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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Tissue-engineered medical products — Quantification
of sulfated glycosaminoglycans (sGAG) for evaluation of

ch

1

ondrogenesis

Scope

Thisdocument specifies test methods for the quantification of sulfated glycosaminoglycans
of thp major extracellular matrix components in articular, meniscal, and elastic cartilages
engiheered cartilage constructs.

2

Normative references

Therge are no normative references in this document.

L

[erms and definitions

For the purpose of this document, the following definitions_apply.

ISO gnd IEC maintain terminological databases for use in standardization at the following ¢

3.1

ISO Online browsing platform: available at https://www.iso.or

IEC Electropedia: available at https://www.electropedia.org/

tissye-engineered cartilage
cultyred construct obtained by combijning living cells such as chondrocytes, or stem ¢
withput scaffolds, or other types of biomaterials

3.2

sulfjted glycosaminoglycans
long unbranched chains-ofrepeating disacchararide units, which are sulfated at variable p¢

EXANPLE Chondroitin sulfate, keratan sulfate, dermatan sulfate.

3.3
test
piec

3.4

sample
¢ of tissue-engineered cartilage (3.1) construct

(sGAG), one
and tissue-

ddresses:

ells with or

sitions

parallel testsample

one

of three samples divided from a test sample (3.3)

Note 1 to entry: The protocol provides a sGAG value from each corresponding parallel test sample.

3.5

cysteine
non-essential and sulfur containing amino acid, used for preparing digestion solutions

3.6

papain

cyst

eine protease enzyme, used for digesting extracellular matrices of diverse tissues

[SOURCE: Enzyme Commission (EC) Number 3.4.22.2]
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1,9-dimethylmethylene blue
dye that specifically binds to a range of sulfated glyocosaminoglycans (3.2), whose absorbance after
binding correlates linearly with the amount of bound sGAG

3.8

chondroitin 6-sulfate
one of the sulfated glycosaminoglycans (sGAG), an important structural component of cartilage and
connective tissues

N EReY. |
T

4 Gener

The quantifj
chondrogen
consituents

SGAG can b¢|
with a sGAG

and-prineiple

cation of sulfated glycosaminoglycans (sGAG) is ranked as one of the first steps in evalu
esis of tissue-engineered constructs, since they are one of the primary extracellular m
of native cartilage.

quantified by digesting test samples with enzymes to release sGAG intoisolution, incub
-binding dye, measuring the absorbance, and normalizing to the weight (wet or dry) or

content of the test sample.

This docum|
might be loy

Binding of 1
and therefol

The procedt
1) Pre-tre:
2) Extract
3) Measur

4) Normal

In order to 1
measuring ¢
analysis, un
or water of

is shown in |

ent applies to tissue-engineered cartilage constructs even jf the amount of sGAG co
v and offers a dynamic range of 3 pg/ml to 100 pg/ml using-a‘standard curve.

'e was selected for this document.

ire to quantify sGAG in constructs comprises thefollowing steps:
itment;

on of sGAG;

bment of SGAG content by the DMMB-assay;

zation of sGAG content.

9-dimethylmethylene blue (DMMB) dye is widely-accepted for quantifying sGAG[21][22

ating
atrix

ating
DNA

ealize the accurate quantification, careful attention should be paid to critical steps, s
f weights and volumes, pipette manipulations, and drawing of standard curves. Duri
less otherwise stated,-use only reagents of recognized analytical grade and distilled
pquivalent purity-(See Annex B). An example of a test report format for sGAG measure
Annex E.

lri[; the

h as

vater
ment

5 Apparaptus
5.1 Clean|bénch.
5.2 Sterilizer, e.g. autoclave.

5.3

5.4
at 37 °C.

Phase contrast microscope.

5.5 Cell counting apparatus, e.g. hematocytometer.

NOTE If

applicable, refer to ISO 20391-1.

5.6 Centrifuge.

2

Cell culture incubator, capable of maintaining a humidified atmosphere containing 5 % CO>

© ISO 2018 - All rights reserved
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5.7 Scales.

