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Nanofibers serve as widely employed tissue engineering scaffolds in diverse biomedical applications.
When implanted in vivo, it is crucial for tissue engineering scaffolds to be visualizable, enabling
the monitoring of their shape, position, and performance. This capability facilitates the effective
assessment of implant deformations, displacements, degradations, and functionalities. However, in
many biomedical imaging techniques such as magnetic resonance imaging (MRI), the contrast of tissue
engineering scaffolds is often inadequate. MRI is particularly notable for its effectiveness in imaging
soft tissues. Previous endeavors to enhance the contrast of tissue engineering scaffolds in MRI have
involved the use of negative contrast agents (CAs). Nonetheless, negative CAs can result in artifacts,
thus favoring the preference for positive CAs due to their ability to generate clearer boundaries. In this
study, we successfully prepared composite polyamide 6 nanofibrous scaffolds with ultrafine dispersion
Fe(OH)3; nanoparticles using electrospinning and in-situ growth techniques. The relaxation properties of
the magnetic nanofibrous scaffolds confirmed the successful production of scaffolds suitable for positive
imaging. In vitro cell seeding experiments demonstrated the efficient proliferation and adhesion of
endothelial cells and fibroblasts. In vivo studies further revealed the biocompatibility and functionality
of the scaffolds. These findings indicate that the prepared PA6/Fe(OH)3; composite nanofibrous scaffolds
can enable straightforward, safe, and efficient in vivo positive contrast MRI monitoring, thereby playing
a pivotal role in the integration of diagnosis and treatment within tissue engineering scaffolds.
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1 Introduction

Tissue engineering is dedicated to the repair of damaged tissues
and organs in vivo by using scaffolds with or without attached
cells [1], including bone (2], vascular scaffolds [3] and neural
tissue engineering scaffolds [4]. Such extracellular matrix-like
tissue engineering scaffolds are well-designed with porous [5],
fibrous [6], and network [7] structures to provide mechanical
and structural supports and promote cell-scaffold interactions.
However, the progress of clinic translation of tissue engineering
scaffolds has been hindered by difficulties associated with
monitoring the scaffold in terms of location, function,
maturation, acceptance and remodeling after implantation
[8].

To monitor implantable materials, commonly used imaging
modalities include X-ray [9,10], computerized tomography (CT)
[11], magnetic resonance imaging (MRI) [12,13] and ultrasound
[14]. X-ray and CT imaging expose tissues to ionizing radiation,
while ultrasound has limited tissue penetration. MRI, on the other
hand, is a non-ionizing radiation imaging modality that has the
advantage of high contrast for soft tissue imaging and is of wide
interest for implant imaging [15]. Magnetic nanoparticles (MNPs),
as a particularly promising candidate for the contrast media, have
received significant attention in the field of MRI contrast agents
(CAs) due to their unique nanoscale physicochemical properties
and broad application potential [16,17].

The visualization methods of scaffolds are divided into two
types of modalities: direct visualization and indirect visualization
[8]. For indirect visualization, MNPs are incorporated into cells
that have been embedded into scaffolds. For example, Perea
et al. used clinically approved superparamagnetic nanoparticles
to label human umbilical vein endothelial cells (HUVEC),
which were then delivered onto polytetrafluoroethylene tubular
grafts [18]. Constantinides et al. [19] used perfluorocrown-ether-
nanoparticles to label murine cardiac progenitor cells and seed
them onto porous film scaffolds. For direct visualization, MNPs are
incorporated into the scaffolds themselves [20]. These MNPs have
been manganese-based [21], gadolinium-based [12] or iron-based
[8]. Both methods have been shown to be viable and accurate in
identifying implants, however, direct visualization is simpler in
terms of fabrication and can be applied to some non-cellularized
implants. The MNP CAs are divided into two types: a negative
CA that darkens the image and a positive CA that brightens the
image [22]. In clinical diagnosis, positive contrast enhancement
is favored due to the creation of sharper edges and exhibits no
magnetic susceptibility-related artifacts, which can hamper the
image quality [22,23]. The ratio of “relaxivities” (r,/r1) determines
whether the CA is positive or negative. Conventionally, CAs
with r,/r1<5 are termed as T; CAs, while those having ratio
with 1;/r; > 5 are termed as T, agents [24]. In general, for
MNP imaging systems, the particle size, shape, surface state, and
crystal structure all have an impact on the relaxation rate. A
small particle size contributes to T;-weighted imaging [16]. For
example, iron-based CAs with positive contrast function have
been successfully developed by reducing the size of nanoparticles
[25-27]. A study by Liu et al. discovered that the r,/r; values of
3-(3,4-dihydroxyphenyl) propionic acid (DHCA)-modified Fe3O4
nanoparticles were 1.99, 3.1 and 4.05 (at 0.5 T) for NPs with

diameters of 4, 8, 12 nm, respectively [26]. In other related work,
Peng and co-workers compared the r,/r; values of iron oxide
hydroxide (FeOOH) nanoparticles (< 4 nm diameter, 1,/r; ~ 3
at 0.47 T) with those of FeFOOH nanoclusters (approximately 40
nm in diameter, 12/1; ~ 26 at 0.47 T) [25]. Besides reducing the
size of the nanoparticles, other means to reduce r,/r; include
suppressing magnetization effects, such as through the use of
antiferromagnetic FeOOH nanoparticles [28]. Other examples of
iron-based positive CAs include FeOOH nanospindles (r2/r; = 1.65
at 1.5 T) [29] and iron oxide nanowhiskers (r/r; = 1.83 at 1.4 T)
[30].

