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a b s t r a c t 

Tissue engineering and regenerative medicine are two therapeutic strategies to treat, and to potentially 

cure, diseases affecting cartilaginous tissues, such as osteoarthritis and cartilage defects. Insights into the 

processes occurring during regeneration are essential to steer and inform development of the envisaged 

regenerative strategy, however tools are needed for longitudinal and quantitative monitoring of cartilage 

matrix components. In this study, we introduce a contrast-enhanced computed tomography (CECT)-based 

method using a cationic iodinated contrast agent (CA4+) for longitudinal quantification of glycosamino- 

glycans (GAG) in cartilage-engineered constructs. CA4+ concentration and scanning protocols were first 

optimized to ensure no cytotoxicity and a facile procedure with minimal radiation dose. Chondrocyte and 

mesenchymal stem cell pellets, containing different GAG content were generated and exposed to CA4+. 

The CA4+ content in the pellets, as determined by micro computed tomography, was plotted against GAG 

content, as measured by 1,9-dimethylmethylene blue analysis, and showed a high linear correlation. The 

established equation was used for longitudinal measurements of GAG content over 28 days of pellet cul- 

ture. Importantly, this method did not adversely affect cell viability or chondrogenesis. Additionally, the 

CA4+ distribution accurately matched safranin-O staining on histological sections. Hence, we show proof- 

of-concept for the application of CECT, utilizing a positively charged contrast agent, for longitudinal and 

quantitative imaging of GAG distribution in cartilage tissue-engineered constructs. 

Statement of Significance: Tissue engineering and regenerative medicine are promising therapeutic strate- 

gies for different joint pathologies such as cartilage defects or osteoarthritis. Currently, in vitro assess- 

ment on the quality and composition of the engineered cartilage mainly relies on destructive methods. 

Therefore, there is a need for the development of techniques that allow for longitudinal and quantita- 

tive imaging and monitoring of cartilage-engineered constructs. This work harnesses the electrostatic in- 

teractions between the negatively-charged glycosaminoglycans (GAGs) and a positively-charged contrast 

agent for longitudinal and non-destructive quantification of GAGs, providing valuable insight on GAG de- 

velopment and distribution in cartilage engineered constructs. Such technique can advance the devel- 

opment of regenerative strategies, not only by allowing continuous monitoring but also by serving as a 

pre-implantation screening tool. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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S  
. Introduction 

Joint disorders are a major cause of morbidity and disability

orldwide, and represent both significant healthcare and socio-

conomical burdens [1] . Osteoarthritis (OA) and joint trauma,

hich adversely affect articular cartilage, ultimately lead to its

egradation over time [2,3] . The extracellular matrix (ECM) of

artilage is mainly composed of proteoglycans, collagen II, and

ater [2] . The pathogenesis of degeneration is still poorly un-

erstood, however degradation is accompanied by breakdown of

roteoglycans, which inherently induces a reduction in the me-

hanical properties and poorer functional performance of the tis-

ue [2] . Currently, disease modifying therapies remain unavailable

or OA and treatments are limited to pain relief and palliative

are at early stages, and joint prosthesis at the end-stage [2,4] .

ence, there is a need for new treatment modalities that promote

issue repair and regeneration. In this context, tissue engineer-

ng and regenerative medicine are of interest as therapeutic ap-

roaches [4,5] , which employ the use of cells, biomaterial scaffolds,

nd/or stimulatory factors to ultimately produce cartilaginous-like

issue [5] . Currently, most of the available techniques to assess

he effects of these factors on matrix production and tissue qual-

ty are destructive. Usually, engineered-tissues are harvested at

id or endpoints and subjected to biochemical assays such as

he 1,9-dimethylmethylene blue (DMMB) and hydroxyproline as-

ays for quantification of total glycosaminoglycans (GAGs) and col-

agen content, respectively [6,7] . In addition, constructs can be pro-

essed for histology and immunohistochemistry (IHC), which only

rovide a two-dimensional and qualitative assessment of matrix

omponents and tissue quality [8,9] . However, the detailed un-

erstanding of the regeneration process over time is crucial for

chieving full regenerative potency in vitro and in vivo . Therefore,

t is of significant importance to develop non-invasive and non-

estructive imaging techniques for real-time, three-dimensional

3D), and quantitative monitoring of cartilage tissue-engineered

onstructs. Such techniques will enable monitoring of in vitro re-

eneration over time, evaluation of ECM components, optimization

f chondrogenic activity, and, ultimately, screening to identify the

est performing tissue constructs before implantation. 