5.8 Heating apparatus, capable of maintaining 60 °C. An incubator is preferable so that solutions in
tubes can be surrounded with the temperature.

5.9 Spectrophotometer or microtitre plate reader.
5.10 Sterile cutting knife.

5.11_Sterile tubes.

5.12| Sterile tissue culture dish.

6 Preparation of parallel test samples from test samples

6.1 | General

Tissuye-engineered cartilage and parallel test samples should be assumed to be potentially infectious,
and forresponding precautions should be taken according to 4SO 13022, where the term “medical
products containing viable human cells” should be read as “tisSue-engineered cartilage”.

6.2 | Preparation of parallel test samples

Tissye-engineered cartilage and parallel test samples shall be handled with care|to prevent
contagmination. Tools used for cutting tissue-éngineered cartilage shall be sterile|to prevent
contamination.

a) Prepare phosphate buffered saline (PBS) solution (NaCl 8,00 g/1, KC1 0,20 g/1, Na,HHO4 1,44 g/],
KH»PO04 0,24 g/, pH 7,4) containing(5;mM cysteine-HCl and 5 mM EDTA-2Na; adjust pH to 6,0 with
HCI; sterilize the solution by filtration through a 0,2 pm filter; store the reagent at 4 °C

b) (ut a full thickness piece of.test sample from the tissue-engineered cartilage constrjict in a bio-
gafety cabinet.

c) Divide the test sample into three fragments in a morphologically equal manner, measyre their wet
yeights, and transfer’the parallel test samples directly into PBS solution.

NOTE1 The mipimum measurable sGAG content in parallel test sample is 0,3 pg (cuvette assay) or 0,06 ug
(microtitre plateassay).

NOTE 2  Keepliquid free when weighing the sample.

7 Procedure

7.1 General

Sulfated glycosaminoglycans in tissue-engineered cartilage are quantified by the following four steps:
pre-treatment, extraction of sGAG, measurement of sGAG content, and normalization of sGAG content. A
flowchart of the overall procedure is shown in Annex A.

7.2 Procedure for pre-treatment of parallel test samples
7.2.1 Procedure for dissection

a) Pickup each parallel test sample from the PBS solution.

© ISO 2018 - All rights reserved 3
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o be extracted in digestion solutions.

Using an appropriate blade, mince the parallel test samples into pieces small enough (approximately

An alternative procedure (pulverization or lyophilisation; see Annex C) might be used as an option.

Put the dissected parallel test samples into tared 1,5 ml tubes, centrifuge and remove the liquid.

Calculate the weight of each dissected parallel test sample by subtracting the weights of the empty

tubes from the weights of the tubes containing dissected parallel test samples. Prevent parallel test
samples from drying in order to weigh precisely.

b)
1 mm) t
NOTE
c)
d)
e)
7.3 Procd
7.3.1 Gen

The dissect
papain dige|
matrices. Dd
Guanidine s
might be us

Proceed to the extraction steps.

tdure for extraction of sGAG from pre-treated parallel test samples

eral

bd parallel test samples should be dissociated for extraction of sGAGxFor that pur
stion is recommended because it is an adequate method for digesting diverse cart
pending on the type of scaffold used if any, an alternative proceduxe{Collagenase diges
plt extraction, or guanidine extraction/pepsin digestion/elastase digestion; see Annf
ed as an option. The collagenase digestion might be adopted in cases where scaffold

pose,
ilage
tion,
px D)
S are

composed df collagen gel. Guanidine salt extraction might be adoptéd)in cases that those enzyinatic

procedures
only when nj

(20 r/mfin to 60 r/min) or arotator (2 r/min to 10 r/min) shall be used to fully immerse the pa

cannot be used. The guanidine extraction/pepsin digestion/elastase digestion is appli
either enzymatic extraction nor guanidine salt extragtion is succeeded.

cedure for papain digestion

extraction solution [prepare PBS solution containing papain (lyophilized poy
htive activity value: >10 units/mg protein, 125 pg/ml) just before usel].

