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Phage Display Identified Peptide with Selectivity for Human
Osteoarthritic Chondrocytes
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Osteoarthritis (OA) is one of the most common joint disorders in western
populations, affecting millions of people worldwide and with a rising
incidence as life expectancy continues to increase. Current therapies for OA
management fail to halt the progressive degradation of articular cartilage,
urging the need for more effective therapies to improve cartilage function and
enhance patient’s quality of life. Through phage display technology,
biopanning on a population of heterogenous chondrocyte cells isolated from
six different OA donors, and using a random 12-amino acid peptide phage
library, a peptide selective for human OA chondrocytes (GFQMISNNVYMR) is
identified. A twofold increase in fluorescence intensity is observed for OA
chondrocytes, compared to normal chondrocytes, when cells are incubated
with the identified peptide conjugated to a fluorescent label, being selectively
internalized by OA cells. The identified peptide can be further modified and
exploited for developing early diagnostic of OA and/or improve drug delivery
to target cells through peptide-drug conjugates.
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1. Introduction

The development of targeted therapies is
one of the major goals of current research
in biomedicine to improve treatment out-
comes for diseases affecting a large portion
of the population.
Osteoarthritis (OA) is a complex degen-

erative and debilitating joint disease char-
acterized by a progressive degradation of
articular cartilage, osteophyte formation,
and stiffening of the joints, leading to loss
of mobility and function accompanied by
chronic pain.[1] It affectsmore than 500mil-
lion people worldwide, being the leading
cause of disability in older adults and also
frequent due to sport lesions,[2] posing a
huge economic burden.[3]

Nowadays, disease management in-
volves pain medication with nonsteroidal
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anti-inflammatory drugs (NSAIDs) or analgesics to relieve the
symptoms, with joint replacement surgery the final stage of
treatment.[4] However, the guidelines from the United States
Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) encourage the development of effective
disease-modifying osteoarthritis drugs (DMOADs).[5] DMOADs
are drugs that modify the underlying OA pathophysiology to
prevent or reduce long-term disability and offer potential symp-
tomatic relief.[6] Moreover, given its heterogeneity and the mod-
erate effect of symptomatic treatments, there is an unmet clinical
need to develop targeted therapies for OA.[7]

Articular cartilage is a unique connective avascular and non-
innervated tissue that shows little or no potential for intrinsic
repair following injury, where chondrocytes are the only resid-
ing cells. Chondrocytes are responsible for the synthesis and
degradation of the extracellular matrix (ECM), a dynamic 3D
network of macromolecules that provides structural support for
the cells and tissues.[8] In OA, chondrocytes can undergo hy-
pertrophic differentiation, converting ECM components, from
type II collagen and aggrecan-rich to type I and type X collagen-
rich matrix, and increasing the expression of multiple matrix
metalloproteinases.[9]

Chondrocytes and cartilage ECM have been exploited as
targets for localized therapy.[10] Using phage display technol-
ogy, several peptides were identified that bind specifically to
collagen II 𝛼1 (WYRGRL),[11] using denuded bovine carti-
lage, rabbit (DWRVIIPPRPSA, RLDPTSYLRTFW)[12] and mice
(HDSQLEALIKFM)[13] chondrocytes.
In these studies, the identified peptides were discovered us-

ing nonhuman normal cartilage and chondrocytes, while pep-
tides with affinity toward human OA chondrocytes have not been
reported to date.
Here, we describe the use of phage display technology to select

a peptide targeting human OA cartilage cells.

2. Results and Discussion

2.1. Characterization of hACs Isolated from Normal and OA
Cartilage Specimens

The in vitro phage display selection experiment was conducted
on human articular chondrocytes (hACs) isolated from surgical
specimens of a cohort of six OA patients and two non-OA donors
(Table S1, Supporting Information). To confirm the disease phe-
notype of the articular cartilage donors, histological characteriza-
tion was performed. Compared to normal cartilage, OA cartilage
tissue exhibited structural alterations, with an irregular surface,
broken by fissures and fibrillation, decreased cellularity (reduced
in situ chondrocyte volume), and an increasing number of empty
and enlarged lacunae (Figure S1, Supporting Information), char-
acteristic features of the disease.[14]

