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Abstract

Magnetic resonance imaging (MRI) is a promising non-invasive
method to assess cartilage regeneration based on the quanti-
tative relationship between MRI features and concentrations
of the major components in the extracellular matrix (ECM). To
this end, in vitro experiments are performed to investigate the
relationship and reveal the underlying mechanism. A series of
collagen (COL) and glycosaminoglycan (GAG) solutions at dif-
ferent concentrations are prepared, and T; and T, relaxation
times are measured with or without a contrast agent (Gd-
DTPA?") by MRI. Fourier transform infrared spectrometry is
also used to measure the contents of biomacromolecule-
bound water and other water, allowing theoretical derivation
of the relationship between biomacromolecules and the
resulting T, values. It has been revealed that the MRI signal in
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the biomacromolecule aqueous systems is mainly influenced by the protons in hydrogens of biomacromolecule-bound water,
which we divide into inner-bound water and outer-bound water. We have also found that COL results in higher sensitivity of
bound water than GAG in T, mapping. Owing to the charge effect, GAG regulates the penetration of the contrast agent during dial-
ysis and has a more significant effect on T, values than COL. Considering that COL and GAG are the most abundant biomacromole-
cules in the cartilage, this study is particularly useful for the real-time MRI-guided assessment of cartilage regeneration. A clinical
case is reported as an in vivo demonstration, which is consistent with our in vitro results. The established quantitative relation
plays a critical academic role in establishing an international standard ISO/TS24560-1:2022 ‘Clinical evaluation of regenerative
knee articular cartilage using delayed gadolinium-enhanced MRI of cartilage (dAGEMRIC) and T, mapping’ drafted by us and ap-

proved by International Standard Organization.
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Introduction

Various injuries, inflammation or degeneration may cause irrevers-
ible damage to articular cartilage [1-5]. It is important to make an
accurate diagnosis and treatment of articular cartilage injury. The
basic quantitative index comes from the assessment of cartilage
thickness and degree of joint smoothness, etc., leading to some rele-
vant scoring systems such as Mankin, Outerbridge, Bentley or Ficat
scoring systems to evaluate cartilage status based on arthroscopic
observations and biopsies [6-9]. However, most of the approaches

that characterize tissue regeneration lead to injury and are thus not
ideal for clinical assessment. Magnetic resonance imaging (MRI) can
perform a non-invasive evaluation of the entire joint, with obvious
contrast between the lesion area and the adjacent normal cartilage
tissue area [10]. Compared with computed tomography and other
imaging methods, MRI has a higher contrast of soft tissue and is
more suitable for the evaluation of articular cartilage.

The MRI signals relevant to this study come from protons in
the hydrogen nuclei. The magnetic moment produced by the spin
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Figure 1. Schematic diagram of magnetic resonance T; and T, and the main components in cartilage ECM affecting these two characteristic quantities.
(A) The NMR phenomenon appears when a system of nuclei in a static magnetic field experiences an RF. After the RF pulse is removed, longitudinal
magnetization (M,) is restored owing to spin-lattice relaxation, and transversal magnetization (M,,) is decayed owing to spin-spin relaxation.
Demonstrated in the figure is the relaxation after removal of a 90° RF. Here, My denotes the modulus of the magnetic vector under the static magnetic
field prior to the RF. (B) The magnetic resonance signal comes from the relaxation of the hydrogen protons of the water molecules in the cartilage,
while the relaxation of the water molecules is affected by the surrounding COL and GAG and the applied contrast agent.

of the proton tends to be parallel to the external static magnetic
field By, which is usually defined as the z direction, forming the
longitudinal magnetization vector M. After being excited by the
radiofrequency (RF) pulse at the Larmor frequency, the protons
resonate and thus deflect the longitudinal magnetization vector
from the z-axis to the xy-plane. After the RF pulse ceases to ex-
cite, the protons rearrange along the By magnetic field and re-
lease excess energy, and the electromagnetic signal in this
process constitutes that of nuclear magnetic resonance (NMR).
Bloch et al. [11] proposed two characteristic magnetic resonance
(MR) times T; and T, and put forward the Bloch equation, as sche-
matically shown by us in Fig. 1A, demonstrated by the relaxation
after a 90° RF pulse. The T; relaxation refers to the recovery pro-
cess of the longitudinal magnetization vector along the axis of

the static magnetic field, and the T, relaxation refers to the decay
process of the transverse magnetization vector.

Articular cartilage is composed of extracellular matrix (ECM)
and chondrocytes. Whether inside or outside the cells, water is
the most important component. In addition to water molecules,
the two most abundant components in cartilage ECM are colla-
gen (COL) and glycosaminoglycans (GAG), as shown in Fig. 1B.
The schematic diagram of the triple helix structure of COL is
shown in Supplementary Fig. S1. T, imaging and T,-related
delayed gadolinium-enhanced MRI imaging of cartilage
(dGEMRIC) are employed to access cartilage regeneration. In the
normal articular cartilage, ECM contains mainly type II COL (15~
22%), proteoglycans (4-7%) and water (60-80%). During cartilage
regeneration progress, the COL content in the cartilage tissue
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gradually increases, corresponding to an increase in bound water
content and a decrease in free water (FW) proportion, ultimately
leading to a decrease in T,. Meanwhile, the GAG content in the
cartilage gradually recovers with the regeneration of cartilage tis-
sue. Owing to the negative charge characteristics of GAG, the cor-
responding tissue charge density increases, while the relative
permeability of gadolinium contrast agents with the same nega-
tive charge properties decreases, ultimately leading to a decrease
in AR4.

