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The biochemical measure of success in assisted car-
tilage repair is normally judged by repair tissue cell
density, mRNA and protein expression, and accumu-
lation of extracellular matrix molecules. Existing
methods to solubilize cartilage matrix proteoglycans
and cellular DNA for quantification, such as papain
digestion, often destroy one or more species of the
above-named parameters, in order to render others
measurable. We have therefore developed a methodol-
ogy to measure specific levels of mRNA, protein, DNA,
glycosaminoglycan, and collagen content on single
pulverized 10-mg samples of cartilage, or tissue-engi-
neered cartilage, using successive extractions in con-
centrated guanidine hydrochloride (GuCl) and guani-
dine thiocyanate (GITC) solutions. Conditions were
developed to solubilize most cellular proteins, DNA,
proteoglycans, and some matrix proteins with an ini-
tial GuCl extraction step. A subsequent extraction
with GITC was essential to solubilize the majority of
the cellular RNA. Guanidine-insoluble material was
rendered soluble by papain digestion, to enable quan-
tification of collagen, residual glycosaminoglycan, and
residual unextracted DNA in individual samples. In
general, total collagen, GAG, and DNA content mea-
sured in multivalent-extracted samples was similar to
that obtained with samples digested directly with pa-
pain. Moreover, we were able to reliably detect, in
these same multivalent extracts, expressed mRNA as
well as specific cellular and extracellular matrix pro-
teins. This multivalent assay could be applied to a
variety of cells cultured in biopolymers and to tissues
from which biochemical components may be other-
wise difficult to extract. © 2001 Elsevier Science
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Mature cartilage tissue is composed mainly of insol-
uble collagen and large aggregating proteoglycan, with
only 1 to 5% of the tissue volume being occupied by
cells. Since the ability of cartilage to withstand com-
pressive forces is directly proportional to its GAG2 and
collagen content (1), the levels of these two matrix
components are a most crucial determinant of repair
tissue properties. Some investigators have used pro-
tein levels (2), or RNA expression profiles (3), to assess
chondrocyte phenotype in hydrogel cultures in order to
judge their potential for cartilage repair. Any one of
these particular analytical approaches, however, only
partially appraises whether the repair tissue has at-
tained the multifactorial biochemical end point that
most closely approaches native and mechanically func-
tional articulating cartilage.

Simultaneous analysis of both extracellular matrix
and cellular components of cartilage is very limited by
currently available methodologies. GAG can be solubi-
lized and quantified following passive extraction of car-
tilage with guanidine hydrochloride (4), the major
drawbacks being RNA degradation and incomplete sol-
ubilization of proteins and DNA. Cartilage can also be
digested with papain to solubilize and quantify GAG
(5) or DNA (6); however, RNA and protein are de-

2 Abbreviations used: GAG, glycosaminoglycan; GuCl, guanidium
hydrochloride; GITC, guanidium thiocyanate; dsDNA, double-

stranded DNA; cDNA, complementary DNA; RT-PCR, reverse tran-
scriptase–polymerase chain reaction; HPR, hydroxyproline.
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stroyed as a direct consequence. Other alternatives
such as lysis buffers geared toward cellular protein
analysis contain detergents that interfere with most
colorimetric assays, such as the DMMB assay (unpub-
lished observations). In summary, the optimal extrac-
tion protocol for biochemical analysis of cartilage and
repair cartilage would solubilize all of the desired test
molecules, while protecting them from degradation, in
a solvent that permits their direct analysis.

As a chaotropic agent, guanidine hydrochloride
(GuCl) has been commonly used to solubilize cartilage
matrix proteins and proteoglycans while simulta-
neously inhibiting lytic enzymes (4, 7). Guanidine thio-
cyanate (GITC) has been chiefly employed to suppress
ribonucleases during RNA extraction from tissues and
cells and is viewed as a stronger protein denaturant
than GuCl (8, 9). The differing biophysical properties
between GuCl and GITC are principally ascribed to the
placement of their respective anions within the
Höffmeister series of chaotropic agents (10). Here we
describe the use of sequential extraction of small sam-
ples of cartilage and tissue-engineered cartilage with
distinct chaotropic guanidine salts to detect not only
GAG, DNA, and collagen, but also protein and RNA
levels. The results are quantitative and reproducible
and can accurately determine chondrocyte cell number
and matrix components in native and regenerating
cartilage. These same extraction methods permitted a
similar analysis of other tissues, including kidney and
tendon. The quantified levels of GAG, DNA, collagen,
and RNA detected in extracts generated by our method
were highly comparable to those obtained using alter-
native methodologies. This method is particularly
suited to the comparison of highly disparate samples,
namely freshly encapsulated primary chondrocytes in
hydrogels, to cultured samples that harbor increasing
amounts of GAG and collagen and further to fully
mature cartilage tissue.

