)31203-X
http://dx.doi.org/10.1161/CIRCRESAHA.116.309717
http://www.ncbi.nlm.nih.gov/pubmed/27856497
http://dx.doi.org/10.1007/s00167-017-4479-9
http://www.ncbi.nlm.nih.gov/pubmed/28251260
http://dx.doi.org/10.1177/0363546516662455
http://www.ncbi.nlm.nih.gov/pubmed/27566242
http://dx.doi.org/10.1097/TP.0000000000000678
http://www.ncbi.nlm.nih.gov/pubmed/25822648
http://dx.doi.org/10.1002/stem.1681
http://www.ncbi.nlm.nih.gov/pubmed/24578244
http://dx.doi.org/10.1002/art.40094
http://www.ncbi.nlm.nih.gov/pubmed/28294573
http://dx.doi.org/10.1007/s13346-015-0266-7
http://www.ncbi.nlm.nih.gov/pubmed/26625850
http://dx.doi.org/10.1186/s13075-016-1195-7
http://www.ncbi.nlm.nih.gov/pubmed/27993154
http://dx.doi.org/10.1007/s00402-014-2136-z
http://www.ncbi.nlm.nih.gov/pubmed/25548122
http://dx.doi.org/10.1016/j.stem.2018.01.014
http://www.ncbi.nlm.nih.gov/pubmed/29429944

Pharmaceutics 2018, 10, 200 16 of 18

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Chapel, A.; Bertho, ].M.; Bensidhoum, M.; Fouillard, L.; Young, R.G.; Frick, ].; Demarquay, C.; Cuvelier, F;
Mathieu, E.; Trompier, E; et al. Mesenchymal stem cells home to injured tissues when co-infused with
hematopoietic cells to treat a radiation-induced multi-organ failure syndrome. J. Gene Med. 2003, 5, 1028-1038.
[CrossRef] [PubMed]

Zhang, Y,; Li, Y,; Zhang, L.; Li, J.; Zhu, C. Mesenchymal stem cells: Potential application for the treatment of
hepatic cirrhosis. Stem Cell Res. Ther. 2018, 9, 59. [CrossRef] [PubMed]

De Becker, A ; Riet, I.V. Homing and migration of mesenchymal stromal cells: How to improve the efficacy
of cell therapy? World J. Stem Cells 2016, 8, 73-87. [CrossRef] [PubMed]

Park, ].S.; Suryaprakash, S.; Lao, Y.-H.; Leong, K.W. Engineering mesenchymal stem cells for regenerative
medicine and drug delivery. Methods 2015, 84, 3-16. [CrossRef] [PubMed]

Steingen, C.; Brenig, F.; Baumgartner, L.; Schmidt, J.; Schmidt, A.; Bloch, W. Characterization of key
mechanisms in transmigration and invasion of mesenchymal stem cells. . Mol. Cell. Cardiol. 2008, 44,
1072-1084. [CrossRef] [PubMed]

Gao, J.; Dennis, J.E.; Muzic, R.F,; Lundberg, M.; Caplan, A.I. The dynamic in vivo distribution of bone
marrow-derived mesenchymal stem cells after infusion. Cells Tissues Organs 2001, 169, 12-20. [CrossRef]
[PubMed]

Merten, O.-W. Advances in cell culture: Anchorage dependence. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2015,
370, 20140040. [CrossRef] [PubMed]

Chen, A K.-L.; Reuveny, S.; Oh, S. K.W. Application of human mesenchymal and pluripotent stem cell
microcarrier cultures in cellular therapy: Achievements and future direction. Biotechnol. Adv. 2013, 31,
1032-1046. [CrossRef] [PubMed]

Georgi, N.; van Blitterswijk, C.; Karperien, M. Mesenchymal stromal/stem cell-or chondrocyte-seeded
microcarriers as building blocks for cartilage tissue engineering. Tissue Eng. Part A 2014, 20, 2513-2523.
[CrossRef] [PubMed]

Wang, L.; Rao, R.R.; Stegemann, J.P. Delivery of mesenchymal stem cells in chitosan/collagen microbeads
for orthopedic tissue repair. Cells Tissues Organs 2013, 197, 333-343. [CrossRef] [PubMed]

