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Abstract

This study is focused on the development of innovative sensors to non-invasively monitor the
tissue implant status by Fast-Field-Cycling Magnetic Resonance Imaging (FFC-MRI). These
sensors are based on oligo-histidine moieties that are conjugated to PLGA polymers
representing the structural matrix for cells hosting scaffolds. The presence of YN atoms of
histidine causes a quadrupolar relaxation enhancement (also called Quadrupolar Peak, QP) at
1.39 MHz. This QP falls at a frequency well distinct from the QPs generated by endogenous
semisolid proteins. The relaxation enhancement is pH dependent in the range 6.5-7.5, thus it
acts as a reporter of the scaffold integrity as it progressively degrades upon lowering the
microenvironmental pH. The ability of this new sensors to generate contrast in an image
obtained at 1.39 MHz on a FFC-MRI scanner is assessed. A good biocompatibility of the
histidine-containing scaffolds is observed after its surgical implantation in healthy mice. Over
time the scaffold is colonized by endogenous fibroblasts and this process is accompanied by a
progressive decrease of the intensity of the relaxation peak. In respect to the clinically used
contrast agents this material has the advantage of generating contrast without the use of

potentially toxic paramagnetic metal ions.
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1. Introduction

Nowadays, one of the most important challenges in many medical fields is represented by the
application of regenerative medicine approaches, i.e. the possibility to repair and/or replace
tissues and organs that have been damaged by disease, trauma or congenital defects. [1-3]
Different biomaterials have been considered to offer suitable microenvironments for enhancing
cell engraftment, including both naturally occurring and synthetic polymers, ceramics, metals
and composites [4,5] that act as a temporary support for cell proliferation and tissue
regeneration.[6] However, routine use in clinical applications has been hampered due to rapid
scaffold degradation and poor long-term survival of therapeutic cells.[7] In particular, it is not
well understood whether graft failure is the consequence of cell death and when this occurs. On
this basis, a non-invasive imaging method that can probe implant status and cell viability would
accelerate the clinical translation of these approaches. To date there are no methods that can
monitor the scaffold status in vivo and report on its degradation and on the vitality of the
transplanted or colonizing cells. Most of the explored methods involve the use of fluorescent

probes added to the implant whose detection is readily possible in vitro before implantation but

Published on 01 June 2021. Downloaded by University of Aberdeen on 6/3/2021 4:04:57 PM.

hampered, if not impossible, at the patient level. [8] In fact, whereas light tissue penetration
allows the use of optical imaging in small animals [9,10], the only way to monitor artificial
tissue over time in humans is to resort to the surgical removal of a tissue sample to be analyzed
ex vivo. MRI is a powerful high resolution technique capable of providing extremely detailed
morphological images. [11] By using Gd-based contrast agents (GBCAs) or highly sensitive
iron oxide particles, it is possible to label various types of cells or implants making them
detectable by means of MRI. [12—16] Major disadvantages, however, arise from the cytotoxicity
of the metals used and the persistence of the contrast in the image even after implant degradation

and cell death have occurred. For these reasons, probe developers are challenged to find
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alternative metal-free solutions, with special attention to solutions that could alloyy for lgnguceonne
term in vivo monitoring applications. In this context, one example consists of MRI detectable
CEST (Chemical Exchange Saturation Transfer) agents based on hydrogels, recently proposed
for in vivo detection of transplanted cell viability.[17,18] The contrast is generated by the pH-
dependent saturation transfer caused by arginine exchangeable protons loaded into a liposome
cavity. However, the diamagnetic CEST agents showed a lower sensitivity with respect to the
paramagnetic ones, also because of the strong background of endogenous exchangeable protons
whose resonances fall in the same range of arginine signals (e.g. polypeptide amide and amine
groups, etc...).