While some excellent studies about MRI of cartilage have been
reported both in vivo and ex vivo [12-17], it is interesting that the
in vitro experiments in a well-defined ‘clean’ system of COL, GAG
and their mixture without other dry components in cartilage are
rare. According to our trial, it is not easy to adjust the viscosities
of the examined biomacromolecular aqueous solutions to match
the clinical MRI apparatus with appropriate pulse sequences and
parameters. The theme of this research is to establish the rela-
tionship between COL and GAG contents to MR indexes T, and T,
and interpret the underlying principle, mainly based on in vitro
experiments.

Experimental
Liquid NMR analysis of COL

The NMR signals of COL aqueous solutions (99.9 wt% deuterated
water) were acquired in a liquid NMR spectrometer (Bruker,
AVANCE III HD, 400 MHz). COL solutions of 2, 5 and 10 wt% were
prepared in heavy water in this work. The program of the excita-
tion pulse sequence for this test was ZG, the 90° pulse width was
9.19 ps, the interval between repeated pulses was 6s and the
number of scans was 16.

T, test of biomacromolecule samples

Triple helix COL (type II) and GAG were from Yuanye Bio-
Technology Co., Shanghai. In the pre-experiment of T, mapping
of COL solutions, we found that the T, values were very large be-
cause of the large water content and good fluidity of water. To
better mimic the viscosity of the ECM within the cartilage tissue,
we introduced 10wt% of poly(vinyl alcohol) (PVA, 2488) to in-
crease the initial sample viscosity. COL solutions at different con-
centrations (0%, 3%, 6%, 9%, and 12%) with or without PVA were
prepared.

The viscosity was measured with a rotational rheometer
(Malvern, KinexusPro) equipped with a 1° cone-plate 60 mm in di-
ameter. The gap between the upper and lower plates was chosen
at 0.03mm. The volume of the macromolecular solution was
about 1.5ml, and the excess sample was scraped off after the up-
per plate was closed. The samples were placed between the cone-
plate and the platform, with a layer of silicone oil applied to the
outer ring of the plate to avoid evaporation of water. The mea-
surement method was chosen oscillating shear mode. The shear
strain was set at 1% and the angular velocity was 10rad/s. The

Table 1. Parameters of MR examination in vitro and in vivo

dynamic rheological test was performed at 25°C with data points
taken every 2s. For each group of samples, the average value of
100 points was taken as the sample viscosity.

T, mapping was tested with a 3.0 T system (Skyra, Siemens)
and a 20-channel coil. We summarize the test parameters in
Table 1. Specifically, a fast spin echo sequence was adopted to
perform multiple echo time (TE) tests in a long repetition time
(TR). The schematic representation of MR detection and pulse se-
quence is shown in Fig. 2. TE indicates the time between the first
pulse and the MRI echo signal, and TR means the time of the rep-
etition of two RF pulses. The schematic diagram of the functions
of 90° and 180° pulses is shown in Supplementary Fig. S2.

T, tests of biomacromolecule samples

Different concentrations of COL and GAG aqueous solutions were
configured and tested for the effect of these two biomarker mac-
romolecules of cartilage on T, values. T; mapping was carried out
with a 3.0 T system (Skyra, Siemens) and a 20-channel coil. The
sequence and principle of T; value calculation are shown in
Fig. 2E, while test parameters are listed in Table 1. Our T; meas-
urements were carried out using a gradient echo (GRE) sequence
based on multi-flip angles. The complete schematic diagram of
the GRE MR sequence and the schematic diagram of the classical
T, test are shown in Supplementary Figs. S3 and S4, respectively.

To simulate the process of the clinical intravenous injection of
a contrast agent into the body, we set up a dialysis device to
mimic the influence of different concentrations of biomacromo-
lecules on the penetration of the contrast agent. Dialysis tubes
with different concentrations of GAG and COL solutions were pre-
pared, and the gadolinium contrast agent Gd-DTPA?~ (Magnevist,
Schering) was added with the initial concentrations of 200, 400 or
1000 pmol/l. The corresponding T, values and the difference in re-
laxation rate AR, were calculated before and after the addition of
the gadolinium contrast agent. With a 3.0 T system (Skyra,
Siemens) and a 20-channel coil, T; mapping was performed both
before and after dialysis of gadolinium contrast agent with the
following parameters: TR/TE 15/2.35ms. For the detection of the
concentration of gadolinium contrast agent in solution, we
employed UV-visible spectrum scanning (Lambda, Perkin-Elmer)
and inductively coupled plasma atomic emission spectrometer
(ICP-AES, Thermo Fisher Scientific).