The inherent problem with positive contrast iron-based
scaffolds is how to achieve smaller CA particle size within
the scaffolds. Preparing scaffolds containing iron oxide through
physical blending is a facile fabrication method. However,
the iron-based scaffolds prepared by this method mostly
achieve negative contrast enhancement, primarily due to the
agglomeration and large particle size of the MNPs within
the polymer matrix [20,31-33]. Recently, Marc-André Fortin’s
team successfully prepared an alginate-based hydrogel with
positive contrast effect using PEG-stabilized ultra-small iron oxide
nanoparticles (USIONPs) with an average diameter of 4.9 nm
[22]. However, these PEG-stabilized USIONPs underwent thermal
decomposition and ligand exchange, which was excessively
complex. Therefore, we need to choose a preparation method
that is simple and allows for the uniform dispersion of MNPs
in the polymer matrix. It was reported that in situ fabrication
could enable uniform dispersion of MNPs in polymer matrices
[33,34]. Nanofibers have an extremely high specific surface area,
which can provide a larger loading area and more attachment sites
for the growth of MNPs, thereby facilitating the highly uniform
dispersion of MNPs [35].

Electrospinning is a simple method for preparing
continuous nanofibers of various polymers, polymer blends
and polymers/inorganic particles composites, and useful in a
variety of applications suc as tissue engineering, drug delivery,
and filtration [36-42]. Recently, ligand stabilization methods
have been widely used to enhance the dispersion of metals and
improve the stability of metal sites [43]. In our previous work
and the work of the aforementioned researchers, we have found
that the fractional state of CAs has a significant impact on MRI
performance. We have already verified this in an electrospun
poly(ethylene terephthalate)/gadolinium hydroxide nanofibrous
system [12]. However, we need a broader understanding of
whether the concept that good dispersion leads to good MRI
performance is generally applicable. Therefore, herein, we aimed
to achieve our objective by the in situ synthesis of Fe(OH);
particles within polyamide 6 (PA6) nanofibers. PA6 is an FDA-
approved implant material with the ability to coordinate with
iron ions. Its structural similarity to bone collagen makes
it a promising choice for tissue engineering and biomedical
applications [44,45]. Therefore, in this study, PA6 was chosen as
the fibrous (supporting) matrix. After successful fabrication of
the PA6/Fe(OH); composite nanofibrous scaffolds, we assessed
their relaxivity, biocompatibility, cell adhesion, and in vivo
imaging capability. Furthermore, we conducted in vivo MRI
experiments using scaffolds with three different concentrations
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of iron hydroxide to further evaluate the feasibility for biomedical
applications. This study successfully achieved direct labeling of
scaffolds with CAs. The combined in situ imaging, along with non-
invasive monitoring, can provide comprehensive information on
tissue repair, laying the foundation for constructing intelligent
tissue engineering scaffolds.

2 Experimental section

2.1 Materials

Ferric chloride (FeCls;, 98%, Switzerland) was purchased from
Adams, soda lime (NaOH, 98%, Switzerland), formic acid (FA,
General-Reagent, >98%), PA6 granules (YH800, Hunan Yuehua
chemical Co. Ltd, China), phosphate buffered saline (PBS) buffer
(PH = 7.4, Gibco), fetal bovine serum (FBS, sterile, Gibco),
Dulbecco’s modified eagle medium (DMEM basic 1 x, Gibco),
and antibiotics (penicillim-streptomycin 10000 p-mL-1) were
purchased from Beyotime Biotechnology (Nantong, China). All
chemicals were used without further purification. Penicillin-
streptomycin solution (100 x), trypsin cell digest (0.25% trypsin,
containing phenol red), immunostaining permeabilization buffer
with triton X-100, 4% paraformaldehyde fix solution, cell
counting kit-8 (CCK-8), actin-tracker green-488 and DAPI
staining solution were purchased from Beyotime Biotechnology
(Nantong, China). Anticoagulant rabbit blood with sodium
citrate was purchased from HongQuan Bio company (Guangzhou,
China). Hematoxylin-Eosin (H&E) was purchased from Servicebio
(Wuhan, China). Deionized water was obtained from an FElga
DV2S5 water purifier unit.

2.2 Animals

SD rats (5 - 6 weeks old females with average weights of 180 -
210 g) were purchased from Hunan Slac laboratory animal Co. Ltd
(Changsha, China). The care and use of animals were performed
in compliance with guidelines of the Regional Ethics Committee
for Animal Experiments, and were approved by the Institutional
Animal Care and Use Committee of SCUT (AEC No. 2020048).

2.3 Preparation of PA6/Fe(OH)3; nanofibrous scaffold

A handmade uniaxial electrospinning machine was used to
manufacture the nanofibrous scaffold [46]. The fabrication
procedure of nanofibers is shown in Figure 1. PA6 nanofibers
solutions were prepared with varied iron concentration, in which
the weight ratio of iron and PA6 was 0.1, 0.2, 0.4, 0.7, 1, 2, 4, 7
wt%:1 wt%, respectively. In a typical fabrication procedure, 0.2
g-mL~! FeCl3-6H,O/FA solution was prepared. 3 g of PA6 were
mixed with 6.94 mL FA and dissolved at room temperature under
magnetic stirring for 16 h. Then, 0.0724 mL of FeCl;-6H,O/FA
solution (Fe: PA6 = 0.1 wt%:1 wt%) were added into the
transparent PA6/FA solution, followed by magnetic stirring for
8 h. Before electrospinning, ultrasonication was applied to help
the dispersion of FeCls;-6H,O in the solution. Each of the mixed
solutions was placed into a 10 mL syringe equipped with a
stainless steel needle (21 gauge). The needle was connected to a
high voltage power supply with 30 kV positive voltage (TL-pro,
Tongli tech), and the collector was a grounded drum with 15 cm
diameter at the rotational speed of 30 rpm. For all samples, the
distance between the needle tip and the drum was kept at 10 cm,

the flow rate maintained at 0.3 mL-h~!, temperature held at 24
- 27°C, and the humidity controlled between 40 - 55% relative
humidity (RH) to prevent electrical leakage. All obtained fibers
were then dried in a vacuum oven for 24 h at room temperature
to remove residual solvent. The as-spun FeCl3;/PA6 nanofibrous
scaffold was immersed in 250 mL NaOH (pH = 12) aqueous
solution overnight to convert FeCl; to Fe(OH);. The nanofibrous
scaffold were washed with deionized water until the drained water
achieved neutral pH. Then, the nanofibrous scaffold was dried in
a 40°C blowing oven for 72 h and stored in a dry box for further
use. The PA6/Fe(OH); 0.1 wt% nanofibrous scaffold are denoted by
0.1PA6 scaffold throughout this manuscript, with the other groups
abbreviated in the same fashion.

