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Abstract

Monitoring extracellular matrix (ECM) components is one of the key methods used

to determine tissue quality in three-dimensional (3D) scaffolds for regenerative

medicine and clinical purposes. This is even more important when multipotent

human bone marrow stromal cells (hMSCs) are used, as it could offer a method to

understand in real time the dynamics of stromal cell differentiation and eventually

steer it into the desired lineage. Magnetic Resonance Imaging (MRI) is a promising

tool to overcome the challenge of a limited transparency in opaque 3D scaffolds.

Technical limitations of MRI involve non-uniform background intensity leading to

fluctuating background signals and therewith complicating quantifications on the

retrieved images. We present a post-imaging processing sequence that is able to

correct for this non-uniform background intensity. To test the processing sequence

we investigated the use of MRI for in vitro monitoring of tissue growth in three-

dimensional poly(ethylene oxide terephthalate)–poly(butylene terephthalate)

(PEOT/PBT) scaffolds. Results showed that MRI, without the need to use contrast

agents, is a promising non-invasive tool to quantitatively monitor ECM production

and cell distribution during in vitro culture in 3D porous tissue engineered

constructs.
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Introduction

A typical tissue engineering approach consists of combining cells with a synthetic

or biological porous material called scaffold, which provides a mechanically stable

environment to culture a substitute graft in vitro before implantation. Prior to

implantation, several parameters including cellular distribution, extra cellular

matrix (ECM) formation and tissue functionality need to be assessed. Monitoring

in real-time these parameters is even more relevant when multipotent bone

marrow stromal cells are used, as it is known that these cells can eventually

progress into a non-desired cell phenotype when cultures on three-dimensional

(3D) scaffolds are not controlled. For example, Jukes et al. and Scotti et al. showed

that both embryonic and mesenchymal stem cells differentiate into a mature

osteogenic lineage by first passing by chondrogenesis [1, 2]. Therefore, monitoring

tissue growth and development through analyzing the ECM that is formed in time

would be a valuable tool to step from a conventional approach where scaffolds are

treated as a ‘‘black-box’’ during culture to a new phase where the information

obtained through monitoring could eventually be utilized to steer cell

differentiation into a targeted phenotype [3, 4].

Unfortunately, 3D scaffolds for tissue engineering strategies are often composed

of polymeric materials with limited transparency. This property restricts the

applicability of several imaging techniques like confocal microscopy, Raman

spectroscopy and second harmonic generation imaging to superficial imaging of

the constructs [5]. Histology is the most commonly used and most informative

method to identify cells and ECM components inside scaffolds. However, this

destructive method does not allow for real-time monitoring of tissue growth on a

single sample. To be able to monitor cell growth and ECM formation over time by

histological analysis, multiple samples have to be processed. Moreover, the

obtained sections only represent part of the scaffold, which complicates the

determination of cell growth and ECM formation for the whole construct. Micro-

computed tomography (m-CT) can overcome these problems of limited

transparency and sample preparation of a tissue engineered construct, but uses

ionizing radiation and requires dense tissue to provide contrast [6]. Positron

Emission Tomography (PET) and Single Photon Emission Computed

Tomography (SPECT), generally combined with computed tomography (CT),

can be applied to localize and study tissue dynamics like tissue metabolism.

However, these imaging modalities require the use of radioactive tracers [7].

A promising approach to monitor cellular distribution and tissue formation in

time in 3D is to use magnetic resonance imaging (MRI), also referred to as

magnetic resonance microscopy (MRM) when applied with very high resolution,

which is a non-invasive, non-ionizing and optionally label-free tool [8, 9]. MRI

has the capability to image thin slices of tissue with a sub-millimeter resolution in

any orientation at any depth. Contrast in label-free MRI images is based, among

others, on variations in tissue hydration or water/lipid ratios, which results in

differences in the spin-phase and relaxation time of protons. For example, in

previous work on magnetic resonance (MR) detection in bone tissue engineering
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approaches, an inverse relationship between MR relaxation times and mineral

concentration was found after culturing osteoblasts on poly-(ethyl methacrylate)

