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Primary culture of chondrocytes after 
collagenase IA or II treatment of articular 
cartilage from elderly patients undergoing 
arthroplasty
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Abstract

Background: Joint replacement surgery provides articular cartilage samples for chondrocyte isolation. To our knowledge, 
the effect of the collagenase type on releasing of chondrocytes from the extracellular matrix of cartilage is not reported.
Objectives: To determine whether cartilage digested with collagenase IA yielded more chondrocytes than that digested 
with collagenase II and determine whether chondrocytes isolated with collagenase IA could be cultured in vitro.
Methods: Cartilage slices collected from 18 elderly patients who received joint replacement surgery (16 hips, 2 knees) 
were digested sequentially with 0.4% pronase E and 0.02% collagenase IA, or with 0.15% collagenase II alone, or 
sequentially with 0.4% pronase E and 0.02% collagenase II. We compared cell yield from each method. Cell viability 
by the most effective method was calculated and plotted. The morphology of cultured monolayer chondrocytes was 
recorded with a light microscope.
Results: Sequential digestion with pronase E and collagenase IA yielded 2566 ± 873 chondrocytes per mg wet cartilage, 
which was more effective than the other isolation methods (P = 0.018). The average chondrocyte viability could reach 
84% ± 8% (n = 11). Light microscopic images showed typical chondrocyte morphology in monolayer cultures.
Conclusion: Sequential digestion of human articular cartilage with pronase E and collagenase IA was more effective 
than collagenase II alone or collagenase II combined with pronase E for releasing chondrocytes from extracellular 
matrix of cartilage. Chondrocytes isolated with this method could be maintained in monolayer cultures for at least 2 
passages with unaltered morphology.
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Arthritis is a degenerative disease affecting articular surfaces of 
joints. Osteoarthritis and rheumatoid arthritis are 2 major types, 
both affecting weight-bearing joints or synovial joints, such as 

knees and hips, which results in edema, pain, stiffness, and even 
loss of motion. The symptoms are mainly caused by the degra-
dation of hyaline cartilage, the tissue lining the ends of bones 
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inside a synovial joint. Inflammation plays a critical role in car-
tilage degradation observed in rheumatoid arthritis, which is an 
autoimmune disorder, and in osteoarthritis, which is associated 
with aging and mechanical injury of the joint [1, 2].

Hyaline cartilage uniquely contains only one cell type, 
namely chondrocytes. Unlike most cell types in the human 
body, each individual chondrocyte is housed in a lacuna, which 
forms a chondron. Chondrons containing chondrocytes and 
pericellular matrix are interspersed in an extracellular matrix 
(ECM), which is composed mainly of type II collagen fibers 
and proteoglycans. Type II collagen fibers are a right-handed 
triple helix of 3 identical a1 polypeptide chains, each of which 
forms an extended left-handed helix. Proteoglycans are formed 
by a core protein and many glycosaminoglycans [3].

Due to the anionic nature of glycosaminoglycans, water 
molecules are attracted to proteoglycans. Hydroxylysine and 
glucosyl and galactosyl side chains of type II collagen connect 
this macromolecule to proteoglycans in the ECM of hyaline 
cartilage, which enables the tissue to act as a cushion for 
impact by absorbing and expelling water to protect a synovial 
joint from injuries during repetitive loading motions [4]. In 
addition to type II collagen, pericellular matrix contains type 
VI and IX collagen [5].

Cartilage ECM proteins, mainly proteoglycans and colla-
gen, are synthesized and secreted by chondrocytes. This makes 
those cells the target for tissue-engineered cartilage repair and 
for studying the pathogenesis of cartilage degeneration [6, 7]. 
Both purposes require the isolation of chondrocytes from carti-
lage ECM and culturing of isolated cells in vitro. Based on the 
structural properties of cartilage, proteinases that can cleave 
collagen and the core protein of proteoglycans are required to 
loosen the ECM and then liberate chondrocytes from the ECM.