2.4 Characterization

2.4.1 Characterization of electrospun PA6/Fe(OH)3 nanofibrous
scaffold

2.4.1.1 Scanning electron microscopy (SEM). The morphology of
the PA6/Fe(OH)3; nanofibrous scaffold was characterized by SEM
(JSM-7900F, JEOL, Japan) with an acceleration voltage set at 5 kV.
The nanofibrous scaffold was cut into 5 x 5 mm? pieces fixed on
SEM stubs and sputtered with Pt for 60 s by an ion sputter (Q150T
ES PLUS, Quorum, U.K.). Observations were conducted in the
magnification range of 1500 x to 7000 x with a working distance
of 10 mm. Fiber diameters were measured by Image] software
(~100 nanofibers counted per sample). Energy-dispersive X-ray
spectroscopy (EDS) analysis of C, H, O, N, Fe was employed with
an integration time of 90 seconds for the detector, collected in
the energy range of approximately 12 keV. Taking into account the
detection sensitivity of EDS mapping, aiming to achieve improved
signal intensity, contrast, and reduced noise, 7PA6 scaffold was
selected for mapping analysis.

2.4.1.2 Transmission electron microscopy (TEM). The distribution
of Fe(OH); NPs throughout the nanofibrous scaffold was observed
by TEM (JEM-1400 Flash, JEOL, Japan), operating at 120 kV. Fibers
were directly spun on a copper grid for characterization using TEM
and EDS under high-angle annular dark field (HAADF). The sample
fabrication process involved electrospinning the nanofibers onto
the copper grid and NaOH (pH = 12) solution treatment of the
nanofibers (to convert FeCl;z to Fe(OH)3) and thrice immersion
in DI water. The chemical composition and iron distribution
of nanofibrous scaffold was characterized by energy dispersive
spectroscopy (EDS) and HAADF with JEM-2100F (JEOL, Japan).
Considering the marginal differences observed in the TEM images
for the morphology of Fe(OH); NPs of 2PA6 - 7PA6 scaffolds,
further characterization of Fe(OH); species was conducted using
high resolution transmission electron microscopy (HRTEM), EDS
and selected area electron diffraction (SAED) techniques on 7PA6
scaffold.

2.4.1.3 X-ray diffraction (XRD). The crystalline structure was
analyzed by XRD (X'pert Powder, PANalytical, Netherlands) with
copper target (A = 1.5406 A), scanning from 10° to 40° at
12°-min~1.
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Schematic illustration of the preparation process of PA6/Fe(OH)s nanofibrous scaffold. PA6 nanofibers with varied iron concentration is achieved through
FeCl3-6H,0/FA solution preparation, magnetic stirring, and ultrasonication for improved dispersion. Subsequent electrospinning (to create nanofibers) and alkali
treatment (to convert FeCls to Fe(OH)3) produced PA6/Fe(OH); nanofibrous scaffold with varied iron content.

2.4.1.4 Fourier-transform  infrared  spectroscopy  (FTIR). The
chemical functional groups of the nanofibrous scaffolds were
observed by FTIR (Bruker VERTEX 70, Bruker, Germany) using
1 x 1 cm samples cut from the original fabric. FTIR measurements
were performed in attenuated total refraction (ATR) mode and
spectra were collected in the range of 4000 - 600 cm~! with a
signal resolution of 1 cm~!. Each spectrum was an average of 64
scans to improve the signal-to-noise ratio.

2.4.1.5 X-ray photoelectron spectroscopy (XPS). The chemical
composition of the surfaces of the nanofibrous scaffolds were
obtained by XPS (Escalab XI4, Thermo Scientific, USA) using
monochromatic Al Ko X-rays (hv = 1486.6 eV) with a spot size of
500 um and depth of 10 nm. Survey spectra were acquired in the
energy range of O - 1350 eV, while high-resolution spectra were
collected for C, N, O and Fe. Taking into consideration the depth
detection limitations, 0, 0.7, 1 and 7PA6 scaffolds were selected
for analysis based on the concentration of iron when Fe(OH)3;
aggregates appeared in the TEM images.

2.4.1.6 Physical property measurement system (PPMS). Magnetic
properties were recorded by a vibrating sample magnetometer
(VSM) in the PPMS (PPMS&Evercool, Qyantum Design Inc., USA)
at 298 K with £10 kOe applied field.

2.4.1.7 Thermogravimetric analysis (TGA). TGA (STA449 F3,
NETZSCH, Germany) was conducted under a nitrogen atmosphere
to investigate thermal stability and decomposition behavior using
a heating rate of 10°C/min. Samples weighing in the range of 5
- 10 mg were loaded onto a platinum crucible. The temperature
range for the analysis was set from 30°C to 800°C to cover the
expected decomposition or degradation temperature range.

2.4.1.8 Mechanical stretching test. Tensile tests (LD22.102,
ShenZhen Lanbosansi Material Testing Co., Ltd, China) were
conducted at a stretching rate of 5 mm-s~!. All samples were cut
into rectangles with 80 mm length and 20 mm width. The tensile
test was carried out until the sample fractured, and the load and
displacement data were continuously recorded during the test.

Stress-strain curves were obtained by dividing the applied load
by the original cross-sectional area of the sample. The ultimate
tensile strength, Young’s modulus and elongation at break were
determined from the stress-strain curves. Experiments were
performed in triplicate at ambient temperature.