Spectroscopic analysis of biomacromolecule
samples

COL and GAG with different water contents were configured to
analyze the location of the characteristic peaks and the propor-
tion of bound water in them. In our spectroscopic characteriza-
tions, we first vacuum-dried COL or GAG. Then, 100, 200, 400 and
1000 pl of water were added to 0.5g of dried biomacromolecules.
The infrared spectra were measured with an infrared spectropho-
tometer (Nicolet 6700; Thermo Fisher) equipped with an attenu-
ated total reflectance attachment with the diamond as the

In vitro

In vivo (human)

Equipment

channel coil

T,-weighted mapping using a gradient echo

and multi-flip angles 26°

T,-weighted mapping using multi-echo T,-
weighted sequence

3.0 T system (Skyra, Siemens, Germany); 20-
TR: 15ms, TE 2.35ms; flip angle: 5°, 12°, 19°,

TR: 4030 ms; TE: 50, 100, 150, 200; 250, 300,
350, 400, 450, 500, 550, 600, 650, 700, 750,

3.0 T system (Skyra, Siemens, Germany); 15-
channel phased-array knee coil
TR: 15ms, TE: 2.7 ms; flip angle: 5, 26

TR: 1921 ms; TE: 13.8, 27.6,41.4,55.2 and
69.0ms

800, 850, 900, 950 and 1000 ms
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Figure 2. Schematic presentation of the principle and method of T, and T; measurements in MRI. (A) Diagram of the RF pulse excitation process. The
RF pulse excites the sample from the x-axis, making the hydrogen proton precess around the z-axis and deflect to the y-axis at the same time. (B)
Relaxation of the proton occurs after the removal of RF, including longitudinal spin-lattice relaxation and transverse spin-spin relaxation. (C) The FID
signal is obtained on the y-axis coil by the relaxation electromagnetic wave. (D) A 90° pulse at Larmor precession frequency is applied, followed by the
180° pulses to create an echo, and the sequence is repeated. The process of the exponential decay of the transverse magnetization vector is recorded.
(E) The flip angle 0 is the rotation angle of the excitation pulse consisting of 2—4 different small angles. The smaller rotation angle enables rapid

recovery of relaxation, which leads to faster imaging.
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crystal material. All spectra were acquired after the background
acquisition, and the final spectra minus the background signal
were collected. The corresponding split-peak fitting according to
the Gaussian peak was performed with Origin (OriginLab). In ad-
dition, we carried out Raman spectroscopy (XploRA, JobinYvon)
of these biomolecule samples with different water contents. The
relatively viscous samples were placed on glass slides and those
with good flowability were placed in capillary tubes for testing.
The spectroscopic measurements were conducted at room tem-
perature and tested as quickly as possible to prevent water evap-
oration.

Matrix-induced autologous chondrocyte
transplantation

The clinical trial scheme was approved by the Medical Ethics
Committee of the PLA General Hospital. Cartilage tissue engi-
neering was performed to regenerate articular cartilage after
matrix-induced autologous chondrocyte transplantation (MACI).
As usual, MACI was carried out with natural or synthetic materi-
als as scaffolds and with autologous chondrocytes as seed cells.
In this study, we first carried out an arthroscopic assessment of
the injury and obtained normal cartilage from the non-weight-
bearing area of the knee joint. The tissue after aseptic packaging
was sent to a laboratory that meets the Good Laboratory Practice
standard. After digestion, the cells were cultured and enlarged
for 4weeks. The collected cells were loaded into scaffolds. The
details of the methodology have been published previously [18-
20]. After 24h, the ECM-derived scaffolds and seed cells were
transplanted into the injured area by a second surgery to regener-
ate cartilage.

MRI observations of clinical cartilage regeneration
MRI was performed with a Siemens Skyra system (3.0 T) for
patients at 3, 6 and 12 months after MACI treatment. A 15-chan-
nel phased-array knee coil was used, and the parameters are
listed in Table 1. The experiments were performed periodically
with repeated parameters to ensure the stability of the MRI tests.
Prior to imaging, the patient should rest for >30min to avoid any
mechanical load that could affect the knee test parameters.

Imaging analysis

To compare the regenerated cartilage with the healthy cartilage,
the normal cartilage region in the same anatomical area was se-
lected as the control, which was defined as the normal signal.
The region of interest (ROI) of regenerated cartilage was manu-
ally drawn by experienced musculoskeletal radiologists, and its
location was determined by at least two radiologists to ensure
the accuracy of ROI localization. For imaging analysis, the ROI of
regenerated cartilage should cover the thickness of the entire car-
tilage. We measured T, and T, values. In the latter case, Typre and
T1post With respect to the longitudinal relaxation times before and
after the injection of the contrast agent were recorded, and AR,
(1/T1post — 1/T1pre) Was used to evaluate the GAG content in carti-
lage.

Statistical analysis

All the data are shown as mean =+ standard deviation and treated
by one-way analysis of variance. It is considered to have a signifi-
cant difference between the two groups if the corresponding P-
values is <0.05. The data are demonstrated as “ for
0.01<P<0.05, * for 0.001 <P <0.01 and ** for P < 0.001.

