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Introduction. The use of cellular constructs based on human pluripotent stem cells (hPSCs) is associated with a number of challenges, including the need to 

standardize methods for cultivating chondrocyte-like hPSCs derivatives to produce a cartilage tissue similar to natural hyaline cartilage. Glycosaminoglycans 

(GAGs) are the basis of the extracellular matrix (ECM) of cartilage tissue; therefore, a qualitative and quantitative analysis of the GAG composition of cartilage-

like tissue engineering structures is an important step in the final assessment of their potential therapeutic effectiveness.

Objective. To determine the composition of GAGs synthesized in vitro by chondrocytes of various origins using enzyme-linked immunoassay (ELISA) and 

liquid chromatography with tandem mass spectrometry (LC–MS/MS), as well as to evaluate the effect of 2D and 3D culturing on their synthesis.

Materials and methods. We analyzed the GAG levels in 2D and 3D tissue-engineered structures obtained from the cartilage tissue of five donors, chondro-

cyte-like cells differentiated from two hPSC lines. Cellular spheroids were obtained by aggregation in microlunar plates and cultured in mini-bioreactors. The 

analysis of the GAG content in cell culture samples and spheroids was carried out using ELISA and LC–MS/MS. The Kruskal–Wallis and Dunn tests were used 

to assess the statistical significance of the differences between the samples.

Results. The ELISA study revealed statistically significant differences (p < 0.0021), confirming higher levels of GAGs synthesized in 3D cultures of native chon-

drocytes compared to 2D cultures (108.67 ng/mL and 1099.87 ng/mL, respectively). The average number of spectra of the chondroitin sulfate proteoglycan 4 

protein, determined using LC–MS/MS, was also higher in 3D cultures, amounting to 41.75 spectra compared to 2.24 spectra in 2D culture samples. The levels 

of aggrecan, biglican, and decorin did not differ between cultures. 3D cultures of chondrocyte-like cells from hPSC showed no significant differences in the 

content of GAG compared to 2D cultures, which indicates the need to optimize the conditions for their differentiation.

Conclusions. In our study, the composition of the GAGs synthesized in vitro by chondrocytes of various origins was determined using ELISA and LC–MS/MS. 

The the effect of 2D and 3D cultivation on their synthesis was evaluated. The results showed that 3D culture media create favorable conditions for a more 

complete formation of chondrocytic ECM in native chondrocyte samples. Despite this, the obtained spheroids of chondrocyte-like hPSCs derivatives fail to 

achieve functional identity with natural cartilage tissue, even after completion of differentiation protocols, thus not representing optimal tissue engineering 

structures for correcting cartilage defects.
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ОПРЕДЕЛЕНИЕ СОСТАВА ПРОТЕОГЛИКАНОВ, СИНТЕЗИРУЕМЫХ IN VITRO ХОНДРОЦИТАМИ 
РАЗЛИЧНОГО ГЕНЕЗА

П.А. Голубинская, Е.С. Ручко, А.С. Пикина, И.П. Смирнов, Т.В. Владимиро ва, В.Д. Гордеева, Г.П. Арапиди, А.В. Еремеев

Федеральный научно-клинический центр физико-химической медицины имени Ю.М. Лопухина Федерального медико-биологического агентства, 

Москва, Россия

Введение. Применение клеточных конструкций на основе плюрипотентных стволовых клеток человека (чПСК) связано с рядом трудностей, од-

ной из них является необходимость стандартизации методов культивирования хондроцитоподобных произ водных чПСК для получения хрящевой 

ткани, схожей с естественным гиалиновым хрящом. Гликозаминогликаны (ГАГ) — основа внеклеточного матрикса (ВКМ) хрящевой ткани, поэтому 

анализ качественного и количественного состава ГАГ хрящеподобных тканеинженерных конструкций является важным звеном для итоговой 

оценки их потенциальной терапевтической эффективности.

Цель. Определить состав ГАГ, синтезируемых in vitro хондроцитами различного генеза, с использованием иммуноферментного анализа (ИФА) 

и жидкостной хроматографии с тандемной масс-спектрометрией (ЖХ-МС/МС), а также оценить влияние 2D- и 3D-культивирования на их синтез.

Материалы и методы. В исследовании анализировали уровни ГАГ в 2D- и 3D-тканеинженерных конструкциях, полученных из хрящевой ткани 

5 доноров, хондроцитоподобных клеток, дифференцированных из 2-х линий чПСК. Клеточные сфероиды получали методом агрегации в микролу-

ночных планшетах и культивировали в мини-биореакторах. Анализ содержания ГАГ в образцах клеточных культур и сфероидов проведен с помо-

щью ИФА и ЖХ-МС/МС. Для оценки статистической значимости различий между образцами использовали тест Краскела — Уоллиса и тест Данна.

Результаты. В исследовании с помощью ИФА выявлены статистически значимые различия (p < 0,0021), подтверждающие более высокий уровень 

синтеза ГАГ в 3D-культурах нативных хондроцитов по сравнению с 2D-культурами (108,67 и 1099,87 нг/мл соответственно). Среднее число спек-
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тров белка хондроитинсульфат-протеогликана 4, определенное с помощью ЖХ-МС/МС, также было выше в 3D-культурах, составив 41,75 спектра 

по сравнению с 2,24 спектра в образцах 2D-культур. Уровни аггрекана, бигликана и декорина между культурами не различались. 3D-культуры 

хондроцитоподобных клеток из чПСК не показали достоверных отличий в содержании ГАГ по сравнению с 2D, что указывает на необходимость 

оптимизации условий их дифференцировки.