MATERIALS AND METHODS

Materials

The following materials were obtained from the in-
dicated sources: shoulder joints from adult steers, Ab-
batoire Zenon Billette (St. Louis de Gonzague, Quebec,
Canada); saddle sections of 2-week-old calves, Abba-
toire Régionale (Valleyfield, Quebec, Canada); 6-mm
biopsy punch, Apocom Canada Ltée (Montreal, Quebec,
Canada); Hoechst 33258, Sypro Orange, Molecular
Probes (Eugene, OR); papain type III, cysteine, guani-
dine hydrochloride, calf thymus DNA, protease, Dul-
becco’s modified Eagle’s medium with 1 g/liter glucose
(DMEM), MEM nonessential amino acids, gentamycin,
fetal bovine serum (FBS), glutamine, ascorbic acid,
antivimentin V9 antibody, monoclonal anti-proliferat-

ing cell nuclear antigen (PCNA) antibody, Ponceau S,
shark cartilage chondroitin sulfate C, trans-4-hydroxy-
L-proline, Sigma–Aldrich Canada (Oakville, Ontario,
Canada); anion-exchange resin AG-1-X8, Bio-Rad
(Mississauga, Ontario, Canada); collagenase type II,
Worthington (Freehold, NJ); 0.22-mm Corning bottle-
top filters, Corning 48-well tissue culture plates,
Fischer Scientific (Town of Mount Royal, Quebec,
Canada); 1,9-dimethylmethylene blue (DMMB),
Polysciences (Warrington, PA); SeaPlaque low-melt-
ing-point agarose, Mandel (St. Laurent, Quebec, Can-
ada); Protasan UP213 chitosan 85% DDA, Pronova
(Oslo, Norway); hydroxyethyl cellulose, medium viscos-
ity, Fluka (Switzerland); biopulverizer, BioSpec Prod-
ucts (OK); 96-well plate Polysorp Fluoro-Nunc, Cana-
dian Life Technologies (Burlington, Ontario, Canada);
DNA oligos, BioCorp (Montreal, Quebec, Canada);
[a-32P]UTP, 800 Ci/mmol, Pharmacia–Amersham
(Baie-d’Urfée, Quebec, Canada); monoclonal anti-link
protein antibody 9/30/8-A-4, Developmental Studies
Hybridoma Bank (Iowa City, IA), peroxidase-conju-
gated anti-mouse antisera, Vector Laboratories (Burl-
ington, Ontario, Canada); and Lumi-Light, Roche Di-
agnostics (Laval, Quebec, Canada).

Cartilage Tissue Samples

Cartilage discs were cored using a 6-mm biopsy
punch and then shaved from the bone with a razor
from the shoulder joints of 2-week-old calves or adult
steers no more than 6 h postmortem. Samples were
transferred to screw-cap vials, weighed, flash-frozen in
liquid nitrogen, and stored at 280°C.

Primary Chondrocyte Isolation and Cell Casting
in Chitosan-Based Gels and Agarose

Two 14-day-old postnatal calf knees were obtained
within 8 h of sacrifice. The load-bearing zone of each
knee was removed, and primary chondrocytes were
isolated as previously described (11). Cells were cast at
10 to 20 3 106 cells/ml, using a hemocytometer to
estimate cell concentration, in 2% (w/v) SeaPlaque aga-
rose as previously described (11) with the exception
that agarose was solidified in a 100-mm petri dish at
4°C for 30 to 60 min. In parallel, cells were cast at the
same density in a chitosan–b-glycerol phosphate gel
(1.5% Protasan UP213 chitosan/135 mM b-glycerol
phosphate/18 mM glucosamine/0.36% hydroxyethyl
cellulose) as similarly described (12). Solidified gels
both with and without cells were cored into individual
6-mm discs using a biopsy punch. Discs were cultured
in individual wells of 48-well plates in 500 to 1000 ml of
complete media (DMEM, nonessential amino acids, 0.4
mM proline, supplemental 2 mM glutamine, 50 mg/L
gentamycin, 10% FBS, and 50 mg/ml fresh ascorbic

acid) replaced on a daily basis.
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Two-Step Extraction of Tissue or Chondrocyte-Seeded
Hydrogels with Guanidine Salt Solutions

Samples were weighed in screw-cap 1.5-ml polypro-
pylene tubes, snap-frozen in liquid nitrogen, and stored
at 280°C until extracted. Samples, 5 to 80 mg, were
transferred to a 200-mg-capacity biopulverizer pre-
cooled in liquid nitrogen and biopulverized. To deter-
mine optimal extraction conditions, buffer volumes
were held constant with differing sample masses, and
differing extraction times by vortex were tested. Insol-
uble pellets were repeatedly extracted, three times in
each GuCl and GITC buffer. Each of these six fractions
was analyzed for protein and RNA content, and the
first two or three GuCl extracts were analyzed for DNA
and GAG content. The optimal buffer:sample ratio was
found to be 1 ml GuCl buffer for 20 mg cartilage tissue
or 40 mg hydrogel-encapsulated chondrocytes. GuCl
extraction buffer (4 M GuCl/50 mM Tris, pH 7.5) with
or without 1 mM EDTA was added to the pulverized,
frozen tissue powder. Equivalent results were obtained
with or without EDTA, and data are presented under
either condition. Samples were allowed to thaw to room
temperature for up to 10 min in the presence of GuCl
extraction buffer and transferred to 1.5- to 2-ml-capac-
ity screw-cap tubes using a p1000 pipetman and pipet
tip with the end cut off. If a major amount of debris was
noted to be left in the pulverizer chamber, samples
were pulse-centrifuged, and the cleared supernatant
was used to transfer the remaining tissue powder.
Samples were vortexed at 4°C for 30 min using a mul-
titube Styrofoam holder attached to a Genie vortex
machine (Fischer). Samples were centrifuged at
15,000g for 10 min at 4°C. The supernatant was re-
moved to a fresh tube. The pellet was reextracted by 5
min vortexing at 4°C with 0.25 to 0.5 ml GITC extrac-
tion buffer (4 M GITC/50 mM Tris, pH 7.5) with or
without 1 mM EDTA or half the volume employed for
the initial GuCl extraction step. The sample was re-
centrifuged at 21,000g for 10 min at 4°C. The superna-
tant was removed and stored at 280°C along with the
GuCl extract until analyzed. GITC-insoluble pellets
were carefully rinsed two to three times with 75%
ethanol/25% H2O, 4°C, air dried, and then submitted to
papain digestion in a maximum of 0.5 ml papain diges-
tion cocktail as described below.