Results

Analysis of COL solutions in a conventional liquid
NMR apparatus

We first detected the H NMR of COL solutions in 99.9 wt% deuter-
ated water. The free induction decay (FID) signal and the chemi-
cal shift diagram after Fourier transform (FT) are shown in Fig. 3.
The significant NMR signals of the COL solutions appeared at
4.8 ppm, which comes from H,O and is much sharper than the
signal of the COL itself. Even with very low water content, the
H,0 signal in the NMR is still predominant over COL.

We estimated the proportion of H from different sources in
COL samples as follows. Take the 10 wt% COL in 0.5 ml heavy wa-
ter (99.9%) as an example. COL consists of different amino acids,
and the average molecular weight of its amino acid units is 110g/
mol according to the abundance of different amino acids in the
protein. So, 0.05g of COL contains 0.45mmol of amino acids. If
each amino acid residue contains 5 hydrogen protons, the COL
molecules contain 2.25mmol hydrogen protons. The 0.5ml of
99.9% heavy water solvent contains 0.0005 g of residual H,0 wa-
ter molecules, which corresponds to 0.03mmol of water mole-
cules including 0.06 mmol of hydrogen protons. In the 10wt%
COL in deuterated water, the number of hydrogen protons in COL
is about 40 times of that in H,0O, but the signal in hydrogen pro-
tons of H,O is much larger than that of the COL molecules.
Hence, the NMR relaxation signal of the COL solution comes
from the H,0 signal. As shown in Fig. 3C, the solvent water peaks
gradually widen with the increase of [COL], indicating that T, be-
came shorter. This conventional NMR detects in aqueous solu-
tions of COL are consistent with the later results of T, mapping in
a clinical MRI apparatus.

T, values of in vitro biomolecule samples with
different concentrations from a clinical MRI
apparatus

All of the remaining MR data were from a clinical MRI apparatus.
As shown in Fig. 4A, the addition of a synthetic polymer PVA
(PVA-2488, 10 wt%) significantly increased the viscosity of a COL
aqueous solution. In contrast, the viscosity n of the correspond-
ing system in the presence of PVA increased slightly with the in-
crease of COL concentration, from about 420 to 550 mP s in the
examined range.

The T, value decreased significantly with the increase of COL
concentration, as shown in Fig. 4B. Considering that T, reflects
the spin-spin relaxation of the hydrogen protons in the water
molecules in the system, the above results implied the binding of
some water molecules to COL chains. The high COL concentra-
tion leads to the increase of the bound water content, which
accelerates the dipole-dipole interaction of hydrogen protons
and finally leads to the decrease of the T, value. Supplementary
Fig. S5 shows the effect of the GAG solution and the mixture of
COL/GAG solution on T, values. The T, value decreases with the
increase of GAG content, although the decreasing trend is not as
significant as the increase of COL content.

Spectroscopic analysis

To further analyze how different concentrations of biomacromo-
lecules affect T, value, we conducted spectroscopic analysis and
made theoretical derivation of the possible quantitative relation-
ship between biomacromolecule concentration and T, value. It
has been reported that infrared or Raman spectroscopy of vibra-
tions of aqueous solutions has a wide spectral peak in the range
of 3000-3700/cm [21, 22]. Symmetric stretching, asymmetric
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Figure 3. NMR analysis of COL aqueous solutions. (A) Schematic diagram of the FID signal, which would be transformed from a time domain signal to a
frequency domain signal after the Fourier transform. (B) Typical initial FID signals of the COL aqueous solutions of the indicated three concentrations.
The right shows the FID signals within short record time. (C) The spectra of the COL solutions after Fourier transform. The right shows the magnified

signals of the left.

stretching and hydrogen bond vibration of water molecules are
within this range (Supplementary Fig. S6). The different fre-
quency locations reflect the influence of different neighboring
structures on water molecules and hydrogen bonding.
Researchers have carried out peak segmentation processing of 2—

6 peaks for the signal at this place [23-27]. Nakamoto et al. [28]
found that compared with ‘unbound water’, ‘bound water’ forms
shorter hydrogen bonds and lower vibrational peaks of corre-
sponding water molecules. Therefore, for the IR spectra of water
systems, the difference between bound water and FW can be
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reflected from the different frequencies of O-H vibrational peaks.
The infrared vibration modes of different chemical bonds are
schematically presented in Supplementary Fig. S7.

Referring to some literature [29, 30], we treated the infrared
peaks of the COL-water system with four characteristic peaks, as
shown in Fig. 5. Here, the stretching vibration of O-H is divided
into the bound water peak (~3200/cm) and the other water peak
(~3470/cm). The term ‘bound water’ refers to water molecules
that are tightly bound to COL or other solutes, while the term
‘other water’ refers to other water molecules that are self-bonded
to form a water network. The infrared peak position of the amide
bond can be divided into nine locations, in which Amide A and
Amide B are mainly in the characteristic region, and the other
Amides [-VII are mainly near the fingerprint region [31]. Amide A
and Amide B defined in this work are near 3300 and 3100/cm,
which are in good agreement with the literature [29-31].

The positions of the IR characteristic peaks and the corre-
sponding peak separation of the GAG-water system were also
tested, with the results shown in Supplementary Fig. S8.
Compared to COL, the proportion of bound water of GAG is signif-
icantly smaller than the bound water content of COL. This
implies that COL influences the formation of bound water in car-
tilage significantly.