Выводы. В нашем исследовании был определен состав ГАГ, синтезируемых in vitro хондроцитами различного генеза, с использованием ИФА 

и ЖХ-МС/МС, а также оценено влияние 2D- и 3D-культивирования на их синтез. Результаты показали, что 3D-среда культивирования созда-

ет условия, способствующие более полноценному формированию хондроцитарного ВКМ в образцах нативных хондроцитов. Однако, несмотря 

на это, полученные сфероиды хондроцитоподобных производных чПСК не достигают функциональной идентичности с естественной хрящевой 

тканью, даже после завершения протоколов дифференцировки и не представляют собой идеальные тканеинженерные конструкции для коррек-

ции дефектов хряща.
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INTRODUCTION

Chronic joint diseases continue to pose a serious challenge 

to global health. These diseases impose a significant eco-

nomic burden due to the prevalence and severity of dam-

age to the musculoskeletal system, as well as the costs 

associated with treatment and related disabilities. In 2019, 

about 528 million people worldwide suffered from osteoar-

thritis, which was by 113% more than in 1990 [1]. The clini-

cal potential of chondrocytes derived from the cartilage tis-

sue of patients has long been recognized. Matrix-induced 

autologous chondrocyte implantation (MACI) is currently 

the most common method for treating cartilage deficiency 

and correcting cartilage defects. This therapeutical meth-

od was approved by the US Food and Drug Administration 

(FDA) in 2016 [2].

MACI technique uses autologous chondrocytes isolat-

ed from a biopsy of the cartilage tissue of patients, which 

are cultured on a 3D matrix of a collagen membrane [3]. 

However, in some cases, such as under a prolonged use 

of corticosteroids, nonsteroidal anti-inflammatory drugs, or 

chemotherapy, sufficient amounts of cellular material can-

not be obtained, which is the main limitation of this tech-

nique. Human pluripotent stem cells, not only being an 

unlimited source of cellular material but also not requiring 

painful surgical intervention, represent the next step in the 

development of cellular technologies [4]. However, a num-

ber of problems associated with the hPSCs use remain 

unresolved, such as the high cost of their culture and dif-

ferentiation in the chondrocytic direction, the potential risks 

of an immune reaction to chondrocytes obtained from hP-

SCs, and the risks of tumorigenicity and oncogenicity of 

cell constructs obtained from hPSCs. Progress in solving 

these problems is inextricably linked to the development 

of new protocols for differentiation, genetic editing, and 

culturing of both chondrocytes derived from hPSCs and 

hPSCs themselves [4].

Cartilage tissue forms on the extracellular matrix (ECM) 

and a small number of specialized cells known as chon-

drocytes. The composition and organization of the ECM 

determine its biomechanical properties. The functional 

properties of ECM are similar to those of a viscoelastic gel 

consisting of two main phases: a solid phase comprising 

collagen fibers, proteoglycans and non-collagen proteins, 

and a liquid phase consisting of 80% water and electrolytes 

(Ca2+, K+, Na+, Cl-); the main proteoglycan in cartilage is ag-

grecan. 

Chondrocytes are mechanosensitive cells, whose 

functional activity depends significantly on the microen-

vironment [5]. Chondrocytes are located in small cavities 

referred to as lacunae surrounded by ECM. These struc-

tures, known as chondrons [6], form the main structural, 

functional, and metabolic units of articular cartilage [7] and 

differ in the composition of collagen fibrils and GAGs. The 

chondron area is 2–4 μm thick, consisting mainly of proteo-

glycans and GAGs (perlecan, decorin, biglycan, aggrecan, 

and hyaluronic acid), as well as type VI collagen [8].

The main proteoglycan of cartilage tissue is aggrecan, 

which interacts with hyaluronic acid and forms large ag-

gregates that impart shock-absorbing properties to car-

tilage tissue. A decrease in the content of aggrecan and 

other proteoglycans in cartilage is associated with the 

development of osteoarthritis, which leads to deteriora-

tion of the mechanical properties of cartilage and disease 
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progression [9]. At the same time, biglycan and decorin 

are small leucine-rich proteoglycans (SLRP) that play a 

key role in maintaining the structure and function of carti-

lage tissue. They are involved in the regulation of collagen 

fibrillogenesis by interacting with its fibers and influenc-

ing the ECM organization. Dekortin, in particular, binds to 

type II collagen, regulating the size and shape of collagen 

fibrils thus maintaining the structural integrity of cartilage. 

Biglycan also interacts with collagen; however, its func-

tions are more diverse: participation in bone mineraliza-

tion and regulation of cell growth [10]. Chondroitin sulfate-

proteoglycan  4 is a membrane proteoglycan involved in 

adhesion, migration, and intercellular signaling. Although 

its role in cartilage tissue remains to be understood, it is 

assumed to affect the interaction of chondrocytes with 

ECM, supporting the structure and functionality of carti-

lage. Chondroitin sulfate-proteoglycan 4, is also capable 

of regulating cell growth and differentiation, rendering it a 

promising target for osteoarthritis therapy and cartilage 

tissue regeneration [11].