2.4.1.9 Inductively coupled plasma-optical emission spectroscopy (ICP-
OES). The actual iron content in the nanofibrous scaffolds were
determined using ICP-OES. Samples were digested using 10%
(v/v) HNOj; to extract the iron. The digested solutions were then
analyzed using ICP-OES to quantify the iron content and mass
fraction. Based on the results of in vitro MRI tests, we observed that
0.7PA6 scaffold exhibited the strongest positive contrast signal,
while 7PA6 scaffold displayed the strongest negative contrast
signal. Therefore, 0.2PA6, 0.7PA6, 2PA6 and 7PA6 were selected
for evaluation the in vitro release rate of Fe.

Iron release tests (Optima 8300, PE, America) of nanofibrous
scaffolds were conducted with the following steps: 10 mg
nanofibrous scaffolds were immersed in 10 mL PBS buffer
(pH=7.4) at 37°C on the shaker throughout the experimental
period and 2 mL soaking solution was taken at each time point
to detect the Fe content by ICP-OES. 2 mL of fresh PBS buffer were
added into the original nanofibrous scaffold immersion after each
withdrawal. The Fe content of pure PBS buffer was also detected
and used as background deduction. The same step was repeated
after changing the release solution as PBS buffer.

2.4.1.10 Relaxivity measurements. The r; and 1, relaxation times
were measured by MQ20 (Brooke, Germany) at 40°C, 0.5 T.
Samples were placed in the low field nuclear magnetic resonance
(LFNMR) tube in an infiltrated state with ultrapure water. 1,
relaxation times were determined using an inversion recovery
pulse sequence (IR) sequence, with a recycle delay of 20 s,
scan of 4 times, gain of 53 dB, first separation = 0.5 ms, final
separation = 4000 ms and fitting number of points = 10. r,
relaxation times were determined using a Carr Purcell Meiboom
Gill (CPMG) sequence, with a recycle delay of 20 s, scan of 8 times,
gain of 56 dB.
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2.4.1.11 In vitro MR imaging. MRI was operated on a 3.0 T system
(Philips, Netherlands). The samples soaked with ultrapure water
were placed in flat-bottomed glass bottles and then placed in
a head coil. Sequence parameters: T;-weighted imaging (T; WI,
which utilizes the longitudinal relaxation properties of protons
to generate contrast and depict variations in their T; relaxation
times) inverse recovery, TE = 20 ms, TR = 2045 ms, TI = 800 ms,
and 0.65 mm x 0.81 mm voxel with 4 mm slice thickness; T,-
weighted imaging (T, WI, which utilizes the transverse relaxation
properties of protons to generate contrast and depict variations
in their T, relaxation times) turbo spin echo (TSE), TE = 105 ms,
TR = 3000 ms, TSEes/shot = 7.8/171 ms and 0.3 mm x 0.3 mm
voxel with 1 mm slice thickness. The signal intensity values within
the region of interest (ROI) were analyzed using MicroDicom
viewer for statistical analysis of the acquired images. The software
also provided error analysis for the data.

2.4.2 Cellular experiments

2.4.2.1 Cell culture. Mice embryonic fibroblast cells (NIH/3T3)
and HUVEC were cultured in DMEM with 10 wt% FBS and 1%
antibiotics and incubated at 37°C, 5% CO, and 95% RH.

2.4.2.2 Cell counting kit-8 (CCK-8) assay. CCK8 assays were
conducted with both NIH/3T3 cells and HUVEC according to ISO
10993-12:200 [47]. In brief, nanofibrous scaffolds were incubated
in DMEM for 24 h at 37 °C and the extracts were performed in
cell culture. For the experimental group, 20 pL of the NIH/3T3
cells or HUVEC suspension (with a density of 5 x 10* mL~!) and
180 uL extracts were used in each well of the 96-well plate for 24 h
incubation. For the control group, 180 nL. DMEM was used instead
of extracts. For the blank group, the culture medium containing 20
uL of sterile PBS buffer (pH = 7.4) and 180 L DMEM was used.
After 24 h cell incubation, 20 uL of CCK-8 solution were added
and incubated for 4 h and the optical density (OD) value at 450 nm
was examined by microplate reader (SpectraMax iD3, Molecular
Devices, USA). The cell viability was calculated by Eq. 1, where OD
sample denotes the OD value of sample group, OD blank denotes
the OD value of cultivation medium, and OD control denotes the
OD value of control group:

Cell viability (%) = ((ODsampie—ODbiank)/
(OD¢ontro1—ODpiank)) x 100% ey

2.4.2.3 In vitro hemolysis assay. To evaluate the extent of
hemolysis in vitro, a hemolysis test was conducted using rabbit
blood as the test sample. Briefly, rabbit red blood cells (RBCs) were
purified by centrifugation at 1500 rpm and washed three times
with PBS (pH = 7.4), then the rabbit RBCs were suspended in
5 mL of PBS (pH = 7.4). Subsequently, after adding the diluted
blood into each centrifuge tube, a fibrous scaffold sample was
placed in each tube. The tubes were then incubated in a stationary
mode for 4 hours at 37 °C. Simultaneously, the same volume of
diluted blood was added into PBS (pH = 7.4) or deionized water
for negative and positive controls, respectively. After incubation,
all samples were centrifuged at 1500 rpm for 5 minutes. Finally,
the OD value of the supernatant at 540 nm [48] was determined
and the hemolysis rate was calculated by the Eq 2 (where ODgample

denotes the OD value of the sample group, ODjegative denotes
the OD value of the red cells incubated with PBS, and ODpositive
denotes the OD value of the red cells incubated with H,O):

Hemolysis rate (%) = ((ODsample —ODnegative)/
(ODpositive _ODnegative)) x100% (2)

2.4.2.4 Cell colonization, staining and microscopy. The nanofibrous
scaffolds with flat surface were placed in a 24-well plate before
HUVEC and NIH/3T3 cells were seeded on the scaffolds at
a concentration of 2500 cellsuL~! and cultured for 48 h.
Afterwards, the scaffolds were washed with PBS, fixed with
paraformaldehyde solution for 15 min, permeabilized by a 0.1%
(v/v) Triton-X-100 PBS solution and the cytoskeleton was stained
by phalloidin-fluorescein isothiocyanate (FITC) and cell nucleus
stained with DAPI. The cells colonizing on the scaffold were
observed by confocal laser scanning microscopy (CLSM).

