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Abstract

Background: Clinically approved cell-based cartilage repair products are associated with multiple surgeries and high cost. There is
therefore an unmet clinical need for a cell-based approach that is efficacious and cost effective that can be performed intraoperatively as
a single-stage procedure. Methods: Here, we developed a novel methodology to rapidly isolate chondro-progenitor cells from human
infrapatellar fat pad tissue that reduced the isolation time from over three hours to under one hour while still being able to yield clinically
relevant cell numbers. Cell yields and biochemical characteristics were compared with conventionally isolated control cells. In vitro
assays evaluated cartilage-specific matrix deposition across multiple human donors. Constructs combining rapidly isolated cells and
articular cartilage extracellular matrix-derived scaffolds were implanted into caprine cartilage defects and analyzed after six months
in vivo. Results: These rapidly isolated cells contained a larger fraction of colony-forming cells than conventionally isolated control
cells, and an analysis of surface marker expression revealed a higher percentage of CD44+ (a putative progenitor cell marker) cells in
this group. Furthermore, these rapidly isolated cells supported higher levels of cartilage-specific matrix deposition in vitro for multiple
human donors. We then seeded such rapidly isolated cells onto cartilage extracellular matrix (ECM) derived scaffolds and immediately
(i.e., no in vitro pre-culture) implanted these constructs into caprine cartilage defects. After 6 months in vivo, treatment with this cell
and scaffold combination typically generated a repair tissue that was rich in glycosaminoglycans and type II collagen, with biomimetic
collagen fiber alignment and lubricin expression in the superficial zone, which was generally not observed in defects treated with
microfracture. However, in this model the addition of the rapidly isolated cells did not result in any significant improvement in repair
metrics compared to treatment with the extracellular matrix scaffold alone. Conclusions: While this rapidly isolated cell population
processes a strong chondrogenic potential in vitro, further work is required to identify clinical scenarios where it will provide clear
therapeutic benefits.
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Introduction
The successful treatment of articular cartilage (AC) in-

juries remains a key clinical challenge for orthopaedic sur-
geons [1]. AC has a limited intrinsic repair capacity post-
trauma and therefore surgical intervention is necessary to
induce repair. Despite over thirty years of advances in car-
tilage repair procedures, chondroplasty (cartilage debride-
ment), with or without additional bone marrow stimulation
techniques such as microfracture (MFX) remains the first
line treatment choice for many orthopaedic surgeons due to
its low price-point and short surgical time [1,2]. However,
the repair tissue generated as a result of MFX generally
consists of mechanically inferior fibrocartilage [2–5]. In
addition, MFX treatment also reduces the success of subse-
quent cell-based treatments such as autologous chondrocyte
implantation (ACI) or matrix-assisted autologous chondro-
cyte implantation (MACI) [6,7]. The high cost of cell-based
approaches and challenges with reimbursement has ham-
pered their wide-spread clinical use [8]. This has motivated
the development of single-stage, cell-based cartilage repair
products (e.g., CartiOneTM) that obviates the need for ex
vivo expansion of autologous chondrocytes by rapidly iso-
lating chondrocytes at the point of care [9]. However, with
such products, a biopsy of cartilage from a non-load bearing
region must be obtained from the patient, which is far from
ideal as donor site morbidity remains a concern [10,11], and
these approaches typically require the rapidly isolated chon-
drocytes to be combined with a bone marrow biopsy or al-
logenic bone marrow-derived stromal cells (BMSCs) [12–
14]. Therefore, there is an unmet clinical need for the devel-
opment of a cost effective, single-stage, intraoperative (or
“in-theatre”) cartilage repair therapy that has a short dura-
tion of surgery, alleviates any potential concern regarding
donor site morbidity, and results in hyaline cartilage-like
repair tissue.

The anatomical location of the infrapatellar fat pad
(IFP) in the knee joint and the high proportion of puta-
tive progenitor cells with chondrogenic potential found in
this tissue make the IFP an attractive cell source for carti-
lage repair applications [15]. Culture expanded infrapatel-
lar fat pad stromal cells (FPSCs) have been demonstrated
to have at least comparable chondrogenic capacity to bone
marrow-derived stromal cells (BMSCs) and can maintain
their chondrogenic capacity in a diseased state [16–19].
More recent research has shown that the IFP is a significant
source of perivascular stem cells that possess potent chon-
drogenic potential [20]. While methodologies for the rapid
isolation of stromal cells from IFP and adipose tissue have
been described [21], some studies are unclear whether clin-
ically relevant numbers of chondro-progenitors cells can be
isolated from the IFP within timeframes compatible with
single-stage cartilage repair procedures [22,23]. For exam-
ple, incubation with collagenase for 60minutes (with no ag-
itation) yielded between 7.88 × 104 and 67.79 × 104 cells

per gram of IFP tissue frommultiple donors, which is likely
not a sufficient number of cells for clinical use [24]. A
more recent study was able to demonstrate that comparable
numbers of cells could be rapidly isolated from IFP tissue
(in 85 minutes) when compared to a conventional proce-
dure, however these rapidly isolated cells did not demon-
strate any improved chondrogenic potential and the rapid
isolation procedure employed the use of Matrigel as an at-
tachment substrate which is not approved for human clinical
use which is a limitation for clinical translation [25]. Fur-
thermore, the regenerative capacity of such rapidly isolated
stromal cells has yet to be assessed in clinically relevant
large animal models of AC repair.