Effort s are ongoing to develop such tools and techniques. For

xample, ultrasound was used as a standalone procedure or in

ombination with fluorescence techniques to assess both ma-

rix composition and mechanical properties in cartilage tissue-

ngineered constructs [10–14] . More recently, a set of reporter

enes was described for transfection of MSCs as a monitoring tool

or real-time characterization of the chondrogenic differentiation

rocess [15] . Also dielectric impedance spectroscopy was proposed

s a label-free and non-destructive method to evaluate cellular vi-

bility and survival during and after biofabrication processes [16] .

espite these recent advances, most of the described techniques

re qualitative, do not quantify ECM components, or lack the reso-

ution to assess the 3D distribution of the matrix components. 

Contrast-enhanced computed tomographic (CECT) imaging is a

apid and readily available imaging modality used to study many

ifferent tissues [17] , namely tissues with low X-ray attenuation

o include articular cartilage [18–22] , meniscus [23–25] , interver-

ebral disc [26–28] , and xiphoid cartilage [29] . Due to the com-

ositional differences among these tissues, contrast agent diffu-

ion and flux will vary [20,24] . While GAGs are mainly respon-

ible for electrostatic interactions, collagen fibers will drive steric

indrance [24] . CECT provides unique high-resolution 3D informa-

ion and quantification on composition and distribution of cru-

ial constituents within articular cartilage. Charge-driven transport

f negatively or positively charged iodinated contrast agents ( i.e. ,

oxaglate and CA4+, respectively) provides more efficient imaging
f GAGs with greater sensitivity [30–33] . Due to the anionic fixed

harge of cartilage ECM, anionic contrast agents inversely correlate

ith GAG content, while positively-charged contrast agents display

 positive correlation with GAG content with considerably higher

ensitivity [18,20,28,30,34–38] . Hence, we hypothesize that CA4+-

ased CECT will allow for longitudinal imaging and GAG quantifi-

ation in cartilage tissue-engineered constructs. In this work, we

ropose a CECT-based approach as a high-resolution 3D “histology”

echnique for real-time spatiotemporal quantification of total GAG

ontent in tissue-engineered constructs, which potentially replaces

he currently available destructive assays. 

. Materials and methods 

.1. Cell isolation and culture 

Human articular chondrocytes (ACs) were isolated from articu-

ar cartilage from patients with OA undergoing total knee arthro-

lasty. The anonymous use of redundant tissue for research pur-

oses is part of the standard treatment agreement with patients in

he University Medical Center Utrecht and was carried out under

rotocol n ° 15–092 of the UMCU’s Review Board of the BioBank.

hondrocytes were isolated by mincing and subsequently digest-

ng the cartilage overnight at 37 °C in Dulbecco’s Modified Ea-

le’s Medium Glutamax (31966, DMEM, Gibco) supplemented with

.15% (w/v) type II collagenase (CLS-2, Worthington Biochemical

orporation), 10% (v/v) Fetal Bovine Serum (FBS, S14068S1810,

iowest), and 100 U/mL penicillin and 100 mg/ml streptomycin

15140122, Gibco). 

Undigested debris was removed using a 70 μm cell strainer

ollowed by a PBS wash. Subsequently, cells were plated and

rown in a humidified incubator at 37 °C and 5% CO 2 with ex-

ansion medium consisting of DMEM supplemented with 10% FBS,

.2 mM ascorbic-2-phosphate (ASAP, A8960, Sigma-Aldrich), 100

/mL penicillin, 100 mg/ml streptomycin and 10 ng/mL basic fi-

roblast growth factor (bFGF, 233-FB; R&D Systems). Medium was

enewed every 3 days. Cells were expanded until passage one,

rozen, stored, and subsequently thawed and used for experiments

t passage 2. 

Human mesenchymal stem cells (MSCs) were isolated from the

one marrow aspirate of a 20-year old female patient. The as-

irate was taken after informed consent, according to a protocol

pproved by the local Medical Ethics Committee (TCBio-08-001-K

niversity Medical Centre Utrecht, The Netherlands). The mononu-

lear fraction was separated using Ficoll-paque (GE17-5446, Sigma-

ldrich) and selected based on their plastic adherence. MSCs were

ultured in a humidified incubator at 37 °C and 5% CO 2 with MSC

xpansion medium consisting of α-MEM (22561, Gibco) supple-

ented with 10% FBS, 0.2 mM ASAP, 100 U/mL penicillin with

00 mg/mL streptomycin and 1 ng/ml bFGF. The medium was re-

reshed three times per week and MSCs were passaged at subcon-

uency. Subsequently, MSC multilineage potential was confirmed

s previously described [39] . MSCs were used for experiments at

assage 4. 