We also carried out Raman spectroscopy. The results for COL
and GAG are shown in Supplementary Fig. S9. For the peak posi-
tions of the Raman signals of the biomacromolecule-water sys-
tem, one can refer to Leikin et al. [32], where the C-H stretching
vibration signals of biomacromolecules are at 2800-3050/cm
while the O-H and N-H stretching vibration signals are at 3100-
3700/cm. Since the viscous samples are placed on slides for direct
testing while the solution samples are tested in capillaries, the
comparison between the absolute values of the Raman signals
does not make sense. The only source of the C-H signal is the bio-
molecules of the sample, which can be normalized according to
the signal at C-H. Similar to the IR peak identification, the un-
bound water signal is at a higher frequency. The results show
reasonably that the fraction of unbound water increases with the
total water content.

Theoretical derivation of the relationship
between T, values and COL concentrations and
determination of the fraction of outer-bound
water after fitting the experimental data
combining both MR and IR measurements

We hypothesized that the bound water signal detected via IR
spectroscopy is attributed to only the first layer of water mole-
cules directly bound to biomolecules, which can be called inner-
bound water (IBW). Because each water molecule tends to form
four hydrogen bonds, this inner layer of bound water affects the
orientation and mobility of several adjacent layers of water mole-
cules, which we define as outer-bound water (OBW). Other water
molecules have relatively large mobility, which is closer to the
situation of water molecules without biomacromolecules and is
simply called FW. Strictly speaking, the so-called FW here is also
composed of hydrogen bonds with neighboring water molecules,
but not a single water molecule. Obviously, OBW cannot exist
without IBW.

We further hypothesized that the quantity of OBW is much
greater than that of IBW and, thus, its influence on T, is signifi-
cant. Based on this hypothesis, the FID of MRI is derived from
IBW protons with signal intensity Mizw, OBW protons with signal
intensity Mopw and FW proteins with signal intensity Mpw,
namely:

M = Mpw + Mosw + Mrw. (1)

We denote the fraction of bound water as fipw and those of
OBW and FW as fopw and frw, respectively. Then, the reduced sig-
nals Migw, Mosw and Mgy are, respectively, decayed as

—
N
—

Miw = fisw exp(—t/tsw),
Mogw = fosw exp(—t/tosw),
Mrw = fpw exp(ft/pr).

——
N
e

Here, 1w, Topw and trw are the T, relaxation times of IBW, OBW
and FW, respectively.
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The relaxation time of the OBW is uncertain, because its mo-
tility might increase from the inside to the outside. For simplicity,
we assume that the average T, relaxation time of OBW is the geo-
metric average of the relaxation time of IBW and FW. Based on
the MRI results in Fig. 4B, it is reasonable for us to assume
2500ms as tew, 250ms as topw and 25ms as tpw in this study. A
similar classification of MRI water signals into three different
states of water is seen in some brain MR analyses [33, 34]. In
these reports, the brain MR signal is reduced to that of water,
which is divided into three cases: one is the long T, component
produced by cerebrospinal fluid (~2s); the second is the interme-
diate component of intracellular and extracellular water (~70-
100 ms); the third is the short T, component (~10-20 ms) of water
trapped between the double layers of myelin.

In our opinion, the concentration of IBW depends on the ac-
cessible surface area of biomacromolecules. Theoretically, [IBW]
is related to [COL] by a 2/3 power at a low concentration of COL.
So, the IBW content figyw with respect to total water has the fol-
lowing relationship with its concentration [IBW] relative to the
sum of water and COL as

_ [1BW] [COL)?/?
Jusw “1-[cori T 1-[coL ©)

Here, [COL] is the mass percent concentration, and the equation
is valid only when [COL] < 1.

With the increase of COL concentration [COL], the overlap of
COL molecules must lead to a decrease in the ratio of bound wa-
ter. So, the above formula needs to be multiplied by a parameter
that decreases with the increase of [COL]. While the analytical
form is unknown, we can speculate that if the final bound water
fraction is a power of COL concentration, the power is certainly
<2/3.

Based on the peak separation results of bound water and other
water by IR in Fig. 5, the fractions of bound water and unbound
water in the COL-water system with different concentrations can
be obtained, and then, the relationship between the content of
bound water and the concentration of COL can be deduced, sup-
posing a boundary condition that the content of ‘COL-bound wa-
ter’ in pure water be regarded as zero. Hence,

fisw = a[COL" (6)

Our experimental data fit this equation well, as seen in
Fig. 6A. The fitted index n read 0.509, which is indeed <2/3, and
has in turn confirmed the basic assumption of partial overlap of
bound water when COL concentration is increased. For the con-
venience of subsequent derivation, we take n=0.5 in the later
analysis.