(PEMA) scaffolds [5]. A correlation between collagen orientation and water

proton transverse relaxation times (T2) was found in articular cartilage [10, 11]

and in tendon under load [12]. In several other studies contrast agents were

implemented in MRI to track cells both in vitro and in vivo [13]. Immobilization

of contrast agents on nanoparticles to permit endocytosis is required for cell

labeling [14, 15]. After endocytosis of the contrast agent, depending on the type of

contrast agent, accumulation of the agent leads to a darker or brighter signal,

which will either reduce or increase the contrast between the labeled cells and the

scaffolds [16]. A hurdle that has to be overcome is the possible loss of signal over

time and/or increase in false positive signal both due to agent clearance or agent

diffusion. Another challenge to take into account is that by incorporating MRI

contrast agents to assess the quality of the tissue construct, the application of the

labeled construct in the clinics might be complicated by regulations with respect

to the exact formulation of the construct. Although contrast agents are already

widely applied in clinical practice, their use is restricted to specific diagnostic

procedures and limited to non-toxic doses.

Label-free micro-MRI has already been applied in tissue engineering

approaches where dense tissues were assessed to detect for example collagen

orientation and collagen mineralization [11, 17]. However, the method of micro-

MRI still has some challenges with respect to contrast with low tissue density,

resolution, and background intensity inhomogeneities. In this study, we present a

freely accessible novel image processing method to overcome the limitation of

inhomogeneous background intensity in MRI data. Subsequently to image

processing, quantitative information in 3D by image analysis was retrieved

without the need to use contrast enhancing agents during scanning. To test our

image processing method, we have cultured MSCs in 3D rapid prototyped

scaffolds as a model 3D cell culture system and quantified the tissue growth and

distribution throughout these scaffolds after MRI. We show that by application of

our image processing method we were able to detect very small amounts of tissue

which normally would not be detected by unprocessed MRI. In unprocessed

images the background intensity fluctuations are found to be dominant over the

contrast between the low density tissue and PBS within the pores of the scaffold.

With this method, small amounts of tissue and its distribution were monitored

for the first time non-destructively within a clinically relevant sized opaque 3D

construct cultured in vitro for tissue engineering applications.

Materials and Methods

Isolation of human bone marrow derived stromal cells

Bone marrow aspirates were obtained upon approval of the Medical Ethical

committee of the local hospital (Dutch: Medisch Ethische Toetsingscommissie

(MECT) van het Medisch Spectrum Twente) following the Dutch national ethics
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guidelines from patients who had given written informed consent. Human MSCs

from two donors (donor 1: female, age 77; donor 2: female, age 55) were isolated

in approval to the local national ethical committee and expanded as described

previously [18]. Briefly, aspirates were resuspended using a 20-gauge needle,

plated at a density of 50,000 cells/cm2 and cultured in proliferation medium,

which contains minimal essential medium (alpha-MEM; Life Technologies,

Gaithersburg, MD), 10% heat-inactivated fetal bovine serum (FBS; Lonza),

0.2 mM L-Ascorbic acid 2-phosphate magnesium salt (ASAP, Sigma Aldrich),

2 mM L-glutamine (L—glut, Invitrogen), 100 units/mL penicillin (Life

Technologies), 10 mg/mL streptomycin (Life Technologies) and 1 ng/mL basic

fibroblast growth factor (bFGF; Instruchemie, Delfzijl, The Netherlands). Cells

were grown at 37 C̊ in a humidified atmosphere with 5% CO2. Medium was

refreshed twice per week and cells were used for further subculturing or

cryopreservation on reaching near confluence.