For the experiments, ACs and MSCs were pelleted by centrifu-

ation at 300 g for 6 min at a density of 2 × 10 5 and 2.5 × 10 5 

ells per pellet, respectively. Subsequently, AC pellets were cultured

n high glucose DMEM medium containing 100 U/mL penicillin

nd 100 mg/mL streptomycin, 0.2 mM ASAP, 1 × insulin-transferrin-

elenium-ethanolamine (ITS-X, 5150 0 056, Gibco), and 50 μg/mL L-

roline (P0380, Sigma-Aldrich) in a humidified incubator at 37 °C
nd 5% CO 2 . MSCs were cultured in chondrogenic differentiation

edium, consisting of high glucose DMEM supplemented with

% ITS premix (354352, Corning), 10 -7 M dexamethasone (D8893,

igma), 100 U/mL penicillin and 100 mg/mL streptomycin, and
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0.2 mM ASAP. Pellets of ACs and MSCs were cultured for 14, 21

and 28 days in the presence or absence of 10 ng/ml of transforming

growth factor beta 1 (TGF- β1, 240-B, R&D Systems). 

2.2. Cytotoxicity 

The contrast agent CA4+ (MW = 1354 g/mol, q = +4) was synthe-

sized and provided by the lab of Mark W. Grinstaff [30] . Cytotoxic-

ity of CA4+ was examined by measuring the activity of lactate de-

hydrogenase (LDH) and assessing metabolic activity of the cells by

the Alamar Blue assay. At day 0, 12,0 0 0 primary human OA chon-

drocytes were plated in ultra-low attachment 96-well plates and

incubated for 24 h in DMEM medium containing 100 U/mL peni-

cillin and 100 mg/mL streptomycin, 0.2 mM ASAP, 1x ITS-X, and

50 μg/mL L-proline. Subsequently, CA4+ was added to the cells at

different concentrations of 2, 4, 8, 16 and 20 and 30 mg iodine per

ml (mgI/ml) followed by 3 or 24 h incubation. Cells non-exposed

to CA4+ were used as negative control. Upon incubation, condi-

tioned medium was collected and analysed for LDH activity using

the Cytotoxicity Detection KitPLUS (4744926001, Roche) following

the manufacturer’s instructions. Cytotoxicity was expressed as a

percentage of the (maximum) toxicity in cells treated with 0.15%

Triton X-100, according to the manufacturer’s instructions. 

The medium was then changed to culture medium containing

10% (v/v) Alamar Blue and incubated overnight. Fluorescence of the

medium (ex = 544 nm, em = 620 nm) was measured in a microplate

reader (Fluoroskan Ascent, ThermoFisher Scientific). The metabolic

activity was expressed as a percentage of the viability of untreated

cells. Experiments were repeated for three different donors. CA4+

was shown not to interfere with Alamar Blue measurements ( Fig.

S1 ). 

2.3. CA4+ incubation and μCT scanning 

Pellets were incubated in a solution containing 4 mgI/ml CA4+

in culture medium for 3 h. After incubation, the medium was re-

moved from the culture tube and μCT was performed at voxel size

of 20 μm 

3 in four different protocols, namely I) 90 kV tube volt-

age with i) 3 min and ii) 26 s scan time, and II) 70 kV tube voltage

with i) 3 min and ii) 26 s scan time, all under 200 μA tube cur-

rent. The mentioned tube voltages were chosen to achieve a higher

signal-to-noise ratio, and hence better resolution and sensitivity.

The samples were scanned in 15 ml falcon tubes and, before imag-

ing, medium was removed, however complete removal of the CA4+

solution was not observed. Scanning was performed using a micro-

computed tomography scanner (μCT, Quantum FX, Perkin Elmer,

USA). 3D reconstruction was carried out automatically after com-

pletion of each scan using the scanner’s software (Quantum FX μCT

software, Perkin Elmer, USA). A phantom series of CA4+ at increas-

ing concentrations (0, 2.5, 5, 10, 20 and 40 mgI/ml) was used to

normalize the grey values measured within the pellets, and hence

convert them to CA4+ concentrations. To this end, three regions

of interest were taken for each pellet and average pixel value was

converted to average CA4+ concentration, based on the phantom

series. CA4+ content was calculated by multiplying average CA4+

concentration in the pellets by pellet volume (Eq. (1) ) obtained

by global segmentation upon applying a noise removal filter using

Fiji (software version 1.50, National Institutes of Health, Bethesda,

USA) and BoneJ plugin [40,41] . 