In this study, an innovative biocompatible, biodegradable and trackable material was developed
for the preparation of tissue implants. The peculiarity of this material is that it contains an
intrinsic sensor able to self-generate T, contrast in an MR image without the addition of
paramagnetic metals. The biomaterial consists of PLGA (Poly-Lactic and Glycolic Acid)
already approved for human use, forming the solid matrix of the scaffold. [19,20] The sensing
component of the biomaterial consists of histidine oligomers (oligo-His) able to generate a
relaxation enhancement at a specific frequency well detectable by Fast Field-Cycling Magnetic
Resonance Imaging (FFC-MRI).[21,22] The relaxometric response of this material can be
followed over the entire lifetime of the scaffold. The uniqueness of the FFC-MRI technology
relies on its ability to yield images based on how the magnetic relaxation time of water protons
varies with the applied magnetic field strength, i.e. by providing the Nuclear Magnetic
Relaxation Dispersion (NMRD) profile of any material able to affect the proton relaxation rates.
FFC is the only practical way of measuring NMRD profiles in vivo and producing images at
variable and low magnetic field strengths in a relatively short time, compatible with the clinical
practice. It involves switching the magnetic field between different field strengths during the
measurement procedure. The time to switch between levels has to be less than the sample

relaxation time, in which case the technique is known as “fast” field-cycling (FFC). FFC-NMR
4
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relaxometry has been widely exploited in recent years worldwide on small solid and liguid:e >vre
samples [23,24] and, recently, also in vivo on solid tumors implanted in the mouse hind
limb.[25,26] However, FFC has only recently been applied to MRI, and two prototype human
whole-body sized FFC-MRI scanners have been built at the University of Aberdeen.[21,22]
FFC-MRI/NMR has the advantage to allow the detection of the frequency-dependent relaxation
enhancement described as the Quadrupolar Peaks (QPs) contribution[27,28] and this ability is
further exploited in the herein reported work. QPs result from local increases in the NMRD
profile at magnetic fields where the proton NMR frequency and the “N nuclear quadrupole
resonance frequency coincide; it possesses simultaneously the high signal-to-noise ratio of
proton imaging while reporting on the effects associated with the presence of N nuclei. [29—
32] Certain well-defined QP signals are naturally present in many biological tissues.[33] They
are generated by water interaction with YN atoms present in the protein amidic groups.
Biological tissues display three QPs due to the amide functionalities of endogenous,
immobilized proteins (0.7, 2.1 and 2.8 MHz). However, the sensor proposed here is based on

“N-containing compounds that are able to generate QPs clearly distinguishable from the

previously known ones. We recently reported [34] that exogenous poly-Histidine (poly-His)

Published on 01 June 2021. Downloaded by University of Aberdeen on 6/3/2021 4:04:57 PM.

containing systems of different sizes show a further QP in addition to the endogenous ones,
thus paving the way for the development of a totally new class of metal-free 'H-MRI frequency-
encoded specific reporters. The contrast is derived from imidazole groups of oligo-histidine
chains causing Quadrupolar Relaxation Enhancement (QRE) at 1.39 MHz, readily detectable
by an FFC-MRI scanner. The immobilization of the polymeric chains in a tissue-like state is
mandatory for the generation of the QRE.[31] Thus QRE can be exploited for monitoring
scaffold water permeation and consequently the scaffold surface or bulk erosion. Since pH
controls the physical state of the oligo-His solid/liquid status, an estimate of the pH of the
microenvironment in which the sensor is located can be obtained via the changes in the QRE

intensity thus providing at the same time valuable information on cell viability and graft
5
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degradation. An increase in oligo-His mobility due to the pH decrease associated withteelts e
proliferation[35] may also be detected when the imidazole units are still part of a scaffold
matrix, thus acting as reporters of local physiological and pathological changes. Accordingly,
the conjugation of an oligo-His chain to the polymeric biomaterial can allow the physician to
assess, in real time, the status of the transplanted scaffold and cells, monitoring the natural
biodegradation of the scaffold and the cells’ colonization. The idea of developing MRI contrast
agents based on the generation of a QRE has also been recently reported.[36—38] The study
investigated 2°°Bi (I=9/2) containing organometallic compounds reporting interesting results at

magnetic field strengths near to the clinical ones. However, the translation to human studies

appeared difficult due to the Bi toxicity and low water solubility of these compounds.

2. Material and Methods

2.1 Chemicals: Resomer® RG 502 H (Poly-(D,L-lactide-co-glycolide, 50:50, acid terminated,
Mw 7,000-17,000), Resomer® RG 504 H (Poly-(D,L-lactide-co-glycolide, 50:50, acid
terminated, MW 38000-54000), Sucrose, Tetraglycol, Poly-(vinyl alcohol) (PVA, MW 31000-
50000), diaminobenzidine enhanced liquid substrate chromogen system (D3939), N-(2-
Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES), 2-Morpholinoethanesulfonic
acid (MES) and all other chemicals were purchased from Sigma-Aldrich Co. LLC. Anti-rabbit

CD68 (ab125212) and goat anti-rabbit (ab97051) were purchased from Abcam.