Papain Digestion of Cartilage and Hydrogel-
Encapsulated Chondrocytes

Selected tissue samples were directly digested in
papain, without any prior extraction. Papain digestion
was carried out according to Kim et al. (6), with the
exception that the pH of the digestion buffer was ad-
justed to pH 7.5. Frozen samples were thawed and
placed at 60°C for 16 to 24 h in sterile 1.5-ml screw-cap

Eppendorf tubes with 0.25 to 1 ml 0.2-mm filter-steril-
ized papain digestion buffer [5 mM L-cysteine, 100 mM
Na2HPO4, 5 mM EDTA, pH 7.5] containing 125 mg/ml
papain type III. Following digestion, agarose-cultured
samples were heated to 70°C for 10 min to melt the
agarose, vortexed, and centrifuged at 21,000g for 1 min
at room temperature. Papain-digested chitosan-cul-
tured samples, or cartilage samples, were centrifuged
at 21,000g for 5 min at room temperature. The super-
natant was removed to a fresh tube and immediately
submitted to the Hoechst fluorescent DNA assay, prior
to frozen storage at 280°C for subsequent analyses.

DNA Analysis Using Hoechst 33258 Fluorometric
Detection

DNA detection was performed as previously de-
scribed (6, 13), with modifications including perform-
ing the assay in a 96-multiwell plate and sometimes
including up to 363 mM guanidine hydrochloride in the
samples and standards. A standard curve was gener-
ated using 5 to 125 ng of double-stranded calf thymus
DNA, dissolved and diluted in either PBE buffer (100
mM Na2HPO4, 5 mM EDTA, pH 7.5) or TN buffer (50
mM Tris, 150 mM NaCl, pH 7.5) for papain-digested
samples or guanidine-extracted samples, respectively.
In a 96-well plate, duplicate standards and samples
were brought to 40 ml, such that all sample wells had
the same concentrations of PBE buffer or of TN buffer
and guanidine extraction buffer. Immediately before
reading the plate, 200 ml of 0.2 mg/ml Hoechst 33258
dye in TN buffer was pipetted into the wells with a
multichannel pipet. Samples were read with a Molec-
ular Devices Gemini II fluorescence plate reader at
360-nm excitation and 460-nm emission, with a
420-nm cutoff filter. Results were tabulated using Mo-
lecular Devices SOFTMAX PRO 3.1 software.

RNA Analysis Using Multiple RNase Protection Assay

The linear dsDNA templates for riboprobe synthesis
were generated by 30 cycles of PCR amplification from
cloned and partially sequenced plasmid DNA template.
Bovine cDNA templates include collagen (II) and ag-
grecan (AGG-156) subcloned in pCRII (both kindly pro-
vided by M. Alini, McGill). The transcription template
for AGG-156 was generated with a hybrid SP6-M13rev
primer (to amplify from the M13rev vector sequence)
and AGG-156 sense primer. A shorter cDNA fragment
of collagen (II) was PCR amplified and subcloned into
pBluescript at the EcoRV site [COL(II)]. Partial cDNAs
for a distinct aggrecan cDNA (AGG-198) and GAPDH
were RT-PCR amplified from adult bovine cartilage
mRNA and subcloned into pBluescript at the EcoRV
site. Transcription templates for all pBluescript-encod-
ing clones were generated by T7–T3 amplification of

the insert and flanking plasmid DNA. The following
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primers were employed, with cDNA coordinates ac-
cording to GenBank (M13rev and T7 linker sequences
are underlined): AGG-156 sense (nt 1400, U76615),
59-CTGCTACACAGGTGAAGACT-39; AGG-156 anti-
sense (nt 1544, U76615), 59-CTGCCTCGGGCTTC-
ACCCTC-39; AGG-198 sense (nt 5458, U76615), 59-
CTGGGTGTCTCAGGCACATC-39; AGG-198 antisense
(nt 5656, U76615), 59-CAGTGCCATACGGAAGTCC-
ACTGCTGTCA-39; SP6-M13rev primer, 59-TATTTA-
GGTGACACTATACAGGAAACAGCTATG-39; COL(II)
antisense (nt 685, BTCOLII), 59-CAGGAAACAGCT-
ATGTCCGAACTGTGAGAGGGT-39; COL(II) sense (nt
553,BTCOLII), 59-GAACCCAGAACCAACACAATCC-
39; GAPDH sense (nt 16, BTGAPDH), 59-GTCAC-
CAGGGCTGCTTTTAA-39; GAPDH antisense (nt 220,
BTGAPDH), 59-TGATGTTGGCAGGATCTCGC-39; T7,
59-GTAATACGACTCACTATAGGGC-39; and T3, 59-
AATTAACCCTCACTAAAGGG-39.