Isolated hACs were cultured on 2Dmonolayers and their mor-
phology and proliferation analyzed (Figure 1A). A lower cell num-
ber is observed for OA chondrocytes compared to normal cells,
indicating a lower proliferative rate. Both cells showed an elon-
gated fibroblast-like phenotype with OA cells being smaller in
size (Figure 1B).
In general, OA cartilage cells showed a decreased expres-

sion of collagen type I, aggrecan, and sox9, while only Donor 1

had twofold increase of collagen type I and Donor 2 had half-
fold increase of sox9 (Figure 1C). Half of the samples anal-
ysed (from Donor 2, 5, and 6) also showed decreased expres-
sion level of collagen type X. For collagen type II, the expres-
sion levels from OA cartilage samples varied greatly, where a
17-fold increase was observed for Donor 7 and ≈0.5-fold de-
crease for Donors 1 and 5 (Figure 1C). These changes in marker
gene expression suggest that the cells from Donor 1, 2, 3, and 7
were undergoing hypertrophic differentiation, but probably be-
ing at different stages.[9] The presence and expression of cer-
tain surface markers, including CD10, CD26, CD44, and CD95,
were also assessed. CD10 (neprilysin) and CD26 (dipeptidyl pep-
tidase IV) were both reported to be expressed in human ar-
ticular chondrocytes and their expression decreases with the
worsening of OA.[15] CD26 is involved in interactions with the
ECM proteins, collagen, and fibronectin,[16] while CD44, a trans-
membrane glycoprotein and principal cell surface receptor for
hyaluronan (HA), participates in the uptake and degradation
of this important component of articular cartilage ECM[17] and
has been described to be associated with progressive knee OA
joint damage in articular cartilage.[18] CD95 (Fas) is a cell mem-
brane surface receptor that, when bound to its ligand (FasL) or
agonistic anti-Fas antibody to the Fas receptor, activates chon-
drocyte apoptosis.[19,20] Moreover, Fas expression was reported
to be increased in OA and aged cartilage, compared to normal
cartilage.[21,22]

OA hACs showed slightly decreased expression levels of CD44,
compared to normal hACs, and ninefold and 0.25-fold decrease
of CD10 and CD26, respectively (Figure 1D and Figure S2, Sup-
porting Information). The expression levels of CD95 on OA cells
were slightly higher than normal. The expression alterations of
CD95, CD10, and CD26 are similar to the ones reported in other
studies, while CD44 expression was reported to be decreased
in OA chondrocytes from patients with greater levels of OA
severity.[15,18,21]

2.2. Phage Display Selection of Chondrocyte-Binding Peptides on
Moderate-to-Severe OA Phenotypes

One counter-selection and three rounds of biopanning were ap-
plied as a general screening workflow of BRASIL—biopanning
and rapid analysis of selective interactive ligands, on all OA pri-
mary cells (Figure 2A) and using the M13 phage library dis-
playing random linear peptides composed of 12 natural amino
acids and fused to the phage coat pIII protein at the C-terminus
(Figure 2C). Among the six samples of OA cells analyzed, an
enrichment of potential binding peptides was only obtained for
Donor 7 (Figure 2B). Twelve randomly selected phage clones
were sequenced and all displayed the same sequence fused to the
N1 and N2 ectodomains of pIII: N-GFQMISNNVYMR-C. To ver-
ify the incidence of this sequence in previous studies, the linear
peptide was searched against the database from the Biopanning
Data Bank.[24] No similar sequence was found against 33 097 pep-
tides grouped into 3562 sets ( search undertaken on July 2023).
When extending the search to the database of target-unrelated
peptides for phage display studies (TUPs) using SAROTUP
(Scanner and Reporter of Target-Unrelated Peptides), no homol-
ogous sequence was found.[25]
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Figure 1. Characterization of hACs isolated from normal and OA cartilage specimens. A) Representative optical microscopy images of hACs cultured
as 2D cell monolayers after isolation at first passage. B) Measurement of cell length: 240 cells were analyzed, including normal (n = 120) and OA
chondrocytes (n = 120), for major and minor cell size measurement using ImageJ. Significant differences are shown as: ****p < 0.0001. C) Gene-level
differential on OA chondrocytes versus normal (control) chondrocytes. Data are shown as fold change of cells from OA cartilage samples (n = 6) as
compared to gene expression of cells from normal cartilage samples (n = 2). Each gene was processed in triplicate. RNase-free water was used as a
negative control. In each sample, the transcript expressions of target genes were normalized to the average expression of the endogenous housekeeping
gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase) value and the gene expression in healthy chondrocytes. The quantification of fold changes
in gene expression was performed using the 2−ΔΔCt methods.[23] D) Surface marker expression of CD44, CD95, CD10, and CD26 on normal and OA
chondrocytes, presented as percentage of expression (percentage values are the average of all cytometry assays for normal and OA samples, from the
gated events of each condition donor/marker). The results in percentage are shown as the mean of three independent assays for each of the OA samples
compared to the normal ones. Significant differences are shown as: ***p ≤ 0.001 and ****p < 0.0001.