Fabrication of PEOT/PBT scaffolds

Scaffolds were fabricated of 300PEOT55PBT45 (PolyActive300/55/45, PolyVation,

The Netherlands) which is a block copolymer with a weight ratio of 55 to 45 for

the two PEOT and PBT components respectively, and a molecular weight of 300

Da for the PEG segments used in the co-polymerization process. PEOT/PBT

copolymers have been extensively studied and proved to be biocompatible in vitro

as well as in vivo [19] [20]. Therefore, the material is introduced here as a model

material to fabricate biocompatible 3D cell culture scaffolds. Cylindrical porous

scaffolds (8 mm in diameter by 3 mm in height) were fabricated as described

before [21] by fused deposition modeling with a bioscaffolder (SysENG,

Germany) with a fiber to fiber distance of 1000 mm, a fiber diameter of

approximately 200 mm, and a layer thickness of 150 mm. These scaffolds were

sterilized in 70% ethanol 2 times for 30 minutes each, washed in PBS first for

5 minutes and additionally for other 30 minutes two times, and finally incubated

in culture medium overnight prior to cell culture.

Cell seeding of PEOT/PBT scaffolds

Scaffolds were dried and transferred to non-treated 24-well plates (NUNC). The

hMSCs (passage 3) were harvested from monolayer expansion and suspended in

proliferation medium. The scaffolds were seeded with 750,000 hMSCs in 100 mL

of medium which was previously shown as an optimal cell density for this scaffold

volume to reduce cell loss upon seeding [22]. The cell suspension was gently

resuspended on top of the scaffolds to fill all the pores of the scaffold. After 1.5

hour of incubation in the given volume, the medium was filled up to 500 mL.

Proliferation medium was replaced twice a week for all samples. Constructs were

cultured up to 60 days.
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MRI equipment and measurements

MRI experiments were performed at room temperature on a 14.1 T (600 MHz)

Avance II NMR spectrometer from Bruker (Karlsruhe, Germany), equipped with

a vertical narrow bore magnet, a Great B0 compensation unit, and 3 Great 1/60

amplifier units (X, Y, and Z). A micro 5 imaging probe with a 10 mm diameter

saddle coil insert from Bruker (Karlsruhe, Germany) was used. Images were

obtained using a multi-slice-multi-echo (MSME) sequence with the following

parameters: repetition time (TR) 51000 ms, echo time (TE) 510 ms, flip angle

590 ,̊ slice thickness 50.07 to 0.1 mm, inter-slice gap 50, field of view (FOV)

51 cm, and 1286128 or 2566256 matrix. To optimize scanning parameters the

first samples were imaged in phosphate buffered saline (PBS) after 30 minutes of

fixation in 10% formalin. Subsequently, a bare scaffold was immersed in PBS and

scanned after degassing as a non-tissue control. This bare scaffold was then

incubated in medium prior to cell culture. Additionally, the optimized scanning

parameters were applied on this previously scanned scaffold and on other unfixed

samples residing in PBS during scanning. To investigate if non-targeted contrast

agents can increase the contrast between the solution in which the samples were

scanned and the lipids present in the tissue of the sample, one scaffold was imaged

before and after addition of Endorem (Guerbet, Villepinte, France). The Endorem

solution is comprising superparamagnetic iron oxide nanoparticles (11.2 mg/ml)

dispersed in water and was added to PBS with a concentration of approximately

0.5% (v/v). The particles are composed of several iron oxide cores (diameter 4–

6 nm) embedded inside a dextran coating resulting in an estimated hydrodynamic

size of 80–150 nm [23, 24]. The Endorem T2 contrast agent was added to a fixated

sample to change the magnetic resonance properties of the solution without

inducing cellular uptake.

To investigate whether the tissue constructs can be kept in culture after a non-

invasive MRI measurement, which is a requirement for longitudinal studies, un-

fixated samples were carefully transferred to a sterile MRI tube and imaged in

culture media. Subsequently, samples were placed back in the culture plate and

culture was continued.