2.5 Invivo experiment

A total of 15 female SD rats were used. Each rat underwent
a surgical procedure with subcutaneous implantation of a
cylindrical sample of 2 mm diameter and 1.5 cm length at a 3
mm depth into the left-back sites. MRI investigation was carried
outonday 1, 2, 3, 5, 8 post-implantation. At the time of sacrifice,
heart, liver, spleen, lungs and kidneys were harvested and fixed,
dehydrated, embedded, sectioned and hematoxylin/eosin (H&E)
stained for optical microscopy observations. A rat with surgical
operation but without implantation was harvested as a control
(or ‘sham’) group. Based on the results obtained from in vitro MRI,
0PA6, 0.7PA6, and 7PA6 scaffolds were selected for in vivo MRI
analysis.

2.6 Statistical analysis

Statistical analysis was employed to compare different groups
using the Student’s t-test. The data were represented as mean =+
standard deviation. Results with * p < 0.05, ** p < 0.01, and
*** p < 0.001 were considered statistically significant, while non-
significant differences were indicated as not significant (n.s.).

3 Results and discussion

3.1 Preparation and structural characterization of PA6/Fe(OH)3
nanofibrous scaffold

The aim of this study was to fabricate positive contrast scaffolds
using iron-based CAs. Different concentrations of FeCls;, with
Fe: PA6 ranging from 0.1 wt% to 7 wt%, were added to PA6
electrospinning solutions (before being converted to Fe(OH);
by a post-electrospinning alkali treatment) were employed to
determine the optimal concentration for the positive contrast.
A concentration-dependent deepening of color of the FeCl;/PA6
nanofibrous scaffold was observed (Figure S1). The actual content
of Fe in each PA6/Fe(OH); nanofibrous scaffold was determined by
ICP-OES, as shown in Table S1. The actual content did not differ
significantly from the expected content when the Fe content was
lower than 1 wt% (error ranging of 4% - 20%). However, it was also
found that the loss of Fe from the scaffold after alkali treatment
was higher when the Fe content in the spinning solution was
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higher, especially for 7PA6 scaffold, where the actual content of
Fe in the final nanofibrous scaffold was only 4.11 wt.%.

To confirm the formation of Fe(OH); after NaOH treatment,
analysis was conducted using SEM and XPS. SEM studies of OPA6 -
7PA6 scaffold proved that fibrous morphologies of OPA6 - 7PA6
scaffold did not change after soaking in NaOH solution. The
average diameter of fibers with increased iron contents, ranged
from ~250 nm for OPA6 scaffold to ~1670 nm for 7PA6 scaffold.
Surface morphology of the fibers with iron content lower than
0.93 wt% (OPA6 - 1PA6 scaffolds) were smooth. When the Fe
concentration continued was increased, fibers became wrinkled
and coarse (2PA6 - 7PA6 scaffolds) (Fig. 2a). EDS mapping of 7PA6
scaffold indicates uniform distribution of Fe throughout the PA6
matrix (Fig. 2b). C, N, O elements were attributed to PA6. Besides,
a trace amount of Cl was also detected (0.12 wt%). Comparing
the EDS mapping results of 7%FeCl3/PA6 with PA6/Fe(OH); 7%
scaffold, it was observed that the ratio of iron to chlorine content
increased from 1.4:1 (Figure S2 bl) to 30.7:1 (Figure S2b2),
indicating almost complete conversion of FeCls;. The full scan
XPS spectrum showed the existence of C, N, O and Fe elements
(Fig. 2c1). The peaks around 978 eV and 998 eV are attributed to
Auger peaks of O, while the peak around 1104 eV is attributed
to Auger peaks of N, and the peak around 1226 eV is attributed
to Auger peak of C. The O 1s displayed at 531.4 eV of OPA6 and
0.7PA6 scaffolds were attributed to the C=0 in PA6.whereas the O
1s peak of Fe-O was not seen in 0.7PA6, which could be due to the
low content of iron on the surface (Fig. 2c3). Fe-O peaks at 528.3
eV and 529.1 eV were observed for 1PA6 and 7PA6, respectively
[49]. The state of the iron in PA6/Fe(OH); nanofibrous scaffold
was determined by XPS. As shown in Figure Slc, the peaks of Fe
2p12 and Fe 2p3;, centered at 724.6 and 710.9 eV. The satellite
peaks at around 718 and 732 eV evidenced that no Fe?* species
existed [25].

To investigate the aggregation and dispersion of Fe(OH)3 in PA6
scaffold, TEM, EDS and SAED were employed for characterization.
The results indicate that aggregation of Fe(OH); in the PA6
scaffold was only observed when the iron content exceeds 1%.
This implies that at iron contents below 1wt%, Fe(OH); exhibits
good dispersion in the PA6 fiber without significant aggregation.
As the iron content increases, the Fe(OH); NPs may start to
aggregate and form clusters or agglomerates (Fig. 3a). The EDS
results confirm that the aggregates on the surface of the PA6 fiber
consist of iron and oxygen, further supporting their composition
as Fe(OH); (Fig. 3b). No distinct crystal areas were observed in the
Fe(OH); grains and the SAED patterns show no diffraction spots,
indicating that Fe(OH); is amorphous in nature (Fig. 3c1,c2,c3).
Due to the amorphous nature of the Fe(OH); observed in the
scaffold through HRTEM and SAED, its crystalline structure
was further probed using XRD. The XRD results are shown in
Figure S3. The diffraction peaks at 11°, 20.3°, 21.4° and 24°
are assigned to (001),, (200),, (020),, (002), of crystalline PA6,
respectively [50]. No crystalline peaks of Fe(OH); were observed
in XRD, further confirming the Fe(OH)3; was amorphous in the
nanofibrous scaffold. The results are consistent with the HRTEM
and SAED observations. This finding has significant implications
for the development of positive contrast PA6/Fe(OH)3 nanofibrous
scaffold as the enhanced crystallinity typically correlates with a

higher degree of magnetic spin order within the crystals, thereby
yielding an increased T, relaxivity [16].