To exclude any peptides reported to bind chondrocytes, a
search by chondrocytes as target (Target ID1318 and ID990)
was also performed and only three entries were found, cor-
responding to primary mouse (BiopanningDataSet ID2167)[13]

and rabbit (BiopanningDataSet ID1548 and ID1549)[12] chon-
drocytes. The similarity of the obtained peptide with other
sequences identified by other groups for cartilage-related tar-
gets, either human or animal chondrocytes, or cartilage tis-
sue components, such as collagen type II, was further checked.
Three peptides (WYRGRL, DPHFHL, and RVMLVR Biopan-
ningDataSet ID486) specific for collagen type II were reported
by Hubbell’s group on denuded bovine cartilage grafts.[11]

No similarity was observed among these sequences. Like-
wise, the peptide identified by Pi et al.[12] using cartilage
pieces from rabbit as target (DWRVIIPPRPSA Biopanning-
DataSet ID1549), was not homologous to the peptide found
in this study, suggesting a sequence specific for human OA
hACs.

The found consensus peptide sequence (OAhAC-Pep,
GFQMISNNVYMR), as well as a scrambled sequence con-
taining the same amino acid composition but in different order
(Scr-Pep, YQMMSVNIFGRN), was chemically synthesized
with a FAM (fluorescein-5(6)-carbonyl) fluorescent label at the
lysine (K) side chain at the C-terminus: H-GFQMISNNVYME-
GGGS-KKK(FAM)-amide and H-YQMMSVNIFGRN-GGGS-
KKK(FAM)-amide, to enable their detection in cell cultures
(Table S3 and Figure S3, Supporting Information). The pep-
tide modifications were made at the C-terminus to leave the
N-terminus free for interaction, since the peptides are fused to
the phage pIII coat protein via the C-terminus (Figure 2C,D).

2.3. Selectivity of Identified Peptide for OA Chondrocytes

Though the identity of the potential cell-surface binding part-
ner to the 12-mer peptide (OAhAC-Pep) selected from the
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Figure 2. Identification of peptides selective for OA chondrocytes by phage display biopanning and their subsequent molecular design. A) Schematic
illustrating the BRASIL methodology: pre-incubation of normal human articular chondrocytes (hACs) with the phage display library (preclearing step)
followed by incubation of the cleared library with OA target cells (screening step). Additional rounds of biopanning were performed for phage enrichment.
B) Detection of positive phage pools by enzyme-linked immunosorbent assay (ELISA). Phage-peptides bound to the target cells were detected by an
anti-M13 antibody coupled with horseradish peroxidase (HRP) that degrades the HRP substrate o-phenylenediamine dihydrochloride (OPD), providing
a signal measured by relative light units (RLUs). Phage pools were analyzed in triplicate. A negative control (assay performed with the same conditions
but without target cells) was used to subtract the background noise. M13KE without any displayed peptide was used as a positive control, establishing
a lower limit on the quantitative analysis performed via RLUs measurement. Significant differences are shown as: ****p ≤ 0.0001. Identified peptide
sequence (GFQMISNNVYMR): C) as displayed on the phage surface, fused to the pIII protein via the C-terminus and connected via the GGGS linker.
D) As redesigned in this study, keeping similar configuration as displayed on the phage (with free N-terminus) and bearing a fluorophore on the side
chain of a terminal lysine (K) for fluorescence detection. Image A was created with BioRender.com.

biopanning experiments remains unknown, its binding selectiv-
ity to OA hACs over normal hACs was next examined (Figure 3
and Figures S4–S6, Supporting Information). A higher fluores-
cence signal (green) was observed in the cytoplasm of OA cells
when incubated with OAhACs-Pep, suggesting the peptide in-
ternalization by the cells (Figure 3A). Nonetheless, these stud-
ies were conducted with cells cultured in monolayer which may
have affected the way proteins are exposed at the cell surface, pro-
moting the peptide internalization. The biopanning experiments
were conducted using cells in suspension (Figure 2A), probing
the whole cell area.
The current treatment options for OA are limited, with no ef-