Image processing and quantification

MRI images were processed in Fiji [25] prior to analysis to correct for non-

uniform background intensity and to reduce noise. Background approximations

were extracted from the top or bottom slice, where no scaffold and tissue material

were present, by performing morphological opening with a disk shaped

structuring element (radius 9, Gray Morphology plugin). Background approx-

imations were subtracted from the original image stack to remove the non-

uniform intensity. A median filter (pixel radius 2) was applied to the image stacks

for noise reduction. After processing, only tissue structures appeared as bright

regions, while water and scaffold material showed distinguishably lower

intensities, enabling unique identification of constituents of interest. Images were

segmented based on a single intensity threshold within a circular region of interest
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(ROI), comprising scaffold and surrounding water within the MRI glass tubes

[26]. Subsequently, morphological opening (pixel radius 2) was applied to

smooth the objects and remove outliers. Due to changing overall brightness and

intensities between different experiments, the threshold had to be set for each

experiment individually. To identify tissue material the threshold was set as such

that a bare scaffold, without the presence of cells, showed a limited amount of

false positive signal. The retrieved binary images were both qualitatively and

quantitatively analyzed. The area of the identified objects was computed in a

section-by-section (top, middle, bottom) manner to provide insight in the

volumetric densities throughout the scaffolds. Per section, the binary images were

merged into one 2D projection as a 4-stage look-up table. In this table colors are

applied as an indication of the number of slices within the stack, in which each

specific pixel in 2D projection was identified as tissue.

To quantify the amount of tissue per slice, each slice was converted into a

binary image by applying a low threshold-value to identify the pixels representing

scaffold material. Subsequently, these pixels identified as scaffold were subtracted

from the total amount of pixels within the ROI in that respective slice. Herewith,

an indication of available pore volume was retrieved. The amount of tissue was

calculated as a percentage of the pixels presenting the available pore volume

occupied by pixels identified as tissue.

3D visualization

Triangulated 3D surface meshes were created from the binary images for both

scaffold and tissue material, using the integrated marching cubes algorithm in the

BoneJ plugin (resampling factor 1 and 2 respectively) [27, 28]. The mesh models

were imported into MeshLab (v.1.3.2), an open source tool developed with the

support of the 3D-CoForm project, to render 3D models comprising tissue

material and scaffold. A non-shrinking Taubin filter was applied to smooth the

objects [29]. Surfaces were flat-shaded to enhance the faceting effect.

Methylene Blue staining

To localize cells in the 3D scaffold prior to imaging with MRI, samples were

washed gently with PBS, fixated in 10% formalin for 30 minutes and subsequently

stained for 60 seconds using a 1% methylene blue solution in 0.1 M borax buffer

(pH58.5, Sigma). Scaffolds were subsequently washed with demineralized (DI)

water until the water was clear. The scaffolds were imaged with a Nikon SMZ800

Stereomicroscope equipped with a QImaging Retiga 1300 camera.

Scanning Electron Microscopy (SEM)

Cell morphology and attachment was characterized by SEM analysis with a Philips

XL 30 ESEM-FEG. Samples were fixated for 30 minutes in 10% formalin.

Subsequently the samples were dehydrated in sequential ethanol series and critical
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point dried from liquid carbon dioxide using a Balzers CPD 030 Critical Point

Dryer. The constructs were gold sputter coated (Cressington) prior to SEM

analysis.

Histological analysis

After MRI measurements, samples were dehydrated using a sequential ethanol

series (60, 70, 80, 90, 96 and 100% ethanol, 30 minutes for each step), and

subsequently embedded in glycol methacrylate (GMA). The obtained blocks were

sectioned at 5 mm intervals, and stained with hematoxylin and eosin (H&E,

Sigma) for visualization of the nuclei and cytoplasm.

Statistical analysis

Quantitative results are presented as mean ¡ standard deviation and compared

using one-way ANOVA (multiple conditions) with a Bonferroni post-test.

Statistical significance was set to p- value ,0.05 (*); ,0.01 (**) and ,0.001 (***).