Previously, ligand stabilization methods have been widely
employed to enhance metal dispersion and improve the stability
of metal sites [43]. Therefore, we have chosen PA6, a polymer with
functional groups capable of coordinating with iron, as the fibrous
matrix. To investigate the coordination performance between iron
and PA6, FTIR characterization was utilized. The characteristic
peaks in the FTIR spectrum of pristine PA6 (i.e. OPA6 scaffold,
Figure S4) showed a sharp peak at 3300 cm~!, corresponding
to the N-H stretching vibrations [51]. The absorption bands
at around 2930 cm~! and 2850 cm~! were ascribed to the
asymmetric and symmetric stretching vibrations of -CH,. The
absorption peaks for OPA6 scaffold at around 1547 cm~! and 1640
cm~! were assigned to the N-H and C=O stretching vibrations,
respectively [52]. Furthermore, the absorption peaks of v(N-H) for
0.1PA6 scaffold were 1545 cm~'and for 0.2PA6 - 7PA6 scaffolds
were around 1540 cm~! with red shifts observed, revealing that
there were significant interactions between N-H and Fe. The
C=0 absorption band for 0.1PA6 - 2PA6 scaffolds were the same
as OPA6 scaffold, which was 1640 cm~!. However, absorption
peaks for 4PA6 scaffold and 7PA6 scaffold were 1638 and 1636
cm~!, respectively. The increased red shift of v(C=0) were
commensurate with the increased Fe concentration, indicating
enhancing intramolecular coordination [45]. Other research
has found that different ligands can vary MRI performance by
influencing the water exchange rate [53] and the number of
coordinated water molecules [54] of the paramagnetic ions.

TGA was conducted to understand the thermal behavior
and stability of PA6/Fe(OH)s; nanofibrous scaffold. All TGA
thermograms reveal a weight loss step at temperatures ranging
from 30 to 80°C (Figure S5a), which is attributed to the loss
of absorbed water vapor on the nanofibrous scaffold because
the PA6 nanofibers can readily absorb moisture. The weight
loss observed at temperatures ranging from 320 to 500°C was
caused by the decomposition of PA6. With an increase in
iron content, there was a corresponding increase in the final
residual weight, which predominantly consisted of iron-oxygen
compounds. Compared to OPA6 scaffold, 0.7PA6 - 7PA6 scaffolds
exhibit a subtle weight loss trend from 80 to 320°C. This process
is attributed to the dehydration of Fe(OH)s;, as indicated by
the decrease in weight percentage observed as the Fe-content in
nanofibrous scaffolds increases within the range of 80 to 320°C.
For instance, 7PA6 scaffold shows a decrease from 96.6% to 93.6%
while OPA6 scaffold showed no distinct weight loss from 80 to
320°C (Figure SSb). This observation provides further evidence
for the presence of iron in the form of Fe(OH); within the PA6
nanofibers [55].

In order to evaluate the mechanical properties and
performance of PA6/Fe(OH); nanofibrous scaffold, the mechanical
performance of the OPA6 - 7PA6 scaffolds, tensile test were
performed (Figure S6a). The incorporation of Fe(OH)3 increased
the Young's modulus, elongation at break and tensile strength
when the iron content was less than 0.16 wt%. This is due to the
strong coordination between Fe3* and N-H and C=0 functional
groups [56]. However, as the iron concentration increased,
grains appeared in the nanofibrous scaffolds and became stress
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Fig. 2

(a) SEM images of PA6/Fe(OH)3 nanofibrous scaffold with different iron contents (the white numbers in the pictures denote Fe wt%). The overlaid illustrations depict
a histogram of the fiber diameter statistics, with each bar representing the frequency of fibers within a specific diameter range. The data come from over 100 fibers
in each sample analyzed by imageJ. All the images have the same scale, as indicated by the scale bar in the first image. (b) SEM mapping analysis of 7PA6 scaffold
of the C, N, O, Fe, Cl elements. (c1) XPS full scan spectra of 0PA6, 0.7PA6, 1PA6, 7PA6 scaffolds, O1s scans of (c2) 0 (c3) 0.7 (c4) 1 (c5) 7PA6 scaffolds, and (c6) Fe2p
scan of 1PA6 and 7PA6 scaffolds. Insets (in c4 and ¢5) show the local magnification of the region between 527-530 eV.
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(a) TEM images of PA6/Fe(OH)3 nanofibrous scaffold with different iron contents (the white numbers in the pictures denote Fe wt%, OPA6 - 4PA6 scaffolds share the
same scalebar), The insets in TEM images are magnifications, as indicated by the scale bars. (b) Elemental mapping of Fe(OH)3 grains on the surface of the 7PA6
scaffold. (c1) HRTEM of Fe(OH)s grains. (c2) Corresponding magnified view of the Fe(OH)3 grains in c1 (highlighted by the red circle). (c3) SAED of the Fe(OH)3 grains.
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(a) In vitro MRl images of 0PA6 - 7PA6 scaffolds for T{WI (top row) and T, WI (bottom row). 0.7PA6 scaffold possessed the highest signal in the T;WI, the 7PA6
scaffold possessed the lowest signal in the T, WI. (b) Signal intensities of T and T, for each sample from the corresponding in vitro MRI signal images. (c) Ry and
R, relaxation rates of each sample measured by LFNMR. (d) Field-dependent magnetization curves (at 298 K, 1T) of OPA6 - 7PA6 scaffolds. (e) Correlation curves

between relaxation rate and iron concentration in nanofibrous scaffolds (linear fit).

concentration points, leading to fracture and thus impairing the
mechanical strength.