Digestion of the collagen network in cartilage ECM can 
be achieved by the action of collagenases, which specifically 
cleave the covalent bond between Gly and a neutral amino acid 
residue (X) in the sequence of Pro-X-Gly-Pro. This sequence 
is found in high frequency in polypeptides that form collagen 
[8, 9]. Commercially available collagenases are purified from 
the fermentation of Clostridium histolyticum. According to 
their effectiveness in dissociating specific tissue types, colla-
genases are divided into several types. Collagenase II (catalog 
No. C6885) from Sigma-Aldrich is suitable for isolation of fat 
cells from adipose tissue and cells from epithelium. This type 
of collagenase has been widely used to isolate chondrocytes 
from human cartilage [10–14].

To repair cartilage defects with autologous chondrocytes, 
Brittberg et al. first harvested cartilage slices from a minor load-
bearing area on the upper medial femoral condyle of the injured 
knee. Next, they incubated minced cartilage with 0.1% collage-
nase II for 16 h to isolate chondrocytes. Other studies have repor-
ted using collagenase II with concentrations varying from 0.08% 

to 0.3% and incubation times varying from 16 to 36 h to isolate 
chondrocytes from human septal or articular cartilage [15, 16].

However, very few studies have examined the effecticacy 
of collagenase IA for chondrocyte isolation from human car-
tilage. This type of collagenase is encoded by colG, which is 
distinct from collagenase II encoded by colH. Compared to 
collagenase II, collagenase IA has higher collagenase activity 
and is more efficient in digesting human adult and fetal brain, 
lung, and tumor tissues [17, 18]. Furthermore, collagenase IA 
was routinely used in our previous studies for isolation of chon-
drocytes from bovine articular cartilage and once used for iso-
lation of human articular chondrocytes from amputated ankle 
joint of a young patient [19]. Based on our previous experi-
ence, we hypothesized that collagenase IA was more effective 
than collagenase II to isolate chondrocytes from human articu-
lar cartilage obtained from synovial joints of elderly patients 
who underwent total joint replacement surgery. Our aims were 
to determine whether (1) cartilage digested with collagenase 
IA yielded more chondrocytes than that digested with colla-
genase II; and (2) whether chondrocytes isolated with collage-
nase IA could be cultured in vitro.

Methods

Patient characteristics and cartilage yield

Eighteen patients (55 to 87 years, 12 women, 6 men) who were 
diagnosed with femoral neck fracture (11 patients), femoral 
head necrosis (4 patients), and hip (1 patient) or knee (2 pati-
ents) osteoarthritis underwent total hip or knee replacement 
surgery at the Department of Orthopaedic Surgery of Jiangnan 
University Affiliated Hospital. The removed femoral head, 
femoral condyles, and tibial plateau, regarded as surgical 
waste, were collected with approval of the institutional review 
board of Jiangnan University Affiliated Hospital (approval 
No. LS2019001) and with documented informed consent from 
each donor patient. The study conducted in accordance with 
the principles outlined in the contemporary revision of the 
Declaration of Helsinki of 1964 (World Medical Association) 
incorporating the most recent (2013) and earlier amendments. 
Patients were divided into 3 groups based on age, sex, and dia-
gnosis. The number of patients in each subgroup and the yield 
of cartilage are summarized in Table 1.

Harvest of cartilage from osteochondral specimens

Upon completion of each total hip or knee replacement surgery, 
osteochondral specimens (femoral head or condyles or tibial 
plateau) were saved in sterile normal saline and transferred 
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from the operation room to the laboratory in a cold bag. Inside 
a BSL-2 biosafety cabinet, full thicknesses of cartilage slices 
were shaved aseptically from the osteochondral specimen using 
a size 20–24 surgical blade. Cartilage slices were weighed and 
then cut into 5–10 mm pieces before being transferred into a 
sterile spinner flask (Wheaton) for enzymatic treatments.

Enzymatic dissociation of chondrocytes from cartilage

To compare the effectiveness of enzymatic treatments, carti-
lage slices were divided into 3 groups: (1) Group I, treated with 
0.4% (weight to volume ratio [w/v]) pronase E (Sigma-Aldrich, 
catalog No. P5147) for 90 min and then with 0.02% (w/v) col-
lagenase IA (Sigma-Aldrich, catalog No. C9891) for 16 h; (2) 
Group II, treated with 0.15% (w/v) collagenase II (catalog No. 
A004174, Sangon Biotech, Shanghai, China) only for 16 h; and 
(3) Group III, treated with 0.4% (w/v) pronase E for 90 min 
and then with 0.02% (w/v) collagenase II for 16 h. For each 
group, characteristics of donor patients are listed in Table 2. All 
enzymatic treatments were conducted in a sterile spinner flask 
sitting on a magnetic stirrer specifically designed for cell isola-
tion (DLAB Scientific) placed inside a tissue culture incubator 
(37 °C, 5% CO2, 100% humidity). The stirring speed was set at 
70 rpm over the course of enzymatic treatments.

