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Guiding Stem Cell Tenogenesis by Modulation of Growth
Factor Signaling and Cell-Scale Biophysical Cues in

Bioengineered Constructs

Simdo P. B. Teixeira, Alberto Pardo, Syeda M. Bakht, Manuel Gomez-Florit, Rui L. Reis,

Manuela E. Gomes,* and Rui M. A. Domingues*

Tendon injuries and tendinopathies are increasingly prevalent health
problems currently lacking effective treatments. Tissue engineering offers
promising strategies to boost the low innate regenerative ability of tendons.
Within this context, the simultaneous leveraging of both physical and
biochemical cues by engineered scaffolding systems can be explored to
promote a stronger tenogenic response from stem cells. Here, molecularly
imprinted polymeric nanoparticles (MINPs) against transforming growth
factor (TGF)-B3 are combined with bioinspired anisotropic hydrogels to
produce tenogenesis-inductive constructs. MINPs are first solid
phase-imprinted against a TGF-p3 epitope, achieving an affinity comparable
to monoclonal antibodies. MINPs and magnetically-responsive microfibers
are then encapsulated together with adipose-derived stem cells within
gelatin-based hydrogels, applying a magnetostatic field during gelation to
align the microfibers. The created anisotropic microstructure guides cell
growth and elongation unidirectionally, while MINPs act as artificial receptors

for TGF-B3, potentiating its paracrine action in the cellular microenvironment.

The combination of both stimuli proves effective at increasing TGF-$
signaling, which promotes the expression of tendon-associated genes and
corresponding protein synthesis, suggesting that microstructural cues and
biomolecule sequestration act in tandem to direct cell fate commitment.
Overall, this system recapitulates several elements of tendon development,
constituting a promising strategy for the regeneration of this tissue.

1. Introduction

Tendons are dense connective tissues re-
sponsible for the transmission of forces
between muscle and bone, thus allowing
locomotion."! Although tendon-associated
diseases are often overlooked by the health-
care field, tendinopathy and acute tendon
injuries are global health problems affect-
ing millions of people worldwide every
year?2l They account for up to 50% of
musculoskeletal-related primary care vis-
its, and these figures are expected to rise
due to the aging population and increas-
ing sporadic sports activity, placing a great
burden on healthcare systems. This sce-
nario is further exacerbated by the fact that
currently available treatments, from phys-
iotherapy to surgery or infiltrations, fail
to completely restore tissue functionality,
increasing the recurrence of subsequent
injuries.’! To improve this outcome, it
is essential that the development of new
therapies considers both the structure and
biological specificities of tendons. The ex-
tracellular matrix (ECM) comprises ~80%
of the tendon structure, with collagen type
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I making up ~70% of its dry weight[®] Tendon ECM archi-
tecture is organized in a highly hierarchical and anisotropic
fibrous structure, aligned according to the load-bearing axis,!®!
which is crucial to ensure that tendons can sustain extremely
high tensile forces. The scarce resident cell population is mainly
composed of tenocytes, tendon-specific fibroblast-like cells,
organized in rows between collagen bundles and displaying
highly-elongated morphologies along the longitudinal dimen-
sion. The hypovascular and hypocellular nature of this tissue
contributes to its poor healing response to injury, resulting in
the deposition of a fibrotic-like matrix that does not recover the
original tissue architecture, which is key for its function.!?!

In this context, tissue engineering and regenerative medicine
(TERM) approaches have been increasingly researched in re-
cent years as alternative options for tendon therapies.l”®! These
strategies aim to promote tissue regeneration by carefully de-
signing biomaterials that recapitulate the main cues of tissue
development. Exciting progress in the TERM field over the last
few decades has led to an increased interest in how different
physical cues, like matrix stiffness, geometry or topography,
can influence cell behavior.®'!l Considering the aforementioned
characteristics of tendon ECM, biomaterial scaffolds with uni-
directional anisotropic patterns have been widely exploited for
this purpose.['>1%] Hydrogels have been among the most re-
searched scaffolding materials, owing to their similarity to the
natural ECM, as a polymer network with high water content,
as well as the ability to easily tune their physical and chemi-
cal properties.['*] Nonetheless, creating anisotropic 3D architec-
tures within bulk hydrogels is challenging.!'®) Different fabri-
cation techniques have been explored for this purpose, includ-
ing directional freeze-casting,['’] assembly of microgel units!*®!
or application of shear or tensile forces.['”) But most of them
provide only a limited control over the hydrogel architecture,
while also lacking post-processing actuation capabilities.%! In
this sense, the orientation of fiber-like microfillers within the
hydrogel bulk has emerged as one of the most successful de-
sign approaches in this field.[?!] Recently, we have demonstrated
that short electrospun magnetically-responsive microfibers (sM-
RFs) can be oriented within gelatin-based hydrogels to generate
anisotropic microstructures that guide cell spatial organization
and morphology in three dimensions, thereby overcoming some
of the previously identified shortcomings of anisotropic hydro-
gel design.[?] By further modifying the sMRFs with tendon de-
cellularized (d)ECM and providing remote magneto-mechanical
stimulation during in vitro culture period, these constructs could
induce the tenogenic commitment of encapsulated stem cells.[?!