CA 4 

+ cont ent = CA 4 

+ conc entr ation × Pell et volu me (1)

After scanning, 300 μl of plain medium was added to the pellets

overnight to promote washing out of the CA4+, thus preventing in-

terference with DMMB. Upon washing, pellets were digested with

papain and GAGs were measured using DMMB. DMMB was addi-

tionally performed on the washing media. Total GAGs were then
lotted against CA4+ content. Experiment was performed in trip-

icate and samples were pooled for linear regression analysis. The

quation obtained from the CA4+/GAG linear regression was used

o obtain predicted GAG content values in subsequent experiments.

or validation of the established equation, a different set of pel-

ets was scanned upon culturing. After scanning, pellets were di-

ested in papain followed by DMMB assay. The measured GAG val-

es were plotted against predicted values obtained using the es-

ablished equation. 

X-ray doses of each scanning protocol were measured using

aySafe Solo (Ray Safe, Sweden) dosimeter. 

.4. Dynamic and longitudinal assessment of GAG content and 

istribution 

Human ACs were pelleted and cultured as described in Section

.3 . Pellets were cultured for a total of 31 days. Culture medium

as collected and replaced twice a week. CA4+ incubation and

CT scanning were performed at days 14, 21 and 28. A day be-

ore scanning, medium was replaced by medium containing 10%

v/v) Alamar Blue followed by overnight incubation. The day af-

er, metabolic activity was evaluated by measuring fluorescence in

he medium as mentioned in Section 2.2 . The pellets were then

ncubated with 300 μl of 4 mgI/ml CA4+ for 3 h and subsequently

canned at 70 kV tube voltage for 26 s. After scanning, pellets were

ashed twice in 600 μl of plain medium for 1 and 3 h, respec-

ively. The washing was performed to ensure faster and more ef-

cient removal of CA4+ to decrease the probability of cytotoxic ef-

ects and interference with subsequent μCT scans. Metabolic activ-

ty was again measured post-scanning. DMMB was performed in

he collected medium every 3 or 4 days to quantify GAG release.

t the end of the 32-day culture period, pellets were digested and

rocessed for GAG and DNA analysis by DMMB and PicoGreen, re-

pectively. Non-treated (no scan and no CA4+) pellets as well as

ellets exposed to scanning or CA4+ incubation alone were taken

s controls to evaluate their individual effects on metabolic activ-

ty. A longitudinal scheme of the experiment is depicted in Fig. 4 a.

.5. Comparison between histology and μCT imaging 

Human ACs and MSCs were pelleted and cultured for 14 days

s described above in the absence or presence of TGF- β . Addi-

ionally, as a more relevant tissue culture model, MSCs were cul-

ured in collagen type I hydrogels. To fabricate the hydrogels, 1 ∗10 6 

SCs (cell density of 20 ∗ 10 6 cells/ml) were mixed with 50 μl of

 4 mg/ml collagen type I solution (Corning, 354249), which was

llowed to gel for one hour at 37 °C, 5% CO 2 . Upon gelation, hy-

rogels were cultured in chondrogenic medium in the presence of

0 ng/ml TGF- β for 28 days. 

At the endpoint, the constructs were incubated with 4 mgI/ml

A4+ for 3 h. After incubation, the medium was removed and pel-

ets were embedded in TissueTek (4593, Sakura) and snap frozen in

ryomolds (10 mm × 10 mm × 5 mm) using liquid nitrogen. The slab

hape of the mold guaranteed that the constructs were scanned

nd sectioned in the same orientation and direction. Constructs

ere frozen in pairs to facilitate adjustments regarding the orien-

ation after sectioning (by using one pellet as reference for relative

osition) as depicted in Fig. S2 . μCT was performed at voxel size of

0 μm 

3 at a 70 kV tube voltage for both 26 s and 3 min under 200

A tube current. During scanning samples were kept frozen using

ry ice. 

After scanning, pellets were sectioned using a cryotome. Four

ections of 10 μm were collected every 100 μm. Sectioning was per-

ormed according to the coordinates of the μCT slices. 

Safranin-O/Fast-Green staining was performed to stain GAGs in

he pellet sections with Mayer’s hematoxylin counterstaining of
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Fig. 1. Effect of CA4+ on the viability of human chondrocytes. Metabolic activity and LDH activity measured after 3 (a and c) and 24 (b and d) hours incubation with CA4+ 

concentrations of 2, 4, 8, 16, 20 and 30 mgI/mL. Cells without CA4+ were used as controls. A solution of 0.15% Triton-X was used as positive control for complete cell 

lysis. Data are represented as mean ± standard deviation (SD). Experiment was performed in three biological replicates ( n = 3). ∗ represents statistically significant differences 

compared to non-treated cells (0 mgI/ml CA4+). ( ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001). 
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uclei. The sections were imaged with a light microscope (BX51,

lympus, The Netherlands). Images were acquired with a 1.25x

agnification. Histological images were first aligned and then

ompared to their corresponding slices in the μCT stacks using Fiji.