The future potential of these fibrous systems lies in the field of
biomedical applications, making it crucial to assess the release rate
of Fe(OH)3 in simulated bodily fluid environments. We evaluated
the iron release performance of the 0.2PA6, 0.7PA6, 2PA6 and 7PA6
scaffolds over a period of 8 days (Figure S6b). The iron released in
the PBS (pH = 7.4) solution alone was lower than the detection
limit of ICP-OES, as expected. For 0.2PA6 scaffold, the iron release
attained a steady state within 5 days with approximately about
20 wt% of the iron released from the nanofibrous scaffold. For
0.7PA6, 2PA6, and 7PA6 scaffolds, the iron release saturated within
5 days and approximately 1-3 wt% of iron was released from the
scaffold.

3.2 In vitro evaluation of magnetic properties of PA6/Fe(OH);
nanofibrous scaffold

The hysteresis curves of 1PA6 - 7PA6 scaffolds were measured
using PPMS, as shown in Fig. 4d. Hysteresis of the nanofibrous

scaffolds indicates that the nanofibrous scaffolds are paramagnetic
[12]. The order of strength of the magnetization at 1T was in the
order of 7PA6 > 4PA6 > 2PA6 > 1PA6 scaffold. Generally, for
composite systems, the saturation of the magnetization (M) of
the composite system is linearly corelated with the content of the
magnetic components and the diamagnetic components impair
the M; value [17]. Here, OPA6 scaffold itself was nonmagnetic
[17] and the M, value was impaired, while Fe(OH)3 increased
M;. Thus the magnetization of the scaffolds at 1T increased with
increasing Fe(OH); content. In addition, it is known that the
magnetization strength M,? « 1, [25], and low r, values contribute

to low 1/1r; values. Therefore, suppressed magnetization
could be advantageous for applications of T;-weighted
candidates.

In vitro TyWI and T, WI were conducted to visualize the labeled
scaffolds and quantify the corresponding signal (Fig. 4a, b). In
T1WI, 0.1PA6 - 1PAG6 scaffolds exhibited a positive contrast effect
(region of interest being brighter than the OPA6 scaffold). 0.7PA6
scaffold showed the best signal in T; WI. Conversely, 2PA6 - 7PA6
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scaffolds exhibit a negative contrast effect (region of interest
brighter than the OPA6 scaffold). In T, WI, almost all of the
materials showed increased darkening with increasing Fe(OH)3
concentration. R; and R, values were calculated by the T; and T,
values measured by LFNMR tests (Fig. 4c). An increase in R; and Ry
values was detected with an increase in Fe(OH); concentration. A
high (r;g = 22.44 mmol-s''g~!) and low (r;, = 1.55 mmol.s'.g~1)
linear relationship between R; and the amount of incorporated
iron was observed (Fig. 4e). Similarly, a mono-linear fit was
observed for R, with a slope of 22.57 mmol-s.g~! for OPA6 -
7PA6 scaffolds. The same linear relationships between the amount
of incorporated iron and R, relaxation rate were observed for
ultrasmall super-paramagnetic iron oxide by Mertens et al. [8]. All
linear fits had high correlation (R? linear correlation coefficients:
0.960 for r1, 0.952 for 1y, and 0.981 for 1,). There was a significant
increasing trend in R, when the loading was beyond 1.38 wt%
(corresponding to > 2PA6 scaffolds). The absence of an inflection
point in the r, value of PA6/Fe(OH)3 scaffolds can be attributed
to the dominant influence of the high magnetic moment and
the larger effective radius under the external magnetic field.
Conversely, the presence of an inflection point in the r; value can
be explained by the interplay between highly exposed iron centers
on the particle surface and the high surface area to volume ratio
[57].

3.3 In vitro biosafety and cell colonization and adhesion

Before in vivo visualization experiments, the cytocompatibility of
the PA6/Fe(OH)3; nanofibrous scaffold was evaluated. Cell viability
and cell proliferation were quantitatively examined by the CCK-
8 assay (Fig. 5b). The negligible bio-toxicity of PA6/Fe(OH);
nanofibrous scaffold can be evidenced by the near-100% cell
viability up to 24 h soaking solution of OPA6 - 7PA6 scaffolds
after 24 hours of incubation. For HUVEC, the viability was over
85% for OPAG6 scaffold, and the viability increased with increasing
iron content. For 0.7PA6 - 7PA6 scaffolds, the cell viability was
over 140%. When the cell viability exceeds 100%, it typically
indicates that the sample has a certain degree of promoting effect
on cell proliferation. For NIH/3T3 cells, iron was also found to
be favorable for cell proliferation, from 90% for OPA6 scaffold to
around 110% for 7PA6 scaffold. Because iron to cells is of central
importance for cell growth and survival [58], it is speculated that
the increase of cell viability with PA6 scaffold is attributed to the
appropriate iron load [59]. These results indicate that PA6/Fe(OH)3
nanofibrous scaffold is non-toxic to cells.

Blood compatibility of PA6/Fe(OH); nanofibrous scaffold was
studied by hemolysis evaluation using rabbit red blood cells. As
shown in Fig. 5¢, the hemolysis percentage of all scaffolds was less
than 5%. These results indicated the biocompatibility and safety
of the scaffold for in vivo applications [60].

To further evaluate the biocompatibility of PA6/Fe(OH);
nanofibrous scaffold, HUVEC and NIH/3T3 cells were colonized
on the nanofibrous scaffolds. CLSM showed that cells in all
the groups exhibit excellent adhesion to the scaffolds (Fig. 5a).
Compared with the OPA6 scaffold, HUVEC exhibited enhanced
spreading on the PA6/Fe(OH); nanofibrous scaffold. It was also
found that Fe(OH);3 significantly increased the proliferation of
HUVEC, which was consistent with the results of the quantitative

CCKS8 assay [61]. In addition, the HUVEC and NIH/3T3 cells
cultured on the coverslips and co-incubated with scaffolds
exhibited outstanding cellular morphology. The strong affinity
of HUVEC and NIH/3T3 cells to the 7PA6 scaffold were more
clearly observed by SEM (Figure S7al, a2) and 3D CLSM images
(Figure S7b). These results demonstrate that the PA6/Fe(OH);
nanofibrous scaffold is biocompatible and can allow cell adhesion
and proliferation.