Additionally, it has also become increasingly evident that the
synergy between structural and soluble cues is essential for an ef-
fective recreation of lineage differentiation steps.!?272] Following
this rationale, several recent studies have demonstrated the po-
tential of composite systems capable of simultaneously modulat-
ing both types of stimuli by providing a controlled release of spe-
cific bioactive molecules like growth factors (GFs).*2°] However,
the use of exogenous biomolecules in these systems also presents
several intrinsic limitations, such as their extremely-short half-
lives, requiring the use of high doses to obtain relevant biological
effects.3%31 Consequently, the costs associated with such strate-
gies would significantly contribute to increase the financial pres-
sure over healthcare systems, hindering their clinical adoption.
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Additionally, the use of such doses could cause adverse immune
reactions or untargeted effects.

An alternative approach is the design of biomaterials inspired
by the natural ECM that can sequester these molecules as they
are endogenously produced by local cells.?%3) In this manner,
affinity-bound GFs are stabilized locally, prolonging and ampli-
fying their action on cell receptors.**341 However, traditionally
used GF sequestering molecules are either unspecific (e.g., fi-
bronectin, heparin), expensive (antibodies), or require laborious
discovery procedures (peptides, aptamers).2%3!l To tackle this
challenge, we have previously demonstrated that molecularly im-
printed polymeric nanoparticles (MINPs) could act as artificial
GF receptors.[*?] This drastically reduced or even abolished the
need for the administration of exogenous recombinant GFs to
promote a specific stem cell fate commitment in vitro. In com-
parison to previous approaches, MINPs are synthesized from af-
fordable commercially available monomers typically applied on
the synthesis of several polymeric biomaterials with approval for
clinical uses. Moreover, they can achieve high affinity and selec-
tivity for the target molecule with a greatly reduced development
time.[313]

Building on these concepts, we hypothesized that the com-
bination of the two previous elements — MINPs for modula-
tion of soluble cues and sMRFs for modulation of biophysi-
cal cues — in a single tenogenic construct would generate a syn-
ergistic effect, leading to a more robust and effective promo-
tion of tenogenesis. To that end, we prepared a new class of
MINPs with particularly high affinity for the target molecule by
a solid phase imprinting method.?®] In parallel, bioinspired
composite hydrogels were developed by aligning the incorpo-
rated sSMRFs through the application of low intensity magnetic
fields, thus creating a 3D anisotropic fibrous topography rem-
iniscent of native tendons which modulated the morphology
and spatial organization of encapsulated cells. MINPs were in-
tegrated in the structure of biomimetic hydrogels to serve as
synthetic receptors for transforming growth factor (TGF)-$3, se-
questering this pro-tenogenic moleculel*®3% and amplifying its
paracrine signaling.’!l To test these concepts, human adipose
tissue-derived stem cells (hASCs) were selected for encapsulation
in tenogenic constructs, since they are a widely available source
of mesenchymal-type stem cells, with the capability of differenti-
ating into the tenogenic lineage.[**#!l We show that the developed
systems boosted TGF-f signaling in a MINP concentration- and
sMRF alignment-dependent manner, with this being translated
into a pro-tenogenic gene expression pattern and correspond-
ing increases in tendon-related proteins. Remarkably, these pro-
tenogenic effects were only observed when insoluble and soluble
stimuli were concomitant in the cellular microenvironment, con-
firming the hypothesis of a synergistic interaction between both
cues on driving cell fate. Figure 1 schematically depicts our pro-
posed design strategy and its biological outcomes.

