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Abstract

The field of dermal fillers is evolving rapidly and numerous products are currently on the
market. Biodegradable polymers such as polycaprolactone (PCL) have been found to be
compatible with several body tissues, and this makes them an ideal material for dermal filling
purposes. Hollow PCL spheres were developed by the Council for Scientific and Industrial
Research (CSIR) to serve both as an anchor point and a “tissue harbour” for cells. Particles
were tested for cytotoxicity and cell adherence using mouse embryo fibroblasts (MEF).
MEFs adhered to the particles and no significant toxic effects were observed based on mor-
phology, cell growth, cell viability and cell cycle analysis, suggesting that the particles are
suitable candidates for cell delivery systems in an in vivo setting. The objective of providing
a “tissue harbour” was however not realized, as cells did not preferentially migrate into the
ported particles. In vivo studies were conducted in BALB/c mice into whom particles were
introduced at the level of the hypodermis. Mice injected with PCL particles (ported and non-
ported; with or without MEFs) showed evidence of local inflammation and increased adipo-
genesis at the site of injection, as well as a systemic inflammatory response. These effects
were also observed in mice that received apparently inert (polystyrene) particles. Ported
PCL particles can therefore act as a cell delivery system and through their ability to induce
adipogenesis, may also serve as a dermal bulking agent.

Introduction

Dermal filling is a popular method for addressing trauma, disease and age related contour
defects of the skin [1, 2]. The size of the USA dermal filler market in 2016 was estimated at 2.6
million doses per annum and increased by 2% from 2015. This market consists of a range of
injectable liquids and suspended solids, including hyaluronic acid, calcium hydroxyapatite
(Radiesse®) and polymethyl-methacrylate microspheres (Artefill®) [3]. In 2014, the dermal
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filler portfolio available in Europe was estimated to be exponentially larger than that in the
USA [4].

There are at least three different classes of dermal fillers including absorbable products,
slowly absorbable products and non-absorbable products [5, 6]. Absorbable products such as
hyaluronic acid (HA) [7, 8], collagen fibres, calcium hydroxyapatite, and poly-a-ester [9] fillers
last up to 24 months [6]. To maintain the filling effect from absorbable (non-permanent) prod-
ucts, patients need to go for regular filling sessions based on the longevity of the product. This
has cost and discomfort implications for the patient; however, the safety of these non-perma-
nent or bio-degradable fillers is arguably higher [1, 10, 11].

An ideal filler should be effective and long lasting, non-immunogenic, non-allergenic, non-
carcinogenic, non-teratogenic, cost-effective and provide reproducible results [12]. None of
the products on the market meet all these criteria, since dermal fillers can trigger a variety of
adverse reactions including inflammation, thrombosis and fibrosis [12]. Polycaprolactone
(PCL) is a semicrystalline polymer that is degraded within 2-3 years through slow hydrolysis
of ester linkages [13], making it an ideal polymer for long term resorbable dermal fillers. The
favourable resorption profile and biocompatibility of PCL has been extensively exploited in
implantable medical devices e.g. a subdermal slow release contraceptive and various drug
delivery and tissue engineering applications [14-16]. In 2013, a pilot study using PCL as a der-
mal filler for hand rejuvenation showed it to be safe, well-tolerated and effective [17].

Cell-based therapies have great therapeutic promise. Numerous adult cell types have been
proposed for the repair of damaged or defective tissues. However, the inability to deliver these
cells to specific sites of injury as well as their lack of retention at the site are hurdles that need
to be overcome. In order to address these issues the South African Council for Scientific and
Industrial Research (CSIR) has developed novel ported PCL particles through a solvent evapo-
ration process that has application in soft tissue bulking and more specifically in minimally
invasive dermal filler procedures for wrinkle reduction (Fig 1) [18]. These hollow ported parti-
cles were designed to serve both as an anchor point and a “tissue harbour” for cells, which may
provide advantages over both the hydrogel (e.g. HA) and the particulate products currently on
the market for soft tissue bulking. “Tissue harbour” refers to the potential advantages con-
ferred by the unique morphology/design of the particle: the hollow particles each have a large
port providing a portal of access for cells, so that, subsequent to injection, space is provided for
cells within the particles. The microporosity allows for efficient nutrient and oxygen/carbon
dioxide exchange within the interior of the particles. The size range of the particles allows for
injection of the particles through a 26-gauge needle that is appropriate for facial injection.

The aim of this project was to investigate various aspects of the behaviour of ported PCL
particles in vitro using mouse embryonic fibroblasts (MEFs) and in vivo as cell delivery

Fig 1. A) Optical image of ported PCL ported particles; B) SEM image of a ported PCL particle. A: scale
bar = 100 um and B: scale bar = 10 um.

https://doi.org/10.1371/journal.pone.0198248.g001
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vehicles. Fibroblasts were used as they are able to generate collagen and thus facilitate dermal
bulking and tightening. Morphology, cell growth, cell viability and the effects of the particles
on the cell cycle were monitored on MEFs in order to assess whether ported PCL particles are
cytocompatible. The in vivo effects of (a) the ported PCL particles, (b) MEFs, and (c) ported
PCL particles plus MEFs (particles+ MEFs), injected into the hypodermis of female BALB/c
mice was monitored by observing systemic parameters (clot formation, white blood cell pro-
files and red blood cell morphology) as well as local histological changes. In order to assess
whether the responses observed were due to ported PCL particles, non-ported PCL particles as
well as non-resorbable polystyrene (PS) particles were included in a follow up in vivo study.