fective DMOADs, but gene therapy has been considered safe and

effective for OA treatment. Although no gene products have been
approved for OA,[26] recent studies are revealing new targets for
therapeutic interventions, such as small interferingRNA (siRNA)
therapy for suppressing transcription factors regulating apopto-
sis (e.g., nuclear factor kappa B, NF-𝜅B),[27] which requires in-
filtration into the dense and avascular cartilage matrix and in-
tracellular delivery. In fact, the inefficient delivery of drugs into
deeper cartilage layers, and to resident chondrocytes, has been
identified as major bottleneck in OA treatment. Therefore, the
use of cartilage-penetrating carriers (e.g., cationic nanocarriers
or functionalized with amphipathic cationic cell-penetrating pep-
tides) has been shown to improve the delivery and efficacy of OA
therapies.[28] The identified sequence (GFQMISNNVYMR) has
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Figure 3. Validation of peptide selectivity for OA chondrocytes. A) Selectivity of OAhAC-Pep examined by fluorescence microscopy. Cartilage-derived
cells (OA hACs and normal hACs) were incubated with Scr-Pep and OAhAC-Pep at concentration of 5 × 10−6 m. The negative control is cells without
peptide. A green fluorescent signal is observed only when OA cells are incubated with OAhAC-Pep. B) The fluorescence intensity of the peptide was
normalized by F-actin (10 replicates) in all images acquired. Significant differences are shown as: **p ≤ 0.01, ***p ≤ 0.001.

positive net charge (+2) at neutral pH, but it may not be sufficient
to penetrate anionic cartilage. Nonetheless, the original sequence
can be further modified at C-terminus to incorporate cationic
residues, as already done in this study for the cell-binding stud-
ies (Figure 2D). For therapeutic agents acting directly on chon-
drocytes (e.g., catabolic or anabolic factors), targeted delivery is
required.[10] The internalization of the peptide observed in the
cell-binding studies suggests its ability in facilitating the intracel-
lular delivery of therapeutic agents (e.g., siRNA) capable of sup-
pressing catabolic genes (e.g., proteolytic enzymes) to inhibit ma-
trix degradation and preventing further progress of the disease.

3. Conclusion

A novel peptide sequence, GFQMISNNVYMR, selective to hu-
man OA articular chondrocytes was identified by phage display.
After being validated in dose-dependent cytotoxicity assays, as
well as in functional analysis to elucidate the bindingmechanism
and potential biological effect, this sequence can be further tested
(e.g., diffusion studies into human cartilage specimens) and opti-
mized to enhance the delivery of drugs to target OA chondrocytes
and modulate their anabolic or catabolic activities.

4. Experimental Section
Primary Cell Isolation and Characterization: Human articular cartilage

specimens from eight different donors were collected at Centro Hospitalar
da Póvoa de Varzim e Vila do Conde (Portugal) under a pre-established
agreement with the Hospital´s Ethical Committee (CE.CHPVVC 1427–
06052011). All samples were processed for cell isolation within 12 h af-
ter collection (Table S1, Supporting Information). OA articular cartilage
tissue was obtained from patients who underwent knee arthroplasty and
presenting Kellgren–Lawrence radiological grading of OA ≥ III.[29] Con-
trols of normal articular cartilage tissue were obtained in the consequence

of acute traumatic injuries in patients without OA and all tissue specimens
were obtained after patient’s informed consent.

Histological analysis was performed to characterize and confirm the
progression of the disease. For that, specimens were fixed, dehydrated,
embedded in paraffin and sliced into 5 μm sections. Tissue slices were
then stained with hematoxylin and eosin (H&E) for later observation. The
stained sections were observed under a reflected/transmitted light micro-
scope (Axioimager Z1M, Zeiss), and images were taken with a digital cam-
era (Axion MRc5, Zeiss).

Human articular chondrocyte cells (hACs) were isolated with an enzy-
matic cocktail composed of 0.25% trypsin (Alfagene), 400 U mL−1 col-
lagenase I (Biochrom), 1000 U mL−1 collagenase II (Biochrom), and
1 mg mL−1 hyaluronidase type II (Sigma) for 1 h at 37 °C under gen-
tle stirring.[30] After digestion, hAC cells were cultured as 2D monolayer
in 6-well plates in complete culture medium [Coon’s F-12 modified with
2.5 g L−1 NaHCO3 without L-glutamine medium (Biotecnomica), supple-
mented with 10% fetal bovine serum (FBS, Fisher Scientific), 1% v/v an-
tibiotic/antimycotic solution (ATB, Alfagene) and 1% L-glutamine (Alfa-
gene)] in a 37 °C humidified atmosphere with 5% CO2. Cells were ob-
served by microscopy using a Zeiss Primovert (Zeiss, Germany) inverted
microscope and their length was measured using FIJI (12) (NIH, v. 1.52e,
http://imagej.nih.gov/ij). Briefly, a total of 240 cells comprising normal (n
= 120) andOA chondrocytes (n= 120) were assessed for major andminor
cell size measurement.