3.4 In vivo MRI, biocompatibility and post-implantation
morphology

After being washed with deionized water, dried and sterilized
using ultraviolet irradiation, the PA6/Fe(OH); nanofibrous
scaffold was subcutaneously implanted into rats as proof for
in vivo visualization. As an initial proof-of-principle for the in
vivo visibility and longitudinal monitorability of the scaffold,
an unlabeled control, 0.7PA6 scaffold (brightest in T;WI image
in vitro) and 7PA6 scaffold (darkest in T,WI image in vitro) were
subcutaneously implanted on the left side of SD female rats. As
shown in Figure 6a, animals were longitudinally monitored for
8 days via MRI. The absolute signal intensity of 0.7PA6 scaffold
was much higher (880) than the unlabeled control (400) in
T;WI on day 1 following implantation (Figure 6b1). The T{WI
signal of 0.7PA6 scaffold gradually decayed with time. On day 8
(since implantation), the positive contrast effect had gradually
decayed and was similar to OPA6 scaffold. However, for 7PA6
scaffold, the signals maintained a low value (around 100) in
T1; WL In the T,-weighted images, the signal values of the 0.7PA6
scaffold and 7PA6 scaffold were both lower than the control
group (Fig. 6b2). Notably, on day 1, the signal value of 0.7PA6
scaffold was approximately 500 lower than the control group, and
the signal value of 7PA6 scaffold was approximately 650, lower
than that of the control group. On day 8 following implantation,
the signal intensity of the 0.7PA6 scaffold approached a value
close to that of the control due to the release of iron, while the
signal intensity of the 7PA6 scaffold remained stable at a low
level (around 200). We speculate that the slightly higher signal
value of the 7PA6 scaffold group on the 1%t day after implantation
compared to days 2 - 8 was due to postoperative edema.

The implants were removed from the subcutaneous area
of the rats at 1, 3 and 8 days after implantation, and the
implant morphology was observed by SEM after gradient ethanol
dehydration. Ex vivo SEM and EDS mapping (Figure S8a) showed
that all fibers retained their fibrous morphology after 8 days of
implantation; wrinkles appeared on the surface of the fibers but no
signs of fiber degradation, indicating the decay of the signals were
not caused by the degradation of the scaffold. However, ICP-OES
indicated that the iron content in the 0.7PA6 scaffold decreased
from 0.67 wt% before implantation to 0.057 wt% after 8 days since
implantation, evidencing the signal decay of 0.7PA6 scaffold was
due to the release of iron. The 7PA6 scaffold surface was covered
by granules and membrane-like material, presumably extracellular
proteins. 0.7PA6 scaffold had almost complete loss of iron in the
fibers after 8 days, while some granules were observed on the
surface of 7PA6 scaffold after 8 days (Figure S8b), and the EDS
results indicated that these granules were high in iron content
and were similar to those grains observed before implantation.
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(a) In vitro HUVEC and NIH/3T3 cell attachment on the OPA6, 0.2PA6, 0.7 PA6, 2PA6, and 7PA6 scaffolds, with a coverslip used as a control group. Each scaffold was
seeded with approximately 50k cells and cultured for 48h [FITC-stained cytoskeleton (green), DAPI-stained nucleus (blue)]. (All images share a common scale).
(b) CCK8 assay of HUVEC treated with soaking solution of OPA6 - 7PA6 scaffolds. The data are shown as a mean =+ standard deviation (n = 3 - 6). (c) Photos and
quantitative assays of hemolysis of 0PA6 - 7PA6 scaffolds. The presence of red blood cells in the middle and upper regions of the centrifuge tube in the photograph
is attributed to the strong adsorption capacity of PA6 nanofibers towards red blood cells. The data are shown as a mean =+ standard deviation (n = 6). The groups
without asterisks were considered non-significant (n.s.).
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The presence of the Fe(OH); grains could be the reason why the
7PA6 scaffold maintained a better negative contrast signal after 8
days.

Major organs of the sham group and all experimental groups
of SD rats were harvested on day 8 and evaluated by H&E
staining (Fig. 6¢). From the H&E staining images, the OPAG6,
0.7PA6, 7PA6 scaffolds implantation groups showed no obvious
distinction from the sham group and no toxicity or major organ
degenerative changes were observed. The obtained results provide
confirmation of the excellent biocompatibility of PA6/Fe(OH);
nanofibrous scaffold and lend support to their potential for
clinical applications.

4 Conclusions

Iron-based PA6 nanofibrous tissue engineering scaffolds have been
fabricated with a positive MRI contrast effect. MRI visualization
was performed for geometric evaluation of the complex shape
of the scaffolds. The results of cellular experiments showed that
the scaffold greatly promoted the proliferation of endothelial
cells and fibroblasts, with an increase in iron concentration in
the scaffold leading to the transition from positive to negative
MRI contrast. Results of in vivo experiments showed that the
positive contrast scaffold maintained good signal intensity for
the first 5 days before the signal eventually decayed over the
following 3 days. All stents showed no significant degradation
after 8 days in addition to no significant damage to major organs.
The scaffold holds potential for early disease diagnosis, providing
high contrast imaging signals during that timeframe. It can aid in
the early detection of disease signs or abnormalities, allowing for
timely therapeutic interventions. Additionally, this scaffold can
be custom-designed with biological activity, targeting specificity,
and thus meeting the needs of different tissue engineering fields.
Overall, this novel scaffold possesses significant potential for
future investigations of biomaterial response in vivo and creation
of non-invasive, clinically oriented monitoring systems for tissue
engineering scaffolds.
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