2.2 Scaffold fabrication: Different polymer formulations were considered in this study, namely:
i) commercially available not functionalized PLGA polymers of different size (Resomer® RG
502 H (7-17 kDa ) hereinafter labeled as Small (S) or Resomer® RG 504 H (38-54 kDa) herein
after labeled as Large (L)) and ii) the correspondent derivatives conjugated with the oligo-His

peptide synthetized in our laboratory (oligo-His-PLGA-S and oligo-His-PLGA-L). PLGA
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scaffolds were prepared by dissolving PLGA in tetraglycol at 200 mg ml! by stirring oyertiighit:< o
at 60 °C. In order to create porous scaffold for in vivo implant, 300 puL of 75(L):25(S) PLGA
or oligo-His-PLGA were placed in a cylindrical mold equipped with a piston and mixed with
180 mg of sucrose. The polymer solution was then injected into 30 mL of phosphate buffer
saline (PBS, NaCl 136 mM, KCIl 2.7 mM, K,HPO, 8§ mM and KH,PO4 2 mM, pH=7.4)
containing 0.3% w/w of PVA, where it precipitated by phase inversion to form a solid scaffold
as tetraglycol diffused into PBS and allowed the porogen to be leached from the scaffold to

form a porous structure. The scaffolds were placed at 4°C O/N, before being washed three times

in PBS and sterilized in 70% ethanol solution for 10 minutes.

2.3 Animals and in vivo scaffold implant: Balb/c mice (Charles River Laboratories, Calco,
Italy), bred at the animal house of the Molecular Biotechnology Center of the University of
Torino, were used for the in vivo experiments (n = 12 for each group, mean weight 22 + 1 g).
Mice were kept in standard housing with standard rodent chow and water available ad libitum,
and a 12 h light/dark cycle. Experiments were performed according to national rules and

policies on animal handling and authorized by the Italian Ministry of Health (authorization

Published on 01 June 2021. Downloaded by University of Aberdeen on 6/3/2021 4:04:57 PM.

number 807/2017PR). Before the scaffold implantation, mice were anaesthetized by
intramuscular injection of tiletamine/zolazepam (Zoletil 100; Virbac, Milan, Italy) 20 mg kg-!
plus xylazine (Rompun; Bayer, Milan, Italy) at the dose of 5 mg kg'!. After scrubbing with
betadine, a 15 mm dorsal midline incision was made over the thoracolumbar areca. The PLGA
or oligo-His-PLGA scaffold was subcutaneously inserted and then the wound sutured. Scaffold
was monitored twice a week with MRI. After 12 and 25 days from implant mice were
euthanized. Scaffold implants were collected for NMRD acquisition and subsequent

histological evaluations.
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2.4 MRI acquisition: MR images of implanted scaffold in mice were acquired at 7.1 T on/ac "o
Bruker Avance Neo 300 MHz spectrometer equipped with the Micro 2.5 microimaging probe

at room temperature (R.T. = 21 °C). T,w images were acquired by using a standard RARE
(Rapid Acquisition with Refocused Echoes) sequence with the following parameters: TR =
4000 ms, TE = 24 ms, RARE factor = 16, flip angle = 180°, number of averages =4, FOV =28

mm X 28 mm, slice thickness = 1 mm, matrix size 256 x 256.

T, values were measured using a MSME (multislice multiEcho) sequence (TR = 3500 ms, 200
variable TE ranging from 3 to 600 ms, FOV =1 x 1 cm, slice thickness = 1 mm, matrix size

128 x 128). A glass tube containing a 0.5 mM ProHance solution (Bracco Imaging, Milan, Italy)

as reference was inserted close to the mouse body.