Materials and methods
Materials

Dulbecco’s minimum essential medium Eagle (DMEM), penicillin, streptomycin and fungizone
were purchased from Highveld Biological (Pty) Ltd. (Sandringham, SA). Sterile cell culture
flasks and plates were obtained through Lasec SA (Pty) Ltd. (Honeydew, Johannesburg, South
Africa). Gibco® collagenase and hyaluronidase were purchased from Life Technologies (Johan-
nesburg, Gauteng, South Africa). A lactate dehydrogenase cytotoxicity Assay Kit II kit from Bio-
Vision Inc. (Mountain View, California, USA) was supplied by BIOCOM biotech (Pty) Ltd.
(Clubview, South Africa). All other chemicals of analytical grade, as well as heat-inactivated
tetal calf serum (FCS) were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Ported PCL particles were manufactured according to a previously published protocol (18).
Non-ported PCL particles (i.e. PCL particles with no ports) were manufactured as per the pub-
lished protocol with the omission of the port forming reagents. In a previously unpublished
study in rats, we observed that the biotoxicity of PCL particles in vivo is low to non-existent,
and where present is reflective of a foreign body response (Figs A-E in S1 File and Table A in
S2 File, all raw data is in S3 File). PS particles (mean particle diameter of 150 um) were
obtained from Corpuscular Inc. (Cold Spring, New York, USA).

Animals

BALB/c mice were used for the isolation of MEFs, as well as in vivo studies. Approval for the
use of female BALB/c mice was obtained from the Animal Use and Care Committee (AUCC),
University of Pretoria (approval number H024-09). Animals were kept in conventional Type
IT mouse cages, females in groups of no more than five and males singly in their cages.

Isolation of mouse embryonic fibroblasts (MEF)

Females were superovulated at 12h00 on day 0 with 0.2 ml pregnant mare’s serum gonadotro-
pin (PMSG) per female administered intraperitoneally (IP). Females were given a second IP
injection of 0.2 ml human chorionic gonadotropin (HCG) after 48h at 12h00. They were then
placed with a male for mating. Hormones were kept at -20°C until the day of use. Hormones
were thawed at room temperature and kept at 4°C. The following morning females were
inspected for a copulation plug and left with the male until embryos were flushed.

MEF were chosen as the cell type to be tested with the ported PCL particles. When im-
planted into syngeneic (BALB/c) mice, these cells would not be rejected. 10 to 12 day BALB/c
embryos were first used for isolation purposes, but cell viability was low. Cultures from 15 day
embryos were then used, which yielded higher cell numbers with increased viability and prolif-
eration capacity. In addition to embryonic tissue, skin was harvested from the ears of adult
BALB/c mice as a source of adult skin fibroblasts (ASF).
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Mice were anaesthetised using isofluorane inhalation and terminated by cervical dislocation.
Embryos and adult ear skin tissue were immediately isolated and washed several times with
DMEM. If limbs or the head were visible, they were removed together with tissue debris. Tissues
were then minced finely in DMEM and 5% antibiotics (500 U/ml penicillin G, 500 pg/ml strepto-
mycin and 1250 pg/l fungizone). Resultant tissue fragments were transferred to a tube containing
a collagenase (1 mg/ml) and hyaluronidase (1 mg/ml) solution and incubated for three to six
hours at 37°C. After incubation, tissue fragments were separated from the digestion solution by
low speed centrifugation (300 x g) and resuspended in 2.5 ml culture medium containing DMEM,
40% FCS and 1% antibiotics (100 U/ml penicillin G, 100 pg/ml streptomycin and 250 g/l fungi-
zone). The solution was then transferred into 25 cm? cell culture flasks and incubated for three
days in a humidified incubator and 5% CO, at 37°C following which 3 ml culture medium con-
taining DMEM and 1% antibiotics was added. Cultures were left undisturbed for seven days.
Thereafter, medium was replaced with DMEM containing 10% FCS and 1% antibiotics every two
to three days until 80% confluency was reached, at which point cells were split 1:3 following tryp-
sin (0.25%) digestion, and expanded until enough cells had been obtained for testing purposes.

In vitro: Cell culture

Ported PCL particles were sterilized by washing three times with 70% ethanol and dried under
negative pressure. Ported PCL particles (5 mg/ml) were mixed with growth medium and left
on a rotary shaker for 1 h at 37°C. A solution of growth medium and ported PCL particles was
prepared before exposing MEFs to the particles. Cells were seeded into 96-well tissue culture
plates (10 000 cells per well), into 24-well tissue culture plates (500 000 cells in 1 ml per well)
or in autoclaved Kimble glass tubes (500 000 cells per 1 ml). Cells were incubated for 24 h to
allow for attachment after which medium was removed and cells exposed to 5 mg/ml of ported
PCL particles in DMEM containing 10% FCS and 1% antibiotics. Cells were harvested by tryp-
sinization and counted [19]. Non-viable cells were excluded using the trypan blue staining pro-
cedure [20]. The number of viable cells per ml was determined as follows: cells/ml = average
count of viable cells in the corner squares x dilution factor x 10*

In vitro: Cell growth analysis

Quantification of monolayer cell cultures was determined spectrophotometrically employing
crystal violet as a DNA stain [21, 22]. Dye absorbance was measured at 570 nm. Exponentially
growing MEF were seeded with ported PCL particles (5 mg/ml) in 96-well tissue culture plates
at a cell density of 10 000 cells per well (100 ul/well). After 24 h, 48 h or 72 h medium was dis-
carded and 100 pl of 1% glutaraldehyde (in PBS) was added to each well and incubated at
room temperature for 15 min. Glutaraldehyde was discarded and 100 ul 0.1% crystal violet (in
PBS) was added and left at room temperature for 30 min. Crystal violet was discarded and the
microtitre plates washed under running tap water for 10 min and left overnight to dry. A

200 pl 0.2% Triton X-100 solution was added to solubilise the dye. Samples were then incu-
bated at room temperature for 30 min before 100 pl of the solution was transferred to a clean
microtitre plate. Absorbance was determined at 570 nm with an EL,800 Universal Microplate
Reader from Bio-Tek Instruments Inc. (Vermont, USA).