The overall goal of this study was to develop a
novel methodology to rapidly (less than one hour) isolate
chondro-progenitor cells from IFP tissue that could sub-
sequently be used as a cell source for single-stage AC re-
pair procedures. The specific aims of this study were to:
(1) Develop a rapid isolation procedure capable of simply
and quickly isolating clinically relevant numbers of FPSCs
from human IFP tissue. (2) Characterise the phenotype of
the rapidly isolated cells in comparison to conventionally
isolated FPSCs by examination of the colony forming unit
(CFU) potential and cell surface marker expression of cells
retrieved using both isolation procedures. (3) Compare the
in vitro chondrogenic potential of both rapidly and conven-
tionally isolated FPSCs when seeded on previously opti-
mized articular cartilage extracellular matrix (AC-ECM)-
derived biomaterial scaffolds. (4) Assess the efficacy of
rapidly isolated FPSCs, when seeded onto AC-ECM scaf-
folds, as a single-stageAC repair therapy in a clinically rele-
vant, large animal study. We chose to combine these rapidly
isolated stromal cells with AC-ECM derived scaffolds as
this biomaterial has previously been shown to support ro-
bust chondrogenic differentiation of culture expanded hu-
man FPSCs [26,27]. In addition, these AC-ECM derived
scaffolds have been shown to promote endogenous carti-
lage repair without the inclusion of cells in both chondral
[28] and osteochondral defects [29] in large animal models.

Materials and Methods
Infrapatellar Fat Pad (IFP) Tissue Harvest

IFP tissue was obtained from patients undergoing to-
tal knee replacement surgery (mean age 55 years± 2 years)
(Donor A =male 55 years old, Donor B =male 53, Donor C
= female 57 years old). No details except the age and sex of
the donors were provided. For flow cytometry experiments,
IFP biopsies were harvested from non-diseased patients un-
dergoing anterior cruciate ligament (ACL) reconstruction
surgery. All four donors were male (mean age 22.25 years
± 3.8 years). Between 0.5 g and 1 g of IFP tissue was har-
vested per donor. Once the tissue was excised, it was trans-
ferred to a sterile container, placed on ice and immediately
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transported to the laboratory for immediate cell isolation.
The time from tissue harvest to commencing the isolation
procedure was between 45–60 minutes.

Fat Pad Stromal Cell (FPSC) Isolation Procedure
IFP tissue was diced into approximately 1–2 mm3

pieces using a scalpel. The tissue was then weighed and
subsequently incubated with high glucose Dulbecco’s mod-
ified Eagle medium (DMEM, Gibco) containing 750 U col-
lagenase I (Gibco). For conventional isolation, the tissue
was rotated at 10 rotations per minute (RPM) at 37 °C for
~3 hours until over 90 % of the original tissue was bro-
ken down. For rapid isolation, the tissue was shaken at
2000 RPM at 37 °C for 30 minutes (Multi Reax Shaker,
Heidolph, Schwabach, Bavaria, Germany). After diges-
tion, DMEM containing 20 % fetal bovine serum (FBS,
Gibco) was added to inactivate the collagenase. Insoluble
tissue and residual fat were removed and discarded. The re-
maining cell suspension was passed through a series of cell
strainers with decreasing mesh sizes (100 µm, 70 µm and
40 µm (Fisher Scientific)), centrifuged and washed with
saline. Cells were then either plated for colony forming
unit-fibroblast (CFU-F) analysis, prepared for cell surface
marker analysis by magnetic activated cell sorting (MACS)
or flow cytometry, or immediately seeded on AC-ECM
scaffolds.

Flow Cytometry and Magnetic Activated Cell Sorting
For staining of cells with fluorochrome-conjugated

antibodies against extracellular markers, cells were har-
vested, washed in phosphate-buffered saline (PBS) and
stained with amine-binding markers for dead cells (Fixable
Viability Dye; ThermoFisher) for 30 minutes at 4 °C. Cells
were then washed in PBS and centrifuged at 300 g for 5
minutes prior to staining with fluorochrome-conjugated an-
tibodies for CD45, CD34, CD90, CD105, CD44 and CD73
(all ThermoFisher) for 15 minutes at room temperature
(RT). Following extracellular staining, cells were washed
in fluorescence-activated cell sorting (FACS) buffer (PBS
+ 1 % FBS), centrifuged at 300 × g and re-suspended in
FACS buffer for acquisition. Acquisition was performed
on either a BD FACS Canto II (Becton, Dickinson & Com-
pany, Franklin Lakes, NJ, USA) or BD LSR Fortessa, and
analysis was performed with FlowJo v.10 software (BD).
For magnetic activated cell sorting (MACS), after wash-
ing in MACS buffer (PBS with 0.5 % bovine serum al-
bumin (BSA), and 2 mM ethylenediaminetetraacetic acid
(EDTA)), cells were incubated with CD44 microbeads be-
fore being passed through a MACS manual separation col-
umn as per the manufacturer’s instructions (all Miltenyi
Biotec, North Rhine-Westphalia, Germany).

Articular Cartilage ECM (AC-ECM) Scaffold Fabrication
Scaffolds were fabricated as previously described

[26,28]. Briefly, pepsin solubilized porcine AC was

cross‐linked with glyoxal (5 mM), poured into 5 mm × 3
mm moulds and lyophilized to create a scaffold which was
then subjected to dehydrothermal treatment (115 °C, under
vacuum for 24 hours). The resulting scaffolds were pre-
dominantly collagenous in nature, with the majority of sul-
fated glycosaminoglycan (sGAG) and DNA removed dur-
ing scaffold fabrication. The scaffolds contained AC-ECM
at a concentration of 10 mg/mL as this concentration was
previously found to be optimal for supporting chondrogenic
differentiation of culture expanded FPSCs [26].