Enzymatically isolated chondrocytes can produce a 

new ECM within a few hours after culture in vitro, although 

no further formation of ECM occurs around the cell [12]. It 

is believed that the full maturation of ECM takes 2–3 weeks. 

At the same time, studies have shown that specific con-

ditions are necessary for the full maturation of ECM and 

the formation of chondrons: the microenvironment and 

physical factors, such as gravitational and hydrodynamic 

effects [13], which can be maintained in 3D structures [14]. 

Spheroidal cell cultures promote improved cell survival and 

functional activity compared to conventional 2D chondro-

cyte cultures. These advantages are explained by the abil-

ity of 3D structures to more effectively simulate the natural 

microenvironment, as well as the influence of chemical and 

physical factors [15]. Conversely, under the conditions of 

2D culture, chondrocytes lose their phenotype, demon-

strate increased production of type I collagen (associated 

with fibrous cartilage) and decreased levels of type II col-

lagen (associated with hyaline cartilage), as well as lower 

levels of GAG. It should be noted that this differentiation 

phenomenon has not yet been fully studied in chondro-

cytes obtained from HPSCS.

The GAG composition and content level are the critical 

characteristics describing the formed chondron. Therefore, 

when developing cartilage-like tissue engineering struc-

tures for regenerative medicine, determining the level of 

GAG content and composition is essential for assessing the 

effectiveness and functional activity of the resultant carti-

lage implant [16]. In addition, the state of chondrocytes and 

their microenvironment affect the content, properties, and 

composition of ECM. Chondrocytes obtained from dam-

aged tissues, such as osteoarthritis-affected cartilage, syn-

thesize heparan sulfate with increased sulfation, which is 

associated with an increased activity of catabolic enzymes 

such as matrix metallopeptidases (MMP3, MMP13), and a 

decreased expression of key chondrocyte genes such as 

type II collagen alpha 1 chain (COL2A1), aggrecan (ACAN), 

and SRY-box transcription factor 9 (SOX9) [8].

In their study, Lee G. and Loeser R. [12] showed that 

chondrocytes from the surface and middle/deep areas of 

cartilage isolated by zonal abrasion exhibit significant dif-

ferences in GAG content when cultured during the period 

of four weeks. Hu J. and Athanasiou K. found that chon-

drocytes from the middle/deep area produced 250% more 

GAG and collagen in terms of dry weight compared to 

chondrocytes from the surface area [17]. In addition, chon-

drocytes of the middle/deep area are capable of forming 

aggregates and cartilage-like structures, which is favora-

ble for the creation of tissue engineering structures. In an-

other study, Beckers J. et al. [18] found a discrepancy in 

the synthetic activity of chondrocytes isolated from loaded 

and unloaded cartilage areas, although these differences 

decreased when the cells underwent several passaging 

procedures. 

The existing approaches to obtaining cartilage-like cell 

structures from hPSCs remain to be imperfect, associated 

with low reproducibility, variability in cell differentiation ef-

ficiency, insufficient mechanical strength of the formed tis-

sues, and scaling complexity. GAGs are one of the main 

components of the ECM of cartilaginous tissue; therefore, 

a qualitative and quantitative analysis of GAG composition 

is an important stage in assessing the potential therapeu-

tic efficacy of cartilage-like cellular structures. At the same 

time, the cultivation conditions that directly affect the re-

sultant GAG content are key to creating effective cellular 

structures. Cultivation conditions can be modified to ob-

tain tissue samples most similar to hyaline cartilage in their 

characteristics.

In this study, we aim to determine the composition of 

GAGs synthesized in vitro by chondrocytes of various ori-

gins using enzyme immunoassay (ELISA) and liquid chro-

matography with tandem mass spectrometry (LC–MS/MS), 

as well as to evaluate the effect of 2D and 3D cultivation on 

their synthesis.

MATERIALS AND METHODS

Distribution of samples by experimental groups

Samples of the studied cell cultures were divided into 

groups (Table 1) according to the criteria of cell origin and 

type of their culture: 

1) The group of 2D cultures of native chondrocytes in-

cluded samples obtained from patients with gonarthrosis 

and meniscal neuralgia; 

2) The group of 3D cultures of native chondrocytes was 

also represented by samples from patients with similar di-

agnoses, but grown under 3D culture conditions; 

3) The group of 2D cultures of chondrocytes differen-

tiated from hPSCs included samples obtained from the 

IPSRG4SAb2m c55/1 and IPSRG4S hPSC cell lines; 

4) The group of 3D cultures of chondrocytes differenti-

ated from hPSCs also contained samples obtained from 

the same cell lines, but under 3D cultivation conditions; 

5) The control group of hPSCs consisted of IPSRG4S 

and IPSRG4SAb2m c55/1 cell lines that did not undergo 

differentiation into chondrocytes.

This sample separation approach enabled a compara-

tive analysis of the effect of different cultivation conditions 

and cell origin on their characteristics.
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Obtaining chondrocyte primary culture from donor 
material and chondrocyte cultivation 

Chondrocytes were isolated from biopsies of cartilage 

tissue of patients who provided their informed consent. 