ating apparatus to 60 °C before digestion so that the temperature of the solution reg
lickly.

re-treated parallel test samples with the papain solution, so that the volume of the sol
es larger than that of thé sample, at 60 °C for 6 h or overnight (the volume of each
s calculated based on the/density being 1 g/ml). An appropriate apparatus such as a sH

ples.

tduréfor measurement of sGAG content of parallel test samples by DMMB a

rable

wder,

iIches

ition

test
aker
rallel

ige the paralleltest samples at 5 000 g for 3 min, and transfer each supernatant to a tube of
the samie type withydigestion step.

ssay

7.3.2 Pro
a) Prepare
compar
b) Set a hg
60 °C qy
c) Digestq
is 9 tim
sample
test sa
d) Centrify
7.4 Proce
7.4.1 Prir

1ciple

sGAG content is measured by using DMMB, a dye that binds to sGAG and which is the most commonly-
used reagent for this purpose. The sGAG concentration is determined using a chondroitin 6-sulfate
standard curve. The digested parallel test samples might also serve as solutions for measuring DNA
amounts, which could be used as an alternative to the wet weights of the samples for normalization.

The procedure for measurement of SGAG content is composed of the following two steps: preparation of

1,9-dimethy

Imethylene blue (DMMB) reagent and the DMMB assay.

7.4.2 Procedure for preparation of 1,9-dimethylmethylene blue (DMMB) solution

a) Add 16 mg DMMB to 5 ml ethanol, and stir the reagent in a clean dry beaker wrapped with
aluminium foil.

© ISO 2018 - All rights reserved
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Add 3,04 g of glycine, 2,37 g of NaCl and 95 ml of 0,1 N HCI.
Add 800 ml distilled water and adjust pH to 3,0 with 0,1 N HCI.

Bring the volume to 1 000 ml with distilled water.

20 pm to 25 pm) for removing the debris.

g)

Stir the reagent with a magnetic bar at room temperature for 2 h to 16 h. Protect from light.

Filter the reagent with adequate filter paper (e.g. grade 4 qualitative filter paper with pore size of

Store the reagent in a brown bottle at room temperature, and prepare the reagent freshly every

1

7.4.3

a) 1

q

q

geveral minutes to fully dissolve.

The extraction solution should be selected according to the procedure for extraction of]
The extraction solution is to be papain solution when papain digestion is selected.

The solution for making the standard curve should be as similar as possible to the

hree months.

Procedure for DMMB assay

Prepare a 0,5 mg/ml chondroitin 6-sulfate solution by dissolving 10,0 mg chondroit
shark, purity > 95 %) with 20 ml extraction solution or modified extraction solut

b)

d)

q

1

)

q

The 4
the

$25 to 535) nnywith a spectrophotometer (cuvette assay) or a microtitre plate readel

b

bxtraction solution. This will help control for potential ifiterference with DMMB-sGA
olecules contained in the test sample extraction solution, allowing more precise quai

repare a series of chondroitin 6-sulfate solutions’in the extraction solution so that the
-sulfate concentrations are 0 pg/ml, 3,125 pg/ml, 6,25 pg/ml, 12,5 pg/ml, 25 pg/m
nd 100 pg/ml.

witch on a spectrophotometer or a micfotitre plate reader.

dd 0,1 ml of each extract or standard’solution to 1 ml DMMB reagent in a cuvette (cuvet
ix 0,02 ml of each extract or standard solution with 0,2 ml DMMB reagent in a 96-we
late (microtitre plate assay)wand mix with a disposable transfer pipette.

ange of the standard-eurve.

Measure immedjately (within 3 min after mixing) the absorbance of the mixtures af

late assay).<Waiting longer than 3 min can cause condensation and prevent the mi
eing measured accurately.

issay'needs to be done in triplicate (three parallel test samples) to calculate SD in orde
ariances in total procedure steps on a single test sample.

in 6-sulfate
ion. Mix for

SGAG in 7.3.

test sample
i binding by
itification.

chondroitin
1, 50 pg/ml,

te assay), or
Il microtitre

$amples should be diluted-so that the sGAG concentrations in the samples fall within the linear

530 (range
(microtitre
ktures from

" to quantify

It should be confirmed that materials extracted from the scaffold do not interfere with the assay.