Qazi, T.H.; Mooney, D.J.; Pumberger, M.; Geissler, S.; Duda, G.N. Biomaterials based strategies for skeletal
muscle tissue engineering: Existing technologies and future trends. Biomaterials 2015, 53, 502-521. [CrossRef]
[PubMed]

Pumberger, M.; Qazi, T.H.; Ehrentraut, M.C.; Textor, M.; Kueper, J.; Stoltenburg-Didinger, G.; Winkler, T.;
von Roth, P;; Reinke, S.; Borselli, C.; et al. Synthetic niche to modulate regenerative potential of MSCs and
enhance skeletal muscle regeneration. Biomaterials 2016, 99, 95-108. [CrossRef] [PubMed]

Cezar, C.A.; Mooney, D.J. Biomaterial-based delivery for skeletal muscle repair. Adv. Drug Deliv. Rev. 2015,
84,188-197. [CrossRef] [PubMed]

Shekaran, A.; Sim, E.; Tan, K.Y.; Chan, ]. K.Y.; Choolani, M.; Reuveny, S.; Oh, S. Enhanced in vitro osteogenic
differentiation of human fetal MSCs attached to 3D microcarriers versus harvested from 2D monolayers.
BMC Biotechnol. 2015, 15, 102. [CrossRef] [PubMed]

Shekaran, A.; Lam, A.; Sim, E,; Jialing, L.; Jian, L.; Wen, J.T.P,; Chan, J.K.Y.; Choolani, M.; Reuveny, S.;
Birch, W.; et al. Biodegradable ECM-coated PCL microcarriers support scalable human early MSC expansion
and in vivo bone formation. Cytotherapy 2016, 18, 1332-1344. [CrossRef] [PubMed]

Naqvi, S.M.; Vedicherla, S.; Gansau, J.; McIntyre, T, Doherty, M., Buckley, C.T. Living
Cell Factories-Electrosprayed Microcapsules and Microcarriers for Minimally Invasive Delivery.
Adv. Mater. Weinheim 2016, 28, 5662-5671. [CrossRef] [PubMed]

Jin, G.-Z,; Park, J.-H.; Seo, S.-J.; Kim, H.-W. Dynamic cell culture on porous biopolymer microcarriers in a
spinner flask for bone tissue engineering: A feasibility study. Biotechnol. Lett. 2014, 36, 1539-1548. [CrossRef]
[PubMed]

Vigani, B.; Mastracci, L.; Grillo, E; Perteghella, S.; Preda, S.; Crivelli, B.; Antonioli, B.; Galuzzi, M.; Tosca, M.C.;
Marazzi, M.; et al. Local biological effects of adipose stromal vascular fraction delivery systems after
subcutaneous implantation in a murine model. J. Bioact. Compat. Polym. 2016, 31, 600-612. [CrossRef]
Perteghella, S.; Martella, E.; de Girolamo, L.; Perucca Orfei, C.; Pierini, M.; Fumagalli, V.; Pintacuda, D.V,;
Chlapanidas, T.; Vigano, M.; Farago, S.; et al. Fabrication of Innovative Silk/Alginate Microcarriers for
Mesenchymal Stem Cell Delivery and Tissue Regeneration. Int. J. Mol. Sci. 2017, 18, 1829. [CrossRef]
[PubMed]