Prior to crushing, the cartilage was transferred to a 15 mL 

tube using a serological pipette and washed once with a 

Dulbecco’s Modified Eagle Medium DMEM (Thermo Fisher 

Scientific, USA) supplemented with double the amount of 

penicillin/streptomycin (200 U/mL, PanEco, Russia). The 

cartilage was then placed in a sterile 60 mm Petri dish and 

crushed with sterile scissors and a scalpel in the presence 

of 4 mL of DMEM medium, to which double the amount 

of antibiotic was also added. The crushed cartilage was 

washed in 15 mL of the same medium. The cartilage piec-

es were then incubated for 40 min in a 15 mL tube on a 

laboratory orbital shaker (Infors HS Celltron, Switzerland) 

at 37°C with 5% CO
2
 using 10 mL of DMEM medium sup-

plemented with double the amount of antibiotic, as well as 

10 mg of type IV collagenase (Worthington Biochemical, 

USA) and 10  mg of type  I collagenase (Worthington 

Biochemical, USA). Following incubation, the cartilage 

pieces were centrifuged for 5 min at 200 g in a centrifuge 

(Eppendorf Centrifuge 5804R, Germany). The filler fluid 

was carefully removed, and the pieces of cartilage were 

resuspended in DMEM medium and additionally rinsed 

twice. After that, 10  mL of Dulbecco’s Modified Eagle 

Medium was added to the cartilage with the addition of 

a 1:1 F-12 nutrient mixture DMEM/F12 (Thermo Fisher 

Scientific, USA) supplemented with 20% fetal bovine 

serum FBS (HyMedia, India), 2  mM Glutamax (Thermo 

Fisher Scientific, USA) and 100 U/mL of penicillin/strepto-

mycin (PanEco, Russia). The pieces were then transferred 

to a culture vial T-25 cm2, pretreated with 0.01% gelatin 

type B solution (PanEco, Russia). Pieces of cartilage were 

cultured at 37°C with 5% CO
2
. The culture was passaged 

until the cell monolayer reached 70% confluent density; 

the culture medium was replaced every five days.

Cultivation of human pluripotent stem cells

The IPSRG4S line of induced pluripotent human stem 

cells was obtained by collaboration of the Cell Biology 

Laboratory (Lopukhin National Research Center for 

Biological Medicine, Moscow, Russia) and the Stem 

Cell Laboratory of the A.I.Virtanen Institute for Molecular 

Sciences (University of Eastern Finland, Kuopio, Finland) 

[19]. Later, in the Cell Biology Laboratory of the Lopukhin 

National Research and Scientific Center of the Russian 

Academy of Medical Sciences, based on the IPSRG4S 

hPSC cell line, the IPSRG4SΔb2m cl55/1 hPSC cell line 

was obtained, in which the beta-2 microglobulin gene was 

inactivated using CRISPR/Cas9 genomic editing. hPSC 

was cultured in six-well plates pre-coated with matrigel 

(BD, USA) on a nutrient medium consisting of mTeSR-1 

(STEMCELL Technology, Canada) and Hybris 8 (Paneco, 

Russia) in a ratio of 1:3.

Differentiation of human hPSCs in the chondrocytic 
direction

To induce differentiation, hPSCs were cultured in a DMEM/

F12 medium (Thermo Fisher Scientific, USA) supplemented 

with 10% FBS (HyMedia, India), 2 mM Glutamax (Thermo 

Fisher Scientific, USA), 100  U/mL penicillin/streptomycin 

(PanEco, Russia), 10  μM kinase-3 glycogen synthase in-

hibitor CHIR99021 (Miltenyi Biotec, Germany), and 10 nM 

retinoic acid (Miltenyi Biotec, Germany). The cells were in-

cubated for two days in a CO
2
 incubator at 37°C with 5% 

CO
2
. After that, the medium was replaced with a DMEM/

F12 medium (Thermo Fisher Scientific, USA) supplemented 

with 10% FBS (HyMedia, India), 2 mM Glutamax (Thermo 

Fisher Scientific, USA), 100  U/mL penicillin/streptomycin 

(PanEco, Russia), 10 ng/mL transforming growth factor β 

(TGF-β) (Miltenyi Biotec, Germany), 10  ng/mL bone mor-

phogenetic protein-2 (BMP-2) (Miltenyi Biotec, Germany), 

2% B27 (Thermo Fisher Scientific, USA), 10 μM ascorbic 

Table 1. Distribution of samples into groups for glycosaminoglycan content measurement by ELISA and proteoglycan content measurement by LC-MS/MS