In vitro: Determination of cell viability

Quantification of plasma membrane damage provides an indication of cell viability. A lactate
dehydrogenase (LDH) colorimetric assay [23] was utilized to measure cell viability. The LDH
cytotoxicity assay kit utilizes 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-
phenyl)-2H-tetrazolium (WST-8) to react with NADH produced by lactate from released
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LDH. The intensity of the colour generated correlates directly with the amount of LDH
released as a result of plasma membrane damage.

Exponentially growing MEF were seeded with and without ported PCL particles (5 mg/ml)
in 24-well tissue culture plates or Kimble glass tubes at a density of 1 x 10° cells per ml (final
volume of 1 ml). The cells were incubated at 37°C, 5% CO, for 24 h. Controls were included
by adding only growth medium with ported PCL particles (5 mg/ml). A positive control for
LDH production was included by adding 10 pl of lysis buffer 30 min before the end of the 24 h
incubation period. After the 24 h incubation period, 10 pl of each sample was transferred to a
96-well plate and incubated for 30 min at room temperature with WST-8 reagent as indicated
in the supplier’s manual. Absorbance was read at 450 nm with 630 nm as reference using an
EL,800 Universal Microplate Reader from Bio-Tek Instruments Inc. (Vermont, USA). Cyto-
toxicity was calculated as follows:

Cytotoxicity (%) = (TS — BC) / (PC — BC) x 100. (TS = test sample;
BC = background control; PC = positive control)

In vitro: Cell cycle analysis

Flow cytometry was employed to analyse the influence of ported PCL particles (5 mg/ml) on
MEEF cell cycle progression. Propidium iodide (PI) was used to stain the nucleus in order to
determine the stages of the cell cycle during cell division [24]. Exponentially growing MEF
were seeded with or without ported PCL particles (5 mg/ml) in Kimble glass tubes at a density
of 1 x 10° cells per ml (final volume of 1 ml). Cells were incubated at 37°C, 5% CO, for 24 h.
The cells were then trypsinized and resuspended in 1ml growth medium. Cells (1x10°/ml)
were centrifuged for 5 min at 300 x g. The supernatant was discarded and the cells resuspended
in 200 pl ice-cold PBS containing 0.1% FCS. Ice-cold 70% ethanol (4 ml) was added in a
dropwise manner on a vortex to avoid cell clumping. Cells were stored at 4°C for 24 h and sub-
sequently centrifuged at 300 x g for 5 min. The supernatant was removed and the cells resus-
pended in 1 ml of PBS containing 40 pg/ml PI and 100 pg/ml RNase A. The solution was
incubated at 37°C, 5% CO, for 45 min. PI fluorescence (FL3) was measured using a Beckman
Coulter South Africa (Pty) Ltd flow cytometer. Data from at least 10 000 cells were analysed
with Cyflogic (CyFlo Ltd, Turku, Finland).

In vitro: Morphology

Polarization-optical differential interference contrast (PlasDIC) light microscopy (Carl Zeiss
(Pty) Ltd., Johannesburg, South Africa) [25] was employed to monitor the morphology of cells
cultured alone or in combination with ported PCL particles. Images were captured using a
Zeiss Axiovert-40 microscope (Goéttingen, Germany). For fluorescence microscopy, acridine
orange was used to stain the cytoplasm of the cells and PI to stain the DNA of cells with com-
promised cell membranes. Exponentially growing MEF were seeded with, as well as without
ported PCL particles (5 mg/ml) in Kimble glass tubes at a density of 1 x 10° cells per ml (final
volume of 1 ml). Cells were incubated at 37°C in 5% CO, for 24 h. After 24 h incubation, acri-
dine orange and PI solutions were added to the medium to give a final concentration of 1 ug/
ml and 12 uM respectively and incubated for 5 min at 37°C. After 30 min, the medium was
removed and the cells carefully rinsed three times with PBS before being immersed in clean
PBS (1 ml). Cells were examined with a Zeiss inverted Axiovert CFL40 microscope and photo-
graphed using a Zeiss Axiovert MRm monochrome camera using a Zeiss Filter 9 for acridine
orange (green) stained cells and a Zeiss Filter 15 for PI (red) stained cells. In order to prevent
fluorescent dye quenching, all procedures were performed in a dark room (Carl Zeiss (Pty)
Ltd., Johannesburg, South Africa).
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Scanning electron microscopy (SEM) was undertaken to determine surface features of the
exposed- and control cells. Exponentially growing MEF were seeded with and without ported
PCL particles (5 mg/ml) in Kimble glass tubes at a density of 1 x 10° cells per 1 ml (final vol-
ume of 1 ml). Cells were incubated at 37°C, 5% CO, for 24 h. After a 24 h incubation, cells
were fixed in 2.5% glutaraldehyde in 0.075 M phosphate buffer (pH 7.4-7.6) for 1 h and rinsed
three times for 5 min each in 0.075 M phosphate buffer. The cells were then fixed in 0.25%
aqueous osmium tetroxide for 30 min and rinsed three times in distilled water in a fume cup-
board. Samples were dehydrated in increasing concentrations of ethanol (30%, 50%, 70%, 90%
and 3 x 100%), mounted in a chamber and dried using critical point drying. Liquid carbon
dioxide (CO,) was incorporated into the chamber until it was filled. Ethanol was expelled from
the chamber by opening a valve and thereby releasing CO,-dissolved ethanol. The valve was
closed and the sample was left in liquid CO, for an hour. The vessel was then warmed to 34°C
to allow the CO, to reach a gaseous state. Pressure was released slowly; the sample remained in
its natural shape and was completely dry. Dried coverslips were mounted on a stub and
sprayed with a thin layer of gold. Samples were viewed with a JEOL 840 scanning electron
microscope [26].