In Vitro Cell Seeding and Culture
1 × 106 rapidly or conventionally isolated FPSCs

were seeded dropwise onto individual scaffolds suspended
in 25 µL of expansion media (DMEM with 10 % FBS
and 1 % penicillin-streptomycin). FPSCs were allowed
to attach to the scaffolds for 1 hour in an incubator at
37 °C. After FPSC attachment, 2.5 mL of chemically de-
fined media (CDM) was added per well. CDM consisted
of high glucose DMEM supplemented with 1 % penicillin-
streptomycin, 100 µg/mL sodium pyruvate (Sigma), 40
µg/mL L-Proline (Sigma), 50 µg/mL L-ascorbic acid-2-
phosphate (Sigma), 1.5 mg/mL BSA (Sigma), 1X insulin
transferrin selenium (ITS- Gibco), 100 nM dexamethasone
(Sigma) and 10 ng/mL transforming growth factor beta-
3 (TGF-β3, ThermoFisher). The FPSC seeded constructs
were maintained in CDM for 28 days.

Colony Forming Unit-Fibroblast (CFU-F) Assay
Freshly isolated FPSCs were seeded in dishes at a den-

sity of 25 cells/cm². FPSCs were cultured in expansion me-
dia which consisted of high glucose DMEM supplemented
with 1 % penicillin-streptomycin and 10 % FBS (Gibco).
Cell growth was monitored to ensure distinct colonies did
not merge. After 10 days of culture, the expansion media
was removed and dishes washed twice in PBS. Cells were
then fixed with 2 % paraformaldehyde (PFA) for 15 min-
utes at RT. PFA was subsequently removed and the dishes
washed with PBS. Colonies were then stained with 1 %
crystal violet solution (Sigma) for 2 minutes at RT. Dishes
were then rinsed with tap water to remove unbound stain.
Images were acquired and the colonies manually counted.

In Vitro Study Analysis
FPSC seeded constructs (Day 28) were analysed for

DNA and sGAG content. sGAG quantification was per-
formed using a 1, 9 dimethylmethylene blue (DMMB) as-
say according to the manufacturer’s protocol (Blyscan sul-
fated sGAG assay kit, B1000, BioColor, Belfast, North-
ern Ireland). Quantification of dsDNA in the digested con-
structs was performed using a Quant-iT Pico Green dsDNA
kit (ThermoFisher) according to the manufacturer’s proto-
col. The combination of results from the DMMB and pico-
green assays provides a ratio of sGAG normalized to ds-
DNA content. For histological analysis, samples were sec-
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tioned at a thickness of 5 µm using a microtome. Sec-
tions were stained with 1 % alcian blue to examine sulfated
glycosaminoglycan (sGAG) and picrosirius red to examine
collagen deposition. To identify the specific collagen types
present in the constructs, immunohistochemistry was per-
formed for collagen types II and X as previously described
[30].

Surgical Procedure

The n for the goats used in this study was based on
the predicted variance in the model and was powered to de-
tect 0.05 significance. The implantation groups were ran-
domised across the operated animals. N = 9 animals were
operated on for each group. Unfortunately, 3 animals from
each cohort died prior to the 6-month end-point. These an-
imal deaths were deemed not to be related to the surgical
procedure following post-mortem by a veterinarian. Prior
to admittance onto the study, all animals were monitored
and evaluated prior to surgery and deemed healthy prior
to surgery, no animals that reached the 6 month timepoint
were excluded the study or subsequent analysis. As animals
received both controls and treatment groups no randomisa-
tion of the animals was performed but the location (left or
right stifle) of control and treatment groups was random-
ized for each surgery. Surgery was performed on skele-
tally mature female Saanen goats (age 4.8 years ± 0.27;
mean ± SD). Goats were placed in dorsal recumbency and
an arthrotomy of each stifle joint was then performed us-
ing the lateral para-patellar approach as described previ-
ously [28,31]. Bi-lateral surgery was performed on all an-
imals. IFP biopsies were harvested from all animals and
transported to the laboratory in saline (0.9 % NaCl) for
rapid FPSC isolation to commence. FPSCs were rapidly
isolated as described above, 1 × 106 FPSCs were seeded
onto each AC-ECM scaffold (6 mm Ø × 2 mm high) and
then returned to the operating room for implantation. 6
mm diameter chondral defects were created in the medial
femoral condyles using a 6 mm biopsy punch to mark the
defect diameter followed by full thickness cartilage removal
using a ring curette. MFX was performed on all defects
(including scaffold treated groups) using a Kirschner wire
(1.6 mm Ø for a central hole and 0.7 mm Ø for all other
holes (gSource Surgical Instruments, Emerson, NJ, USA))
to perforate the subchondral bone. AC-ECM scaffolds were
maintained in position using a custommade, biodegradable,
3D printed fixation device fabricated using polycaprolac-
tone (PCL, Perstorp CAPA 6500, Malmö, Sweden) [28].
The shaft of the fixation device was fabricated to be the
same diameter as the central MFX hole (1.6 mm Ø) so that
the device and scaffold could be push-fit into the defect.
Tissue repair was evaluated at 6 months post-surgery. Re-
pair tissue in defects treated with the rapidly isolated FP-
SCs seeded on an AC-ECM scaffold (termed the “scaffold
+ FPSCs” group) were compared to that in defects treated
with the AC-ECM scaffold alone (termed the “+ AC-ECM

scaffold” group) or microfracture only (termed the “MFX”
group). The AC-ECM scaffold alone and MFX group (n =
6) were also used as a shared control with other goat stud-
ies undertaken at the same time [28], this was in order to
reduce the overall numbers of animals required for these
studies in accordance with animal welfare principals of the
reduction, replacement and refinement (Article 4 of EU Di-
rective 2010/63/EU). Blinded scoring of gross morphology
and histology was performed. For this scoring, the sam-
ples were randomised using a randomization algorithm and
the identification numbers of the animals removed from the
samples.