Chondrocyte yield and viability

After cartilage slices were digested with collagenase IA or II, the 
cell suspension was first filtered with a cell strainer (pore size: 
70 mm) to remove undigested tissue debris and then centrifuged 

at 1000 rpm for 8 min at room temperature. Cell pellets were 
then resuspended with Dulbecco’s modified Eagle’s medium 
supplemented with Nutrient Mixture F-12 (DMEM/F12) sup-
plemented with 10% fetal bovine serum (FBS) and 1% peni-
cillin–streptomycin. Cells were stained with 0.4% trypan blue. 
Total cell number and cell viability were determined using a 
hemocytometer. Chondrocyte yield was computed by dividing 
total cell number with the wet weight of cartilage harvested.

Chondrocyte monolayer cultures

Isolated chondrocytes were seeded at 2.5 × 105 cells/cm2 in a 
treated 12 well tissue-culture plate and cultured in a 37 °C cell 
culture incubator under an atmosphere of 5% CO2 at 100% 
humidity. Culture media were changed every 2 days. Chond-
rocytes were examined daily using an Olympus CKX53 light 
microscope equipped with 4×, 10×, and 20× objectives. Light 
microscopic images of chondrocytes in monolayers were 
recorded with a digital camera (Olympus LC30) installed on 
the microscope. We selected without preference 3 areas of 
chondrocyte monolayers in each well of a plate for imaging.

Statistical analyses

Chondrocyte yield in each group was averaged and standard 
deviation (SD) was calculated. We used Microsoft Excel for 
Mac (version 16.16.27 (201012)) for statistical analyses. The 
mean of chondrocyte yield between the 3 groups was compa-
red with a t test (2-sample assuming unequal variances) com-
monly known as a Welch a t test or a Welch unequal variances 

Table 1. Donor patient characteristics and wet weights of cartilage harvested

Patient characteristic No. of patients % of total patients
Mean yield of wet cartilage ± SD

(mg)

Age (y) 50–59 1 6 3430

60–69 6 33 3760 ± 1489

70–79 8 44 4211 ± 1716

80–89 3 17 2740 ± 1221

Sex Male 6 33 3708 ± 1035

Female 12 67 3804 ± 1781

Diagnosis Femoral neck fracture 11 61 3245 ± 1137

Femoral head necrosis 4 22 3253 ± 765

Hip osteoarthritis 1 6 6450

Knee osteoarthritis 2 11 6370

SD, standard deviation.
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Table 2. Donor patient characteristics and wet weight of harvested cartilage for each treatment group

Group No.  
(cartilage treatment; sample size)

Patient No. Age (y) Sex Diagnosis
Wet weight of cartilage 

(mg) (mean ± SD)

I (Pronase E + Collagenase IA; n = 11) 1 76 F Left femoral neck fracture 4396 ± 1546

2 62 M Right femoral head necrosis

3 62 F Right femoral head necrosis

4 81 F Right femoral neck fracture

5 77 M Left femoral neck fracture

6 62 F Left femoral neck fracture

7 61 F Right knee osteoarthritis

8 74 M Left femoral neck fracture

9 75 F Left knee osteoarthritis

10 70 F Right hip osteoarthritis

11 79 F Left femoral neck fracture

II (Collagenase II; n = 5) 12 83 F Left femoral neck fracture 2854 ± 876.5

13 67 F Right femoral head necrosis

14 55 M Right femoral head necrosis

15 72 F Right femoral neck fracture

16 87 M Left femoral neck fracture

III (Pronase E + Collagenase II; n = 2) 17 64 M Left femoral neck fracture 2640

18 72 F Left femoral neck fracture

SD, standard deviation; M, male; F, female. 

t test. Chondrocyte viability was averaged from 11 batches 
of experiments in which pronase E and collagenase IA were 
employed to isolate chondrocytes from cartilage specimens. 
SD of chondrocyte viability was also calculated. Differences 
with P < 0.05 were considered significant.