.6. Statistical analysis 

All data were analysed using IBM® SPSS® Statistics version 21.

ytotoxicity on monolayer was analysed by univariate analysis of

ariance using a randomized block design. A post-hoc test with

onferroni correction was applied for multiple comparisons be-

ween treatments ( p value < 0.05). 

Linear regression analysis was applied to evaluate whether the

A4+ content correlated with GAG content. The coefficient of de-

ermination ( R 2 ) was used to assess the correlations. Significance

evel was set at p value < 0.05. The intra-class correlation coeffi-

ient (ICC) was used to calculate measurement reliability for the

AG prediction model. A two-way mixed-effect model based on

ean-rating (k = 2) and absolute agreement was used, as previ-

usly described [42] . ICC estimate and the 95% confidence intervals

CI) were reported. 

Data on longitudinal measurements of metabolic activity and

AG release were analysed using a linear mixed model, fol-

owed by pairwise comparison with Bonferroni adjustment ( p

alue < 0.05). Model selection was based on the lowest Akaike In-

ormation Criterion. Donor served as random effect factor and con-

ition, days and their interaction served as fixed effect factors. Re-
ression coefficients were estimated by the maximum likelihood

ethod. 

Accuracy of the established equation was evaluated by Pear-

on’s correlation. Additionally, relative error was calculated for

ach measurement, according to the following formula (Eq. (2) ): 

elative error = 

| Pred icted value − Real value | 
Real value 

× 100 (2) 

Differences in total GAG content and GAG/DNA ratio between

he treatment conditions were determined by univariate analysis

f variance using a randomized block design. The data were first

ogarithmically transformed so the assumptions of normality of

esiduals and homogeneity of variances were met. A post-hoc test

ith Bonferroni correction was applied for multiple comparisons

 p value < 0.05), 

. Results 

.1. Cytotoxicity 

To determine the boundary concentration of CA4+ in terms of

ytotoxicity, ACs were incubated with increasing concentrations of

A4+ (2–30 mgI/mL) for 3 and 24 h. 

With concentrations up to 30 mgI/mL and 3 h incubation, no

ytotoxic effects were detected at metabolic activity and LDH ac-

ivity levels, yet an increased metabolic activity was observed for

oncentrations up to 8 mgI/ml ( Fig. 1 a and 1c). However, longer

ncubation times (24 h) led to a decrease in metabolic activity at
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Fig. 2. Correlation between CA4+ and total GAG contents upon 3 h incubation. CA4+ 

and GAG contents of pellets were determined by μCT and DMMB, respectively. CA4+ 

content values were plotted against total GAG content for each scanning protocol 

and data was fitted by linear regression. Colored lines represent linear regression 

for each scanning protocol. Data presented here were pooled from three indepen- 

dent experiments. 

Table 1 

Linear regression of CA4+ concentration with total GAG content. 

Scanning Protocol (X-ray dose, mGy) Equation R 2 p value 

70 kV 26 s (29.50 mGy) GAGs = 

CA 4 + +1 . 67 
1 . 01 

(3) 0.88 < 0.0001 

70 kV 3 min (184.90 mGy) GAGs = 

CA 4 + +1 . 70 
1 . 05 

(4) 0.88 < 0.0001 

90 kV 26 s (47.65 mGy) GAGs = 

CA 4 + +1 . 42 
1 . 05 

(5) 0.87 < 0.0001 

90 kV 3 min (431.50 mGy) GAGs = 

CA 4 + +1 . 54 
1 . 02 

(6) 0.87 < 0.0001 
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concentrations above 8 mgI/mL ( Fig. 1 b). Furthermore, LDH activ-

ity increased above a CA4+ concentration of 20 mgI/mL ( Fig. 1 d). 

3.2. Correlation between CA4+ and GAG contents 

AC pellets cultured in presence or absence of 10 ng/mL TGF- β
for 14, 21 and 28 days were used to evaluate the relationship be-

tween CA4+ and GAG content. The CA4+ content within the pellets

linearly related with the total GAG content as measured by DMMB

( Fig. 2 ). Linear regression analysis showed R 2 values above 0.87

and p values < 0.0 0 01 for all the scanning protocols ( Table 1 ). The

scanning protocol with a tube voltage of 70 kV and a scanning time
Fig. 3. Validation of the prediction model. Pellets were scanned using 70 kV tube voltage

determined GAG values were plotted against predicted values using Eq. (3) from Table 

values ( y = x ). b) Relative error calculated based on real GAG content. 
f 26 s was as effective as the other protocols, and was shown to

ield a lower X-ray dose ( Table 1 ). 

Additionally, pellet volume increased with GAG content ( Fig.