Results

Detection of tissue on planar MRI images

MRI measurements were successfully performed on a PEOT/PBT scaffold seeded

with hMSCs after 14 days of static culture (Fig. 1A-C). A montage of all slices in

this measurement can be found in S1 Figure. Prior to imaging the cells were

fixated with 10% formalin and stained with methylene blue to localize tissue and

cells (Fig. 1D-F). The MRI images showed a high contrast between the scaffold

material (black), water (grey) and tissue-like material containing lipids (white)

(Fig. 1C). As confirmed by methylene blue staining, the majority of the cells were

found in the bottom layers of the scaffold. From the bottom-view of the scaffold

shown in Fig. 1E and 1F similar string-like tissue patterns were found as in the

MR images of the bottom slices (Fig. 1C). These string-like patterns were

observed before in studies with hMSCs on the same type of scaffolds and could be

a result of aggregating cells [22]. Also, bright field microscopy observations during

culture prior to fixation in this study revealed this same inhomogeneous tissue

distribution (Fig. 1G).

Development of image processing sequence and 3D visualization

The results of the optimization of the major processing steps and the retrieved 3D

models are shown in Fig. 2. The complete stack of unprocessed images can be

found in the supplementary information in S2 and S3 Figures. Fig. 2 A-D show

the results of image analysis after MRI on a bare scaffold and Fig. 2 E-H show the

results of the same scaffold after 5 weeks of static culture. In Fig. 2A and 2E the

unprocessed image data as retrieved in TIF-format from the MRI software are

presented. In Fig. 2B and 2F the resulting images after background subtraction are
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Fig. 1. MRI scans of a scaffold after 14 days of culture with hMSCs (donor 1) taken with slice thicknesses of 80 mm. Slices from one scan from the top
(A), middle (B) and bottom (C) of the scaffold areas are represented, respectively, as indicated in the marques in (D) the side-view of the scaffold in which
cells are stained with methylene blue. (E-F) From the bottom-view of the scaffold, it can be seen that methylene blue stained hMSCs and ECM formed with
the appearance of a dense string-like tissue (indicated with arrows) distributed non-homogeneously throughout the scaffold (indicated with asterisks). (G)
This was also observed during culture by bright field microscopy. Scale bars represent 2 mm.

doi:10.1371/journal.pone.0115000.g001

Fig. 2. Image processing steps on MRI-derived image stacks in the absence (top, images A-D) and presence (bottom, images E-H) of hMSCs
(donor 1, 5 weeks of culture). A and E represent the unprocessed MR images; B and F the images after background subtraction; C and G show the results
of segmentation based on a single intensity threshold within a circular ROI, comprising scaffold and surrounding water within the MRI glass tubes; D and H
are the obtained 3D mesh models, representing the tissue localization, amounts and density. Scale bars represent 2 mm.

doi:10.1371/journal.pone.0115000.g002
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shown. Although, the intensity values of the background still showed area related

variances, these variances did not seem to influence the segmentation process

(Fig. 2C and 2G), since the background pixel intensity was sufficiently lower than

the threshold value applied for segmentation. When comparing the two 3D

models without and with hMSCs after 5 weeks of static culture (Fig. 2D and 2H

respectively) tissue was clearly detected in the scaffold cultured with hMSCs. Only

a minor amount of false positive signal was observed in the bare scaffold after

applying the determined threshold value. Therefore, we consider the method for

threshold value determination appropriate for further tissue detection in

additional scans.

The effect of Endorem contrast agent on the reliability of the 3D

models

To investigate whether the use of an untargeted contrast agent would increase the

contrast between the PBS, the scaffold material and lipids in the tissue, two scans

were performed subsequently on one scaffold which was statically cultured with

hMSCs (donor 2) for 5 weeks. Fig. 3 shows the results from a single slice per

volume at different heights in the scaffold. The full stack of processed slices,

representing the complete scaffold volume, can be found in S4-S7 Figures. The

contrast between tissue and PBS was increased after the addition of Endorem,

while the contrast between PBS and scaffold material was reduced. This resulted in

an inaccurate segmentation of the scaffold (Fig. 3F, L and R), leading to closure of

the scaffold pores upon 3D modelling, which can be seen in the top-view (Fig. 3F

and T).