http://dx.doi.org/10.1002/jgm.452
http://www.ncbi.nlm.nih.gov/pubmed/14661178
http://dx.doi.org/10.1186/s13287-018-0814-4
http://www.ncbi.nlm.nih.gov/pubmed/29523186
http://dx.doi.org/10.4252/wjsc.v8.i3.73
http://www.ncbi.nlm.nih.gov/pubmed/27022438
http://dx.doi.org/10.1016/j.ymeth.2015.03.002
http://www.ncbi.nlm.nih.gov/pubmed/25770356
http://dx.doi.org/10.1016/j.yjmcc.2008.03.010
http://www.ncbi.nlm.nih.gov/pubmed/18462748
http://dx.doi.org/10.1159/000047856
http://www.ncbi.nlm.nih.gov/pubmed/11340257
http://dx.doi.org/10.1098/rstb.2014.0040
http://www.ncbi.nlm.nih.gov/pubmed/25533097
http://dx.doi.org/10.1016/j.biotechadv.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23531528
http://dx.doi.org/10.1089/ten.tea.2013.0681
http://www.ncbi.nlm.nih.gov/pubmed/24621188
http://dx.doi.org/10.1159/000348359
http://www.ncbi.nlm.nih.gov/pubmed/23571151
http://dx.doi.org/10.1016/j.biomaterials.2015.02.110
http://www.ncbi.nlm.nih.gov/pubmed/25890747
http://dx.doi.org/10.1016/j.biomaterials.2016.05.009
http://www.ncbi.nlm.nih.gov/pubmed/27235995
http://dx.doi.org/10.1016/j.addr.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25271446
http://dx.doi.org/10.1186/s12896-015-0219-8
http://www.ncbi.nlm.nih.gov/pubmed/26520400
http://dx.doi.org/10.1016/j.jcyt.2016.06.016
http://www.ncbi.nlm.nih.gov/pubmed/27503763
http://dx.doi.org/10.1002/adma.201503598
http://www.ncbi.nlm.nih.gov/pubmed/26695531
http://dx.doi.org/10.1007/s10529-014-1513-6
http://www.ncbi.nlm.nih.gov/pubmed/24652549
http://dx.doi.org/10.1177/0883911516635841
http://dx.doi.org/10.3390/ijms18091829
http://www.ncbi.nlm.nih.gov/pubmed/28832547

Pharmaceutics 2018, 10, 200 17 of 18

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Duchi, S.; Piccinini, F; Pierini, M.; Bevilacqua, A.; Torre, M.L.; Lucarelli, E.; Santi, S. A new holistic 3D
non-invasive analysis of cellular distribution and motility on fibroin-alginate microcarriers using light sheet
fluorescent microscopy. PLoS ONE 2017, 12, e0183336. [CrossRef] [PubMed]

Rathore, A.S.; Winkle, H. Quality by design for biopharmaceuticals. Nat. Biotechnol. 2009, 27, 26-34.
[CrossRef] [PubMed]

Mandenius, C.-F; Brundin, A. Bioprocess optimization using design-of-experiments methodology.
Biotechnol. Prog. 2008, 24, 1191-1203. [CrossRef] [PubMed]

Galuzzi, M.; Perteghella, S.; Antonioli, B.; Tosca, M.C.; Bari, E.; Tripodo, G.; Sorrenti, M.; Catenacci, L.;
Mastracci, L.; Grillo, F,; et al. Human Engineered Cartilage and Decellularized Matrix as an Alternative to
Animal Osteoarthritis Model. Polymers 2018, 10, 738. [CrossRef]

Crivelli, B.; Perteghella, S.; Bari, E.; Sorrenti, M.; Tripodo, G.; Chlapanidas, T.; Torre, M.L. Silk nanoparticles:
From inert supports to bioactive natural carriers for drug delivery. Soft Matter 2018, 14, 546-557. [CrossRef]
[PubMed]

Farago, S.; Lucconi, G.; Perteghella, S.; Vigani, B.; Tripodo, G.; Sorrenti, M.; Catenacci, L.; Boschi, A.;
Faustini, M.; Vigo, D.; et al. A dry powder formulation from silk fibroin microspheres as a topical auto-gelling
device. Pharm. Dev. Technol. 2016, 21, 453-462. [CrossRef] [PubMed]

De Girolamo, L.; Lopa, S.; Arrigoni, E.; Sartori, M.E,; Baruffaldi Preis, EW.; Brini, A.T. Human adipose-derived
stem cells isolated from young and elderly women: Their differentiation potential and scaffold interaction
during in vitro osteoblastic differentiation. Cytotherapy 2009, 11, 793-803. [CrossRef] [PubMed]

Faustini, M.; Bucco, M.; Chlapanidas, T.; Lucconi, G.; Marazzi, M.; Tosca, M.C.; Gaetani, P; Klinger, M.;
Villani, S.; Ferretti, V.V.; et al. Nonexpanded mesenchymal stem cells for regenerative medicine: Yield in
stromal vascular fraction from adipose tissues. Tissue Eng. Part C Methods 2010, 16, 1515-1521. [CrossRef]
[PubMed]

Lovati, A.B.; Vianello, E.; Talo, G.; Recordati, C.; Bonizzi, L.; Galliera, E.; Broggini, M.; Moretti, M.
Biodegradable microcarriers as cell delivery vehicle for in vivo transplantation and magnetic resonance
monitoring. J. Biol. Regul. Homeost. Agents 2011, 25, S63-S74. [PubMed]