Results

Patient characteristics and cartilage yield

Among 18 patients who provided osteochondral specimens 
for the study, those in the group aged 70–79 years yielded the 
most cartilage, with an average wet weight of 4211 ± 1716 mg. 
Cartilage yield from male patients was slightly lower than that 
from female patients. Cartilage yield from the femoral neck 
fracture group was almost equal to that from the femoral head 
necrosis group (Table 1).

Enzymatic digestion of cartilage

After 16 h incubation with collagenase II in Group II or III, carti-
lage slices were still visible to the naked eye. The number and size 
of cartilage slices did not reduce remarkably compared with that 
at the beginning of the enzymatic digestion process. However, 

compared with those in Groups II or III, cartilage slices in Group I,  
which were first digested with 0.4% pronase E for 90 min and 
then with 0.02% collagenase IA for 16 h, were barely visible to 
the naked eye at the end of enzymatic digestion process.

Chondrocyte yields

After collagenase digestion, samples in Group I (pronase E + 
collagenase IA) produced the most chondrocytes (P = 0.018) 
compared with Group II, in which cartilage slices were dige-
sted with collagenase II alone. Cartilage slices in Group III, 
which were subjected to pronase E digestion and then to colla-
genase II digestion, yielded the least chondrocytes (Figure 1). 
Each group was categorized further into 2 sets of subgroups 
based on the donor patient age, sex, and diagnosis, and the cor-
responding chondrocyte yield is listed (Table 3). Chondrocyte 
yield for Groups II or III was substantially lower than that in 
Group I regardless of subgroup.

Chondrocytes isolated from Group I had high viability

Freshly isolated chondrocytes in Group I were stained with 
trypan blue to identify dead cells. Cell viability in each 
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Figure 1. Comparison of cell yield between 3 chondrocyte isolation 
methods. Chondrocytes were isolated from elderly human articular 
cartilage using 3 methods. We divided cartilage slices in 3 groups: 
Group I, digested sequentially with pronase E and collagenase IA; 
Group II, digested with collagenase II only; or Group III, digested 
sequentially with pronase E and collagenase II. After digestion, total 
cell number was counted and mean cell yield (No. of chondrocy-
tes per mg wet weight of cartilage) is plotted. We compared the 
difference in cell yield between Groups I and II with a 2-tailed t test 
assuming unequal variances. Error bars represent SD. SD, standard 
deviation.

Discussion

Results presented in this report support our hypothesis that 
collagenase IA is more effective than collagenase II to isolate 
chondrocytes from articular cartilage of synovial joints from 
elderly patients who had undergone total joint replacement 
surgery.

Those chondrocytes isolated using collagenase IA diges-
tion were highly viable and could be cultured in vitro for 2 
passages without changes in chondrocyte morphology. Using 
sequential digestion with pronase E and collagenase IA, we 
could isolate approximately 2.5 million chondrocytes from 1 g 
of wet cartilage. The average viability of those isolated chond-
rocytes was around 84%, which was higher than that reported 
by Jakob et al. after a study using various protocols based on 
combinations of collagenase II, trypsin, hyaluronidase, and 
tosyl-lysyl chloromethane [13]. To our knowledge, this is the 
first report of a study to examine directly the difference in 
human chondrocyte isolation efficiency between widely used 
collagenase II and rarely used collagenase IA.

As a pathogenic bacterium, Clostridium histolyticum can 
cause myonecrosis by producing collagenase, a zinc-containing 
metalloproteinase, to dissolve various types of collagen. 
Compared with collagenases produced by vertebrates, colla-
genase from C. histolyticum has a broader substrate specificity 
and more potent collagenolytic activity [17]. Collagenase IA or 
collagenase type I, is composed of several collagenase proteins, 
some of which are C-truncated forms, all of which are encoded 
by colG. The product of this gene is mature collagenase IA with 
a molecular weight around 114 kDa. By contrast, collagenase II 
is encoded by colH and is composed of a mature protein with a 
molecular weight of 112 kDa and one C-truncated form [17, 20].