Quantification of tissue distribution throughout the 3D scaffold

After image processing the retrieved binary images can be used for quantification

and visualisation of tissue amounts. Fig. 4A shows merged projection of stacked

binary images per scaffold section. By determination of the percentage of available

pore volume which was found occupied by tissue per slice, (Fig. 4A) information

was retrieved on the amount of tissue in the bottom, middle and top of the

scaffold as presented in Fig. 4B (n515 or 18 slices per presented volume for donor

1 and donor 2, respectively). These results were confirmed by bright field

microscopy observation (focal plane set on the bottom of the scaffold) and SEM

analysis in which a cell sheet is found at the top and at the bottom of the scaffold

(Fig. 4C and 4E), while in a cross-sectional view lower numbers of cells were

found in the interior of the scaffolds (Fig. 4D). This observation is further

confirmed by histological analysis (Fig. 4F: cross-section in Z-direction; Fig. 4H: a

section of the bottom plane of the scaffold).

Quantitative Assessment of Tissue Growth in 3D Scaffolds after MRI
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Discussion

Currently, many studies focus on monitoring hMSCs fate in engineered tissues 3D

constructs. Most conventional methods to study cell growth and distribution are

based on destructive methods such as histological analysis and biochemical assays.

Non-invasive imaging modalities are promising tools to non-destructively and

ultimately longitudinally or continuously monitor tissue development in 3D

scaffolds [9, 30]. Magnetic resonance modalities have gained interest in the field of

tissue engineering for several years. First, nuclear magnetic resonance spectro-

scopy (NMR) has been applied to monitor metabolites in tissue engineered

constructs [31]. More recently, MRI has been applied because of the capability to

distinguish between several tissue types and densities such as collagens,

mineralized tissues and soft tissues [8, 12, 17, 30, 32–34]. Contrast with a sub-mm

scale resolution in MRI is obtained by variations in proton dynamics which results

in different water proton transverse (T2) relaxation times and magnetization

transfer ratios [10]. Burg et al. have observed that the signal intensity in MRI on

3D scaffolds was higher in cells than in the liquid phase and scaffold material [35].

The obtained contrast allowed them to observe cellular distribution in formalin

Fig. 3. MRI scans presented by a single slice from each of the following volumes; top, middle and bottom of the scaffold after 5 weeks of culture
(donor 2) obtained without the use of any contrast agents (A, G and M) and after the addition of Endorem T2 contrast agent (D, J and P). Tissue is
identified and appears white after image processing (B, H, N, E, K and Q). Scaffold material is extracted from unprocessed images by image processing
sequences (C, I, O, F, L and R). By a mathematical combination of the images representing tissue-material and the images displaying scaffold material, a 3D
model could be retrieved (S and T).

doi:10.1371/journal.pone.0115000.g003
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fixated tissue constructs. Abarrategi et al. have shown to successfully assess the

distribution of MSCs in 3D rapid prototyped polymeric and ceramic scaffolds

without formalin fixation [30]. However, the seeding density of the constructs was

relatively high with 56106 cells/scaffold on a cylindrical scaffold with a diameter

of 4.5 mm and a height of 3 mm. We observed that lower densities of cells, as

applied in our study (7.56105 cells) in a cylindrical scaffold with a diameter of

8 mm and a height of 3 mm, results in limited contrast. Additionally, the more

homogenous a certain number of cells are distributed, the lower the contrast in

MRI, probably because a lower tissue density results in a higher PBS content

between cells. As a consequence, non-uniformity of intensity, which we also

observed in the work of Abarrategi, further complicates quantification of tissue

development, since the contrast between PBS and lipids becomes smaller than the

variations in the background signal [36, 37].