2. Results and Discussion

2.1. Solid Phase Molecularly Imprinted Nanoparticles Bind and
Retain TGF-$3 with High Affinity

The first step toward building the proposed tenogenic constructs
was the imprinting of polymeric nanoparticles against TGF-43.
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Figure 1. Schematic representation of the proposed tissue engineering strategy for the development of tenogenic constructs. In this design, magnetically
aligned microfibers are expected to provide an adequate anisotropic microstructure to guide cell spreading directionality and organization through
contact guidance. Concomitantly, molecularly imprinted polymeric nanoparticles (MINPs) are sought to sequester transforming growth factor (TGF)-
p3 endogenously secreted by human adipose tissue-derived stem/stromal cells (hASCs), thereby prolonging and amplifying its paracrine signaling
effects. The combined control over both biochemical and biophysical cues is expected to synergistically drive a more robust tenogenic commitment in

encapsulated hASCs.

To obtain a population of MINPs with a homogeneous distribu-
tion of affinities for the target protein, we followed the solid phase
imprinting method schematically represented in Figure 2A.[4243]
A previously tested N-terminal conformational epitope of TGE-
B3P was used as a template molecule instead of the full pro-
tein to minimize production costs while increasing efficiency
and reproducibility.?>] Derivatization of the solid phase support
(glass microspheres) with the epitope peptide was confirmed
by labelling with fluorescein isothiocyanate (FITC) (Figure 2B;
Figure S1B,C, Supporting Information). Since the solid phase
technique does not allow the recovery of non-imprinted nanopar-
ticles, biotin-derivatized glass beads were also prepared in paral-
lel to synthesize MINPs against an unrelated molecule, thus serv-
ing as negative controls (Figure S1A, Supporting Information).
Figure 2C,D shows scanning transmission electron microscopy
(STEM) images of MINPs synthesized against biotin (BINPs) and
TGEF-p3 epitope (TEINPs), respectively. Direct measurements in
STEM images (Figure 2E) and dynamic light scattering (DLS)
assays (Figure 2F; and Table S1, Supporting Information) both
show an overlapping size distribution for the two types of MINPs,
although BINPs present a slightly larger average diameter in ei-
ther case (75 + 21 vs 69 = 22 nm by STEM, P =0.0027; 196.5 + 3.6
vs 179.0 + 5.5 nm by DLS, P = 0.0017). Electrophoretic light
scattering measurements (Table S1 and Figure S2, Supporting
Information) show a negative Zeta potential for both types of
MINPs, with TEINPs being slightly more negative than BINPs
(=27.1 £ 0.9 mV vs —=32.3 + 3.1 mV, P = 0.0080). Despite the
statistical significance of these differences, the average values for
size and surface charge for both types of MINPs lie well within
the same order of magnitude. Therefore, we considered that the
imprinting process with different template molecules did not sig-
nificantly alter the essential physicochemical properties of syn-
thesized MINPs.

Next, we studied the interaction between MINPs and the target
TGF-B3 conformational epitope by surface plasmon resonance
(SPR) technique. Immobilization of MINPs on the SPR sensor
chip surface could hide the imprinted cavity, thus hindering the
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rebinding of the epitope peptide. Therefore, we opted for immo-
bilizing the peptide instead, by covalently coupling its exposed
amine groups to the carboxyl groups of the carboxymethyl dex-
tran layer of the sensor chip. Figure 2H,I display representative
sensorgrams corresponding to five injections at increasing con-
centrations of BINPs and TEINPs, respectively. Figures S3 and
S4 (Supporting Information) show these graphs in greater de-
tail along with some of the relevant quality assessment parame-
ters for the TEINP sensorgram. Additionally, they also show the
components of the fitting curves after deconvolution, helping to
separate specific binding phenomena (dark blue) from unspecific
response derived from bulk and drift effects (light blue).