The OBW content is closely related to the IBW. For simplicity,
the proportional coefficient is set as f:

fosw = Bfisw = op[COL]>>. %)

The percentage of FW is calculated as

few =1 — fisw — fopw- (8)

In this article, the reduced MR signal of the COL-water system
can be expressed as follows:

M(t) = ot[COL]O'Sexp<fi> + uB[COL]O'Sexp<— E )
TIBW TOBW
+ (1 — olcor)”® - aB[COL]OS)eXp(ft/IFW). 9)

It is known that
M(T,) = M(0)/e. (10)

Then, we obtain

rafon(s- ) -eofa-2)])

Equation (11) quantifies well the results in Fig. 6B. The fitted B
read 5.6, indicating that each IBW leads to an average of 5.6 OBW
molecules. The final normalized MR signals based on the theory
are shown in Fig. 6C.

Effect of biomacromolecule content on T, values

The clinical in vivo permeation of the gadolinium contrast agent
was simulated with an in vitro dialysis method as shown in
Fig. 7A. Specific dialysis tubes (Float-A-Lyzer G2, Spectrumlabs)
were selected, which can open the knob at any time for sampling
and testing. The pore size of the dialysis tube only allowed the
penetration of gadolinium ions and did not allow the migration
of GAG macromolecules.

The gadolinium contrast agent used in this study was Gd-
DTPA?~ (Magenvist, Bayer). The Gd*>* ion has seven electrons in
its 4f orbital and has the highest spin value in the periodic table
with total spin S=7/2. The interaction between free spin elec-
trons in the Gd contrast agent and protons significantly affects
proton relaxation, which influences both T; and T,. Since T; is
usually much larger than T,, the effect of the contrast agent on
T, is more pronounced.

Our dialysis protocol I mimics cartilage with different GAG
contents, and the gadolinium agent was added to the extra-
dialysis fluid to simulate the intravenously injected contrast
agent. The actual dialysis was slow and the driving force was
found insufficient. So, we suggested dialysis protocol II, as shown
in Fig. 7B. Here, both negatively charged gadolinium contrast
agent and GAG were initially inside the dialysis tube, and the
pore size of the dialysis tube allowed only the penetration of the
gadolinium contrast agent without affecting the biomolecular
concentration. The concentration of the remaining contrast
agent inside the dialysis bag was finally examined. Dialysis proto-
col II was subsequently selected as the final protocol for dialysis
simulation with results shown in Fig. 7C.

The addition of GAG exhibited significant effects on the
dialysis of Gd-DTPA”". The data also indicate that dialysis
extravasation mainly occurred in the first 2 h, which is consistent
with the time of injection of the contrast agent in clinical
patients.

As for the detection of the gadolinium contrast agent, we tried
two methods, UV-visible spectroscopy and ICP-AES, as shown in
Supplementary Fig. S10. In the UV-visible spectrum scanning,
both Gd-DOTA and Gd-DTPA gadolinium contrast agents exhib-
ited obvious absorption peaks at a specific wavelength (274nm),
and the peak intensity is linearly related to the concentration.
The disadvantage of the UV-vis scanning method is the detection
concentration limit, which makes it difficult to accurately
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Figure 6. Theoretically derived MRI signals and comparison with experimental T, values at different COL concentrations. (A) Fraction of inner-bound
water (fisw) as a function of COL concentration. The fractions were obtained from FTIR spectra. The line came from fitting with (6] resulting in o= 0.43,
n=0.509, R?=0.99. (B) Comparison of the theoretically derived T, values with the experimental T, values with a squared correlation coefficient
R?=0.86. (C) The attenuation signals at different concentrations of COL, which are contributed from IBW, OBW and FW (actually self-bound water).

determine the gadolinium contrast agents with micromolar con-
centrations. So, we further employed ICP-AES to determine the
concentration of Gd. Although the standard curve has to be re-
made for each ICP-AES test, which is thus a bit tedious, the line-
arity of the standard curve obtained in each of our tests is
excellent (R? close to 1), and low concentrations are detectable.

Effect of concentrations of biomacromolecules on
T,
The relaxation time T, decreases significantly as the concentra-
tion of gadolinium contrast agent increases, as shown in Fig. 8A.
In particular, we took the inverse of the relaxation time T; as the
relaxation rate R; and found a significant positive correlation be-
tween R; with the content of the gadolinium contrast agent.
Different concentrations of GAG solutions were prepared, and
three batches of dialysis experiments were performed with the

addition of the gadolinium contrast agent. According to the expe-
rience of the above-mentioned dialysis experiments, dialysis for
2h can achieve a relatively sufficient penetration effect of
the gadolinium contrast agent. The T; values were measured be-
fore and after the addition of the gadolinium contrast agent, and
the relaxation rate difference AR, was calculated, as shown in
Fig. 8B.

It can be found that the presence of GAG reduced AR, signifi-
cantly. Since both gadolinium contrast agent and GAG are nega-
tively charged, the higher the GAG content, the less contrast
agent remains in the dialysis tubing, resulting in a larger T; post
and smaller AR;.

To compare the possible effect of COL on T, values, a series of
COL solutions with different concentrations were additionally
configured. We found that the effect of COL on T; and AR, after
dialysis was very limited compared to that of GAG.