It is well recognized that hyaluronan or undersulfated GAGs could form complexes with DMMB under
certain conditions, even if they do not have sulfate groups. In the case that precise measurement of
sGAG content is required, the protocol should be modified, referring to the referencel19l.

7.5

Normalization of sGAG contents

The precision of the normalized sGAG content measurement strongly depends on the reliability of the
standard curve. Linear regression analysis may be used to evaluate the standard curve.

© ISO

2018 - All rights reserved
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Dilute parallel test samples with PBS solution depending on the estimated sGAG content in the parallel
test samples.

a) Convert the absorbance to sGAG concentration (pug/ml). As noted previously, take care that the
absorbance values for unknowns fall within the linear range of the standard curve, and dilute
samples if needed to ensure this.

b) Normalize the sGAG concentrations (pg/ml) to sGAG content (nug/mg) by dividing by the wet weight
of the parallel test samples.
sGAG content (ug/mg)=A x Bx C/D

where
A isthe sGAG concentration (pg/ml);

B is the dilution factor;
C isthe volume of added digestion solution (ml) + the volume of the paralleltest sample (mlj the
volume can be calculated from the weight so that the density of paralleltest sample is to he
1 gfml);
D isthe wet weight of the parallel test sample (mg).
NOTE s(AG content is normalized by the wet weights of the paralleltest samples. Note that samples cap also

be normalized by DNA content.

8

Test report

The test report shall contain the following items to,allow an independent assessment of the results. The
results shal] be written as means and standard deViations based on the normalized sGAG contgnt of
three parallel test samples. An example of a test' report format for sGAG measurement is described in

Annex E.

a)

b)

d)

Test sample description

The tesf samples are to be deseribed so as to identify them in terms of cell source, cell se¢ding
concentration, scaffold type,start date of culture, and culture duration.

Pre-treatment of test samples

The chgﬂce of pre-treatment (dissection, pulverization, or lyophilisation) and wet weight of parallel
test sanpples is to.be described.

Extract]on6f'§GAG from pre-treated parallel test samples

The choiceof extractionmof sSGAG{papaimdigestiomn, coltagemase digestion, guanidime sattextraction,
or guanidine extraction/pepsin digestion/elastase digestion) and the volume of solution(s) to be
added is to be described.

DMMB assay

The format of the DMMB assay (cuvette assay or microtitre plate assay) and the correlation
coefficient (r value) for the standard curve are also to be described.

Normalization of sGAG contents

The measured values of each component (A, B, C, and D) are to be described according to the
formula as shown in 7.5.

© ISO 2018 - All rights reserved
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9 Evaluation

The measured values should be evaluated for chondrogenesis of tissue-engineered constructs, taking
into consideration that thresholds of the values are variable.

© ISO 2018 - All rights reserved 7
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Annex A
(informative)

Flowchart of the overall procedure steps

4 )

Pre-treatment

Dissection

Option : Pulverization
Lyophilization

Extraction of sGAG

papain digestion

Option : Collagenase-digestion
Guanidine salt extraction
Guanidine extraction/Pepsin digestion

\ /Elastase digestion /

[ Measurement of sGAG content ]

A

Normalization of sGAG contents ]
J

8 © ISO 2018 - All rights reserved
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Annex B
(informative)

Reagents

It is recommended to use the reagents conforming to the National Formulary (NF) (The United States
Pharmacopeia/ European Pharmacopoeia).

a) Distilled water such as typel water specified according to ISO 3696 or ASTM D1193:-6
b) Phosphate buffered saline (PBS) solution without calcium and magnesium

c) (ysteine-HCI (C3HgCINO3S)

d) [Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA-2Na;€;0H14N20gNa2:2H,0)
e) Hydrogen chloride (HCI)

f)  $odium hydroxide (NaOH)

g) Irapain

h) 1,9-dimethylmethylene blue (C1gH22CIN3S)
i) IFthanol (C2HeO)

i) Glycine (C2H5NO2)

k) $odium chloride (NaCl)