Evaluation of Repair Tissue

6 month post-operatively, 1.5 cm3 sections contain-
ing the defect site were harvested from the medial femoral
condyle using an oscillating saw. Before fixation, gross
morphological images were taken with a digital microscope
system (Ash Inspex HD 1080p, Kildare, Ireland) for macro-
scopic evaluation. Macroscopic images were blinded, ran-
domised and subsequently scored by four expert review-
ers using a previously described macroscopic scoring sys-
tem [28,31,32]. Samples were then fixed using 4 % for-
malin solution for 48 hours and subsequently decalcified in
Decal-lite (Sigma). Samples were sectioned at 10 µm and
stained with safranin O and picrosirius red. Immunohisto-
chemistry was performed for type II collagen (Santa Cruz-
sc52658 1:400, Dallas, TX, USA) and lubricin (Merck Mil-
lipore MABT400 1:500) as previously described [26]. His-
tological scoring was performed using a modified Interna-
tional Cartilage Regeneration and Joint Preservation So-
ciety (ICRS) II scoring system [33]. In addition, semi-
quantification of type II collagen immunohistochemistry,
safranin O, and picrosirius red histological stainingwas per-
formed as previously described [28,34]. Briefly, safranin
O staining was used in combination with Photoshop CS6
(Adobe, Mountain View, CA, USA) to quantify the area
of positively stained cartilage within a region of interest
(ROI) in the AC. To quantify the extent of positive type
II collagen staining in the defect site defect, a 2 × 6 mm
region of interest central to the defect was selected and
DAB (3,3′-diaminobenzidine) positive staining was quan-
tified using the plugin IHC profiler for Image J [35]. Pi-
crosirius red stained samples were imaged under polarized
light microscopy to investigate collagen fibre orientation.
The Directionality plugin [36] from Image J was used to
quantify the mean orientation and angular dispersion of the
collagen fibres observed in the superficial and deep zones
of the regenerated AC.

Statistical Analysis

Results are presented as mean ± standard deviation
unless noted otherwise in figure legends. Statistical anal-
ysis was performed using Graph Pad Prism 10 (Graph-
Pad Software, San Diego, CA, USA). Statistical differences
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were analysed by one-way analysis of variance (ANOVA)
with Tukey’s test for multiple comparisons to compare ex-
perimental conditions or in the case of comparing two ex-
periment groups a paired or unpaired t-test was used when
appropriate. Statistically significant changes are marked as
p ≤ 0.05; p ≤ 0.01; p ≤ 0.001.

Results
A Method to rapidly Isolate Colony Forming Stromal
Cells from the Infrapatellar Fat Pad

Amethodology was developed to isolate stromal cells
from IFP obtained during total knee replacement or anterior
cruciate ligament reconstruction surgery. The method com-
bined both enzymatic and mechanical methods to rapidly
isolate clinically relevant cell numbers. The protocol for
obtaining a cell suspension ready for use took less than 60
minutes for the rapid method, compared to 3–3.5 hours for
the conventional isolation method (Fig. 1A). Cell yield per
gram of tissue revealed that the conventional method re-
sulted in a mean yield of 1.8 × 106 ± 0.64 × 106 cells
compared to 0.95×106 ± 0.24×106 cells per gram of IFP
for the rapid method (Fig. 1B), although no statistical dif-
ference was observed (p = 0.2403). While use of the rapid
method resulted in less total cell yield, further characteri-
sation of these cells demonstrated that the rapidly isolated
cells contained a higher proportion of cells with stem-like
characteristics. MACS analysis of both cell populations re-
vealed that a significantly greater proportion of CD44 pos-
itive cells was obtained using the rapid method (42 % ±
19 %) versus the conventional method (28 % ± 21 %) (p
= 0.0239, Fig. 1C). Analysis of colonies formed during a
CFU-F assay demonstrated that the rapid population con-
tained a significantly higher proportion of colony forming
cells (413 ± 79 colonies) versus the conventional control
(240 ± 29 colonies) (p = 0.0408, Fig. 1D,E).

Surface Marker Expression of conventionally and rapidly
Isolated Fat Pad Stromal Cells

Having developed a method to rapidly isolate stromal
cells from the IFP, we next sought to further characterise
and define the different cellular populations obtained from
the IFP via conventional and rapid methods. In order to ac-
curately assess a panel of surface markers, flow cytometry
analysis was performed within 3 hours of tissue processing
and cell isolation. FPSCs were defined as CD45−/CD34−
to distinguish them from haematopoietic and endothelial
cells respectively [37,38], and typically represented>90 %
of the total viable cell population (Fig. 2A). Importantly,
cell viability was comparable for both isolation methods,
with an average viability of 79.1 % ± 5.53 % and 82.9 %
± 4.94 % for conventional and rapid isolation respectively
(Fig. 2B).