Amirikia, M.; Shariatzadeh, SM.A.; Jorsaraei, S.G.A.; Mehranjani, M.S. Auto-fluorescence of a silk
fibroin-based scaffold and its interference with fluorophores in labeled cells. Eur. Biophys. ]. 2018, 47,
573-581. [CrossRef] [PubMed]

Hu, X.; Shmelev, K.; Sun, L.; Gil, E-S.; Park, A-H.; Cebe, P; Kaplan, D.L. Regulation of silk material
structure by temperature-controlled water vapor annealing. Biomacromolecules 2011, 12, 1686-1696. [CrossRef]
[PubMed]

Yang, H.; Zhang, L-I.; Wang, C. Preparation and biocompatibility of nano-hydroxyapatite/(3-sheet silk
protein composite. Adv. Mater. Res. 2011, 287-290, 1335-1343. [CrossRef]

Lam, A.T.-L.; Chen, AK.-L,; Ting, 5.Q.-P,; Reuveny, S.; Oh, S.K.-W. Integrated processes for expansion
and differentiation of human pluripotent stem cells in suspended microcarriers cultures. Biochem. Biophys.
Res. Commun. 2016, 473, 764-768. [CrossRef] [PubMed]

Mizukami, A.; Fernandes-Platzgummer, A.; Carmelo, J.G.; Swiech, K.,; Covas, D.T.; Cabral, ] M.S,;
da Silva, C.L. Stirred tank bioreactor culture combined with serum-/xenogeneic-free culture medium
enables an efficient expansion of umbilical cord-derived mesenchymal stem/stromal cells. Biotechnol. J. 2016,
11, 1048-1059. [CrossRef] [PubMed]

Tsai, A.-C.; Ma, T. Expansion of Human Mesenchymal Stem Cells in a Microcarrier Bioreactor.
Methods Mol. Biol. 2016, 1502, 77-86. [CrossRef] [PubMed]

Want, A.J.; Nienow, A.W.; Hewitt, C.J.; Coopman, K. Large-scale expansion and exploitation of pluripotent
stem cells for regenerative medicine purposes: Beyond the T flask. Regen. Med. 2012, 7, 71-84. [CrossRef]
[PubMed]

Jenkins, M.].; Farid, S.S. Human pluripotent stem cell-derived products: Advances towards robust, scalable
and cost-effective manufacturing strategies. Biotechnol. J. 2015, 10, 83-95. [CrossRef] [PubMed]

Caruso, S.R.; Orellana, M.D.; Mizukami, A.; Fernandes, T.R.; Fontes, A.M.; Suazo, C.A.T.; Oliveira, V.C.;
Covas, D.T,; Swiech, K. Growth and functional harvesting of human mesenchymal stromal cells cultured on
a microcarrier-based system. Biotechnol. Prog. 2014, 30, 889-895. [CrossRef] [PubMed]

De Soure, A.M.; Fernandes-Platzgummer, A.; da Silva, C.L.; Cabral, ].M.S. Scalable microcarrier-based
manufacturing of mesenchymal stem/stromal cells. ]. Biotechnol. 2016, 236, 88-109. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pone.0183336
http://www.ncbi.nlm.nih.gov/pubmed/28817694
http://dx.doi.org/10.1038/nbt0109-26
http://www.ncbi.nlm.nih.gov/pubmed/19131992
http://dx.doi.org/10.1002/btpr.67
http://www.ncbi.nlm.nih.gov/pubmed/19194932
http://dx.doi.org/10.3390/polym10070738
http://dx.doi.org/10.1039/C7SM01631J
http://www.ncbi.nlm.nih.gov/pubmed/29327746
http://dx.doi.org/10.3109/10837450.2015.1022784
http://www.ncbi.nlm.nih.gov/pubmed/25757645
http://dx.doi.org/10.3109/14653240903079393
http://www.ncbi.nlm.nih.gov/pubmed/19878065
http://dx.doi.org/10.1089/ten.tec.2010.0214
http://www.ncbi.nlm.nih.gov/pubmed/20486782
http://www.ncbi.nlm.nih.gov/pubmed/22051172
http://dx.doi.org/10.1007/s00249-018-1279-1
http://www.ncbi.nlm.nih.gov/pubmed/29435602
http://dx.doi.org/10.1021/bm200062a
http://www.ncbi.nlm.nih.gov/pubmed/21425769
http://dx.doi.org/10.4028/www.scientific.net/AMR.287-290.1335
http://dx.doi.org/10.1016/j.bbrc.2015.09.079
http://www.ncbi.nlm.nih.gov/pubmed/26385176
http://dx.doi.org/10.1002/biot.201500532
http://www.ncbi.nlm.nih.gov/pubmed/27168373
http://dx.doi.org/10.1007/7651_2016_338
http://www.ncbi.nlm.nih.gov/pubmed/27032950
http://dx.doi.org/10.2217/rme.11.101
http://www.ncbi.nlm.nih.gov/pubmed/22168499
http://dx.doi.org/10.1002/biot.201400348
http://www.ncbi.nlm.nih.gov/pubmed/25524780
http://dx.doi.org/10.1002/btpr.1886
http://www.ncbi.nlm.nih.gov/pubmed/24574042
http://dx.doi.org/10.1016/j.jbiotec.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27527397