Regenerative Biomaterials, 2023, Vol. 10, rbad035 | 11

I N _=-0
\' - -
O m==== Gd¥Z _ _
{ S =0T

o]
B start end C
! » !

slow and insufficient dialysis

_ start end

Concentration of Gd tested by AES-ICP (mmolsL™")

fast and sufficient dialysis
» _ Gd contrast dialysis tube with GAG

Gd*'

4.5

3.5

A dialysis for 2 hours
@ dialysis for 4 hours
B dialysis for 8 hours
é
B
A
]
4.04 ad
2
: ¢
]
I I I I
9 10 15 20

GAG Concentration (wt%)

Figure 7. Content of a gadolinium contrast agent as a function of the content of GAG as demonstrated from a dialysis experiment. (A) Structural
formulas of Gd-DTPA?", the gadolinium contrast agent used in this study. (B) Schematic representation of dialysis processes of a gadolinium contrast
agent to simulate its penetration into cartilage in vivo. The dialysis bags were filled with GAG in PBS (pH 7.4). The dialysis process is slow when the
external gadolinium ions permeate into the dialysis bags and relatively fast when the gadolinium ions were initially added into the GAG solution,
which we used to achieve rapid equilibrium. (C) Equilibrium gadolinium content as a function of GAG concentration. While gadolinium ions in the
dialysis bag decreased significantly with the increase of GAG content, there was no significant difference in the concentration of remaining gadolinium

after 2, 4 and 8h of dialysis.

A clinical case of MRI during cartilage
regeneration

A clinical case is reported to confirm the MRI method to monitor
cartilage regeneration. Figure 9 shows typical MRI images of a
male patient with patellar injury of the right knee at 3, 6 and
18 months after MACI surgery. This is from the cohort of our pre-
vious publication including 18 cases and 25 lesions [10], and the
data in Fig. 9 for this case have not yet been published previously.
To compare the difference between regenerated cartilage and
healthy cartilage at different repair stages and the corresponding
changes in MRI indexes, regions of morphologically normal carti-
lage in the adjacent anatomical region were selected as controls.
The ROI of regenerated cartilage is manually drawn by experi-
enced musculoskeletal radiologists. T, and T; values of both
regenerated cartilage and adjacent normal tissue were mea-
sured.

Compared with the surrounding normal cartilage area, the T,
and AR; values of regenerated cartilage tissue were higher than
those of normal tissue at 3 and 6months after the operation.
After 18 months, there was no significant difference between the
two groups, illustrating the regeneration efficacy. These clinical
imaging data demonstrate the feasibility of non-invasive quanti-
tative evaluation of cartilage regeneration by MRL

Discussion

While much progress has been made for biomedical materials
[35-42], cell-material interactions [43-46] and medical devices
[47-52] in the latest decade, it is rare to find a non-invasive ap-
proach to monitor in vivo cartilage regeneration, which is particu-
larly meaningful for clinical research after implanting a
regenerative biomaterial. The histological evaluation of
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arthroscopic biopsies provides a gold standard for morphological
and biochemical evaluation of regenerated cartilage tissue.
However, this process is invasive and difficult to be accepted by
patients. In recent years, MRI has increasingly been an important
means of disease assessment [53-57]. The quantification of MRI
indexes can reduce the subjectivity encountered by traditional
non-quantitative techniques. The relaxation signal of tissue is
measured in MRI, of which the main factors affecting the relaxa-
tion rate include water content, system viscosity and the effect of
paramagnetic substances [16, 58-60]. In this study, T, and T
mapping were used as quantitative methods to determine the re-
generation effect of cartilage tissue.

Some researchers have reported the influence of MRI indexes
on the intra-cartilage components, including water [16, 61], COL
[17, 62, 63] and GAG [15, 64] during the occurrence of osteoarthri-
tis or the regeneration of cartilage. However, the reason underly-
ing the effect is still vague. Even some reports are contradictory

with each other; for instance, it is not clear whether the T, value
of cartilage tissue is independent of proteoglycans [13, 14] or af-
fected by proteoglycans in cartilage [65, 66]. Therefore, it is neces-
sary to make a deterministic experiment to examine the effects
of specific cartilage components on T; and T, in a ‘clean’ system
without the interference of other biomacromolecules and to re-
veal the underlying physical principle.

NMR can respond to specific atomic nuclei, reflecting the
structure and composition of matter [67-69]. The MRI signal in
this study reflects the relaxation of protons, which is mainly con-
tributed by the hydrogen nuclei in the water molecules. We sug-
gest that the measured T, value is related to the relative contents
of bound water and FW, which are greatly influenced by bioma-
cromolecules in cartilage. In this study, we combine theoretical
derivation and in vitro experimental tests to conclude unambigu-
ously that it is COL that mainly influences T, values. COL bioma-
cromolecules affect the activity and spin-spin dipole interaction
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of its bound water, and this spin-spin dipole interaction between
protons is reflected in the T, mapping, as summarized in Fig. 10.

Combining the IR tests and the data on the bound water con-
tent by Gaussian peak splitting, the effect of COL is more signifi-
cant than that of GAG on the bound water content, and thus the
T, value of the MRI reflects more COL content of the articular car-
tilage tissue. Based on the IR measurement and analysis of curve
fitting of bound water content, we have revealed that the effect
of COL on bound water content is greater than that of GAG. In
theory, the orientation of COL also has a certain influence on the
T, signal [63, 70], which has not been considered in this study. A
highlight of the present study is the concept and mathematical
treatment of OBW, as schematically presented in Fig. 10B.