2.5 FFC imaging acquisition: FFC images were acquired using a whole-body FFC-MRI
scanner [21] with a custom-made radiofrequency coil (5-turns of 2 mm gauge enamelled copper
wire, 3.5 cm diameter, 3 cm high, Q factor of 189 at 8.65 MHz) at room temperature. T, images
were acquired using a field-cycling inversion recovery sequence[39] across 12 evolution times
logarithmically spaced between 200 and 4000 ms, evolution magnetic field strengths of 25, 33,
38 and 63 mT, matrix size of 32 x 32, FOV of 72 mm, slice thickness of 30 mm, and echo time
of 16 ms, 10 kHz bandwidth, 800 ps gradient ramp time, 1 ms crusher gradient and 20 ms By
ramp time, with total scan duration of approximately 90 min. NMR dispersion (NMRD) profiles
were obtained from a surface fit of the averaged signal obtained from regions-of-interest of 2-
by-2 voxel area. The percentage increase of R; at sensor field of 33 mT relative to the baseline

field of 38 mT was determined.

2.6 NMRD profile acquisition: NMRD profiles, i.e. Proton longitudinal relaxation time (T;)
values as a function of the magnetic field strength (from 0.01 to 10 MHz Proton Larmor

Frequencies), were acquired at 25°C on a SPINMASTER FFC2000 NMR relaxometer (Stelar
8
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S.n.c., Mede (PV), Italy) equipped with a 10 mm 0.5 T FC magnet and microcoil . Sgaffolds e one
swollen in PBS were placed in a capped glass micro-tube (5 mm diameter x 10 mm length).
Before the NMRD profile acquisition at different pHs, the scaffold was washed once with
distilled water and kept overnight in a 50 mM HEPES buffer (pH range 8.2-6.8) or 50 mM MES
buffer (pH range 6.7-5.5). The temperature was controlled by a Stelar VTC-91 airflow heater,
equipped with a copper-constantan thermocouple. The temperature in the probe head was
measured with a Fluke 52 k/j digital thermometer (Bassersdorf, Switzerland). The relaxometer
operated under complete computer control with an absolute uncertainty in the 1/T; values of

+2%. T measurements were performed by using the Not Polarized and Pre-Polarized sequences

as described by Ferrante and coworkers [40] with 16 values of delay time (7).

2.7 Histological studies: After NMRD acquisition scaffolds were placed overnight in buffered
4% formaldehyde solution and then included in paraffin. Dewaxed 5 pm sections were stained
with haematoxylin-eosin and chloroacetate esterase staining. For immunohistochemistry
assays, de-waxed 5 mm sections were submitted to wet heat-induced antigen retrieval in a
mixture of 0.1 M Tris and 0.01 M EDTA solution at pH 9.0. Endogenous peroxidase was

blocked in 0.6% hydrogen peroxide solution in 0.05 M TBS (pH 7.6) for 20 minutes at room

Published on 01 June 2021. Downloaded by University of Aberdeen on 6/3/2021 4:04:57 PM.

temperature. Sections were then treated with 5% normal goat serum and reacted overnight with
goat anti-rabbit CD68. Subsequently, sections were incubated with goat anti-rabbit IgG
conjugated to HRP for 1 hour at room temperature. Finally, sections were treated with
diaminobenzidine enhanced liquid substrate chromogen system and counterstained with

hematoxylin.

2.8 Statistical analysis. Data are represented as mean £SD. Statistical significance of results was
evaluated by using an unpaired two-tails Student's t-test. Results were considered significant

at 99% (**) if P <0.01.
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3. Results and Discussion
3.1. Synthesis of oligo-His peptide and conjugation with PLGA

We have recently reported the fast and easy synthesis of PLGA-oligo-His via a thiol-Michael
addition reaction between PLGA-PEG,-Maleimide and oligo-His containing a N-terminal
cysteine residue (aminoacid sequence: CGGH,BA, n=15).[34] The oligo-His peptide was
synthesized by standard 9-fluorenylmethyloxycarbonyl solid-phase peptide synthesis (Fmoc-
SPPS) carried out on a Liberty CEM microwave synthesizer. Herein (Figure 1), we prepared
two maleimide functionalized PLGA namely PLGA-PEG,;-Mal-S and PLGA-PEG,-Mal-L
starting from Resomer® RG 502 H (MW= 12800 Da) and Resomer® RG 504 H (MW=52900
Da), respectively, by coupling their carboxyl group with the amino group of the Maleimide-
PEG,-NH,. Next, in order to get oligo-His-PLGA-S and oligo-His-PLGA-L, PLGA-PEG,-Mal-
S and -L were covalently linked with CGGH;sBA (for synthesis details see Supporting
Information). The products were analyzed by 'H-NMR-spectroscopy (600 MHz, dmso-d6,