ELISA LC-MS/MS

Sample group
Sample 
number

Cell culture characteristics Sample group
Sample 
number

Cell culture characteristics

2D cultures of native 

chondrocytes 
5

Gonarthrosis — 4

Meniscal neuralgia — 1

2D cultures of native chon-

drocytes
5

Gonarthrosis — 4

Meniscal neuralgia — 1

3D cultures of native 

chondrocytes
2

Gonarthrosis — 1

Meniscal neuralgia — 1

3D cultures of native chon-

drocytes
5

Gonarthrosis — 4

Meniscal neuralgia — 1

2D cultures of chondrocytes 

differentiated from hPSCs 
2

the cell line hPSCs 

IPSRG4SΔb2m cl55/1

the cell line hPSCs IPSRG4S

2D cultures of chondrocytes 

differentiated from hPSCs
2

the cell line hPSCs 4SΔb2m 

cl55/1

the cell line hPSCs IP-

SRG4S

3D cultures of chondrocytes 

differentiated from hPSCs
2

the cell line hPSCs 

IPSRG4SΔb2m cl55/1

the cell line hPSCs IPSRG4S

3D cultures of chondrocytes 

differentiated from hPSCs
2

the cell line hPSCs 

IPSRG4SΔb2m cl55/1

the cell line hPSCs IP-

SRG4S

hPSCs control group 2

the cell line hPSCs IPSRG4S

the cell line hPSCs 

IPSRG4SΔb2m cl55/1

hPSCs control group 1
the cell line hPSCs IP-

SRG4S

Table prepared by the authors using their own data
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acid (Sigma-Aldrich, USA), and 1% insulin solution-Trans-

ferrin-selenite (PanEco, Russia). The cells were cultured for 

two weeks under the same CO
2
 incubator conditions. After 

differentiation, chondrocyte-like derivatives were cultured in 

a DMEM/F12 medium (Thermo Fisher Scientific, USA) sup-

plemented with 10% FBS (HyMedia, India), 2 mM Glutamax 

(Thermo Fisher Scientific, USA), 100  U/mL penicillin/

streptomycin (PanEco, Russia), 10 ng/mL TGF-β (Miltenyi 

Biotec, Germany), and 10 ng/mL of BMP-2 (Miltenyi Biotec, 

Germany).

Preparation of spheroid culture

For the formation of spheroids, chondrocytes were taken, 

which were on the second passage after isolation of the cell 

culture from cartilage tissue; chondrocyte-like derivatives of 

hPSCs were folded into spheroids on the second passage 

after the onset of the differentiation protocol of hPSCs. By 

the commencement of chondrocyte differentiation of hP-

SCs, the IPSRG4S cell line had been located at passage 

34, and IPSRG4SΔb2m cells had been located at pas-

sage 41. Chondrocyte-like derivatives were removed from 

six-well plates using 0.05% trypsin solution (Thermo Fisher 

Scientific, USA), and chondrocytes were removed from 

T-75 cm2 culture vials using 0.25% trypsin solution (Thermo 

Fisher Scientific, USA). The cells were washed of trypsin us-

ing a DMEM medium (Thermo Fisher Scientific, USA) sup-

plemented with 10% FBS (HyMedia, India) and centrifuged 

for 5  min at 200  g. The cells were then transferred to an 

AggreGell800™ plate (STEMCELL Technology, Canada) at a 

density of 900,000 to 3 million cells per well and cultured in 

a DMEM/F12 medium (Thermo Fisher Scientific, USA), sup-

plemented with 10% FBS (HyMedia, India) and 10 μM Rho 

kinase inhibitor Y27632 (Miltenyi Biotec, Germany), by add-

ing 2 mL of the full medium to the well.

The cells were cultured on an AggreGell800™ plate 

from 12 h to 24 h. After the incubation period, the sphe-

roids were collected from the wells using a 5 mL serological 

pipette and transferred to a 15 mL tube. They were allowed 

to precipitate to the bottom of the tube for 2–3 min, after 

which the filler liquid was discarded. The spheroids were 

then placed in a freshly frozen undiluted matrigel (BD, USA). 

Following 30 min, the spheroids were washed by passive 

settling in a 15 mL tube or careful centrifugation for 1 min 

at 300 rpm. Subsequently, the spheroids were transferred 

to homemade mini-bioreactors, which were low-adhesion 

Petri dishes with a drop of glue in the center. A detailed 

protocol for creating mini-bioractors was described in a 

previous study [20]. The mini-bioreactors were placed on 

an orbital shaker in a CO
2
 incubator. The rotation speed 

was set to 70–75 rpm. Following 24 h, the medium was re-

placed. Later, the environment was changed weekly. After 

transfer to the bioreactors, the spheroids were cultured for 

two weeks.

Quantitative polymerase chain reaction (qPCR)

To evaluate the expression of chondrocyte markers, a 

quantitative reverse transcription polymerase chain reac-

tion was performed according to the previously described 

protocol [21]. 

For cell lysis in monolayer cultures and spheroids, an 

RLT buffer (QIAGEN, Germany) supplemented with 10 μL/

mL of β-mercaptoethanol was used. Spheroids (3–5 pieces 

each, depending on the size) and monolayer cell cultures 

were pipetted in 600 μL of RLT for lysis. The RNeasy Plus 

Mini Kit (QIAGEN, Germany) was used to isolate RNA, 

and a solution of DNA was used for purification from 

genomic DNA (SibEnzyme, Russia). The synthesis of the 

first cDNA strand was carried out using an MMLV RT kit 

(Evrogen, Russia) according to the manufacturer’s proto-

col. For qPCR, a reaction mixture was prepared: 5 μL of 

5×qPCRmix-HS SYBR (Evrogen, Russia), 0.8 μL of 10 μM 

primer mixture, 18.2 μL of water, then 1 μL of cDNA matrix 

was added to the wells of a 96-well plate (SSIbio, USA). 