RNase protection assay was conducted with the Am-
bion Direct Protect kit, according to the manufacturer’s
specifications, with the exception that for the initial
hybridization step, 10 ml of GuCl, 10 ml of GITC ex-
tracts, or a combination of 10 ml each of GuCl and GITC
extracts was completed to 45 ml with Direct Protect
buffer, then mixed with 2 to 5 ml of Direct Protect
buffer containing one or more gel-purified bovine-spe-
cific antisense RNA probes, 50,000 cpm each, for colla-
gen (II), aggrecan, and GAPDH.

Protein Detection by Western Blot Analysis

GuCl and GITC extracts were precipitated sepa-
rately, or combined in equal volumes and precipitated,
overnight with 5 vol 100% ethanol at 220°C, according
to Bollag and Edelstein (14). Pellets were washed with
75% ethanol, dried, and resuspended in 30 ml 8 M urea
and then mixed with 15 ml 33 sample buffer containing
b-mercaptoethanol and boiled for 3 min. The equiva-
lent of 1% of the original GuCl sample volume, or less,
was loaded on a 7.5 or 10% SDS–PAGE minigel. Gels
were either stained with Sypro Orange or transferred
to nylon filters and immunoblotted. Ponceau S was
used to stain molecular weight markers transferred to
nylon filters. For Western blot detection, filters were
blocked [5% milk powder in TBST (50 mM Tris/150
mM NaCl/0.1% Tween 20, pH 7.5)] at 50°C for 1 h and
then probed for 1 h with primary antisera in 0.5% milk
powder/TBST, rinsed, and then probed with secondary
HRP-conjugated antisera in 0.5% milk powder/TBST.
Signal was detected by chemiluminescence.

Glycosaminoglycan Detection Using DMMB Assay

A colorimetric reaction to detect GAGs based on
Farndale et al. (5) or Chandrasekhar et al. (15) was

used. In a 96-well plate, 50 ml papain-digested sample
and PBE buffer (100 mM Na2HPO4, 5 mM EDTA) was
combined with 200 ml DMMB reagent solution [40 mM
NaCl; 40 mM glycine; 46 mM DMMB, pH 3.0]. Alter-
natively, GuCl sample extract was brought to 20 ml
with GuCl extraction buffer, followed by 30 ml PBE
buffer and 200 ml DMMB. Absorbance at 525 nm was
read using a Dynatech plate reader using between
0.125 and 1.25 mg of shark cartilage chondroitin sulfate
C dissolved in PBE as a standard. The same concen-
tration of GuCl as in the samples was used in the
standards.

Collagen Content Measured by Hydroxyproline (HPR)
Assay

The hydroxyproline content of insoluble collagen was
determined according to Stegemann and Stalder (16).
A portion of papain-digested sample was combined
with an equal volume of concentrated HCl (37%) to
generate a 6 N HCl solution and hydrolyzed 18 h at
110°C in tubes with silicone-sealed gaskets. Acid hy-
drolyzates were mixed with 2 ml of 0.1% phenol red in
water, neutralized with 6 N NaOH, and decolorized
with anion-exchange resin AG-1-X8. Portions of each
hydrolyzate were brought to 0.25 ml with water or PBE
and mixed with 0.25 ml 17% NaCl in H2O. Samples
were combined with 0.5 ml freshly prepared oxidizing
solution [0.178 g chloramine-T in 15 ml n-propanol/10
ml ddH2O/25 ml citrate buffer (50 g citric acid mono-
hydrate, 12 ml glacial acetic acid, 120 g sodium acetate
trihydrate, 34 g NaOH to pH 6.0 in 1 L)] and incubated
for 5 min at room temperature. Samples were mixed
with 0.5 ml Ehrlich’s reagent (1 g p-dimethylamino
benzaldehyde in 20 ml n-propanol, 6.6 ml perchloric
acid, 15.6 ml ddH2O), incubated at 60°C for 12 min,
and chilled on ice, and absorbance at 550 nm was read
with a Beckmann DU640 spectrophotometer in dispos-
able plastic cuvettes. Samples were extrapolated
against hydroxyproline standards between 0.5 and 2.5
mg/ml.

RESULTS

Differential Solubility of Protein GAG, DNA, and
RNA in 4 M Guanidine Salt Solutions

Discs of frozen cartilage, or primary bovine chondro-
cytes cultured in two different hydrogels, were pulver-
ized over liquid nitrogen and extracted with buffered 4
M GuCl. The resulting insoluble pellets were reex-
tracted twice more with GuCl, then three times with
buffered 4 M GITC. To test whether extraction time
influenced extracellular matrix solubilization, samples
were vortexed for 5 or 30 min, during each extraction.
Equal portions of each extract were subjected to SDS–
PAGE analysis followed by a total protein stain. Prac-

tically all soluble cell and matrix proteins appeared to
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become solubilized by a single extraction in buffered 4
M GuCl (Fig. 1A). This was confirmed by Western
analysis of an extracellular (link protein) and a cy-
toskeletal (vimentin) protein, which were found pre-
dominantly in the first GuCl extract (Figs. 1B and 1C).
Interestingly, in all samples tested, most of the RNA
remained insoluble in 4 M GuCl, but could be subse-
quently extracted in 4 M GITC (Fig. 1D). In general,
most of the GAG and DNA that could be extracted by
guanidine salt solutions was extracted in the first GuCl
extraction, with a 30-min vortex period showing more
complete extraction than a 5-min vortexing time (Figs.
1E and 1F). Samples which surpassed the 40 mg:1 ml
primary GuCl extract ratio suffered incomplete solubi-
lization of proteins and RNA in single extraction steps
(Fig. 1, two-week calf cartilage).