3 ). Importantly, CA4+ incubation yielded a maximum concentra-

ion of 15 mgI/mL CA4+ within the pellets ( Fig. S4 ), which was

hown to be cytocompatible. In subsequent experiments, 4 mgI/mL

A4+ concentration and a scanning protocol of 70 kV 26 s were

sed, the latter to minimize radiation dose. 

To validate the accuracy of the model, a different set of pellets

as scanned after 3 h of incubation with 4 mgI/mL CA4+ and sub-

equently washed, digested and analyzed with DMMB. Predicted

AG content was calculated using Eq. (3) from Table 1 , and plot-

ed against real GAG content as measured by DMMB ( Fig. 3 a). A

ignificant correlation was observed (Pearson r = 0.92, p = 0.0 0 01),

nd the mean relative error was shown to be 22% ( Fig. 3 b). The

elative error became negative with higher GAG contents, indicat-

ng an underestimation for these samples. The ICC value for inter-

easurement reliability was 0.884, indicating a good agreement

etween the two predicted and measured GAGs. 

.3. Longitudinal monitoring of chondrogenic pellets 

To evaluate whether this method could be used for real-time

nd longitudinal measurements of GAG production, pellets were

ultured for 31 days, and scanned at 14, 21 and 28 days. 

The metabolic activity of the pellets was shown to be unaf-

ected by both the μCT scanning and the CA4+ incubation, when

ompared to control pellets ( Fig. 4 b). A statistically significant

igher metabolic activity is observed between the pellets exposed

nly to the scanning procedure and the remaining conditions at

ays 21, 28 and 29 ( p < 0.05). 

GAG release into the media was shown to be unaffected by

A4+ incubation plus scanning when compared to control pel-

ets, further suggesting the protocol does not affect GAG produc-

ion ( Fig. 4 c). A significantly higher GAG release was observed for

ellets only exposed to scanning in comparison with the remain-

ng conditions from day 17 onwards. Despite these effects dur-

ng culture, at the end of the culture period, neither GAG nor

AG/DNA levels were significantly different across the different

onditions ( Fig. 4 d and 4e). Similarly, DNA levels were also not af-

ected by CA4+ and/or scanning ( Fig. S5 ). The washing protocol was

hown to be effective for CA4+ removal, with most of the contrast

gent being washed out of the pellets after 3 h, and with X-ray
 and 26 sec acquisition time upon 3 h incubation with 4 mgI/mL CA4+. a) DMMB- 

1 . Dashed line represents theoretical complete match between predicted and real 
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Fig. 4. CECT-based longitudinal determination of total GAG content in chondrogenic pellets. a) Schematic representation of longitudinal monitoring of chondrogenic pellets. b) 

Metabolic activity of chondrogenic pellets measured before and after μCT scanning and CA4+ incubation. Data are represented as percentage of metabolic activity of control 

pellets ( n = 3). c) GAG release. Data are represented as fold-change compared to the untreated control pellets at the same time point ( n = 3). Arrows represent timing of 

CA4+ incubation and/or scanning. ∗ represents statistically significant differences between the “Scan” and “Scan + CA4+” pellets. # represents statistically significant difference 

between the “Scan” and “CA4+” pellets. ° represents statistically significant difference between the “Scan” and “Control” groups. ( ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001). d) 

Total GAG content measured by DMMB after a 30-day culture period. e) GAG/DNA content measured after a 30-day culture period. Data are presented by mean ± SD. Note 

that colour legends differ between figures b, c and d, e, f and g. f) CA4+ content within pellets determined using tube voltage of 70 kV and acquisition time of 26 s. g) 

Predicted total GAG content calculated based on Eq. (3) , describing the CA4+ vs. GAG correlation determined using tube voltage 70 kV and 26 s acquisition time. ∗ represents 

statistically significant differences between days 14 or 21 and day 28. ( ∗p < 0.05 and ∗∗∗p < 0.001). 
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Fig. 5. Comparison between CA4+ and GAG distributions. Pellets were scanned at 70 kV for i) 26 s and ii) 3 min upon 3 h incubation with 4 mgI/mL CA4+. Scale bar: 200 μm. 
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absorption values returning to baseline after an overnight washing

step ( Fig. S6 ). 