For further analysis, a panel of well-established MSC
markers, CD90, CD105, CD73 and CD44 [24,39,40], was
used to characterise these cells and revealed distinct dif-

ferences in surface marker distributions depending on the
isolation procedure. Both rapidly and conventionally iso-
lated FPSCs were found to have a low comparable expres-
sion and percentage of cells positive for CD90 and CD105.
However, differences in the percentage of cells positive for
CD44 and CD73, and their level of expression, were ob-
served. Conventionally isolated cells consisted of a larger
population of CD73+ cells (26.3 % ± 8.513 %) compared
to that of rapidly isolated cells (10.9 % ± 4.73 %, p =
0.0511). Interestingly, while expression of this marker is
used to define MSCs, it is associated with and highly ex-
pressed on stromal cells with a more adipogenic phenotype
[41]. In contrast, rapidly isolated FPSCs contained a higher
percentage of CD44+ cells (18.8 % ± 2.196 %) compared
to conventionally isolated cells (6.458 % ± 2.269 %, p =
0.0079), CD44 is a surfacemarker associated with chondro-
progenitor cells [22,23,42]. This was observed for FPSCs
isolated from 4 independent donors (Fig. 2C,D). Taken
together, this data demonstrates that cell populations dif-
fer depending on the isolation procedure, with the rapidly
isolated population containing a higher fraction of CD44+
cells.

Rapidly Isolated Human FPSCs Possess a Greater
Chondrogenic Capacity than conventionally Isolated
FPSCs

Having demonstrated that the rapid cell isolation
method resulted in a significantly greater proportion of
CD44 positive cells, we next sought to assess the in vitro
chondrogenic capacity of both cell populations. To this
end, cells from three donors (A, B and C) were seeded onto
AC-ECM derived scaffolds [26] immediately after the cell
isolation procedure (i.e., no cell expansion on plastic was
undertaken) and then maintained in chondrogenic culture
conditions for 28 days. Rapidly isolated cells from Donors
A and B both demonstrated robust chondrogenic potential,
with abundant sGAG (alcian blue) and collagen (picrosirius
red) deposition within the engineered tissues. Significantly
greater levels of sGAG were measured in tissues formed
from rapidly isolated cells from both donors when com-
pared to (donor matched) conventionally isolated FPSCs
(Donor A—p = 0.0083, Donor B—p < 0.0001). More-
over, the cartilage formed by the rapidly isolated FPSCs
resembled hyaline cartilage, being rich in type II collagen
with little to no type X collagen deposition observed (Fig.
3A,E). While donor C was observed to possess attenuated
differentiation capacity in comparison to donors A and B
(Fig. 3I–L), a 2.5 fold increase in the GAG: DNA ratio
was still observed in the rapid FPSC group when compared
to the conventionally isolated FPSCs (p = 0.0612, Fig. 3L).
Increases in sGAG, DNA and GAG: DNA ratio were ob-
srerved across all three donors individually (Fig. 3B–D,
F–H, J–L). When data from all three donors was pooled,
biochemical quantification revealed that the tissues engi-
neered using the rapidly isolated FPSCs contained signifi-
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Fig. 1. A novel method to rapidly isolate infrapatellar fat pad stromal cells. (A) Schematic diagram illustrating the clinical workflow
for the rapid and conventional isolation procedures from tissue biopsy to single-cell suspension. (B) Viable cell yield of FPSCs per gram
of initial IFP tissue mass. (C) MACS was performed on the total conventional or rapid cell population’s immediately after the isolation
procedure. MACS separated the FPSCs into CD44 positive and negative fraction and cell counts were performed to quantify cell numbers.
(D) Quantification of numbers of colonies observed after CFU-F assay. (E) CFU-F assay—Tissue culture plates were stained with crystal
violet to reveal presence of colonies. All error bars denote standard deviation, *p < 0.05, n = 3 independent human donors. Schmatic
diargram created with https://www.biorender.com. IFP, infrapatellar fat pad; RPM, rotations per minute; DMEM, Dulbecco’s modified
Eagle medium; FBS, fetal bovine serum; FPSC, fat pad stromal cell; CFU-F, colony forming unit-fibroblast; AC-ECM, articular cartilage
extracellular matrix; MACS, magnetic activated cell sorting.

cantly greater levels of total sGAG (p = 0.0002) and sGAG:
DNA (p = 0.0028) levels when compared to tissues gener-
ated using conventionally isolated FPSCs (Fig. 3M–O).

The Incorporation of rapidly Isolated FPSCs Seeded onto
Extracellular Matrix Derived Scaffolds Does not Further
Enhance Their Regenerative Potential in a clinically
Relevant Large Animal Model

Having demonstrated that rapidly isolated human FP-
SCs can readily undergo robust chondrogenic differentia-
tion in vitro, generating higher levels of hyaline-like carti-
lage matrix compared to conventionally isolated cells. We
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Fig. 2. Rapidly isolated FPSCs express higher levels of CD44 compared to conventionally isolated FPSCs. Human fat pad stromal
cells (FPSCs) were isolated as described by either rapid or conventional isolation protocols. Isolated cells were stainedwith fluorochrome-
conjugated antibodies against CD45, CD34, CD44, CD90, CD105 andCD73 and analysed by flow cytometry. (A) Cells were first selected
by FSC and SSC, viable cells were then selected on the basis of viability dye exclusion. CD45−/CD34−cells were selected for as the
FPSC population. (B) Percentage viability of conventionally or rapidly isolate cells based on viability exclusion dye (n = 4 donors). (C)
Representative histograms for each cell surface marker expression for conventional (red) and rapid (blue) isolation methods. (D) Pooled
data depicting the mean (± SEM) percentage cells expressing CD44, CD90, CD105 and CD73 for 4 human independent donors. *p <

0.05.