In vitro: Statistical analysis

Data obtained from three independent experiments (each conducted in six replicates) is
shown as the mean +SD and was statistically analysed for significance using the analysis of var-
iance (ANOVA) single factor model followed by a two-tailed Student’s ¢-test. Means are pre-
sented in bar charts with T-bars referring to standard deviations. P-values < 0.05 were
regarded as statistically significant. Cell number determination, LDH cytotoxic assay and cell
cycle progression were analyzed quantitatively, while PlasDIC and transmission electron
microscopy were analysed qualitatively.

In vivo: Injection of ported PCL particles and MEFs

BALB/c female mice were used in these experiments. Using a sample micro-riffler, ported PCL
particles were sieved in the 100-200 um range and the sieved particles were aliquoted sepa-
rately for implantation. Control mice, particle-injected mice, MEF-injected mice and particles
+MEF-injected mice were divided into groups of 6, 10, 10 and 10 mice respectively (Table B in
S2 File). On day zero, all mice were injected behind the neck at the level of the hypodermis
with 0.2 ml of PBS only (control), a ported PCL particle suspension (5 mg/ml in sterile PBS), a
MEEF cell suspension (1 x 10° cells per 1 ml), or a ported PCL particles+MEEF cell suspension.
The ported PCL particles+ MEF cell suspension was prepared by seeding exponentially grow-
ing MEF cells with ported PCL particles (5 mg/ml) in Kimble glass tubes at a density of 1 x 10°
cells in 1 ml, and growing them for 24 h in order for the cells to adhere to the particles. The
trial period was 59 days, after which all experimental mice were terminated. The injection area
was shaved regularly throughout the trial period.

In vivo: Collection of blood samples for fibrin and platelet analysis

On the day of termination, 100 pl to 500 pl of blood was drawn from each mouse and 11 pl cit-
rate was added for every 100 pl of blood. Blood was centrifuged at 1000 rpm for 2 min to
obtain platelet rich plasma (PRP). Thrombin (20 U/ml) was used to prepare fibrin clots.
Thrombin was prepared in biological buffer containing 0.2% human serum albumin. Throm-
bin (10 ul) was added to 10 ul PRP. The PRP and thrombin were immediately transferred to a
glass cover slip using a pipette tip to form a fibrin clot. The cover slip was placed in a tissue cul-
ture dish on filter paper dampened with PBS to create a humid environment and placed at
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37°C for 10 min. A washing process followed during which fibrin clots on cover slips were
placed in PBS which was stirred using a magnet for 120 min. This was done to remove any
blood proteins trapped within the fibrin network.

In vivo: Preparation of washed fibrin clots and whole blood smears for
scanning electron microscopy

Washed fibrin clots and whole blood smears were fixed in 2.5% glutaraldehyde in PBS pH 7.4 for
1 h. Sample were rinsed three times for 5 min in PBS and fixed for 1 h in 1% osmium tetroxide
(Os0y). They were then rinsed three times for 5 min in distilled water and dehydrated serially in
increasing concentrations of ethanol (30%, 50%, 70%, 90% and 3 x 100%), dried, mounted and
examined with a JEOL 6000F FEGSEM scanning electron microscope (JEOL, USA).

In vivo: Leukocyte counts

Whole blood smears were prepared using 10 pl of whole blood from each animal. A smear was
made from drop of blood placed on a glass slide and was dried on a slide warmer. Slides were
stained using Giemsa for 5 min, rinsed in water, and dried on a slide warmer. A cover slip was
placed on each slide using the mounting agent Entellan. Smears from each of the experimental
groups were evaluated by counting 100 white blood cells on each slide; the relative number
(percentage) of monocytes, lymphocytes, eosinophils, basophils and neutrophils was
determined.

Data was analysed by means of descriptive statistics—means and standard deviations—by
group and week for each of the leukocyte types (monocytes, neutrophils, eosinophils, lympho-
cytes and basophils). Given the small sample size, the analysis was conducted on rank-trans-
formed data. ANOVA on ranks was conducted for each of the leukocyte types to test for a
difference between groups and across weeks in terms of rank. A linear model was fit to each of
the five leukocyte types. Each outcome (leukocyte type rank) was regressed against group and
week to identify significant differences. Significance was set at P < 0.05.

In vivo: Preparation of resin-embedded sections for light microscopy

Tissue collected for histological investigation was fixed in 2.5% formaldehyde/glutaraldehyde,
removed from the fixative and serially dehydrated in 70% and 90% ethanol, followed by three
changes of absolute ethanol. The tissue was orientated, embedded in LR White resin and
labelled accordingly. Sections were made on an ultramicrotome. LR White samples were stained
with toluidine blue and viewed using a Nikon (Instech Co., Kanagawa, Japan) light microscope.

In vivo: Follow up study with polystyrene particles

BALB/c mice were used in these experiments. Three classes of particles were tested to assess
the possible effect of the pore-formation process on inducing systemic inflammation. These
included non-ported PCL particles (size range of 100-200 pm), ported PCL particles (mean
particle size 150 um) and polystyrene (PS) particles (mean particle size 150 pm). For particle
preparation/suspension prior to injection, particles were aliquoted dry into Eppendorf tubes.
Particles were suspended in PBS at least 24 h before injection to allow them to settle and not
float on top of the liquid. A pre-determined volume of PBS was added to a pre-prepared
number/weight of particles which was dependent on the number of mice to be injected. A con-
centration of 1.3 mg/50 ul was used (i.e. 5.2 mg in 200 pl). The sides of the container were care-
fully rinsed with the PBS in order to ensure that the exact concentration of particles was used.
Before injection, the particles were resuspended in the solution by shaking directly before
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% cells compared to mouse
embryonic fibroblasts after 24h