RNA Isolation and Gene Expression Analysis of Collagen I, II, and X, Ag-
grecan, and Sox9: Real-time quantitative polymerase chain reaction (RT-
qPCR) analysis was performed to assess the expression profile of some
commonly used markers of chondrocyte cells, namely, collagen I, II, and
X, aggrecan, and sox9.[31,32] Total RNA was extracted from hACs at pas-
sage 1 and reverse transcribed to cDNA. RT-qPCRwas carried out to detect
amplification variations using PerfeCta SYBR Green FastMix (Quanta Bio-
sciences), using a Mastercycler ep realplex gradient S equipment (Eppen-
dorf). The analysis of the results was performedwith realplex software (Ep-
pendorf Mastercycler, Applied Biosystems). The primer sequences were
obtained from RTPrimerDB and PrimerBank databases, and synthesized
by MWG Biotech (Table S2, Supporting Information).

Characterization of Chondrocyte Cells by Flow Cytometry: Flow cytom-
etry was used to assess the expression of chondrocyte surface mark-
ers, including CD10, CD26, CD44, and CD95.[15,18,21] Normal and OA

Adv. Therap. 2023, 2300263 © 2023 Wiley-VCH GmbH2300263 (5 of 7)

 23663987, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adtp.202300263 by Q

ueen M
ary U

niversity O
f L

ondo, W
iley O

nline L
ibrary on [30/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advtherap.com
http://imagej.nih.gov/ij


www.advancedsciencenews.com www.advtherap.com

chondrocytes at 90% confluence growth were detached and resuspended
in sterile phosphate-buffered saline (PBS) 1X. Approximately 2 × 105 cells
were incubated with the respective fluorescent conjugatedmonoclonal an-
tibody: CD10-APC, CD26-FITC, CD95-FITC (eBioscience), and CD44-PE
(BD Pharmingen), at the concentration of 0.25, 1, 0.5, and 1 μg per test,
respectively, for 20 min at room temperature in the dark. From each sam-
ple, 20 000 events were analyzed by FACS scan (BD FACSCalibur, BD Bio-
sciences) and data were assessed by CELLQuest V3.3 software (BD Bio-
sciences).

Selection of Cell-Binding Peptides Targeting OA hACs using Phage Dis-
play: A random 12-mer (with a theoretical diversity of 1 × 1013 variants)
M13 phage library (New England Biolabs) was used for screening against
chondrocytes using the Biopanning and Rapid Analysis of Selective Inter-
active Ligands (BRASIL) methodology, adapted from previously reported
studies.[33,34] Briefly, in a preclearing step, hACs were first incubated with
the phage library and the unbound phages collected. For the biopanning
screening, the unbound fraction was incubated with OA hACs from indi-
vidual donors. The cell-phage pairs were separated by centrifugation and
resuspended in 100 μL of 1 m Tris-HCl buffer (pH 9.1) and stored at 4 °C.
An aliquot of the eluted phage was subsequently reapplied to a new batch
of OA cells (same passage), in a total of three rounds without amplifica-
tion.

Identification of Cell-Binding Peptides: ELISA was performed using an
adapted protocol from the NEB Ph.D. Phage Display Libraries Instruction
Manual.[35,36] One row of ELISA plate wells for each phage pool from the
third biopanning round of each of the six OA samples was coated with
target cells in complete culture medium, followed by incubation at 37 °C
with 5% humidity overnight, to allow cell attachment. The culture medium
was removed and the plate washed 3 times with Tris buffered saline with
Tween 20 1X (TBST). Cells were incubated with the phage pool at a concen-
tration of 1 × 108 PFU/well under agitation for 2 h. The plate was washed
three times with TBS 1X with Tween 20 (TBST) prior to incubation with
horseradish peroxidase (HRP)-conjugated anti-M13 monoclonal antibody
(GE Healthcare), diluted in 1% of bovine serum albumin (BSA) in TBS 1X
to the final dilution of 1:5000, and incubated at room temperature for 1 h.
Subsequently, the plate was washed with TBST three times and the freshly
prepared o-phenylenediamine dihydrochloride (OPD, Thermo Scientific)
substrate for HRP detection was added to each well and incubated for 15
min. A parallel ELISA assay, with no target (negative control), was also
performed to distinguish real target-binders from plastic binders (back-
ground noise). The wild-type M13KE phage was used as baseline con-
trol. The plates were read in a single tube luminometer (GloMax 20/20,
Promega). Individual clones from the phage pool of donor 7 were sent for
sequencing (Macrogen), following the procedure described in NEB Ph.D.
Phage Display Libraries Instruction Manual and in other reports.[35–37]