Pharmaceutics 2018, 10, 200 18 of 18

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Badenes, S.M.; Fernandes, T.G.; Rodrigues, C.A.V.; Diogo, M.M.; Cabral, ]. M.S. Microcarrier-based platforms
for in vitro expansion and differentiation of human pluripotent stem cells in bioreactor culture systems.
J. Biotechnol. 2016, 234, 71-82. [CrossRef] [PubMed]

Lin, YM.; Lim, J.EY,;; Lee, J.; Choolani, M.; Chan, J.K.Y,; Reuveny, S.; Oh, SK.W. Expansion in
microcarrier-spinner cultures improves the chondrogenic potential of human early mesenchymal stromal
cells. Cytotherapy 2016, 18, 740-753. [CrossRef] [PubMed]

Bertolo, A.; Hafner, S.; Taddei, A.R.; Baur, M.; Potzel, T.; Steffen, E.; Stoyanov, J. Injectable microcarriers as
human mesenchymal stem cell support and their application for cartilage and degenerated intervertebral
disc repair. Eur. Cell Mater. 2015, 29, 70-80; discussion 80-81. [CrossRef] [PubMed]

Moradian, H.; Keshvari, H.; Fasehee, H.; Dinarvand, R.; Faghihi, S. Combining NT3-overexpressing MSCs
and PLGA microcarriers for brain tissue engineering: A potential tool for treatment of Parkinson’s disease.
Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 76, 934-943. [CrossRef] [PubMed]

Martin, Y.H.; Jubin, K.; Smalley, S.; Wong, ].PF,; Brown, R.A.; Metcalfe, A.D. A novel system for expansion
and delivery of human keratinocytes for the treatment of severe cutaneous injuries using microcarriers and
compressed collagen. J. Tissue Eng. Regen. Med. 2017, 11, 3124-3133. [CrossRef] [PubMed]

Stucky, E.C.; Schloss, R.S.; Yarmush, M.L.; Shreiber, D.I. Alginate micro-encapsulation of mesenchymal
stromal cells enhances modulation of the neuro-inflammatory response. Cytotherapy 2015, 17, 1353-1364.
[CrossRef] [PubMed]

Zeng, Y.; Chen, C; Liu, W,; Fu, Q.; Han, Z,; Li, Y,; Feng, S.; Li, X.; Qi, C.; Wu, J; et al. Injectable microcryogels
reinforced alginate encapsulation of mesenchymal stromal cells for leak-proof delivery and alleviation of
canine disc degeneration. Biomaterials 2015, 59, 53—-65. [CrossRef] [PubMed]

Wang, X.; Hu, X.; Duliriska-Molak, I.; Kawazoe, N.; Yang, Y.; Chen, G. Discriminating the Independent
Influence of Cell Adhesion and Spreading Area on Stem Cell Fate Determination Using Micropatterned
Surfaces. Sci. Rep. 2016, 6, 28708. [CrossRef] [PubMed]

Perez, R.A.; Riccardi, K,; Altankov, G.; Ginebra, M.-P. Dynamic cell culture on calcium phosphate
microcarriers for bone tissue engineering applications. J. Tissue Eng. 2014, 5. [CrossRef] [PubMed]