drawing the suspension up through the needle. Each sample was made up in 200 pl to take
into account the fact that there would be 100 pl waste in the syringe. 50 ul of PBS with or with-
out particles was injected into the hypodermal region (and not into the dermis) in the nape of
the neck by a qualified veterinarian using a 23 gauge needle. Each mouse received a single
injection. Before injection, animals were anaesthetized with isoflurane to ensure that they
remained still during the procedure. This also ensures that the animals are not uncomfortable.
Animals were euthanized after 0, 1, 2, 4 and 8 weeks and tissue was harvested to determine
(1) the extent of inflammation, fibrin morphology and peripheral blood leukocyte counts,
and (2) whether the particles could be identified. With regard to the latter, in a pilot experi-
ment, two animals were euthanized 1 h after injection to determine whether particles could be
identified. Tissue harvesting involved dissection into the adjacent muscle in order to facilitate
orientation during microscopic observation, and full-thickness skin blocks were removed.
Histology was also performed on a non-injected site to see whether systemic inflammation
induces adipogenesis systemically. An overview of the animals, tests and procedures that were
performed are provided in Tables D and E in S2 File.

Resulits
In vitro: Cell growth analysis

Cell growth was determined spectrophotometrically on fixed cell monolayers by employing
crystal violet as a DNA stain. The growth rates of ASFs and MEFs were compared over 24 h,
48 h and 72 h (Fig 2). No statistically significant differences were observed indicating that the
isolated MEFs had growth rates comparable to ASFs and thus were suitable for further studies.

In vitro: Determination of cell viability

2-(2-Methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-
8) was used to investigate a possible cytotoxic effect of ported PCL particles on MEFs. WST-8

Mouse embryonic fibroblasts vs mouse ear
fibroblast cell growth

I Mouse Embryonic Fibroblasts

® Mouse Ear Fibroblasts

100 — I

24h 48h 72h

Fig 2. ASF (dark grey) cell numbers are expressed as a percentage of cells relative to the number of MEFs (light grey—100%)
counted 24 h after seeding. No significant differences in cell growth were observed after 72 between the two cell types.

https://doi.org/10.1371/journal.pone.0198248.9002

PLOS ONE | https://doi.org/10.1371/journal.pone.0198248 July 3, 2018 8/19


https://doi.org/10.1371/journal.pone.0198248.g002
https://doi.org/10.1371/journal.pone.0198248

@° PLOS | ONE

Cell-delivery system

Cell viability after 24h growth

30

MEF cells in growth medium
B with ported PCL particles
(Kimble glass tube)

N
(9]

N
o

MEF cells in growth medium
(Kimble glass tube)

—
o

% cytotoxicity compared to positive
control (100%)

A B

Fig 3. Viability of MEFs cultured in Kimble glass tubes in growth medium (A) and growth medium together with
ported PCL particles (B), 24 h after seeding. No statistically significant difference was observed (P-value > 0.05).

https://doi.org/10.1371/journal.pone.0198248.9003

indirectly measures the amount of extracellular LDH as an indication of cell membrane damage
by reacting with NADH produced by lactate from LDH. The intensity of the colour formed by
the reaction correlates directly with the amount of LDH released and thus provides an indication
of the relative extent of plasma membrane damage caused by a cytotoxic agent [23]. The ability
of MEF culture supernatant from control cells or cells attached to ported PCL particles to reduce
WST-8 to red formazan (an indication of cytotoxicity) was expressed as a percentage of the posi-
tive control (Fig 3). The viability of MEFs cultured in DMEM together with ported PCL particles
was not statistically different from cells propagated in DMEM alone (Fig 3 and Table 1), indicat-
ing that the ported PCL particles have no major adverse effects on MEF viability.

In vitro: Cell cycle analysis

Cellular DNA content was measured as an indication of cells at the various stages of the cell cycle
in order to determine the effect of the ported PCL particles on cell cycle progression. No statisti-
cally significant differences in cell division and mitotic activity or the sub G, fraction were
observed (Fig 4 and Table 2). The sub G, fraction gives an indication of cell death, including apo-
ptosis. Therefore, the data from the cell cycle analysis further supports the data from the viability
assay, indicating that the ported PCL particles do not appear to have an adverse effect on MEFs.

In vitro: Morphology

Light microscopic analysis of MEFs and AMFs indicates that both cell types exhibit a spindle-
shaped appearance after the third passage (third trypsinization step), which is characteristic of
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Table 1. Cytotoxity in MEFs cultured in Kimble glass tubes in growth medium or growth medium together with ported PCL particles 24h after seeding.

% MEEF cytototoxicity in growth medium % MEEF cytototoxicity in growth medium with ported PCL particles P-value
(ANOVA)
Kimble glass tube 3.34 11.81 0.106201*

*No significant difference was observed in cytotoxicity between cells cultured in growth medium and cells cultured in growth medium together with ported PCL
particles (P-value > 0.05).

https://doi.org/10.1371/journal.pone.0198248.t001

normal fibroblasts (data not shown). Acridine orange and PI were used to stain the cytoplasm
of intact cells and the DNA of membrane-compromised cells respectively in order to monitor
the adherence of the MEFs to the ported PCL particles. When MEFs were cultured in Kimble
glass tubes together with ported PCL particles we observed adherence in good numbers of
MEFs to the particles (Fig 5). Cells that adhered to the particles did not stain with PI, indicat-
ing that the membranes of these cells were intact and that the particles had no apparent
adverse effects on MEFs.

Scanning electron microscopy was performed to determine the surface features of the
ported PCL particles and also of the MEFs that had adhered. MEFs aggregated in small groups
between multiple particles (Fig 6), causing particles to clump together. Cells did not appear to
migrate into or adhere to the hollow area inside the particles.

In vivo study no. 1: Ported PCL particles +/- MEFs

Mice were observed continuously during the trial period. More than 50% of mice in each
experimental group scratched at the site of injection on days 2-4 and wound healing occurred
around day 5. On days 25 and 26 the MEF and particles+ MEFs groups presented with some
swelling at the site of injection (Table B in S2 File).