DNA Detection by Hoechst Fluorescence Assay in the
Presence of 363 mM Guanidine Hydrochloride

DNA concentration has been previously determined
from GITC-extracted cells, using Hoechst 33258 (13).
We have obtained similar results with frozen cells ex-
tracted in 4 M GuCl, where in the presence of up to 363
mM GuCl a linear fluorescence enhancement was ob-

FIG. 1. Differential solubility of matrix and cell components in s
hydrogel-cultured chondrocytes, or dissected cartilage, were extract
either 5 or 30 min. Insoluble pellets were reextracted two more time
ml GITC extraction buffer, for either 5 or 30 min. Equal portions of e
analysis, RNA content by direct RNAse protection, GAG content b
molecular weight markers (kiloDaltons); NC, cultured hydrogel, no
served with increasing amounts of standard DNA or
GuCl-extracted frozen chondrocytes (Figs. 2A and 2B).
Comparison of the regression slopes of DNA and GuCl-
extracted cells gave a value of 7.9 pg DNA/bovine chon-
drocyte, in close agreement with a previously pub-
lished value of 7.7 6 0.5 pg DNA/chondrocyte (6).

We next determined whether a quantitative recovery
of cellular DNA could be achieved with a single GuCl
extraction of cells in hydrogels or of chondrocytes in
cartilage. Primary bovine chondrocytes were cast at 11
million cells/ml in 2% (w/v) agarose or 1.5% (w/v) chi-
tosan. Resulting 40- to 50-mg samples were either pa-
pain digested or frozen and extracted with 4 M GuCl.
We observed that papain digests of cells in chitosan, at
the recommended pH 6.5 (6), carried no detectable
DNA (data not shown). Increasing the pH to 7.5, where
chitosan should bear little charge, rendered the cellu-
lar DNA quantifiable with Hoechst 33258 (Fig. 3). Pa-
pain-digested hydrogel samples were analyzed by
Hoechst fluorescent DNA assay to obtain the average
cell density per milligram of gel (n 5 4, Fig. 3). Nega-
tive control GuCl extracts of agarose or chitosan gel
with no cells gave rise to a background fluorescence at
21 ng (2700 cells) per milligram of agarose or 35 ng
(4500 cells) per milligram of chitosan gel, which was
subtracted from the fluorescence of samples with cells.

ential guanidine extracts. Pulverized samples consisting of 20-day
in 1 ml GuCl extraction buffer (4 M GuCl/50 mM Tris, pH 7.5) for
ith 0.5 ml GuCl extraction buffer, followed by three times with 0.5
extract were tested for protein content by SDS–PAGE and Western
MMB assay, and DNA content by Hoechst 33258 DNA assay. M,
s; arrow, 120-kDa protein comigrating with collagen.
equ
ed
s w

ach
Cell density calculated from GuCl background-cor-
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rected extracts corroborated with the number of cells
cast in each gel (n 5 4) (Fig. 3). Papain-digested chi-
tosan and agarose samples gave a lower apparent DNA
content than expected, based on the number of cells
cast in the gel (Fig. 3). For cartilage samples, the
primary GuCl extract had incomplete DNA recovery
compared with papain-digested cartilage. The GuCl
extracts of pulverized cartilage consistently harbored
around 60% of the total cellular DNA detected in pa-

FIG. 2. Fluorescence intensity of DNA, or isolated chondrocytes, in
33258. (A) Standard calf thymus DNA was submitted to the Hoech
adult chondrocytes were frozen, thawed, and extracted in 4 M GuCl/
submitted to the Hoechst 33258 DNA assay with a final GuCl concen
For chondrocytes, y 5 0.92x 1 12.95, R 2 5 0.9975.

FIG. 3. Cell density extrapolated from DNA detected in GuCl ex-
tracts, combined with DNA detected in papain-digested guanidine-

insoluble pellets, compared with cell density obtained from DNA
detected in papain-digested samples.
pain digests; however, the remaining DNA was largely
recovered in the papain-digested guanidine-insoluble
pellet (Fig. 3).

Quantification of GAG in Guanidine Hydrochloride
Extracts

Twenty-day cultures of primary chondrocytes grown
in agarose or chitosan were analyzed for GAG content
by DMMB assay, using either GuCl extracts or papain
digestion extracts. As was observed for the DNA assay,
papain digests of chitosan-encapsulated chondrocytes
at pH 6.5 failed to yield any detectable GAG (data not
shown), presumably due to an inhibitory complex
formed between negatively charged GAG and chitosan
which carries a net positive charge at pH 6.5. Raising
the papain digestion to pH 7.5 yielded soluble GAG
that was detected in the DMMB assay. Chitosan or
agarose discs with no cells showed no background in
the DMMB assay. The GAG detected in a disc from a
3-week culture of chondrocytes in chitosan or agarose
was similar regardless of whether papain-digested ma-
terial at pH 7.5 or 4 M GuCl extract was tested (n 5 4,
Fig. 4A). For all cultured samples, an additional 2% of
the total GAG content measured in the GuCl extract
was detected in the GITC fraction and papain-digested
insoluble pellet.