Figure S1 and Figure S2).

o}

i i i I
H--0—CH-C—-0—CH,—C—{-OH ) H--0—CH-C—1O-CHyC- N~ "0 "y 0y
‘ —_— | yH o o)

CH; X y CH; X

or

Resomer® RG 502 H (MW= 12800Da) 1 m
Resomer® RG 504 H (MW= 52900Da)

0, o %
| ” "
H%O_?H_CHCLCHZ?C%H,\/0\/«,0,\/NW,\/NH\& N
CH3 X y o o H;N E ~ N ) t

or
oligo-His-PLGA-L

oligo-His-PLGA-S Z’;/\B
H

Figure 1. Schematic synthesis of oligo-His-PLGA-S and oligo-His-PLGA-L: I) (1-[Bis
(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium3-oxid hexafluorophosphate

10
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(HATU), diisopropylethylamine (DIPEA), Maleimide-PEG,-NHj, in acetonitrile (GHzCN); T e
CGGH;5BA (oligoHis), DIPEA in N, N-dimethylformamide (DMF).

3.2. Oligo-His-PLGA and PLGA scaffold preparation

Porous oligo-His-PLGA- and PLGA-based scaffolds were prepared by applying the porogen
leaching technique. [41] The oligo-His-PLGA or PLGA were dissolved in tetraglycol (200 mg
ml"). The solution was placed in a syringe together with the porogen (glucose, 600 mg ml-!). It
was then injected into a poly-vinyl alcohol (PVA, 0.3% w/w) solution in PBS, where it
precipitated by phase inversion to form a solid scaffold. Water slowly diffuses into the PLGA
solid scaffold allowing the porogen to be leached, thus forming a porous structure. The scaffold
was washed three times to eliminate the PVA excess. The formulation yielding a material
endowed with sufficient consistency and high QRE was achieved using the 75:25 ratio of oligo-
His-PLGA-L and oligo-His-PLGA-S, respectively, with an oligo-histidine loading
corresponding to the 7.5% w/w. This formulation was selected after several attempts, as
reported in Table S1 of Supplemental Materials. From the data analysis, it was possible to
conclude that the use of PLGA with a molecular weight around 50 kDa is necessary to obtain a

good precipitation when passing from tetraglycol to aqueous solution. On the other hand, it is

Published on 01 June 2021. Downloaded by University of Aberdeen on 6/3/2021 4:04:57 PM.

necessary to take into account that the longer the polymer chain, the smaller percentage of His
is found in the final product for the same weight of material.

The Nuclear Magnetic Relaxation Dispersion (NMRD) profile acquired on this biomaterial
showed several peaks due the presence of “N centres in different chemical environments (two
on the imidazole moieties and one on the amide groups of the polypeptide chains). However,
the most prominent one that appears, well distinct from the amide-corresponding ones, is the
peak at 1.39 MHz associated with the presence of the imidazole groups.

The QRE was calculated using the following equation:

QRE — (R%.39 MHz __ R%'68 MHZ)/R%.68 MHz 100
11
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= AR/R®®MH7 %100 bor: 101086100775k
Where R; is the proton longitudinal relaxation rate measured at the indicated proton Larmor
frequency.
Figure 2A shows that the QRE of oligo-His-PLGA was ca. 40 %, corresponding to a AR; of
~1.1 s'1. The protonation of the imidazole group of the histidine (pK,=6.8)[42,43] increases its
solubility in water with a consequent increase in mobility and progressive reduction until
disappearance of the QPs at pH < 6.5. Figure 2B shows the pH dependence of AR, (at 1.39

MHz) which results in the ability to monitor changes in the implant status.