The histology of the hypodermal region in control mice was as is typically seen in mice and
humans i.e. large round adipocytes surrounded by loose connective tissue (Fig 7E). Particles
were found amongst adipocytes in both the ported PCL particle and ported PCL particle
+MEFs groups. Where only MEFs had been injected, minimal white blood cell infiltration was
visible compared to the control (Fig 7F). Injected and resident fibroblasts could not be distin-
guished. It would have been interesting to determine whether the injected fibroblasts, although

334
372

A B

Sub Cl Sub Gl

Cell count

cz/m cz/m

_— A
FL3 Lin FL3 Lin

Fig4. Cell cycle histograms (FL3 Lin) of MEFs cultured in Kimble glass tubes in growth medium (A) and growth medium together
with ported PCL particles (B), 24 h after seeding. No significant differences were observed.

https://doi.org/10.1371/journal.pone.0198248.9004
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Table 2. DNA content of MEFs cultured in growth medium and growth medium together with ported PCL parti-
cles at various stages of the cell cycle.

Cell cycle phase | MEF in growth medium | MEF in growth medium with ported PCL particles P-value

(ANOVA)
Sub-G, 1.39 2.02 0.168218
G, 79.42 80.77 0.267861
S 7.80 6.46 0.091445
G,/M 11.39 10.74 0.268161

https://doi.org/10.1371/journal.pone.0198248.t1002

syngenic, were still present at the time of sacrifice. Further tests using GFP-labelled cells might
allow the injected cells to be traced. In ported PCL particle-injected mice, numerous smaller
sized adipocytes were observed in between the larger adipocytes (Fig 7G). Smaller sized adipo-
cytes were also observed in the particles+ MEFs treated mice together with the infiltration of
white blood cells (Fig 7H). Ported PCL particles were located in the hypodermis.

TEM micrographs of skin biopsies two days after injection identified particles in skin biop-
sies of both ported PCL particles and particles+ MEFs groups, indicating that the particles had
successfully been injected in the hypodermis (S6 Fig in S2 File). SEM analysis of fibrin net-
works in control and MEF-injected mice showed typically thick, major fibers (thick white
arrows) and thin, minor fibers (thin, white arrows) (Fig 7A and 7B) as previously observed in
healthy mice [27]. In previous studies where inflammation occurred in BALB/c animals,
altered fibrin morphology had been noted [28]. During inflammation, the thin, sparingly
arranged minor fibrin fibers formed a thick net, intertwined with the major, thick fibers. In
severe cases, thick plaques formed. This is also seen in humans during inflammation. In the
current study, the morphology of all particle-injected experimental groups was altered, sug-
gesting the presence of systemic inflammation (Fig 7C and 7D). A semi-quantitative estimate
revealed the following gradation of severity: control < MEFs < ported PCL particles < ported
PCL particles+ MEFs.

Blood smears from mice in each of the four experimental groups were evaluated microscop-
ically. Each slide was quantified in terms of monocytes, lymphocytes, eosinophils, basophils

A B Mouse
Ported PCL embryonic

particles fibroblasts

Mouse
embryonic
fibroblasts

Ported PCL
particles

Fig 5. Acridine orange-stained MEFs attached to ported PCL particles. Cells were propagated in glass Kimble tubes together with particles (A and B) and stained 24 h
after seeding. MEFs attached to particles as clumps.

https://doi.org/10.1371/journal.pone.0198248.9005
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Fig 6. Scanning electron micrographs of MEFs attached to ported PCL particles 24 h after seeding (A and B). MEFs grew between particles causing the particles to
clump together (A). A: scale bar = 100 um and B: scale bar = 10 um.

https://doi.org/10.1371/journal.pone.0198248.9006

and neutrophils. Each slide was analyzed until 100 white blood cells had been counted. Statisti-
cal analysis was preformed by means of a one-way ANOVA to determine if any significant dif-
ference existed between the four experimental groups at the time of sacrifice (59 days). The
ported PCL particle group had a significantly lower monocyte count when compared to the

Fig 7. (A-D) Fibrin network formation as assessed by scanning electron microscopy in BALB/c control (A) MEF-injected (B) ported PCL particle-injected (C
and ported PCL particle+MEFs injected animals (D). (E-H) Light microscopy of control (E), cell injected (F), PCL particle injected (G), and PCL particle+MEFs
injected (H) hypodermal loose connective tissue. Thick, white arrow = major, thick fibers; thin, white arrow = minor, thin fibers. Areas of typical fibrin morphology
are present in the control and MEF-injected animals (A and B). No areas of typical fibrin morphology are present in ported PCL particle-injected (C) and ported PCL
particle+MEFs injected animals (D). Large adipocytes (black arrow), blood vessels (white arrow) and fibroblasts (red arrow) are observed in control and cell injected
animals (E and F). PCL particle injected specimens presented with large adipocytes (black arrows) surrounded by smaller adipocytes (green arrows) (G). PCL particle
+MEFs injected specimens presented with smaller, but more numerous adipocytes (green arrows) and an infiltration of fibroblasts and/or white blood cells (H). Scale
bar in A-D = 200nm; magnification in E, G and H = 40x; magnification in F = 100x.

https://doi.org/10.1371/journal.pone.0198248.9007

PLOS ONE | https://doi.org/10.1371/journal.pone.0198248 July 3, 2018 12/19


https://doi.org/10.1371/journal.pone.0198248.g006
https://doi.org/10.1371/journal.pone.0198248.g007
https://doi.org/10.1371/journal.pone.0198248

®'PLOS | one

Cell-delivery system

Control Solid PCL particles Ported PCL particles PS particles
. o - ~ TR, ry
B C : : :