DMMB analysis of calf and adult cartilage samples
yielded similar results to those obtained with hydrogel-
cultured chondrocytes, except that a slightly higher
portion of GAG, around 5% of the total GAG, was
detected in the GITC and final papain-digested, GITC-
insoluble pellet. A single GuCl extraction of adult ar-
ticular cartilage contained 90% of those GAG levels
detected in the combined levels in GuCl, GITC, and

presence of 363 mM guanidine hydrochloride and 0.2 mg/ml Hoechst
3258 DNA assay in increasing concentrations. (B) Freshly isolated
mM Tris/1 mM EDTA, pH 7.5. Varying amounts of cell extract were
tion equal to 363 mM. For DNA, y 5 1.20x 2 11.67, R 2 5 0.9992.
the
st 3
50
papain-digested insoluble pellet (Figs. 1E and 4A). Re-
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extraction of the primary GuCl-insoluble pellet in ei-
ther GuCl (Fig. 1E) or GITC (Fig. 4A) yielded at most
9% more GAG. In general, a single 30-min extraction in
GuCl was sufficient to solubilize ;90% of the total
GAG, provided the ratio of cartilage to sample extract
did not exceed 20 mg for 1 ml buffered 4 M GuCl. The
combined GAG content of guanidine-soluble and gua-
nidine-insoluble GAG gave similar values to those ob-
tained from papain-digested cartilage (Fig. 4A). These
results showed that soluble GAG levels could be deter-
mined from a single 4 M GuCl extract of hydrogel-
cultured chondrocytes or cartilage. Additionally, insol-
uble and most probably cross-linked GAG could be
determined from papain digests of guanidine-insoluble
pellets. The combination of these two results was
highly comparable to that obtained with papain-di-
gested samples (Fig. 4A).

Collagen Content Determined by Hydroxyproline
Assay of Guanidine-Insoluble Protein

A small amount of collagen was observed to become
solubilized by GuCl and GITC, as seen by the presence
of a ;120-kDa band in the total protein stain of gua-
nidine-extracted proteins (Fig. 1A, arrow). This band
was present in both hydrogel cultures and cartilage
samples and was recognized by a collagen-specific an-
tibody (17) in Western blot (data not shown). Contrary
to the solubilization pattern observed for vimentin and

FIG. 4. GAG and collagen content in cartilage and tissue-enginee
digest. (A) GAG content was determined by DMMB assay using the c
digest of whole samples. GAG detected in the GITC and guanidin
Collagen content was extrapolated from hydroxyproline content, h
guanidine-insoluble samples. Cultured hydrogel samples with no cel
assay.
link protein, the protein band identified as collagen
was continually extracted in three GuCl extraction
steps and yet further solubilized by reextraction with
GITC (Fig. 1A, data not shown). Mature, cross-linked
collagens present in the samples would be expected to
remain insoluble, even after extraction with gua-
nidium solutions. More mature cartilage would be ex-
pected to contain proportionally more cross-linked col-
lagen than a 3-week in vitro hydrogel culture. The final
GITC-insoluble pellet from each type of sample was
digested with papain and a portion submitted to the
hydroxyproline assay to determine the total amount of
insoluble collagen present in each sample. Prior to
digestion, the pellets were rinsed two to three times
with 75% ethanol to remove trace GITC, since as little
as 2 mM GITC present in the HPR assay was found to
completely suppress color formation (data not shown).
Matched hydrogel and cartilage samples were submit-
ted for straight papain digestion in parallel. The crys-
tallized papain enzyme employed would be predicted to
contain less than 0.1 mg hydroxyproline/mg protein,
according to Woessner (18). Results from the compari-
son of guanidine-insoluble collagen and total collagen
appear in Fig. 4B. Since collagen that is not covalently
cross-linked could become extracted in guanidine salt
solutions, this suggests that the collagen present in a
3-week culture is around 50% cross-linked. In calf and
adult cartilage, guanidine-insoluble collagen com-
prised around 80% of the collagen detected in papain

cartilage as determined from multivalent assay extracts or papain
bined result from all three multivalent extracts or using the papain
soluble fraction did not exceed 5% of the total GAG detected. (B)

roxyproline assay of papain-digested samples, or papain-digested,
ave no background in either the DMMB assay or the hydroxyproline
red
om

e-in
yd
digests of parallel samples (Fig. 4B). The reduced col-
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lagen yield in the guanidine-insoluble pellets relative
to the papain-digested samples could also be partly due
to guanidine solubilization of other collagen types
(types IX and XI), which also harbor hydroxyproline
residues. However, guanidine extracts of cartilage
were found to contain less than 10 mg collagen/mg
tissue mass, which does not account for the relatively
lower (140 mg/mg) amount of collagen detected in the
guanidine-insoluble fraction compared to that (170 mg/
mg) detected in a whole papain digest. Papain digests
of calf and adult bovine cartilage had a collagen con-
tent ranging from 120 to 170 mg collagen, respectively,
per milligram of sample wet mass, which compares
favorably with previously reported levels of collagen in
this tissue (17).