Due to the relatively large size of MINPs, both SPR sensor-
grams show pronounced bulk effects, represented by a square
wave-like signal. The serial increases in this component denote
the increasing nanoparticle concentrations with each injection. It
is also possible to observe that BINPs seem to generate a higher
bulk response compared to TEINPs, despite the same molar con-
centration being used for both. Since BINPs present a slightly
larger size, they should also have a correspondingly higher mo-
lar mass, thereby helping to explain this difference. By contrast,
considering the specific binding component, the behaviors of the
two types of MINPs are sharply distinct. BINPs demonstrated
no specific interaction with the immobilized epitope, with a poor
fit for the SPR measurements (Figure 2H; Figure S3B, Support-
ing Information). On the other hand, TEINPs generated typical
association and dissociation curves describing a binding inter-
action with the immobilized epitope. These resulted in a good
fit (Figure 2I; Figure S4A, Supporting Information) which al-
lowed the calculation of an equilibrium dissociation constant,
K, =18 + 13 nm (Table S2, Supporting Information). A previ-
ous study analyzing antibody affinities in detail would place this
value around the lower end of the affinity spectrum, with most
antibodies presenting a K, < 1 nm.[**] If we look at the binding
kinetics, the association rate (k,,) for TEINPs falls precisely in the
average order of magnitude calculated in this study (10° M~ s71),
while the dissociation rate (k,g) is two orders of magnitude higher
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Figure 2. Production and characterization of molecularly imprinted nanoparticles (MINPs). A) Schematic of solid phase imprinting method. B) Confocal
microscopy image of fluorescein-labeled epitope-functionalized glass beads. Green fluorescence image is superimposed on brightfield image. Scale
bar: 100 um. C,D) Scanning transmission electron microscopy (STEM) visualization of (C) biotin-imprinted MINPs (BINPs) and (D) TGF-B3 epitope-
imprinted MINPs (TEINPs). Scale bars: 500 nm; inset scale bars: 200 nm. E) Histogram of MINP diameter distribution as measured in STEM images
(n = 250). F) Histogram of MINP hydrodynamic diameter distribution measured by dynamic light scattering. Data presented as mean =+ standard
deviation (BINPs, n = 3; TEINPs, n = 6). G) Dot blot assessment of recombinant human TGF-43 retained by MINPs after three, six, or nine cycles of
precipitation and washing. H,l) Representative surface plasmon resonance sensorgrams (red/green) and corresponding fits (black) of (H) BINP and (1)
TEINP interaction with immobilized TGF-f3 epitope.
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than the average found for antibodies (1073 vs 107> s71). This im-
plies that the interaction between MINPs and the target epitope is
more unstable, being essentially limited by the dissociation step.
Nonetheless, the K, calculated in the present work compares
quite favorably with typical values expected for epitope-imprinted
polymers,[**] also falling within the range of most commercially
available mouse monoclonal antibodies.[*>4]

Next, we assessed if this affinity behavior in TEINPs is trans-
lated to the full TGF-g3 protein. Because the immobilization of
the protein on the SPR sensor chip could occur via the target
epitope, therefore hampering the binding of injected MINPs,
the interaction between MINPs and the target GF was evalu-
ated in free form in a liquid environment.*! MINPs were incu-
bated with commercially available recombinant human (rh)TGF-
B3, followed by several cycles of precipitation and washing. The
remaining rhTGF-f#3 adsorbed to the nanoparticles was then de-
tected by a dot blot immunoassay. As shown in Figure 2G, BINPs
retained very low amounts of protein after only three cycles, with
no detectable level after nine cycles. Instead, TEINPs retained a
relatively stable level of bound TGF-f3 even after nine washing
cycles, demonstrating that the imprinting process was successful
in generating a suitable affinity for the full target protein. More-
over, despite the previous considerations regarding dissociation
rates and the stability of this interaction, TEINPs proved effective
at retaining the GF, an essential feature for the proposed appli-
cation.

2.2. Magnetically Responsive Microfibers can be Efficiently
Aligned in Gelatin Hydrogels

The next step in our strategy requires the development of
biomimetic microarchitectures within 3D constructs, thereby
attaining adequate control over the biophysical environment
at the cellular scale. Specifically, recreating the fibrillar uniax-
ial anisotropy of the tendon core ECM has been shown to be
a key element for directing cellular behavior toward a teno-
cytic phenotype in different tissue engineered constructs.[**]
Electrospinning-based scaffolds are among the most explored
biomaterials due to the ability of this technique to generate micro-
/nano-scaled fiber structures, which closely resemble the natu-
ral tendon ECM.*84750] However, here we envisioned a system
where cells can develop in a fully biomimetic 3D environment,
instead of simply on the surface of the scaffold. Furthermore, this
system should be sufficiently versatile to allow different forms of
processing, such as direct injection for repairing small defects
or 3D bioprinting of larger constructs.[*!! We thus looked toward
the post-processing of electrospun fiber meshes into short mi-
crofibers that can be incorporated within polymeric hydrogels to
fabricate composites with improved properties.l?>2] These mi-
crofibers are a versatile microscale material, granting several lev-
els of control over different properties, such as length and inter-
fiber spacing. To allow these microfibers to introduce anisotropy
into the system, magnetic nanoparticles can be incorporated into
their production, endowing them with magnetic responsiveness.
This enables their remote orientation within the hydrogel net-
works by applying non-invasive external magnetic fields, result-
ing in anisotropic composite fibrilar materials without requiring
the direct application of other external mechanical forces.>*]
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To achieve these goals, we followed our previously devel-
oped fabrication process,!?”! which is schematically described in
Figure S6A (Supporting Information). We started by synthesiz-
ing zinc-doped iron oxide magnetic nanoparticles (MagNPs) by
a thermal decomposition route (Figure S5, Supporting Informa-
tion). The incorporation of zinc cations in the structure of Mag-
NPs has previously been demonstrated as an efficient design
strategy to increase their magnetization values in comparison
with non-doped iron oxide MagNPs.>*>*! In this way, our bio-
materials can be provided with the desired magnetic response
by incorporating lower amounts of MagNPs and remotely ma-
nipulated by applying weak magnetic fields, thus minimizing
the toxicity/safety risks associated with these factors. The per-
formed magnetometer measurements confirmed the large mag-
netization values of the designed zinc-doped MagNPs, up to
75.1+3.1emug™!, and their superparamagnetic behavior, essen-
tial to prevent their uncontrolled aggregation when external mag-
netic radiation is applied. (Figure S5E and Table S3, Supporting
Information).