Light microscopy

SEM

SEM
Red blood cells Fibrin network Toludine Blue

Fig 8. Light microscopy images (A-D), scanning electron micrographs of fibrin networks (E-H) and red blood
cells (I-L) for controls, non-ported PCL particles, ported PCL particles and PS particles in BALB/c mice after
three weeks exposure. Fibrous thickening, leukocyte infiltration and adipocyte formation occurred in the hypodermis
in all animals that received particles when compared to controls (A-D). By SEM, a fine fibrin fibre network (E) and
healthy red blood cells (I) were observed in controls. However, a thickened and matted fibrin network and changes in
red blood cell morphology indicative of inflammation were observed in mice injected with non-ported PCL particles
(F and J), ported PCL particles (G and K) and PS particles (H and L). Scale bar in A-D = 50 pm, and in E, J and
L=2pm, F-H =200 um; and in [and K = 1 pm.

https://doi.org/10.1371/journal.pone.0198248.g008

control and MEF groups, while the control and MEF groups had a significantly lower lympho-
cyte count when compared to the ported PCL particle group. No significant differences were
observed between any of the groups for neutrophils, eosinophils or basophils (Table C in

S2 File).

In vivo study no. 2: Comparison between ported PCL, non-ported PCL and
polystyrene particles

A follow-up study was conducted in order to determine whether the inflammation and pres-
ence of adipocytes were due to the ported PCL particles or merely the presences of a polymer
particle. Light microscopy revealed fibrous thickening in the hypodermal region with infiltra-
tion of leukocytes and the presence of smaller adipocytes in all particle injected mice compared
to controls (Fig 8A-8D). Fibrin fibers, created when thrombin is added to platelet rich plasma,
typically form a fine fiber net (Fig 8E). When whole blood smears are made, discoid erythro-
cytes are visible with associated platelets (Fig 8I). When fibrin fibers are thickened and matted,
this is indicative of inflammation. In whole smears, when inflammation is present, erythro-
cytes undergo shape changes and fibrin is spontaneously formed between erythrocytes. This is
not seen in healthy mice. In the current experiments, from the first week of treatment, matted
fibrin, as well as altered RBCs were visible in all animals and all treatment groups, including
the inert PS particles Fig 8F-8H and Figs 8]-8L). This is an indication of an inflammatory pro-
file and confirms the LM results.

White blood cell types were recorded as a percentage and plotted over time (weeks 1, 2, 4
and 8). No significant differences were observed between the groups (control, non-ported
(solid) PCL, ported PCL and PS) at any of the time points assessed (Fig 9A-9D; basophils not
shown). Increases in monocyte, neutrophil and eosinophil counts were observed between
week 1 and later weeks, with a decrease in lymphocyte counts; no trend was observed for
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Fig 9. Monocyte (A), neutrophil (B), eosinophil (C) and lymphocyte (D) profiles at 1, 2, 4 and 8 weeks in mice injected with non-ported PCL, ported PCL and
PS particles. No significant differences were observed between the test groups and the controls at 1, 2, 4 and 8 weeks. Increases in monocyte, neutrophil and
eosinophil counts and decreases in lymphocyte counts were seen between week 1 and subsequent time points in all particle injected mice. Connecting lines indicate a
P-value <0.05.

https://doi.org/10.1371/journal.pone.0198248.9009

basophils. Most of the changes did not reach statistical significance; those that did as well as
the observed trends are shown in Fig 9.

The overall conclusion is that local and systemic inflammation were present from week 1 in
all mice that received particles; this included both solid and ported PCL particles as well as the
apparently inert PS particles. Inflammation was evident from light microscopy and also by
scanning electron microscopy of fibrin clots and erythrocytes: thickened and matted fibrin
mats and erythrocyte shape changes indicative of inflammation were observed.

Discussion

Apart from its tissue-filling requirement, the ideal tissue filler needs to have minimal adverse
effects. Thus, the most important aspect when dealing with tissue fillers is their safety and
biocompatibility. Biocompatibility can be achieved with careful design, concentrating on
chemical composition, surface structure, surface charge and particle size [29]. Cell-material
interactions can be modulated. When an inert surface is designed, it does not allow for
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adsorption of proteins and adhesion of cells [30]. It aims to prevent immune response activa-
tion and any interaction between the material and the surrounding environment. Such a
design is biocompatible; however, it applies to more permanent synthetic replacement of dam-
aged tissues. For co-transplantation of cells with cell delivery vehicles, materials promoting cell
attachment, migration, proliferation, differentiation, long-term viability and cell functioning
are more appropriate. This kind of delivery vehicle aims at creating “hybrid bioartificial
organs” for tissue engineering [30].

Ported PCL particles are made from the biodegradable polymer polycaprolactone which
has a favourable resorption profile and is biocompatible. A benefit of ported PCL particles is
their longer lasting resorbable tissue filler effect and their novel hollow ported architecture
[18]. These hollow ports have been shown in a previous study to act as a sheltered environ-
ment, protecting cells from stress experienced during in vivo transplantation, as well as
creating an anchor point which is conducive to cell expansion [16, 31]. Both fluorescent
microscopy and SEM of ported PCL particles co-cultured with cells showed that cells do attach
to these particles. Where attachment did occur, it resulted in clumping of the particles. How-
ever, in the present study we did not observe adhesion and/or migration of cells into the inside
of the hollow particles which is required for the “tissue harbour” effect. This, together with the
particle aggregation might be attributed to the incubation procedure used. Refinement of this
procedure to ultimately obtain a monolayer of cells on the particle surface as well as cells
within the tissue harbour remains a key objective.

In the series of experiments described herein, in vitro studies were conducted to evaluate
the effect of ported PCL particles on co-cultured MEFs. Dermal fibroblasts have been used as
an autogeneic filler; however embryonic fibroblasts may have the advantage of being younger
and would therefore be expected to contribute to more efficient regenerative capacity in vivo.
During initial cell culturing, both MEFs and ASFs demonstrated a healthy spindle-shaped
morphology characteristic of normal fibroblasts. No significant differences in cell numbers/
growth rates were observed between these two cell types. MEFs were chosen for all further
experiments.