Direct RNase Protection Analysis of Guanidine
Extracts

It has been previously reported that RNA:RNA hy-
brids can form in the presence of 4 M GITC, enabling
the direct RNase protection analysis of crude GITC
extracts containing RNA (19). Adult cartilage was ex-
tracted with a lysis buffer from a commercial kit for
direct RNase protection (Ambion). Addition of 10 ml 4

FIG. 5. (A) RNAse protection analysis of cartilage. Lanes: bovine k
10 ml GuCl (3); cartilage in kit buffer with different probe combinatio
mRNA detected by RNAse protection assay. Bottom three panels rep
probes (1), tRNA (2, RNA panels only) or chitosan cultured with no c
(3, 4) or agarose (5, 6), calf cartilage (7, 8), or adult cartilage (9, 10)
M GuCl, but not 4 M GITC, to a 50-ml hybridization
reaction slightly diminished the final signal (Fig. 5A,
compare lanes 2 and 3). In general, the relative expres-
sion profiles of samples analyzed with 4 M GuCl and
GITC extracts added under the kit conditions yielded
results indistinguishable from those obtained using
the kit extraction buffer alone (Fig. 5B).

RNase protection analysis of guanidine-extracted
cartilage and hydrogel-cultured chondrocytes showed
much greater abundance of type II mRNA compared to
aggrecan mRNA in all samples tested (Fig. 5). Two
distinct antiaggrecan riboprobes, from different re-
gions of the published aggrecan cDNA sequence, gave
the same relative signal, which was on the same order
of magnitude as the GAPDH signal, however over 10-
fold less than the type II collagen signal (Fig. 5A).

Multivalent Analysis of Diverse Samples

Multivalent extraction and analysis were performed
in duplicate on four distinct types of sample, including
20-day cultures of chondrocytes in chitosan, or agarose,
as well as calf cartilage and adult articular cartilage.
Figure 5B shows cartilage-specific RNA and protein
expression, GAG, collagen, and DNA content compiled
in a single lane for each sample tested. Results from

ey (1) or adult cartilage in kit buffer (2); cartilage in kit buffer with
(4–7, marked below). (B) Multivalent analysis. Top panel represents
nt protein detected by Western blot analysis. Lanes: RNA antisense

s (2, protein panels only), chondrocytes cultured 20 days in chitosan
idn
ns
rese
this experiment showed similar type II collagen RNA
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expression levels in all samples, whereas aggrecan
RNA expression was slightly augmented in chitosan-
cultured chondrocytes in vitro (Fig. 5B). Proliferating
cell nuclear antigen (PCNA), a marker for cell prolif-
eration, was only detected in cultured chondrocytes
and calf cartilage (Fig. 5B).

DISCUSSION

The individual analytical techniques employed in
our procedure have been separately described in the
literature (5, 6, 16, 19). The innovation in the current
study has been to demonstrate that all of these tech-
niques, except SDS–PAGE analysis, can be executed
directly with extracts from three simple solubilization
steps, performed on a single milligram sample of tis-
sue. For SDS–PAGE, samples must first be precipi-
tated with ethanol to remove guanidium salts, to pre-
vent precipitation of SDS detergent in the sample
buffer.

The chaotropic agent GITC has been previously used
to simultaneously extract RNA, DNA, and protein from
single samples (8). GuCl (4 M) has been used to solu-
bilize cartilage matrix molecules (4). It was also feasi-
ble that a chaotropic agent such as guanidine hydro-
chloride could dissociate the positively charged
chitosan polymer from the negatively charged RNA,
DNA, and GAG that we wished to detect. Although a
single 4 M GITC extraction could solubilize all of the
test molecules, and some more efficiently than 4 M
GuCl, we chose to perform an initial extraction with 4
M GuCl for several reasons. First, we wanted to de-
velop a straightforward primary extract, which could
be directly submitted to the Hoescht DNA and DMMB
GAG assays, and GITC was found to interact colori-
metrically with the DMMB reagent in the GAG assay,
prohibiting the direct analysis of GITC extracts by
DMMB assay. Since reextraction of the initial GuCl-
insoluble fraction with 4 M GITC was observed to
solubilize several GuCl-insoluble proteins (see Fig.
1A), as well as a significant fraction of total cellular
RNA (Figs. 1A and 1D), an optimal extraction protocol
was obtained with an initial extraction in 4 M GuCl,
followed by reextraction of the GuCl-insoluble pellet in
4 M GITC and finally digestion of guanidine-insoluble
material with papain.

This study was in part motivated by the difficulties
encountered in analyzing DNA, RNA, and GAG con-
tent of chondrocytes cultured in chitosan hydrogels.
Chitosan harbors a net positive charge at pH 6.5 and
would therefore be predicted at this pH to form com-
plexes with negatively charged DNA, RNA, and GAG.
This notion was in part substantiated by the inability
to detect DNA or GAG in soluble colorimetric assays,
after papain digestion of chitosan-cultured cells at pH

6.5. Raising the pH to 7.5 permitted measurement of
DNA and full measurement of GAG levels. We also
observed that the chitosan polymer was much more
soluble in 4 M GITC than in 4 M GuCl, with several
negative consequences of GITC solubilization of chi-
tosan. RNA purified by acid–GITC extraction (8) from
cells cultured in chitosan could not be analyzed by
Northern blot, as the RNA remained bound to the
chitosan and failed to enter the agarose gel. GITC-
solubilized chitosan also created an unpredictable
background due to light scattering in the Hoechst flu-
orescent DNA assay (unpublished observations). We
observed that EDTA present in the Hoechst assay
caused precipitation of soluble chitosan, causing an
aberrant fluorescent signal. As removal of EDTA from
the Hoechst assay did not appear to affect fluorescence
intensity for either the standard curve or the GuCl
extracts tested, we omitted EDTA from the Hoechst
test buffer for most of our assays.