Fig. 4. Processed images can be analysed to quantify tissue formation with high spatial resolution throughout the 3D construct. (A) Z-stacks were
retrieved by summarizing multiple slices into one projection as a 4 stage look-up table. The colors represent the amount of tissue in x-y location over the full
thickness of the projection as indicated by the legend. (B) By determination of the amount of tissue over a subset of slices, an indication of tissue presence in
different areas of two scaffolds after 5 weeks of culture can be given (n515 and 18 slices per presented volume for donor 1 and donor 2, respectively). The
tissue amount is presented as the percentage of the available pore volume which is occupied by tissue. The error bars represent the standard deviation in
tissue amount over the different slices per scaffold volume (***: p,0.001). (C) Bright field microscopy observation through the full scaffold height in the z-
direction showed a homogeneous distribution of cells and tissue between the pores in the x-y plane. By varying the focal plane upon observation an
impression of pore filling per scaffold part (bottom, middle, top) can be retrieved. (D) By SEM analysis on a top-to-bottom cross-section of the scaffold, tissue
is observed throughout the scaffold. Yet, from the bottom-view was observed that large, more dense, cell sheets were found on the bottom of the scaffold. (F)
This finding was confirmed by histological analysis of a top-to-bottom cross-section of a construct. (G, H) From a section of the bottom layer of the scaffold it
can be observed that the tissue forms circular patterns in the pores of the scaffolds. Arrows indicate cells and tissue, asterisks indicate scaffold material.
Scale bars represent (C, D, E and F) 500 mm, (G) 1 mm and (H) 100 mm.

doi:10.1371/journal.pone.0115000.g004
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To overcome this technical challenge, we presented a sequence of freely

accessible image post-imaging processing steps to be able to quantify tissue

growth in low density tissue constructs. Our method allowed for the identification

of tissue formation in opaque mm-sized 3D scaffolds from MRI-derived image

stacks. In contrast to studies that require contrast agents to localize cells, we

showed that more faithful 3D models of cell and tissue distribution within solid

scaffolds were obtained without the use of contrast agents. This might be due to

the fact that the addition of contrast agent resulted in false positive identification

of scaffold material as shown in Fig. 3T.

The single slice images in Fig. 3B and 3N could give the impression that more

tissue was identified in the top volume of the scaffold than in the bottom volume.

However, quantification of the tissue amounts, as presented in Fig. 4B, shows

higher volumes in the bottom volume of the scaffold. This discrepancy can be

caused by the fact that Fig. 3B and 3N represent only a single slice out of a stack of

slices that are taken from a specific scaffold volume, whereas Fig. 4B shows the

results of each stack consisting of all 15 or 18 slices in a scaffold volume.

Furthermore, the tissue amount in Fig. 4B is presented as the percentage of

available pore volume which is covered by tissue.

Several studies have reported on MRI analysis in vitro after fixation of the

samples in formalin [30, 38, 39]. Studies of Fishbein et al. and Zheng et al. showed

that phosphate salts and fixation solutions have an influence on the relaxation

times of water protons, attributed to the physicochemical interactions (e.g.

noncovalent binding or chemical exchange) of free water with polyoxymethylene

oligomers formed when formaldehyde is dissolved in water. Changes in proton

dynamics in these studies were found in native cartilage tissues, in which the

fixatives also showed to influence the composition of cartilage over time. In our

study, both un-fixated samples and fixated samples were imaged, yet no evidence

was found in the unprocessed images for differences in contrast or signal intensity

due to the fixative. The variations in background intensity within a slice and

between different slices within one scan were dominant over any possible intensity

change caused by the application of fixatives. We therefore concluded that the

influence of fixatives on proton dynamics did not interfere with the post-imaging

processing method to identify and quantify tissue formation. To label-free

monitor tissue growth longitudinally in 3D scaffolds, without interrupting the

culture phase, we believe that MRI will be a valuable tool. MRI will allow the

maintenance of sterile culture conditions during scanning by controlling

temperature and gas exchange, without compromising the quality of the images

[40]. Furthermore, targeted contrast agents such as antibody functionalized iron

oxide magnetic beads could be developed in future studies to be able to

characterize the type of tissue formed by for example distinguishing between

collagen-type-1 and collagen-type-2 in the ECM. Currently, MRI analysis suffer

from previously mentioned technical limitations which are compromised by

longer scanning times to be able to average over more multiple signals per voxel.