The issue under investigation is whether ported PCL particles are toxic to cells. The lack of
PI staining, the absence of a statistically significant difference in LDH levels or an increase in
sub-G; MEFs cultured together with ported PCL particles suggests that the particles had no
negative effects on MEFs. In addition, no significant difference was observed in cell division
and mitotic activity between the cells only group and cells with particles group. As no major
limitations were found in vitro, an in vivo study was initiated to assess the effect in mice
injected subcutaneously with the different cell, particle and cell-particle preparations.

During the first in vivo experiment involving ported PCL particles and cells, visible symp-
toms of acute inflammation were generally not present on the skin surface although scratching
at the site of injection was observed initially in more than 50% of the mice in each experimen-
tal group. Even the controls injected with sterile PBS scratched, suggesting that there was no
correlation between scratching and inflammation-induced irritation. No pus was visible at the
injection sites, but the MEF and particles+ MEF groups presented with some swelling on the
dorsal side. No major differences in white blood cell differential counts were observed.

During blood clotting, thrombin cleaves fibrinogen into two peptides called fibrinopep-
tides, which form fibrin monomers. It is the assembly of these monomers which forms the
fibrin network, and this can be studied at the ultrastructural level [32]. A fibrin clot is induced
experimentally by the addition of thrombin to platelet rich plasma, resulting in an expansive,
fully coagulated layer of fibrin fibers. In previous studies, it was noted that inflammation alters
fibrin network formation. These changes are visible by SEM. Typically, fibrin networks change
to form thickened layers, have a netted appearance, or form thickened plates. The murine
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BALB/c asthma model is one model that has previously been used successfully for a number of
in vivo immunological applications and for testing novel therapeutics [28]. These authors were
the first to use this model to study fibrin ultrastructure and changes in platelet ultrastructure
during asthma.

In the current study, fibrin networks displayed an altered morphology. The changes are
similar to those seen in BALB/c mice where inflammation was induced [28]. During inflam-
mation, the thin, sparingly arranged minor fibrin fibres formed a thick net, intertwined with
the major, thick fibres. In severe cases, thick plaques are formed. This is also seen in humans
during an ongoing inflammatory process. In the current study, the fibrin morphology of all
experimental groups changed, from a neat expanse of thick and thin fibres to areas of matting,
indicating the presence of inflammation. This suggests that the injection of foreign particles
triggered an inflammatory state in the mice. The fact that these characteristic changes were
seen when preparing fibrin clots from blood, suggests the trigger is systemic inflammation.

The particles were found to be located in the hypodermis and were surrounded by adipo-
cytes. The control and MEF-injected animals showed a typical morphology with large round
fat cells. A large number of particles were embedded among adipocytes in both the ported
PCL particle and ported PCL particle+MEFs groups. Infiltration of leukocytes was observed
in all particle-injected animals, confirming the presence of an inflammatory reaction. Numer-
ous smaller sized adipocytes were observed in-between the larger adipocytes in PCL and PS
particle injected animals. Fibrous thickening was also observed in the hypodermis in the
PCL (solid and ported) and PS particle injected mice. These results indicate that all of the
injected particle types induce inflammation at the site of injection and also induce adipocyte
formation.

In conclusion, no significant effects were observed in vitro in terms of cell viability, growth
and morphology of MEFs grown with ported PCL particles, indicating that the particles are
likely to be suitable as cell delivery systems. In vivo studies revealed that the particles caused an
inflammatory response and an increase in adipocyte numbers. Whether this is beneficial in the
clinical setting remains to be determined; increased inflammation and associated adipogenesis
might contribute to dermal filling and tightening. Future studies might benefit from using
mesenchymal stromal/stem cells (MSCs) attached to the PCL particles. MSCs are able to differ-
entiate into adipocytes and it is known that the activation and proliferation of adipocyte stem
cells are important for the long term effects of tissue bulking agents [33]. Furthermore, MSCs
are known to secrete a large spectrum of bioactive molecules that are immunosuppressive, and
have been successfully applied in microsphere-based tissue engineering [34, 35].

Supporting information

S1 File. Figure A: Chronic inflammation in the test animals over the trial period. Figure B:
Acute inflammation in the test animals over the trial period. Figure C: Tissue necrosis in the
test animals over the trial period. Figure D: Fibrosis in the test animals over the trial period.
Figure E: Granulomatous/foreign body response in the test animals over the trial period.
Figure F: Representative TEMs of skin biopsies of particles group (A) and particles+ MEFs
group (B) in the in vivo experiment injecting particles+ MEFs. Particles could be identified in
skin biopsies of both the particles and particles+ MEFs groups. The aim of the TEM investiga-
tion was to determine if any cells could be detected inside the particles. No cells were present
inside the particles in either group. These results reflect the conclusion that was made after the
light microscopy study, indicating that cells did not migrate into the ported PCL particles. Bar
in A = 5um and in B = 10pm.
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S2 File. In vitro and in vivo data. Table A: Groups of rats used in the biotoxicity trial. Table B:
Observations on mice in the in vivo experiment assessing the effect of ported PCL particles
and cells. Table C: Statistical comparisons preformed between the various white blood cell
types assessed from blood smears of experimental mice injected with ported PCL particles
with or without MEFs. Table D: Schedule of the in vivo experiment assessing the effect of
ported and non-ported PCL as well as polystyrene (PS) particles. Table E: Overview of the ani-
mals, tests and procedures performed in the in vivo experiment assessing the effect of ported
and non-ported PCL as well as polystyrene (PS) particles in BALB/c mice.
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S3 File. All data underlying the findings of the study.
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