The ability to measure DNA content of cartilage and
repair cartilage is important, as many results are cor-
rected for cell density, although tissue mass, for a
hypocellular tissue such as cartilage, has also been
widely accepted. DNA content is taken to be a direct
reflection of cell number in both cultured cells and
tissues, provided the DNA extraction is sufficiently
complete and the DNA does not become appreciably
degraded. We have analyzed the DNA content of car-
tilage and tissue-engineered cartilage using a previ-
ously published fluorescence assay (6). In performing
this assay, we found that papain itself could directly
suppress the fluorescence of DNA, at concentrations
above 5 mg/ml in the test sample. In addition, storing
papain digests at 280°C caused a large amount of
precipitation upon thawing and loss of up to 50% of the
original DNA fluorescence. The fluorescent signal was
found to be unstable for papain digests of hydrogel
cultures after the first 5 min of mixing Hoechst dye
with the sample. These factors were taken into account
when quantifying the DNA present in our papain-di-
gested samples.

It was previously shown that cells lysed in acid–
GITC solution could be quantified using the Hoechst
assay (13). We were able to confirm these results with
GITC-extracted cartilage (data not shown) and here
extend them to GuCl-extracted tissues. In using GuCl
extracts of cartilage or cells to quantitate DNA, several
observations were yielded from our close analysis of
the effect of freezing and homogenization method on
DNA yield. If fresh cultured cells were lysed in 4 M
GuCl, up to 50% of the DNA failed to become solubi-
lized, when comparing the DNA yield with that ob-
tained using papain-digested cells or frozen lysed cells.
Freezing the cells prior to extraction in 4 M GuCl
resulted in full DNA recovery (data not shown). Fluo-
rescence microscopy of Hoechst-stained cell extracts

revealed that GuCl extraction of fresh cells resulted in
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enlarged nuclei to which the DNA was still attached,
while extraction of frozen cells disrupted the nuclei and
effectively dispersed the DNA (data not shown). There-
fore, the freezing step prior to pulverization is viewed
as essential for maximum DNA yield. To observe the
liberation of cells from pulverized cartilage, GuCl ex-
tracts of pulverized cartilage were Hoechst stained and
observed microscopically. It was seen that even the
most vigorous pulverization yielded 100-mm cartilage
fragments in which an appreciable number of nuclei
were trapped. The DNA yield was not significantly
increased by further homogenization of pulverized tis-
sue in GuCl, with a Potter–Elvehjem dounce homoge-
nizer. The DNA from trapped cells was found to be
largely liberated by the papain digestion of the guani-
dine-insoluble pellet. Thus, the DNA yield from the
final papain digest, combined with the GuCl-extracted
DNA, yielded over 90% of the total DNA content in
cartilage or hydrogel-cultured chondrocytes. In sum-
mary, DNA content can be accurately quantified with a
single 4 M GuCl extract from frozen cells or tissue
without a dense extracellular matrix. The DNA content
of tissues with dense extracellular matrix such as car-
tilage must be determined from the initial GuCl ex-
tract and papain digest of insoluble material.

A 10 to 25% lower apparent yield of DNA (Fig. 3),
GAG, and collagen (Fig. 4) was observed for the mul-
tivalent-treated samples compared to those samples
directly submitted to papain digestion. It is possible
that some sample loss could irrevocably occur in the
transfer of pulverized fragments to the Eppendorf
tube. However, when care is taken in transferring the
pulverized samples, we have found negligible amounts
of DNA and GAG in a secondary GuCl wash of the
pulverizer chamber. Hollander et al. (17) found that
less than 1% of total type II collagen was solubilized by
passive extraction of human cartilage in 4 M GuCl,
which appears to be at odds with our observed 20% loss
in collagen yield following guanidine extraction of
adult and calf cartilage. Our sample pulverization step,
however, could fragment and solubilize additional type
II collagen. In addition, the hydroxyproline assay may
detect other hydroxyproline-containing proteins ex-
tracted by guanidine. Whatever the origin of this dis-
crepancy, it could be noted that for larger, homogenous
samples, the DNA, GAG, and collagen content may be
more accurately determined from a portion directly
submitted to the papain digest. This being said, all of
the observed levels for DNA, GAG, and collagen from
the multivalent-extracted samples fall within a physi-
ological acceptable range for cartilage tissue. When
sample size is limited, and multiple parameters are
elected to be tested, the multivalent extracts will be
able to quantify everything and, at worst, underesti-
mate the total GAG and collagen content per sample

mass.
In conclusion, previous methods to extract and ana-
lyze RNA, DNA, protein, collagen, and GAG have been
adapted and applied to cartilage and tissue-engineered
cartilage. We have described a simple, three-step ex-
traction protocol that provides extracts that can be
directly submitted to analysis of all of these five pa-
rameters. If a 20-mg biopsy of cartilage repair tissue is
available for analysis, one-half can be dissected for
histological analysis and the other 10 mg submitted to
this multivalent assay, in order to fully complement
the histological data with a biochemical profile of the
repair tissue.
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