By applying our optimized image processing sequences, based on already available

image processing tools, the required duration of scanning could be reduced. We
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showed that our method allows us to identify very low amounts of non-

mineralized tissue (1–4 volume %) in opaque polymeric scaffolds, which to the

best of our knowledge had not been shown before by MRI for tissue engineering

applications.

Conclusion

The free-of-charge post-imaging processing sequence presented in this study can

be a valuable tool to overcome technical limitations of image analysis after MRI.

We have shown that our method enables the identification and quantitative

localization of tissue in 3D opaque constructs for tissue engineering approaches.

Identified tissue distribution was quantified from the image stacks, visualized in

3D mesh models and confirmed qualitatively by histological analysis. In the

future, optimized post-image processing sequences can help to access shorter

scanning times and improved resolution of tissue engineered constructs prior to

implantation.

Supporting Information

S1 Figure. S1 Figure represents the unprocessed images of a scan presented in

Fig. 1 in the main text. The scan was performed after 14 days of culture. The last

few slides of the stack show higher amounts of white areas which could represent

tissue-like material.

doi:10.1371/journal.pone.0115000.s001 (TIF)

S2 Figure. S2 Figure represents the unprocessed images of a scan presented in

Fig. 2 in the main text. The scan was performed on a bare scaffold without any

cells. There are no evident white areas with similar patterns as found on scans of

scaffolds cultured with cells. The scan of the bare scaffold shows strong contrast

between the scaffold material and the surrounding PBS.

doi:10.1371/journal.pone.0115000.s002 (TIF)

S3 Figure. S3 Figure represents the unprocessed images of a scan performed on

the same scaffold as S2 Figure yet after 5 weeks of culture. There are small white

lines visible in the first few slices of the stack. These white lines show similar

patterns as found on other scans of scaffolds cultured with cells.

doi:10.1371/journal.pone.0115000.s003 (TIF)

S4 Figure. S4 Figure represents identified tissue-like material (black pixels)

after processing of images retrieved without the application of contrast agents.

These masked binary images are applied to establish 3D models from the full stack

as presented in Fig. 3 in the main text.

doi:10.1371/journal.pone.0115000.s004 (TIF)

S5 Figure. S5 Figure represents identified scaffold material (white pixels) after

processing of images retrieved without the application of contrast agents.

These masked binary images are applied in combination with the images with
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identified tissue (S4 Figure) to establish 3D models from the full stack as

presented in Fig. 3 in the main text.

doi:10.1371/journal.pone.0115000.s005 (TIF)

S6 Figure. S6 Figure represents identified tissue-like material (black pixels)

after processing of images retrieved after addition of a contrast agent to the

PBS. These masked binary images are applied to establish 3D models from the full

stack as presented in Fig. 3 in the main text.

doi:10.1371/journal.pone.0115000.s006 (TIF)

S7 Figure. S7 Figure represents identified scaffold material (white pixels) after

processing of images retrieved after addition of a contrast agents to the PBS.

These masked binary images are applied in combination with the images with

identified tissue (S6 Figure) to establish 3D models from the full stack as

presented in Fig. 3 in the main text.

doi:10.1371/journal.pone.0115000.s007 (TIF)

S1 Table. S1 Table represents the data retrieved after post-imaging processing

as presented as average in Fig. 4B. The first page table results from the analysis of

a scan of donor 1 after 5 weeks of culture. Pages 2 and 3 represent the results for

donor 2 after 5 weeks of culture. The first column in pink presents the slide

identification number of the slide within the complete stack. The second column

represents the number of pixels that were identified as tissue. The third column

represents the number of pixels identified as scaffold. The pore volume is

identified as the number of pixels within the region of interest (ROI) that is not

identified as scaffold material. The total number of pixels in the ROI is defined as

the number of pixels within a circle that matched the outer ring of the bottom of

the scaffold. The percentage of tissue is determined as the number of pixels

identified as tissue divided by the number of pixels identified as available pore

volume times 100%. The last two columns represent the average tissue amount

and the standard deviation on tissue amount.

doi:10.1371/journal.pone.0115000.s008 (PDF)
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