Search for Chondrocyte Binding Peptides: The identified peptide se-
quence and the keyword “chondrocyte” (Target ID 1318 and 990) were
used to search against the Biopanning Data Bank. SAROTUP was used to
search the sequence against target-unrelated peptide bank.

Analysis of Peptide Binding and Selectivity using Fluorescence Microscopy:
The consensus peptide sequence found from the biopanning experi-
ments (OA hAC-Pep, GFQMISNNVYMR), as well as a scrambled se-
quence containing the same amino acid composition but in different or-
der (Scr-Pep, YQMMSVNIFGRN, generated by the tool available at http:
//www.mimotopes.com/peptideLibraryScreening.asp?id=97), were chem-
ically synthesized by Bachem (Switzerland) (Figure 2D and Table S3,
Supporting Information). The peptides were synthetized with a FAM
(fluorescein-5(6)-carbonyl) fluorescent label at the lysine (K) side chain
at the C-terminus: H-GFQMISNNVYME-GGGS-KKK(FAM)-amide and
HYQMMSVNIFGRN-GGGS-KKK(FAM)-amide, to enable their detection
in cell cultures. The peptide modifications were made at the C-terminus
to leave the N-terminus free for interaction, since the peptides were fused
to the phage pIII coat protein via the C-terminus (Figure 2C,D). The GGGS
linker was integrated in the sequence because Ph.D.−12 phage clones of
the phage display library contained the GGGS linker sequence between the
displayed peptide and the coat protein. Three additional lysine residues
were included in the sequence to improve the solubility of the peptides
and facilitate the conjugation of the fluorescent label. The designed pep-

tide displayed the binding sequence (GFQMISNNVYME) unmodified and
separated from the anchor side, similar to the mode it was displayed on
the phage surface. hACs fromOA (donor #7) and normal (donor #13) car-
tilage and the ATDC5 chondrogenic cell line derived fromMouse 129 tera-
tocarcinoma AT805 (used as a negative control), were seeded onto plastic
coverslips (SPL Life Sciences), and allowed to grow in complete culture
medium in a 37 °C humidified atmosphere with 5% CO2. After 24 h, cells
were fixed with paraformaldehyde, tomaintain their structure, and blocked
with bovine serum albumin. Cells were then incubated individually with
each FAM-peptides, diluted in PBS to 5 × 10−6 m (this concentration was
chosen after protocol optimization using serial dilutions from 5 × 10−6 to
50 × 10−6 m), for 1 h at 4 °C.[35] Cells were then washed with ice-cold PBS
and incubated with DAPI (4,6-diamidino-2-phenylindole dihydrochloride,
1:5000 dilution, Biotium) and Phalloidin–Tetramethylrhodamine B isoth-
iocyanate (1:500 dilution, Sigma) at 37 °C for 15min to stain the cell nuclei
and cytoskeleton (F-actin), respectively. The images were acquired by a Re-
flected Light Axio Imager Z1m Zeiss Microscope at 20Xmagnification and
analyzed using ImageJ. All images correction for background and intensity
threshold were set as the same, and peptide quantificationwas normalized
by the area occupied by phalloidin (F-actin) inside the cells.

Statistical Analyses: Data obtained from RT-qPCR analysis and flow cy-
tometry were presented as a mean ± standard deviations (SD) of three in-
dependent experiments. Statistical analysis was performed using the non-
parametric Kruskal–Wallis test and unpaired t test withWelch’s correction.
Values of p< 0.05 were considered to determine statistically significant dif-
ferences between the groups. The gene expression fold change of collagen
I, II, and X, aggrecan, and transcriptional factor SOX-9 was normalized to
the average expression of the endogenous housekeeping gene GAPDH
value and the gene expression in normal chondrocyte cells using 2−ΔΔCt

methods.[23]
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