1) Disinfectant, e.g. 70 % (v/v) ethanol

m) (Chondroitin-6-sulfate

© ISO 2018 - All rights reserved 9
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Annex C
(informative)

Alternative procedure for pre-treatment

C.1 Procedure for pulverization

Pulverizatid

n is a pre-treatment to grind parallel test samples to a powder.

each parallel test sample from the PBS solution.

the parallel test samples into pieces so that their sizes should be less than‘Dmm.
ected parallel test samples into tared tubes for pulverization.

e the wet weight of each dissected parallel test sample by subtracting the weights of v:
om the weights of tubes containing dissected parallel test samples. Prevent paralle
from drying to weigh exactly.

hnd immediately grind the dissected parallel test samples in liquid nitrogen by us
crinder or a blade grinder, and store them at —80 °C until extraction.

pdure for lyophilization

pn is a pre-treatment to freeze-dry paralleltest samples.

each parallel test sample from the PBS-solution.

the parallel test samples into piecés.

ected parallel test samplesinto tared tubes for lyophilization.

e the weight of each dissected parallel test sample by subtracting the weights of v:
om the weights oftubes containing dissected parallel test samples. Prevent paralle
from drying to weigh exactly.

(dry the dissected parallel test samples.
I the driéd)parallel test samples into a tube each and add 1 ml to 2 ml cold distilled wa

e them at 4 °C overnight, then store them at =80 °C until extraction.

hcant
test

ng a

icant
test

Ler.

a) Pickup
b) Dissect
c) Putdis{
d) Calculat
tubes f7
sampleq
e) Freeze
mortar
C.2 Proc
Lyophilizati
a) Pickup
b) Dissect
c) Putdisq
d) Calculat
tubes f1
sampled
e) Freeze-
f) Transfe
g) Incubat
10
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Annex D
(informative)

Alternative procedure for extraction of sGAG

D.1 Procedure for collagenase digestion

Colle]genase digestion is recommended in cases where scaffolds are composed of collagen gel and a

heating apparatus that can maintain a temperature of 60 °C is not available.

a)

b)

d)

D.2

Guarlidine salt extraction is recomimended only in cases where neither papain digestion nor
diged

a)

b)

d)

[aCly, and 0,25 % trypsin).

$et a heating apparatus before digestion so that the temperatureZof the solution be
promptly.

Incubate the pre-treated parallel test samples with the collagenase solution in an adeq
3t 37 °C overnight (density of a parallel test sample is to be 1 g/ml). An appropriate apy
3s a shaker or a rotator should be used to fully immerséparallel test samples.

The ratio of volume of digestion solution to voluméof parallel test sample might be de
that sGAG concentration is measurable on a standard curve of sGAG concentration.

[entrifuge samples at 5 000 g for 3 min;"and transfer the supernatant to the
¢ollection tube.

Procedure for guanidine(salt extraction

tion is applicable.

Prepare collagenase solution (minimal essential medium such as Dulbecco’s Modified Eqgle Medium
DMEM), containing 2,5 mg/ml collagenase (Type I, specific activity > 125-whits/mg dify wt), 3 mM

romes 37 °C

uate volume
aratus such

termined so

appropriate

collagenase

repare 100 ml of glianidine hydrochloride (GuCl) extraction buffer (4 M GuCl, 50 mM Tris-HCI,

H 7,5, 1 mM EDTA} according to the following procedure: add 38,2 g guanidine HCI
istilled water,-57ml of 1 M Tris-HCI, pH 7,5, and 200 pl of 500 mM EDTA. Stir unti
issolved. Filt07100 ml with distilled water.

et a cogling apparatus before extraction so that the temperature of the solution b
romptly.

to 80 ml of
completely

pcomes 4 °C

%tpact a pre-treated parallel test sample with the GuCl extraction buffer in an adeq
at 4 “C overnight (density ol a parallel test sample is to be 1 g/ml). Consider using an
apparatus such as a shaker or a rotator to fully immerse parallel test samples.

ilate volume
appropriate

The ratio of volume of digestion solution to volume of parallel test sample might be determined so

that sGAG concentration is measurable on a standard curve of sGAG concentration.