Our data indicate that collagenase IA is more suitable than 
collagenase II for isolating chondrocytes from human cartilage. 
Bond and Wart found that collagenase IA contained predomi-
nantly b-collagenase, while collagenase II only contained a 
trace. b-Collagenase is highly active against collagen [18]. To 
maximize the effect of collagenase IA, cartilage needs to be pre-
treated with pronase E, mainly to digest proteoglycans, which 
can expose sites on collagen for collagenase IA to bind. Pronase 
E is a mixture of 10 proteases that are produced by Streptomyces 
griseus K-1. Narahashi and Yanagita showed that pronase E was 
much more effective in digesting casein than trypsin because the 
former contained serine proteases and peptidases [21, 22].

Comparing chondrocyte yield and examining cell viabi-
lity, we identified the sequential digestion of cartilage with 
pronase E and collagenase IA as the most effective way to 
isolate chondrocytes from human cartilage. The sequen-
tial digestion method involving pronase and collagenase has 
also been used by Diaz-Romero et al. to isolate chondrocytes 

batch of chondrocyte isolation experiments was calcula-
ted and plotted. Among 11 cartilage specimens that were 
subjected to pronase E and collagenase IA digestion, the 
highest viability of isolated chondrocytes was 95% from 
specimen No. 1 while the lowest viability was 66% from 
specimen No. 7. The majority of specimens showed chon-
drocyte viability between 75% and 92%. The mean and SD 
of chondrocyte viability from all batches were 84% ± 8% 
(Figure 2).

Chondrocytes isolated from Group I were seeded at 
high density in a 12-well tissue culture plate and cultured 
in DMEM/F12 supplemented with 10% FBS. Two days 
after seeding, cells reached about 80% confluence and the 
majority displayed a spherical or elliptical shape, which is 
a typical phenotype of articular chondrocytes. Less than 
10% of the cells were fully attached to the culture plate 
and showed a stretched irregular shape (Figures 3A and B). 
When passage 0 cells were cultured for 10 days in mono-
layers, most cells still maintained an elliptical shape and 
a small fraction showed a spreading fibroblastic morpho-
logy (Figure 3C). One day after subculturing, the majo-
rity of passage 1 cells remained spherical or elliptical. Less 
than 10% of the cells displayed a fibroblastic morphology 
(Figure 3D).
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from human cartilage of femoral condyles. Our findings were 
consistent with those of these authors, who reported that the 
method produced a better chondrocyte yield than collagenase 
alone [23]. However, Diaz-Romero et al. did not specify the 
type of pronases they used in their study. Collagenase P was 
used for the second step of enzymatic dissociation. This type 
of collagenase acts more like collagenase II than I. Because 
the authors did not provide the actual chondrocyte yields from 
their study and use cartilage specimens from donors with a 
wide age range (32–89 years old), direct comparison of chond-
rocyte yields between their method and ours are difficult.

In published studies on human chondrocyte isolation, pro-
tocol specificities, including the concentrations of proteinases, 
incubation times, and the order in which different proteina-
ses were applied, vary widely. In a study using autologous 

chondrocytes for articular cartilage restoration in patients with 
age ranging from 14 to 48  years, cartilage obtained from a 
minor load-bearing joint was digested with 0.1% collagenase 
(w/v) for 16 h. Around 900 chondrocytes were isolated from 
1 mg of cartilage [15]. Although the authors did not indicate 
the type of collagenase used in their study, their chondro-
cyte yield was less than half of what we observed in Group 
I in our study despite that they used cartilage specimens from 
much younger patients and 5 times greater concentration of 
collagenase.

Yonenaga et al. collected cartilage specimens from 3 
elderly patients diagnosed with osteoarthritis and tested a 
series of collagenase concentration and incubation times 
to identify optimal conditions for articular chondrocyte 
isolation. They reported that 0.6% collagenase with 24  h 

Table 3. Donor patient characteristics and chondrocyte yield for each treatment group

Treatment Characteristic No. of patients
Chondrocyte yield
(mean cells ± SD)