Amplification was performed on a CFX96 thermal cycler 

(Bio-Rad, USA) at 39 cycles. cDNA of IPSC samples was 

used as a negative control to evaluate the specificity of the 

reaction. The results were analyzed using Microsoft Excel 

by the ΔΔCt method.

Measurement of glycosaminoglycan content using 
ELISA 

The GAG content in 2D and 3D chondrocyte culture samples 

was determined using a Human IGG ELISA Kit (FineTest, 

China). During the cultivation of chondrocytes, aliquots of 

the medium were selected for analysis. The samples were 

stored at a temperature of minus 80°C. Each analysis of a 

biological sample consisted of two repetitions. The optical 

density was measured at a wavelength of 450 nm using 

a Tecan Infinite 200 Pro reader. The standard curve was 

formed in the Curve Expert Basic software by plotting the 

dependence of the optical density at λ = 450 nm of each 

standard solution on its corresponding concentration. The 

target concentration of the samples was interpolated from 

this standard curve. 

For ELISA of 2D cell culture samples, 200,000 to 

500,000 chondrocyte cells, chondrocyte-like cPSC deriva-

tives, and 1,500,000 cPSC cells were taken. For ELISA of 

3D cell culture samples, 700 thousand cells of chondrocyte 

spheroids, from 375,000 to 1,000,000  cells of chondro-

cyte-like derivatives of hPSCs and 1,000,000 cells of hPSC 

spheroids were taken. For data processing, the values ob-

tained for each sample were normalized depending on the 

volume of the medium in which the chondrocytes were cul-

tured and the number of cells.

Collecting samples for LC–MS/MS 

Chondrocytes and chondrocyte-like derivatives from hP-

SCs were used to create chondrocyte multilayers (2D car-

tilage-like structures) and 3D spheroids using AggreWell 

800™ microlunar plates (STEMCELL Technology, Canada). 

In addition, 2D and 3D cartilage-like structures were ob-

tained from primary cultures of chondrocytes isolated from 

patients’ donated biological materials. Samples of cell cul-

tures and 3D structures were subjected to trypsinolysis, 

liquid chromatography was performed using the Dionex 

Ultimate 3000 system (Thermo Fisher Scientific, USA) fol-

lowed by mass spectrometric analysis using an Orbitrap Q 

Exact HF-X system (Thermo Fisher Scientific, USA).
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For LC–MS/MS, 1,000,000  cells were taken for the 

analysis of 2D cultures and 10 spheroids for the analysis of 

3D cell cultures. Prior to the procedure, monolayer cultures 

were washed three times with phosphate buffer to remove 

the culture medium followed by separation from the culture 

dish using a Versene solution. After flushing by centrifuga-

tion, the filler liquid was removed and the cells were frozen 

at minus 70°C before the analysis. The 3D structures were 

similarly washed with phosphate buffer three times by pas-

sive sedimentation. The precipitate was then subjected to 

the final washing procedure before freezing. After sedimen-

tation, the precipitate was transferred for protein composi-

tion analysis by the LC–MS/MS method.

Analysis of GAG composition using LC–MS/MS 

To destroy cellular structures and isolate proteins, a 10% 

solution of sodium deoxycholate was added to the sam-

ples, adjusting to a final concentration of 1%. A mixture 

of nucleases was then added to degrade the nucleic ac-

ids followed by incubation at 4°C for 30 min. Next, tris(2-

carboxyethyl)phosphine (5  mM) and chloroacetamide 

(30 mM) were added to the solution to restore and alkylate 

disulfide bonds, after which they were incubated at 80°C 

for 10 min. The proteins were precipitated with methanol-

chloroform; the resulting precipitates were resuspended 

in 100  μL of Tris-HCl buffer (50  mM, pH  8.5). After that, 

the protein concentration was determined using a BCA 

Assay Kit (Thermo Fisher Scientific Inc.). Enzymatic protein 

cleavage was performed with trypsin (Trypsin Gold, Mass 

Spectrometry Grade, Promega) in the trypsin ratio:protein 

1:50 (% w/w), holding samples at 37°C for 16 h. Proteolysis 

was stopped by adding trifluoroacetic acid to a concentra-

tion of 1%. The peptides were then dried using vacuum 

concentration (SpeedVac, Thermo Fisher Scientific Inc.) 

and dissolved in 20 μL of a solution containing 3% ace-

tonitrile and 0.1% trifluoroacetic acid in ultra-high purity 

(mQ) water. Subsequently, the concentration of peptides 

was determined using a coloristic method followed by as-

sessing protein concentration using bicynchonic acid (BCA 

analysis). 

A Dionex Ultimate 3000 nano-LC system (Thermo 

Fisher Scientific, Waltham, MA) with a PicoTips C-18 col-

umn (length 10 cm, inner diameter 75 μm, New Objective, 

USA) filled with Kinetex C18 sorbent (2.4 μm, Phenomenex, 

Torrence, CA) was used for liquid chromatography. The 

flow was set at 300 nL/min at 60°C. Buffer A consisted of 

0.1% formic acid in LC/MS water, and buffer B consisted 

of 80% acetonitrile, 0.1% formic acid in LC/MS water. The 

separation was carried out in a gradient mode, increasing 

the concentration of buffer B from 3% to 40% for 120 min. 