25

A ® Oligo-His-PLGA scaffold
‘. o PLGA scaffold
20 4 54 1.39 MHz
L 4 1
a
45 g, 158 MHz
1 b
15 " w39 ; c
< ] o 2 .‘
L5 4
o 10 . 19 ecovenoses0006000000
1 1 MHz 2 3
.
54 Y T
1° el o \
& o e °e
0+ — — et
0.01 0.1 1 10

Proton Larmor Frequency (MHz)

T T T T
6.0 6.5 7.0 7.5 8.0
pH

Figure 2. (A) NMRD profiles of Oligo-His-PLGA (@) and PLGA scaffolds (O) swollen
with PBS (pH=7.4); the inset shows the magnification of the three QPs, arising from the
imidazole group (a, 1.39MHz) and from the amide groups of the oligopeptide (b, 2.1 and c, 2.7
MHz) respectively; The arrows indicate the proton Larmor frequencies selected for the QRE
evaluation.  (B) AR, (s!) of oligo-His-PLGA scaffolds measured at 1.39 MHz as a function
of the pH.
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3.3 FFC-MRI

The contrast-generating ability of oligo-His-PLGA scaffold was assessed using the 0.2 T FFC
imager built at the University of Aberdeen. [21] Two oligo-His-PLGA samples wet in 50 mM
MES at pH 6.4, 50 mM HEPES at pH 7.4, respectively and a control containing an empty
PLGA scaffold were prepared in 10 mm diameter plastic vials and placed in a larger 2% agarose
gel phantom with a diameter of 50 mm (see Figure S3). FFC images were obtained at four
different magnetic field strengths: 25, 33, 38 and 63 mT corresponding to 1.1, 1.4, 1.6, 2.7
MHz, respectively. For each field strength, separate images were obtained at 12 logarithmically
spaced evolution times, spaced between 200 ms and 4000 ms. From this image set NMRD
profiles were derived by fitting the signal intensity to an exponential model (Figure S4). All
FFC-MRI images were obtained using a field-cycling inversion recovery sequence with a spin-
echo readout (TE = 16 ms, number of averages = 1, FOV = 72 mm, slice thickness = 30 mm,
matrix size = 32x32).

QP contrast images of the scaffold samples included in 2 % Agarose gel were obtained at 33

mT (corresponding to the proton Larmor frequency of 1.39 MHz), by subtracting the estimated

Published on 01 June 2021. Downloaded by University of Aberdeen on 6/3/2021 4:04:57 PM.

baseline of the NMRD profile on a voxel-by-voxel basis. Scaffolds containing oligo-His
showed a distinctive positive image contrast originating from the oligo-His quadrupolar-
induced relaxation differences at 33 mT. The pH 7.4 scaffold yielded 3.8 times higher QP

amplitude than the scaffold at pH 6.4 (Figure 3).

13
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Figure 3. (A) NMRD profiles of the Oligo-His-PLGA (pH=6.4 and 7.4) and PLGA (control
sample) scaffolds, where error bars represent the 95% confidence interval. (B) Photograph of
the agarose phantom in the radiofrequency coil (C) QP contrast image measured at 33 mT
where the image voxel size is 2.25 x 2.25 x 30 mm?. (D) Dot plot of QP magnitude for each
scaffold sample. Each dot represents a single image voxel. The median and IQR is indicated for
each sample.

3.4. Scaffolds implantation

Oligo-His-PLGA and PLGA (control) scaffolds were surgically implanted in the upper part of
the back of Balb/c mice as shown in Figure S5.

After surgery, mice underwent MRI (7 T) examination every four days from day one (t=1) up
to 25 days (t=25) from the implantation. T,-weighted MR images acquired 1 and 25 days after
implantation (Figure 4) showed that scaffolds are stably encapsulated in the subcutaneous
region. Figure 4 and Figure S6 show a significant scaffold volume reduction over time, due
to the occurrence of surface and bulk degradation of the scaffolds. During the first week, the

volume reduction was faster likely with a determinant contribution of the collapse of the larger
14
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air-containing pores. Once the situation stabilized (after the first week), the degradatign pragess: - oo
became slower for both PLGA and oligo-His-PLGA scaffolds (Figure S4). Mice (n=12 for each
sample group) were euthanized 12 and 25 days after surgery; the scaffolds were explanted and
analyzed by means of FFC-NMR and histology. MRI revealed a significant decrease of the
transverse relaxation time (T,) for oligo-His-PLGA scaffolds during the time after implantation
(from T,= 5511 ms to 21%1 at t=1 and t=25, respectively) (Table S2). Conversely, for
unfunctionalized PLGA scaffold, T, remained constant until day 19 and then increased from
88+3 ms to 143 + 4 at t=19 and t=25, respectively. The different behaviours observed for
functionalized oligo-His-PLGA with respect to un-functionalized one, may be accounted for by
the different percentage of host cells colonizing the two scaffolds as assessed by histological