Group I (n = 11): pronase  
E + collagenase IA

Age (y) 60–69 4 2940 ± 629

70–79 6 2390 ± 1050

80–89 1 2130

Sex Male 3 2514 ± 601

Female 8 2586 ± 992

Diagnosis Femoral neck fracture 6 2587 ± 1056

Femoral head necrosis 2 3002

Hip osteoarthritis 1 3030

Knee osteoarthritis 2 1837

Group II (n = 5): collagenase II Age (y) 50–59 1 2729

60–69 1 747

70–79 1 669

80–89 2 789

Sex Male 2 1702

Female 3 773 ± 119

Diagnosis Femoral neck fracture 3 749 ± 133

Femoral head necrosis 2 1738

Group III (n = 2): pronase  
E + collagenase II

Age (y) 60–69 1 1291

70–79 1 170

Sex Male 1 1291

Female 1 170

Diagnosis Femoral neck fracture 2 730

SD, standard deviation.
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Figure 2. Viability of chondrocytes isolated from 11 cartilage specimens 
using pronase E and collagenase IA. Cartilage specimens obtained 
from 11 patients were first incubated with 0.4% pronase E and then 
with 0.02% collagenase IA. The viability of chondrocytes isolated from 
each patient is plotted. The long dashed line indicates the mean level 
of chondrocyte viability (84%) computed from 11 specimens. The short 
dashed lines indicate one standard deviation from the mean (8%).

Figure 3. Representative light microscopic images of monolayer human chondrocytes. (A) Passage 0 human chondrocytes isolated with pronase 
E and collagenase IA seeded at 2.5 × 105 cells per cm2 and visualized at day 2 post-seeding (4× objective lens, scale bar 200 mm) and (B) detail of 
the insert in the black square as imaged with a 10× objective (scale bar 50µm) . (C) Passage 0 chondrocytes at day 10 post-seeding imaged with a 
4× objective (scale bar 200 mm). (D) Passage 1 chondrocytes at day 1 post-seeding imaged with a 10× objective (scale bar 200 mm).

incubation were optimal conditions, yielding around 1000 
viable chondrocytes per mg of wet cartilage [24]. However, 
the authors did not specify which type of collagenase they 

used in their study or the exact anatomical locations from 
which they harvested cartilage specimens. Possibly because 
of the higher collagenase concentration and longer incuba-
tion time used, their viable chondrocyte yield was lower 
than the yield that we observed in Group I. Moreover, our 
results were derived from 11 cartilage specimens obtained 
from elderly patients of both sexes, while their study used 
pooled cartilage specimens obtained from only 3 elderly 
female patients.

We acknowledge that cartilage in 3 enzymatic treatment 
groups—is not from the same patient—and this may compli-
cate the interpretation of chondrocyte yield data due to indivi-
dual variation. The reason why we did not use the same batch 
of cartilage to compare chondrocyte yield among 3 enzymatic 
methods was that we could only harvest around 3.8 g of wet 
cartilage from 1 human femoral head and when we divided 
this amount of cartilage into 3 enzymatic treatment groups, 
the total number of chondrocytes isolated in each group was 
too low to be counted accurately. This may be the result of 
the uniqueness of cartilage tissue, including its relatively high 
ECM to cell volume ratio, and that only 10% of tissue volume 
is occupied by chondrocytes [25].

Cartilage samples from more than 1 donor patient could 
not be pooled because we could only receive 1 femoral head 
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or tibial plateau specimen on a certain day, which was deter-
mined by patient enrolment and surgery schedule. We could 
not refrigerate previously received specimens because refri-
geration would cause time-dependent chondrocyte death in 
cartilage [26] and we could not predict when the next speci-
mens would be collected. Moreover, according to the report by 
Stockwell, during aging (30–89 years), cell density in human 
articular cartilage remained constant (at about 10 cells per 0.22 
mm2) [27]. This implies that the number of chondrocytes in 
1.0 mg wet weight of cartilage (chondrocyte yield) should be 
independent of age and sex of patients who provided femoral 
head or tibial plateau cartilage for our study. We observed that 
chondrocyte yield in Group I was significantly higher than that 
in Group II or III. This indicates that collagenase IA is more 
effective than collagenase II in releasing chondrocytes from 
articular cartilage.

Here, we developed an effective protocol for chond-
rocyte isolation from the articular cartilage of elderly pati-
ents. Chondrocyte yield and viability were superior to that 
described for other studies using human cartilage to isolate 
chondrocytes. Because total hip or knee replacement surgery 
provides the vast majority of human cartilage specimens in 
clinics, our chondrocyte isolation protocol may facilitate 
studies of the pathogenesis of osteoarthritis and cartilage 
tissue engineering.
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