Mass spectrometric analysis was performed on an Orbitrap 

Q Exact HF-X (Thermo Fisher Scientific) instrument with a 

nanospray source (voltage +2.2 kV, capillary temperature 

300°C). MS1 scanning was performed in the range of 

350–1500 m/z (resolution 60,000, AGC 3e6, injection time 

45 ms). HCD with an energy of 30 eV were used for frag-

mentation. MS2 scanning was performed in the range of 

200–2000 m/z (resolution 30,000, AGC 2e5, injection time 

50 ms). The dd-MS2 strategy was used with the selection 

of the 12 most intense ions (Top12).

LC–MS/MS data analysis

The raw LC–MS/MS data obtained on the Orbitrap mass 

spectrometer was converted to mgf format data using 

the MSConvert software with the following command line 

parameters: “--mgf --filterpeakPicking true”. For complex 

identification of proteins, the obtained results were pro-

cessed using MASCOT and X!  Tandem. Tandem mass 

spectrometry parameters were analyzed using the UniProt 

Knowledgebase protein sequence database (human tax-

on) using the ALANINE algorithm with an error tolerance 

of 20 ppm to determine the precursor mass and 50 ppm 

to determine the fragment mass. The search parameters 

were set as follows: protein hydrolysis by trypsin with one 

possible missing cleavage site, permanent carbamide 

methylation modification (C), and variable oxidative modi-

fication (M). To compare the identification results obtained 

using MASCOT and X!  Tandem, and the compilation of 

the final list of identified proteins, the results of both iden-

tification algorithms were analyzed in the Scaffold 5 soft-

ware. This algorithm estimated the local frequency of false 

positive identifications using a standard protein grouping 

throughout the experiment. To assess the identification er-

ror of peptides and proteins, a threshold level of false iden-

tification of less than 5% was selected. Differential gene 

expression was identified using the R limma programming 

language package.

Statistical analysis

Statistical analysis of qPCR, ELISA, and LC–MS/MS data 

was performed using the Bizorender software. The differ-

ences between the groups were assessed by the nonpara-

metric Kruskal–Wallis test, which is used for independent 

samples in which data did not have a normal distribution. 

When a statistically significant difference was detected 

(p < 0.05), a multiple Dann comparison test was additional-

ly performed for paired comparisons between the groups, 

which allowed us to adjust the probability of false positive 

results. The differences at p < 0.05 were considered sta-

tistically significant, while the following symbols were used 

to indicate the significance levels: * (p < 0.05), △ (p < 0.01), 

○ (p < 0.001). To analyze the qPCR data, the Welch t-test 

was used, which takes into account differences in standard 

deviations between two groups of independent samples. 

The differences were considered significant at a statistical 

significance level of p < 0.05.

RESULTS AND DISCUSSION 

Analysis of chondrocyte gene expression

The qPCR method was used to confirm the identity of cell 

cultures of chondrocytes and chondrocytes obtained from 

hPSCs by analyzing the expression of key molecular mark-

ers characteristic of mature cartilage cells.

The results of qPCR confirmed that cell cultures of na-

tive chondrocytes exhibit high expression of specific mark-

ers such as aggrecan (ACAN), type  II collagen (COL2A1), 

and transcription factor SOX9, which is a key regulator 

of chondrogenesis (Fig.  1). The graph shows the relative 
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expression values of key chondrocyte genes in cell cultures 

of native chondrocytes and those obtained from hPSCs. 

The YWHAZ reference gene was used to normalize expres-

sion levels. The columns on the graph reflect the average 

values of relative normalized gene expression (ΔΔCt) with 

an indication of the standard deviation (SD). No significant 

differences were found between the samples of native 

chondrocytes and chondrocyte-like derivatives of hPSCs 

analyzed using the Welch t-test. A high level of chondrocyte 

gene expression indicates the functional maturity of native 

chondrocyte cell cultures. Chondrocytes obtained from 

hPSCs also showed a pronounced expression of these 

markers, which indicates a high degree of their differentia-

tion into cartilage cells similar to native chondrocytes.

Quantitative determination of GAG in chondrocytes of 
various origins using ELISA

The conducted quantitative analysis of GAG using ELISA 

revealed that the content of these biopolymers is signifi-

cantly higher in 3D cultures of chondrocytes compared 

to those in 2D cultures. In particular, the concentration 

of GAGs in 3D cultures of native chondrocytes reached 

1,099.87  ng/mL, which was significantly higher than the 

level recorded in 2D cultures (108.67  ng/mL). A similar 

trend was observed in chondrocyte cultures obtained from 

hPSCs; however, the GAG content remained lower com-

pared to native chondrocytes, which may indicate the need 

for additional optimization of differentiation conditions and 

prolongation of the cultivation period; the corresponding 

data are presented in Fig. 2.

The phenomenon of chondrocyte dedifferentiation in 

2D conditions is well documented [25, 26]. It was shown 

that the cultivation of chondrocyte spheroids in 3D media 

enhances the process of chondrogenic differentiation, al-

lowing for the production of chondrogenic cell constructs 

without the need for scaffolding or multiple cell passaging 

[27, 28]. However, a quantitative assessment of the GAG 

content was not provided in this context.