Centrifuge samples at 5 000 g for 3 min, and transfer the supernatant to the appropriate

collection tube.

© ISO 2018 - All rights reserved
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D.3 Procedure for guanidine extraction/pepsin digestion/elastase digestion

D.3.1 Adjustment of volumes of the reagents

The volume of reagents indicated is a suggestion for 5 mg to 10 mg (wet weight) sample and should be
adjusted to individual samples.

Keep liquid-free when weighing the sample.

D.3.2 Procedure for guanidine extraction

a) Prepard
b) Set a cd
prompt
c) Preparg
d) Re-susp
at4°Cd
in a coll
e) Wash tf
5000g
M guan
f)
guanidi
combin
D.3.3 Pro
Pepsin digef
a) Prepard
acid)[27].
b) Set a cd
prompt
c) Add5n
mixing
d) Centrify
a collecf
inthec
e)

Suspend the precipitate in 5 ml of 0,05 M acetic acid and, incubate at 4 °C overnight to rel

guanidine extract solution guanlidine dissolved in U, r1s- urfter, p f

oling apparatus before extraction so that the temperature of the solution becomes
y.

collection tubes (such as 50 ml graduated centrifuge tubes).

pction tube from step D.3.2-c)[2Z].

le precipitate with 5 ml cold distilled water to remove guanidine. Centrifuge for 3 nj
using a tabletop centrifuge. Collect the supernatant and €ombine this water fraction w
dine extract from step D.3.2-d).

he. Centrifuge for 3 min at 5 000 g using a tabletop centrifuge. Collect the supernatan
e this fraction with 3 M guanidine extract fromi'step D.3.2-d).

cedure for pepsin digestion
tion should be done following guanidine extraction.

pepsin solution (0,1 mg/ml pepsin (lyophilized powder, >2 500 units/mg) in 0,05 M 3

oling apparatus before.extraction so that the temperature of the solution becomes
y.

1 of pepsin solution'in all sample tubes and digest sample at 4 °C for 24 h to 48 h with g
bn a rotator/roeker. Mix vigorously by hand occasionally to disperse the tissues[27Z].

1ge the pépsin-treated sample at 5 000 g for 3 min. Collect the supernatant and transfe}
ion tubefrom step D.3.2-d). Then add 0,5 ml of 1M Tris-1,5 M NacCl buffer (10X TBS), pl
lle€tion tubel27].

Y

27],

4 °C

end a parallel test sample in 5 ml of guanidine extract solution and n1ix on a rotator/r¢cker
vernight. Centrifuge for 3 min at 5 000 g using a tabletop centrifugé~€ollect the supernatant

in at
ith 3

move
t and

cetic

4 °C

entle

it to
H 7,5,

Repeat StepsD-3:3=tj=djseverattimes tapproximately 3times)untitatmostattparattet testsar

are solubilized.

D.3.4 Procedure for elastase digestion

Elastase digestion should be done following pepsin digestion.

a)

b)

<)

12

1ples

Prepare elastase solution (0,1 mg/ml elastase (=4 units/mg protein, lyophilized powder, porcine
pancreas) dissolved in 0,1 M Tris-0,15M NaCl-5mM CaCly, pH 7,8).

Set a cooling apparatus before extraction so that the temperature of the solution becomes 4 °C
promptly.

Add 5 ml elastase solution into all sample tubes and mix on a rotator/rocker at 4 °C for 24 h.
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d) Centrifuge samples at 5 000 g for 3 min, and transfer the supernatant to the appropriate
collection tube.

If a precipitate remains after elastase digestion, it should be considered as insoluble material.
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