analysis of the excised scaffolds (see below). The oligo-his-PLGA scaffold showed a higher

and faster cell colonization that may be responsible for the observed T, decrease.
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Figure 4. T,,-MRI acquisitions of oligo-His-PLGA- (A, B) and PLGA- (C, D) scaffolds
one day after implantation (A, C) and after 25 days (B, D).

Figure 5 shows the NMRD profiles of oligo-His-PLGA scaffolds acquired ex vivo before
and 12 and 25 days after surgical implantation. As expected, QPs were clearly detectable at
1.39, 2.03 and 2.7 MHz only on oligo-His-PLGA scaffolds, while PLGA control profiles, in
this region, remained flat (Figure 5). All scaffolds showed a significant increase of the overall
relaxation profile and QRE after implantation with respect to pre-implant measurements (Figure
5A). This appears to be the consequence of i) the replacement of air by water molecules
characterized by a restricted mobility inside the pores; ii) the extent of the cellular colonization
and iii) the overall increased compactness of the implant materials. Scaffolds analyzed 25 days

after implant showed reduced QREs with respect to 12 days as a consequence of the gradual
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substitution of scaffold matrix with newly in sifu generated tissue (Figure 5B, C). This prdeess.s moe
was monitored by the QRE quantification using Equation 1 (more specifically, AR; were
calculated by considering the differences between the R; values measured at the following
proton Larmor frequency values: 1.39 and 1.68 MHz, 2.03 and 2.4 MHz, 2.73 and 3.1 MHz,
respectively). Figure 5D shows, 25 days after surgery, a QRE decrease at 1.39 MHz of ca.
18 %, probably due to pH change after cells’ colonization. Matrix substitution with the
regenerated tissue was further demonstrated by the observation of a less pronounced QRE
decrease at 2.03 and 2.7 MHz (5.3 and 12% respectively) due to the contributions arising from
proteins of the newly generated tissue that fall at these frequencies. These findings outline once
again the potential of the FFC-NMR/MRI technique’s ability to report on changes in relaxation

of materials at different magnetic field strength, to provide unique information, not detectable

on scanners operating at a single frequency.
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Figure 5. (A) NMRD profiles (0.01-10 MHz, 25°C) of oligo-His-PLGA scaffolds ag¢quireghex:c e

BO0775K
vivo before and 12 and 25 days after surgical implantation; (B) Representation of scaffold

degradation and cell colonization; (C) NMRD profiles (1-3.5 MHz, 25°C) of oligo-His-PLGA
and PLGA scaffolds acquired ex vivo 12 and 25 days after surgical implantation. The arrows
indicate the proton Larmor frequencies selected for the QRE evaluation reported in D. (D) %
QRE analysis (error bars indicate standard deviation, day 12 n=6, day 25 n=6); Unpaired
Student t test analysis of % QRE measured at days 12 and 15 showed P-values of 0.054, 0.698,
0.119, for 1.39, 2.03, 2.7 MHz QP, respectively.

3.5. Histological analysis

Histological analysis of the explanted materials revealed a progressive colonization by mouse
endogenous cells, starting from the periphery and moving toward the centre of the scaffolds.
After 12 days from in vivo implant, Haematoxylin and Eosin (H&E) staining clearly showed an
initial cell invasion of the structures, with endogenous cells surrounding all the external surface
of the scaffold. After 25 days, cells colonize the entire scaffolds pores and the exogenous
materials start to degrade (Figure 6). The H&E quantitative analysis (Figure 7) confirmed this
observation, showing a correlation between the percentage of the haematoxylin positive area
(corresponding to cells invading the scaffold) and days after scaffold implant. The high collagen
deposition observed on scaffold sections, stained with the Masson Trichrome assay (Figure