next sought to assess the regenerative potential of rapidly
isolated caprine FPSCs, when seeded onto AC-ECM scaf-
folds, in a clinically relevant large animal model of car-
tilage defect repair. A Schematic diagram of the design
and timeline of in vivo experiment is provided in Fig. 4A
(Ref. [28]). Six months post-implantation, animals were
euthanized, and chondral defect repair was evaluated (Fig.
4B–D). As a current surgical standard of care, microfrac-
ture (MFX) treated animals acted as the positive control for

this study (Fig. 4B). In addition, data from control animals
treated with the AC-ECM scaffold alone are also provided
(Fig. 4C). The quality of the repair tissue was found to
be variable across both the MFX, AC-ECM scaffold alone
and scaffold + FPSCs groups. Some MFX only animals
were found to have high levels of defect fill, and this was
reflected in gross morphology scoring and visualised by
safranin-O histological staining (Fig. 4B & Fig. 5A (Ref.
[28])). Over 40 % of the animals that received MFX only
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Fig. 3. Rapidly isolated human FPSCs possess greater chondrogenic capacity than conventionally isolated FPSCs. 1× 106 rapidly
or conventionally isolated FPSCs were cultured in AC-ECM biomaterial scaffolds for 28 days. sGAG deposition (alcian blue), collagen
deposition (picrosirius red) and type II/X collagen deposition was evaluated by histological and immunohistochemical staining of day
28 FPSC seeded scaffold constructs (A, E and I). Biochemical quantification of DNA, sGAG and sGAG: DNA ratio was performed
on day 28 constructs (Donors A, B & C individually––panels B–D, F–H, J–L and in combination M–O). (G) All error bars denote
standard deviation, *p < 0.05, **p < 0.01, ***p < 0.001. N = 3 independent human donors, 3/4 constructs per group. Scale bars =200
µm. sGAG, sulfated glycosaminoglycan.
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Fig. 4. Histoligical Evaluation of efficacy of rapidly isolated caprine FPSCs seeded on anAC-ECM scaffold in a preclinical model.
6 months after implantation, the defect sites were excised, imaged and processed for histology. (A) Schematic diagram of the design
and timeline of in vivo experiment. (B) MFX only treated animals exhibited high variation in defect fill and repair quality. (C) MFX
+ AC-ECM scaffold treated animals showed enhanced repair quality compared to MFX only controls. (D) Scaffold + FPSCs treated
animals demonstrated further improved and more consistent repair quality when compared to both MFX only and MFX + AC-ECM
controls. Note: In order to reduce the overall numbers of animals required for these studies in accordance with animal welfare principals
of the reduction, replacement and refinement (Article 4 of EU Directive 2010/63/EU) the data for the controls (MFX and + AC-ECM
Scaffold groups) in the large animal study have been shared with our recently published study—Browe et al. [28] “Promoting endogenous
articular cartilage regeneration using extracellular matrix scaffolds” Materials Today Bio 16 (2022): 100343. As such, images in panels
B and C have been reused from that publication. Scale bar = 2 mm in safranin-O and collagen II. N = 6 animals. MFX, microfracture.
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Fig. 5. Further Evaluation of efficacy of rapidly isolated caprine FPSCs seeded on an AC-ECM scaffold in a preclinical model.
(A) Blinded macroscopic scoring was used to quantify visual repair of the defects ICRS-II histological scoring (B) was performed by 4
blinded experts. sGAG (C) and type II collagen (D) deposition within the defect region of interest was quantified using image analysis
software. (E) Immunohistochemistry for lubricin. (F) The orientation and dispersion of the collagen fibre orientation of the superficial
zone of the defect site relative to native controls was plotted. A lower dispersion value indicates higher consistency within the region
of interest. Collagen fibres that run parallel to the articulating surface have an orientation of 0°, whereas fibres that are perpendicular
to the surface have an orientation of 90° in native caprine cartilage tissue. Note: In order to reduce the overall numbers of animals
required for these studies in accordance with animal welfare principals of the reduction, replacement and refinement (Article 4 of EU
Directive 2010/63/EU) the data for the controls (MFX and + AC-ECM scaffold groups) in the large animal study have been shared
with our recently published study—Browe et al. [28] “Promoting endogenous articular cartilage regeneration using extracellular matrix
scaffolds” Materials Today Bio 16 (2022): 100343. As such, images in panels E have been reused from that publication. All error bars
denote standard deviation. Scale bar = 200 µm for lubricin IHC. N = 6 animals. *p < 0.05, **p < 0.01. ROI, region of interest; DAB,
3,3′-diaminobenzidine; PGR4, proteoglycan 4; AC, articular cartilage; ICRS, International Cartilage Regeneration and Joint Preservation
Society.
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scored less than 1 point out of 8 when the gross morphology
of the defect was scored; this low score translated into poor
levels of actual defect fill with de novo tissue (Fig. 4B &
Fig. 5A). More consistent levels of defect repair were ob-
served in animals treated with AC-ECM scaffold alone and
scaffold + FPSCs. Increasing scores in both gross morphol-
ogy MFX: 2.4 points (± 2.64), AC-ECM scaffold only: 5.2
points (± 1.56), scaffold + FPSCs: 3.2 points (± 1.42) (see
Supplementary Table 1) and sGAG positive staining in the
defect site MFX only: 29 % (± 15.95), AC-ECM scaffold
only: 48 % (± 17.89), scaffold + FPSCs: 45 % (± 13.11)
were observed for the scaffold groups versus MFX only
controls (Fig. 5A,C). Histological evaluation of the repair
tissue using the ICRS-II scoring system did not reveal any
significant differences between the treatment groups (Fig.
5B and Supplementary Table 2). Significantly higher lev-
els of type II collagen deposition were observed in scaffold
treated defects after 6 months in vivo (MFX—36 % of ROI
stained positive; AC-ECM—58 % of ROI stained positive
(p = 0.0219); scaffold + FPSCs—62 % of ROI stained pos-
itive p = 0.0059) when compared to MFX only controls.
While an increase in type II collagen deposition was ob-
served with the addition of FPSCs, this was not significant
(p = 0.8048, Fig. 5D).