Gene composition in cultures of chondrocyte cells of 
various origins

LC–MS/MS analysis was used to explore the ECM compo-

sition. Glycosaminoglycans (GAGs) were found to comprise 

chondroitin sulfate proteoglycan 4 as the main component, 

the level of which was significantly higher in 3D cultures of 

native chondrocytes. This indicates favorable conditions for 

the production of key components for the cartilage matrix. 

At the same time, the content of other proteoglycans, such 

as aggrecan, biglycan, and decorin, remained unchanged.

Figure 3 presents the results obtained when investigat-

ing the composition of GAGs synthesized in cultures of 

chondrocytes of various origins using the LC–MS/MS meth-

od. The graph shows the quantitative content of various 

types of GAGs, including chondroitin sulfate-proteoglycan 

Figure prepared by the authors using their own data

Fig. 1. Relative expression of chondrocyte genes (ΔΔCt), normalized for the YWHAZ gene, in 2D samples of chondrocyte cultures of various origins, measured by 

the qPCR method

Note: a. Aggrecan (ACAN); b. Alpha-2 chain of type  I collagen (COL1A2); c. Alpha-1 chain of type  II collagen (COL2A1); d. Transcription factor SOX-9; color 

matching in the diagram to the samples under study: blue — chondrocytes of patient 76; red — chondrocytes of patient 75; green — chondrocytes of patient 

47; purple — chondrocytes of patient 44; brown — chondrocytes of patient 12; gray — chondrocyte-like cells differentiated from hPSC IPSRG4SΔb2m cl55/1; 

yellow — chondrocyte-like cells differentiated from hPSC IPSRG4S; purple — hPSC IPSRG4SΔb2m cl55/1; dark green — hPSC IPSRG4S. 
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4, aggrecan, biglycan, and decorin, in 2D and 3D cultures 

of native chondrocytes and chondrocytes obtained from 

hPSC. The data is presented as averages with a standard 

deviation (SD). Significant differences between the groups 

were assessed using statistical criteria.

The composition of GAGs determined using LC–MS/

MS showed an increased level of their content in 3D cul-

tures of native chondrocytes compared to that in 2D cul-

tures (Fig.  3). Chondrocyte spheroids obtained from the 

biopsies of patients’ tissues showed a significantly higher 

concentration of chondroitin sulfate proteoglycan 4. At the 

same time, 3D cultures of chondrocyte-like derivatives of 

hPSC demonstrated a low level of all the studied GAGs, 

which indicates their immaturity even after differentiation. 

This limitation can potentially be eliminated by extending 

the cultivation period and supplementing the medium with 

factors that stimulate the metabolic pathways of GAG syn-

thesis, such as TGF-β, SOX9, bone morphogenetic pro-

teins, and retinoic acid signaling pathways.

CONCLUSION

In this study, we investigated the composition of GAGs 

synthesized in vitro by chondrocytes of various origins 

using ELISA and LC–MS/MS and evaluated the effect of 

Figure prepared by the authors using their own data

Fig. 3. Composition analysis of GAGs by the LC–MS/MS method

Note: a. Aggrecan; b. Biglycan; c. Chondroitin sulfate proteoglycan 4; d. Decorin; color matching in the diagram to the studied samples: blue — 2D cultures of 

patients’ chondrocytes (n = 5); red — 3D cultures of patients’ chondrocytes (n = 5); green — 2D cultures of patients’ chondrocytes differentiated from hPSCs (n = 2); 

purple — 2D cultures of patients’ chondrocytes differentiated from hPSCs (n = 2); gray — hPSCs control group (n = 1); the level of proteoglycan expression in hPSCs 

cultures is zero; levels of statistical significance compared with the hPSCs control group: * — p < 0.0332; △ — p < 0.0021; ○ — p < 0.0001.
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Figure prepared by the authors using their own data

Fig. 2. Results of quantitative determination of GAG by ELISA in chondrocyte 

cultures under 2D and 3D conditions

Note: the colors in the diagram correspond to the studied samples: 

blue — 2D cultures of patients’ chondrocytes (n = 5); red — 3D cultures of 

patients’ chondrocytes (n = 2); green — 2D cultures of patients’ chondrocytes 

differentiated from hPSC (n  =  2); purple  —  2D cultures of patients’ 

chondrocytes differentiated from hPSC (n = 2); gray is the control group of 

hPSC (n  = 2); the level of GAG expression in hPSC cultures is zero; levels 

of statistical significance compared with the control group: * — p < 0.0332; 

△ — p < 0.0021.
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2D and 3D cultivation on their synthesis. According to the 

results obtained, the conditions of 3D culture are favora-

ble for a more complete formation of chondrocyte ECM in 

native chondrocyte samples. Nevertheless, the obtained 

spheroids of chondrocyte-like derivatives of hPSCs fail 

to achieve functional identity with natural cartilage tissue, 

even following completion of differentiation protocols, thus 

not representing optimal tissue engineering structures for 

correcting cartilage defects. For a more complete matura-

tion in CM and an increase in their potential effectiveness 

as structures for tissue engineering, longer cultivation in 3D 

conditions may be required.
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