Finally, the X-ray absorption values were converted into CA4+

content ( Fig. 4 f) by multiplying the CA4+ concentration by the

pellet volume. Subsequently, CA4+ content was used to predict to-

tal GAG content ( Fig. 4 g) using the previously established equation

(Eq. (3) ): 

GAGs = 

CA 4 

+ + 1 . 67 

1 . 01 

(3)

As shown in Fig. 4 f and 4g, there was a trend for increasing

CA4+ content throughout the culture period, reflecting an increase

in GAG content. 
r  
.4. CA4+ spatial distribution vs. safranin-O histology 

As seen in Fig. 5 , CA4+ distribution via CECT matched with

AG distribution as determined by safranin-O staining. While

hondrocyte pellets showed a more homogeneous GAG distribu-

ion, MSCs yielded pellets with more heterogenous GAG distribu-

ion. On the other hand, chondrocytes and MSCs that were not

hondrogenically differentiated showed a very low CA4+ signal

hat matched the absence of safranin-O staining. The distribution

f CA4+ matched safranin-O histology independently of scanning

ime, yet with a lower signal to noise ratio for the protocol us-

ng 26 s acquisition time ( Fig. 5 ). Furthermore, CECT allowed for 3D

econstruction of the construct, providing information on 3D GAG
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Fig. 6. 3D reconstruction of CA4+ and GAG distribution in a collagen gel containing MSCs. Gels were scanned at 70 kV for i) 26 s and ii) 3 min upon 3 h incubation with 4 

mgI/mL CA4+. Slice number indicates the distance from the upper part of the construct. Blue line (top row) identifies the slice corresponding to the CECT and safranin-O 

images. Scale bar: 500 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3  
distribution and construct volume. Also, tests on collagen hydro-

gels containing chondrogenically differentiated MSCs showed that

CA4+ distribution matched the safranin-O staining pattern ( Fig. 6 ,

Supplementary Movie 1 ). 

Supplemen

4. Discussion 

Musculoskeletal diseases such as OA or cartilage injuries are

in need of new therapies, and tissue engineering and regenera-

tive medicine strategies hold significant promise [5] . However, for

these strategies to rapidly progress to the clinic, additional quanti-

tative techniques and tools are needed for the 3D and longitudinal

monitoring of in vitro regeneration [33,8,43] . To this end, we show

proof-of-concept for the applicability of a CECT-based method, by

demonstrating a correlation between CA4+ concentration and to-

tal GAG content, and its subsequent use to predict total GAG con-

tent at different timepoints. As mentioned previously, it is cru-

cial for such method to be non-destructive and compatible with

cell culture. Hence, we firstly looked at the effect of CA4+ expo-

sure on cell viability. Concentrations above 8 mgI/mL and an ex-

posure of 24 h led to significant negative effects on cell viability,

which was likely caused by the cationic nature of the CA4+. In

fact, cationic molecules and particles are known to promote cel-

lular toxicity through interaction with and disruption of the cellu-

lar membrane [44] . Shortening the incubation time and lowering

the concentration of CA4+ decreased the risk of over-exposure and

hence reduced cytotoxicity. While in vitro toxicity of CA4+ has not

been reported, previous studies on cartilage explants used incu-

bation periods of up to 24 h and CA4+ concentrations of 12 and

27 mgI/mL [35,36,38] . In two studies on mouse cartilage (100 μm

thickness), a period of 40 min was used to ensure sufficient diffu-

sion of CA4+ at a bath concentration of 12 mgI/ml [37,45] . Sim-

ilar results were found for rabbit articular cartilage (40 0–50 0 μm)

where a period of 40 min was sufficient for CA4+ to reach a plateau

concentration within the cartilage [46] . For the pellet constructs in

this study, an incubation time of 3 h with CA4+ at 4 mgI/mL was

selected. While it is true that diffusion will still occur after 3 h, a

strong and linear correlation was observed between CA4+ and to-

tal GAG content with this incubation time. Additionally, bearing in

mind that CA4+ was shown to be cytotoxic after 3 h incubation, we

believe longer incubation times could lead to matrix degradation,

hence compromising the CA4+/GAG relationship. 

For subsequent experiments, the scanning protocol with a tube

voltage of 70 kV and 26 s, plus a CA4+ concentration of 4 mgI/mL

and 3 h incubation were chosen. Validation of the technique with

the previously described parameters and a different set of sam-
 Movie 1. 

les corroborated its suitability for the determination of total GAG

ontent based on a CA4+ concentration of 4 mgI/mL and 3 h in-

ubation. The ICC between predicted and measured GAG content

as shown to be 0.884, indicating a good agreement and reliabil-

ty between measurements [42] . However, the proposed technique

s not free of error as we observed an average error for predicted

AG content of 22%. Likely, part of the error arises from discrepan-

ies associated with pellet volume measurements using μCT data

ith suboptimal spatial resolution. Hence, enhanced spatial res-

lution may improve pellet segmentation, which can help min-

mizing volume measurement error. Additionally, the differences

n total GAG content distribution observed between the regression

odel and its validation can partially explain the obtained error.

owever, the increasing values of CA4+ content with developing

hondrogenic pellets corroborates the robustness of the technique

o predict GAG content longitudinally. For future studies, a higher

umber of constructs containing a wider range of GAG content

hould be used to reduce errors between regression and prediction

xperiments. 