In this case the addition of the cells had no significant,
beneficial effect on the repair parameters examined, with
the AC-ECM scaffold only group scoring higher than the
scaffold + FPSCs group in the three of four metrics exam-
ined. Recapitulation of the superficial zone of AC is cru-
cial for the long-term success of any cartilage repair proce-
dure. To further analyse the recapitulation of the superfi-
cial zone of the repair tissue, we next performed immuno-
histochemistry for lubricin (also known as proteoglycan 4
(PRG4)), a key protein expressed in the superficial zone of
native, healthy AC [43,44]. Examining a central region in
the defect site, we observed strong, specific lubricin stain-
ing in defects treated with scaffold only and scaffold + FP-
SCs. In contrast, the superficial zone of the majority of ani-
mals treated with MFX expressed lubricin non-specifically
or weakly (Fig. 5E).

Following picrosirius red staining of histological sam-
ples, the samples underwent polarised light microscopy
(PLM) to visually determine the collagen fibre orienta-
tion in the superficial zone (Fig. 5F). The degree of ori-
entation and the dispersion of the collagen fibre orienta-
tion was quantified using the ImageJ plugin Directional-
ity [28,29,45]. Native caprine cartilage has a parallel fibre
orientation in the superficial zone, with the majority of fi-
bres having an orientation approaching 0° and a low level
of dispersion [45]. Representative native caprine values are
contained in the green ellipse (Fig. 5F). Here we demon-
strate that MFX only treated animals possess high levels of
variation in both fibre dispersion and fibre orientation, as
illustrated by the blue ellipse (Fig. 5F). However, when
animals were treated with both the AC-ECM scaffold only

or the scaffold + FPSCs, both the mean angle of collagen
fibre orientation and fibre dispersion were seen to better
match native values, as illustrated by the green and pink
ellipses respectively (Fig. 5F). When quantified, the MFX
only group had amean fibre orientation angle of 17° (± 25°)
with a mean dispersion value of 16.3 (± 8.3). In contrast,
the scaffold + FPSCs group had a mean fibre orientation
angle of 5° (± 4°) with a mean dispersion value of 12.9 (±
3.7).

Discussion
The overall goal of this study was to develop and pre-

clinically assess a novel single-stage, intraoperative carti-
lage repair therapy. To this end, we developed a method to
rapidly isolate clinically relevant numbers of FPSCs from
human IFP tissue in under one hour. We next characterised
the phenotype of the isolated cells and compared the chon-
drogenic potential of both rapidly and conventionally iso-
lated FPSCs in vitro. We observed that the rapidly isolated
cells contained both a higher proportion of colony-forming
cells and had a greater chondrogenic capacity than conven-
tionally isolated donor matched controls. Having devel-
oped this methodology, we then tested the ability of the
rapidly isolated FPSCs, when combined with an AC-ECM-
derived scaffold, to promote cartilage repair in a clinically
relevant caprine model. In our preclinical model, the scaf-
fold + Rapidly FPSC treatment improved tissue repair out-
comes when compared with MFX only, recapitulating cer-
tain aspects of the zonal structure of AC. However we could
not conclude that the delivery of such cells improved out-
comes compared to implantation of the AC-ECM scaffold
alone.

In vitro, rapidly isolated FPSCs from donors A and B
were found to be highly chondrogenic upon seeding onto
AC-ECM scaffolds. Not only were the rapidly isolated
cells more chondrogenic than conventionally isolated cells
from the same donor, but our previous data demonstrates
that they were also more chondrogenic (>200 µg versus
~120 µg mean sGAG production per construct) than cul-
ture expanded FPSCs from healthy donors seeded on the
same scaffolds as used in a previous study [26]. It may be
that the rapid isolation procedure is preferentially selecting
for the perivascular stem cells that are known to exist with
the IFP [20], with other stromal cell populations also being
isolated during the longer, conventional isolation protocol.
Reduced time of exposure to collagenase may also be a fac-
tor for the improved performance of the rapidly isolated FP-
SCs, as prolonged time in collagenase has been shown to
reduce cell viability and cell surface marker expression in
cells derived from adipose, umbilical cord and other tissues
[46–51]. Further time course studies are required to con-
firm this hypothesis in our system. Ideally, FPSCs would
be isolated without the use of enzymatic products. Previ-
ous research has successfully isolated cells from adipose
tissue using mechanical means only [52], however we ob-