S7), demonstrated that most of the colonising cells were fibroblasts.
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Figure 6. H&E images of oligo-His-scaffolds explanted after 12 days (A) and 25 days (B) were
reconstructed from multiple pictures (magnification x 2.5); (C-D) H&E images showing
gradual scaffold colonization and invasion by mouse endogenous tissue after 12 days (C) and
25 days (D) from implant (magnification x5). Scale bars= 200 um; (E-F) H&E images showing
scaffold’s pores colonization after 12 days (E) and 25 days (F) from implant (magnification
x40). Scale bars= 50 pm.
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Figure 7. (A) Comparison of cell colonization on oligo-His-PLGA scaffolds (n=9) versus
PLGA scaffolds (n=9) after 12 or 25 days from implant (error bars indicate standard deviation,
statistical analysis: ** P < (.01, day 12 n=6, day 25 n=6). B) Correlation between the % of
cells on the scaffold and the AR; measured a 1.39 MHz in the NMRD profile by equation 1

Adhesion of tissue cells to biomaterials is an important prerequisite for the successful
incorporation of implants or the colonization of scaffolds for tissue engineering [44]. The
percentage of haematoxylin positive area was higher in oligo-His-PLGA in comparison to
PLGA scaffolds (in particular 25 days after surgical implantation) indicating a higher cell
affinity for the oligo-His functionalised biomaterial (Figure 7A). Accordingly, it was
previously reported that the attachment of fibroblasts depends on the biomaterial surface
properties determined by the presence of different functional groups such as amine (-NH,),
carboxyl (-COOH), hydroxyl (-OH), methyl (-CHj3) and polyethylene glycol (PEG).[45,46]
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Faucheux and coworkers[43] demonstrated the significantly higher affinity jof musing:: oo
fibroblasts for surfaces functionalized with —NH, and -COOH groups with respect to CH;, PEG
and OH. One may surmise that the presence of imidazole groups on the oligo-His-PLGA can
have an effect comparable to the one observed for -NH, groups, endowing the biomaterial with
the ability to mimic and/or stimulate cellular functions that promote an improved engraftment
ability in respect to the un-functionalised PLGA. The ability to monitor the state of the
biomaterial was demonstrated by the observation that the AR, decrease at 1.39 MHz is linearly
and strongly correlated with the percentage of invading cells (Pearson Coefficient r= -0.88).
The lower correlation of AR, for the peaks centred at 2.03 and 2.73 MHz (r= -0.46. -0.62,
respectively, see supplementary Table S3) is likely due to the contribution of proteins arising
from invading cells, thus confirming the scaffold colonization.

In order to better characterize the typology of cells invading the scaffold a staining for
neutrophils and macrophages was performed (Figure 8). 12 days after the implant several
CD68" cells were visible at the periphery, while only few neutrophils were detected. After 25

days the number of CD68" cells and neutrophils remained stable, suggesting the good

biocompatibility of the material.
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Figure 8. Paraffin sections from oligo-His-PLGA scaffolds were analysed by histology using
immunohistochemistry with anti CD68 antibody (A, C) or stained for neutrophil (chloroacetate
esterase staining) (B, D). Asterisks indicate engulfing scaffold macrophages. Arrows indicate
neutrophils (magnification x20). Scale bars= 100 pm.

4. Conclusion

The herein reported observations show that oligo-His-containing PLGA scaffolds are highly
bio-compatible systems for in vivo applications. They are progressively colonized by
endogenous cells and replaced by the newly formed tissue. The scaffold degradation is well
detected in T,, MR images. However further relevant information may be acquired from
MRI/NMR of these materials by the observation of the quadrupolar N contribution to the
water proton relaxation enhancement observed at 1.39 MHz. Importantly, the pH-dependence
of the relaxation enhancement response of the imidazole moiety may act as a reporter of the

acidification of the microenvironment. Thus, the combined information from T, images on
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ordinary MRI scanners coupled to the acquisition of AR, at 1.39 MHz allows getting mioge:- e

B0O0775K

inside into the degradation of the scaffold and the pH decrease that accompanies its  cellular
colonization. [35] More in general, the herein reported observations on the frequency-encoded
relaxation enhancement pave the way to an innovative concept to generate MRI contrast and
highlights the role that FFC-MRI may have, also in the context of the design of exogenous
agents as potential substitutes of the currently used GBCAs. These reporters may be endowed
with responsive properties thus allowing access to new information from a smart selection of

the chemical components of the materials used in medical devices.
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