Subsequently, the feasibility of using such model for real-time

easurements of GAG production in chondrogenic pellets was as-

essed. Optimization of scanning parameters and incubation pro-

ocols rendered the protocol non-toxic and harmless to chondro-

enesis, as measured by GAG production. The proposed protocol

as found to be cytocompatible, with no deleterious effects on the

etabolic activity of chondrogenic pellets after multiple exposures

o X-rays and CA4+ (70 kV, 26 s/4 mgI/mL CA4+, 3 h). Most impor-

antly, no significant changes were found at the endpoint on the

otal GAG and GAG/DNA content across conditions, proving that

his method is compatible with chondrogenic culture and differ-

ntiation. 

Additionally, the proposed technique allowed for quantitative

nd 3D imaging, not only in pellets but also in more complex

nd relevant tissue culture models such as hydrogels, offering in-

ight on the 3D distribution and organization of GAGs. Compari-

on between CECT images and safranin-O staining on tissue sec-

ions showed that CA4+ distribution closely reflects GAG localiza-

ion and distribution within the constructs, allowing for “3D histo-

ogical” evaluation. Noteworthy, the proposed technique offers the

nparalleled features of not only being non-destructive but also

eing time-efficient compared to conventional safranin-O histology

hich carries the risk of sectioning artifacts while being destruc-

ive and labor-intensive [9,18,43] . 

The scanning protocol yielded X-ray doses of approximately

0 mGy, which is lower than those reported to be cytotoxic and
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nti-chondrogenic for chondrocytes [47–51] . A single dose of 2 or

0 Gy was reported to cause no deleterious effects on GAG syn-

hesis or deposition in chondrocytes cultured in pellets [50] . On

he contrary, proliferation and DNA synthesis were halted tem-

orarily and permanently with 2 and 10 Gy doses, respectively [50] .

n another study, even though MSC viability was shown to re-

ain unaffected by a 2 Gy dose, there was a decreased expres-

ion of chondrogenic markers such as aggrecan and type II col-

agen [51] . Importantly, most studies often report X-ray doses of

 Gy and above, which are at least 30 times higher than the dose

sed in this study. Accordingly, we did not see any negative ef-

ects of μCT imaging on cell viability or DNA content. However,

e did observe an increased GAG release for scanned pellets with-

ut CA4+. Although final GAG content was not altered, it is still to

e clarified whether lower X-ray doses can stimulate GAG produc-

ion. Moreover, additional studies are needed to gain insight on the

ong-term effects of low X-ray and CA4+ exposures on cells within

issues. Such studies should address DNA damage or mutations, as

ell as the effects on chondrogenic markers and differentiation. 

For the implementation of the proposed technique a few con-

iderations should be considered. Firstly, validation and/or opti-

ization of the method should be performed for every construct

ype, as diffusion is dependent on construct size and matrix com-

osition [52–54] . As shown before, diffusion time increases rela-

ively to the square of the tissue thickness [55,56] . Another im-

ortant step in the protocol is the washout of CA4+, as accumula-

ion within the construct may lead to toxicity and ultimately affect

hondrogenesis, and preclude accurate real-time measurement of

A4+ and hence GAG content. Additionally, retention of the CA4+

ithin the construct might affect subsequent scans. A single solu-

ion of contrast agent should be prepared at the start of the exper-

ment to avoid discrepancies in dilutions and between sequential

easurements, which can potentially lead to differences in grey

alues and therefore negatively affect the GAG vs CA4+ correlation.

inally, automatization of image processing and analysis will addi-

ionally render the protocol more sensitive and accurate. 

Given our successful study with chondrocytes and MSCs based

ellets, this method for monitoring GAG production is likely ad-

antageous for other cartilage tissue-engineered constructs based

n biomaterials such as hydrogels and bioprinted scaffolds. Addi-

ionally, future studies should examine its utility in other tissue-

ngineered tissues such as the cornea [57,58] , intervertebral discs

59,60] , and heart valves [61,62] , where GAGs are known to

lay crucial morphological and physiological roles. The proposed

ethod is also of potential use as a pre-implantation tool, where

onstructs are screened prior to implantation in an animal model.

hen implemented, this method may offer unprecedented in-

ight on chondrogenic development within cartilage-engineered

onstructs and facilitate the advancement of such therapies to

he clinic. In conclusion, CA4+-based CECT is a useful and non-

estructive quantitative technique for 3D imaging and longitudinal

ssessment of GAG production and distribution in cartilage tissue

ngineering. 
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