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v050a04


www.ecmjournal.org 79

European Cells and Materials Vol.50 2025 (pages 68–83) DOI: 10.22203/eCM.v050a04

served that we were unable to isolate sufficient, clinically
relevant numbers using mechanical methods only in pre-
liminary studies (data not shown). Obtaining sufficient cell
numbers is a key parameter in order to translate a one-step
cell therapeutic to the clinic. Here, we demonstrate that we
can rapidly isolate approximately 1× 106 cells per gram of
human IFP tissue in under one hour. While less cells were
obtained compared to using conventional methods, wewere
able to isolate greater cell numbers than published studies
also attempting to use freshly isolated cells from IFP tissue
[15]. Approximately 1 × 106 cells per gram of human IFP
tissue can be obtained using our rapid method, of which ap-
proximately 20 % of these cells are CD44+. Human AC
contains chondrocytes at a density of 9600 cells per mm3

and in order to regenerate damaged AC it could be assumed
that at least an equivalent cell density would be required
[15,53]. The cell seeding density used in this study was rel-
atively low (1× 106 cells) to ensure that equal cell numbers
could always be implanted into each animal due to potential
animal to animal IFP mass and cell yield variation. Simi-
lar caprine research has examined cell-seeding densities ap-
proximately 5 times higher (5× 106 cells in a scaffold with
a volume of 59 mm3) than those used in this study (1×106
cells in a scaffold with a volume of 57 mm3) when cell to
scaffold volumes ratios are compared [54]. When the pro-
cedure is applied to humans (with an average IFP mass of
approximately 15 g), a higher cell seeding density could be
utilized, as a larger IFP biopsy can be obtained from the pa-
tient [15]. However, a relatively low cell seeding density
may make the translation of the method to the clinic more
attractive as only a small biopsy of IFP would need to be
harvested to obtain sufficient cell numbers. Using the cell
seeding density tested here, scaled to a clinically relevant
2 cm3 chondral defect, would require an IFP biopsy of ap-
proximately 3.5 g. Further studies are required to identify
the optimal cell seeding density for such single stage ap-
proaches.

Despite technology advancements, MFX remains the
first line, surgical standard of care for many orthopaedic
surgeons, as it has the benefits of being cost effective with
a short surgical time [2,55]. However, the repair tissue
observed is predominantly fibro-cartilaginous and this can
result in deterioration of the repair tissue between 18–24
months post-surgery [56]. In turn, this results in high rates
of revision surgery after MFX, and in some cohorts up to a
quarter of patients required revision surgery just 18 months
after the initial procedure [57]. In this study, we observed
high animal-to-animal variation in the levels of repair fol-
lowing MFX, mimicking what is observed in humans. Al-
though significant differences between the groups exam-
ined were not observed, defects treated with an AC-ECM
scaffold were found to have higher levels of sGAG deposi-
tion and greater defect fill in the defect site when compared
to MFX only controls. While greater levels of type II colla-
gen deposition were observed with the addition of the FP-

SCs to the scaffold, this effect was not found to be statisti-
cally significant. In addition to lubricin expression, we also
examined collagen fibre alignment in the superficial zone of
the repair tissue to determine the addition of the FPSCs pro-
moted recapitulation the defined collagen fibre orientation
of native articular cartilage. This hierarchical structure of
AC is responsible for the load bearing, wear resistance and
shock absorption properties of the tissue [58]. Wewere able
to demonstrate that the average angle of fibre orientation, as
well as the level of fibre dispersion, was more akin to the
native tissue in scaffold treated defects but the addition of
the FPSCs did not further improve this metric. Previous re-
search has demonstrated that collagen fibre alignment can
continue to improve between 6 and 12 months post scaf-
fold implantation [45], therefore it could be postulated that
further improvements in collagen fibre orientation may be
observed when longer time-points are examined. We ob-
served positive lubricin staining in the superficial zone of
defects treated with AC-ECM scaffolds both in the scaf-
fold alone and the scaffold + FPSCs treated groups. This
result was not observed in the MFX group. Lubricin (also
known as superficial zone protein (SZP) or proteoglycan 4
(PGR4)) is a critical protein in healthy articular cartilage as
it is responsible for coating the cartilage surface and pro-
viding boundary lubrication [43].

The addition of rapidly isolated caprine FPSCs did not
result in significant improvements in repair outcomes in
vivo compared to scaffold treatment alone, as assessed by
macroscopic and histological scoring. One potential rea-
son for this may be the age of the goat FPSCs used for the
study. During the course of the in vitro study, we observed
that for the diseased human samples to be able to undergo
chondrogenic differentiation, the donor must be less than
60 years old. We were able to isolate viable FPSCs from
several older human donors but they did not differentiate or
proliferate in culture (data not shown). It has been well es-
tablished that differentiation capacity of stem/stromal cells
decreases with age [59–61]. This correlates with our in vitro
differentiation findings where we observed the youngest
donor tested (Donor B) possessed the greatest chondro-
genic differentiation capacity as demonstrated by the high-
est sGAG levels; this was in contrast to the oldest donor
(Donor C) that had the poorest capacity. Therefore, the ap-
proach may not be a viable treatment option for an older
patient population if autologous cells are used. Therefore,
we believe that this strategy is ideally suited to the treatment
of younger patients who have suffered damage to the articu-
lar surface and are susceptible to the onset of post-traumatic
OA. The goats used in the preclinical study were formerly
dairy goats, which had come to the end of their milk pro-
duction capabilities and thus alluding to their advanced age.
Future studies are therefore required to assess the benefits
of delivering rapidly isolated FPSCs derived from younger
animals whichmay better represent the potential clinical pa-
tient cohort. Alternatively, studies could also look to assess
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the regenerative capacity of rapidly isolated human FPSCs
in the same goat model of cartilage repair.

Conclusions

In summary, there is an unmet need for biological car-
tilage repair strategies that are cost effective, have a short
surgical time and are efficacious. We have developed a new
cartilage repair therapy using rapidly isolated FPSCs, how-
ever further work is required to determine how factors such
as patient age and cell-seeding density influence the effi-
cacy of such an approach. With improvements in efficacy,
such rapid isolation technology could be readily translated
to the clinic, with the potential to be used with any commer-
cially available cartilage repair scaffold products.
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