Gupta, P; Ismadi, M.-Z.; Verma, PJ.; Fouras, A.; Jadhav, S.; Bellare, J.; Hourigan, K. Optimization of agitation
speed in spinner flask for microcarrier structural integrity and expansion of induced pluripotent stem cells.
Cytotechnology 2016, 68, 45-59. [CrossRef] [PubMed]

Yuan, Y,; Kallos, M.S.; Hunter, C.; Sen, A. Improved expansion of human bone marrow-derived mesenchymal
stem cells in microcarrier-based suspension culture. J. Tissue Eng. Regen. Med. 2014, 8, 210-225. [CrossRef]
[PubMed]

Carmelo, J.G.; Fernandes-Platzgummer, A.; Diogo, M.M.; da Silva, C.L.; Cabral, ] M.S. A xeno-free
microcarrier-based stirred culture system for the scalable expansion of human mesenchymal stem/stromal
cells isolated from bone marrow and adipose tissue. Biotechnol. J. 2015, 10, 1235-1247. [CrossRef] [PubMed]
Hewitt, C.J.; Lee, K.; Nienow, A.W.; Thomas, R.J.; Smith, M.; Thomas, C.R. Expansion of human mesenchymal
stem cells on microcarriers. Biotechnol. Lett. 2011, 33, 2325-2335. [CrossRef] [PubMed]

Rafig, Q.A.; Brosnan, K.M.; Coopman, K.; Nienow, A.W.; Hewitt, C.J. Culture of human mesenchymal
stem cells on microcarriers in a 5 | stirred-tank bioreactor. Biotechnol. Lett. 2013, 35, 1233-1245. [CrossRef]
[PubMed]

® © 2018 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/).


http://dx.doi.org/10.1016/j.jbiotec.2016.07.023
http://www.ncbi.nlm.nih.gov/pubmed/27480342
http://dx.doi.org/10.1016/j.jcyt.2016.03.293
http://www.ncbi.nlm.nih.gov/pubmed/27173750
http://dx.doi.org/10.22203/eCM.v029a06
http://www.ncbi.nlm.nih.gov/pubmed/25579755
http://dx.doi.org/10.1016/j.msec.2017.02.178
http://www.ncbi.nlm.nih.gov/pubmed/28482609
http://dx.doi.org/10.1002/term.2220
http://www.ncbi.nlm.nih.gov/pubmed/28052577
http://dx.doi.org/10.1016/j.jcyt.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26210574
http://dx.doi.org/10.1016/j.biomaterials.2015.04.029
http://www.ncbi.nlm.nih.gov/pubmed/25956851
http://dx.doi.org/10.1038/srep28708
http://www.ncbi.nlm.nih.gov/pubmed/27349298
http://dx.doi.org/10.1177/2041731414543965
http://www.ncbi.nlm.nih.gov/pubmed/25383168
http://dx.doi.org/10.1007/s10616-014-9750-z
http://www.ncbi.nlm.nih.gov/pubmed/25062986
http://dx.doi.org/10.1002/term.1515
http://www.ncbi.nlm.nih.gov/pubmed/22689330
http://dx.doi.org/10.1002/biot.201400586
http://www.ncbi.nlm.nih.gov/pubmed/26136376
http://dx.doi.org/10.1007/s10529-011-0695-4
http://www.ncbi.nlm.nih.gov/pubmed/21769648
http://dx.doi.org/10.1007/s10529-013-1211-9
http://www.ncbi.nlm.nih.gov/pubmed/23609232
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Lyophilized-FAMs Preparation and Characterization 
	Cell Isolation and Culture in Monolayer 
	Seeding Protocol and Experimental Set Up by DoE 
	Evaluation of the Cell Adhesion Rate 
	Statistical Analysis 

	Results 
	LFAMs Properties 
	Quantification of Cell Adhesion Rate on the LFAMs Surface 
	Qualitative Evaluation of Homogeneity in Cell Adhesion 
	Influence of Single Parameters on the Cell Adhesion Rate 
	Identification of the Optimal Experimental Condition to Optimize the Cell Adhesion Process onto LFAMs 
	Validation of the Optimized Protocol 

	Discussion 
	Conclusions 
	References