MRI measures the relaxation of hydrogen protons of water
molecules in tissue, where the relaxation of water molecules is
slow, resulting in large T; and T, values. The large T, is easy to

detect and leads to a high signal along with slow transverse re-
laxation. However, a large Ty value indicates a slow recovery of
longitudinal relaxation, and therefore the signal is very weak.
The commonly used method for detecting T; in clinic is
dGEMRIC, where a gadolinium contrast agent is added to acceler-
ate T, relaxation and thus enhance the T, signal. Bashir et al. [12]
first reported the effect of an ionic gadolinium contrast agent on
the enhancement of cartilage MRI. Later, a few reports suggested
that the evaluation of contrast agents on regenerated cartilage
was unnecessary [71]. Yet, most of the pertinent publications
about dGEMRIC supported that the relaxation rate difference AR,
before and after intravenous injection of contrast agent was asso-
ciated with GAG content [12, 72, 73]. Watanabe et al. [74] reported
that Ripre (1/T1pre) Was not significantly correlated with relative
GAG concentration and AR; was significantly negatively corre-
lated with GAG concentration. Our experimental results (Fig. 8)
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have illustrated that all of Tipre, Tipost and AR, are sensitive to
[GAG], and it is AR, that distinguishes GAG from COL the best.
The premise that the gadolinium contrast agent can effec-
tively evaluate cartilage tissue is a clear inverse correlation be-
tween gadolinium contrast agent and GAG concentration. To
verify that we in vitro used a dialysis device to simulate the per-
meation process of contrast medium and investigated the effects
of different concentrations of GAG on contrast medium penetra-
tion and further MRI quantitative parameters T;. Due to the nega-
tive charge of GAG and gadolinium contrast medium, the
distribution of Gd-DTPA?~ in cartilage is negatively correlated
with the content of GAG, which can indirectly reflect the

maturity of cartilage [73, 75-77]. Gd-DTPA?~ is concentrated in
the areas with low GAG content, speeding up T, relaxation in
these areas. Kurkijarvi et al. [78] reported that there was no signif-
icant difference in dGEMRIC assessment between the regenerated
tissue and the control cartilage 5-10months after surgery, but
they did not perform short-term follow-up. Gillis et al. [79] be-
lieved that the concentration of GAG in the regenerated cartilage
12 months or longer after ACI was similar to that in the surround-
ing normal cartilage, which our clinical MRI has supported well.
In our clinical evaluation, 90-120 min after contrast agent ad-
ministration was selected as the time window for dGEMRIC imag-
ing, which was consistent with previous reports [75, 80]. We
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found that AR; in the regenerated tissue was significantly higher
than that in the control normal cartilage at 3 and 6months,
which is reasonable that the GAG content in the regenerated car-
tilage was lower than that in the normal cartilage. As shown in
Fig. 11, this study has confirmed the rationality of using the Gd
contrast agent to characterize GAG in vitro and in cartilage tissue
in vivo and verified that T; mapping before and after the addition
of gadolinium contrast agent can quantitatively reflect the spa-
tiotemporal distribution of GAG.

Conclusions

This work has established the definite relations of MR indexes T,
and T, to the contents of the two main biomacromolecules in car-
tilage ECM based on ‘clean’ systems in vitro. The MRI signal in the
biomacromolecule-water system is thought to be affected by the
hydrogen proton of the biomacromolecule-bound water. In T,-
weighted imaging, COL exhibited more significant effects on T,
relaxation than GAG, which has been interpreted from the fact
that COL generates more the IBW and subsequently the OBW.
GAG can regulate the distribution of the negatively charged gado-
linium contrast agent in cartilage tissue owing to the charge ef-
fect and thus significantly affect T;-weighted imaging. In
addition, this work reports the quantitative clinical analysis of
MRI on the regeneration of human knee cartilage 18 months after
MACI surgery. Through T, mapping and dGEMRIC methods, the

values of T, and AR; were found to decrease gradually at 3, 6 and
12 months after MACI, indicating the maturation of the COL net-
work and the increase of the GAG content in the regenerated car-
tilage. This study affords one of the academic bases of MRI
standards to evaluate cartilage regeneration in vivo in a real-time
and non-invasive manner. The fundamental research has ever
greatly supported the suggestion of an ISO standard by the
Chinese team, which was approved as ISO/TS24560-1:2002 in
September 2022.

In addition, the present study has revealed two basic relations:
one is between biomacromolecule content and IBW and the other
is between the content of bound water and the characteristic MR
relaxation time. The content of IBW can be estimated from
Fourier transform infrared spectrometry, and the ratio between
OBW and IBW can be estimated further from MRI data. We have
discovered that one IBW can lead to 5.6 OBWs in the examined
system. The concept and the methodology are helpful for the
quantitative investigation of the aqueous systems containing bio-
macromolecules in tissue ECM including but not necessarily lim-
ited to COL and GAG in cartilage.

Supplementary data

Supplementary data are available at Regenerative Biomaterials
online.
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