MagNPs were then included in a polycaprolactone (PCL) so-
lution and electrospun into aligned fiber meshes using a device
with a rotating drum collector. These were then sectioned in a
microtome-cryostat and redispersed, obtaining sMRFs with an
average length of 65 + 21 um (Figure S6D, Supporting Infor-
mation, shows sMRF length distribution). The aligned electro-
spinning procedure likely contributed to reducing interfibrillar
interactions and fiber entanglement, leading to an adequate dis-
persiveness of SMRFs after cryosectioning (Figure S6C, Support-
ing Information). The successful incorporation of MagNPs in-
side SMRFs was confirmed by transmission electron microscopy
(TEM) (Figure SGE, Supporting Information). Moreover, magne-
tometry measurements showed that the designed sMRFs display
magnetic responses proportional to the amount of incorporated
magnetic material, while keeping the superparamagnetic behav-
ior observed for pure MagNPs (Figure S6F,G and Table S4, Sup-
porting Information).

Next, we evaluated the capability of the obtained sMRFs
to be remotely aligned within gelatin-based hydrogels through
the application of external low-intensity magnetic fields. For
that, freeze-dried sMRFs were dispersed at different concentra-
tions in gelatin solutions, with cross-linking being triggered by
the addition of transglutaminase at physiological temperature.
These mixtures were placed inside custom-made 3D printed
holders (Figure S7A, Supporting Information), with three pairs
of magnets producing a fairly uniform magnetostatic field of
13.9 + 1.8 mT over each sample during gelation. As shown in
Figure 3A and Figure S7B (Supporting Information), encapsu-
lated sMRFs could be efficiently aligned within the gelatin hy-
drogels, remaining fixed in place after they are fully cross-linked.
Moreover, we also verified that sMRF concentration of up to
3 g L7! can be incorporated without relevant levels of aggrega-
tion using the current protocol. This is an important point to
consider since aggregates might negatively affect the intended
uniaxial anisotropy of tendon biomimetic constructs and, conse-
quently, cell guidance responses. On the other hand, SMRF con-
centration must be sufficiently high in order to generate a densely
packed fibrillar microstructure that can effectively influence cel-
lular organization. If the interfibrillar distance becomes too large,
the probability of cell contact guidance decreases drastically,
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Figure 3. Encapsulation of human adipose tissue-derived stem/stromal cells (hASCs) in hydrogels containing short magnetically responsive microfibers
(sMRFs) and molecularly imprinted nanoparticles (MINPs). A) Optical microscopy images of SMRFs (3 g L™') in suspension (left) and after alignhment
and gelation (right). Scale bars: 200 pm. Orange arrows represent the direction of the magnetic field applied during gelation. B) Confocal microscopy
3D reconstructions of gelatin hydrogel with rhodamine-labeled sMRFs (red) and fluorescein-containing MINPs (green). Scale bars: 200 um. C) (i) Shear
storage (G’) and loss (G”) moduli versus angular frequency plots of neat gelatin hydrogels and gels with 3 g L~! random or magnetically-aligned sMRFs.
Data presented as mean + standard deviation (SD) of three independent measurements. (ii) Statistical analysis performed for samples at 1 Hz frequency
by one-way Analysis of Variance (ANOVA) followed by Tukey’s post hoc tests (*p < 0.05; ** p < 0.07; *** p < 0.001). D) Confocal microscopy images
of tenogenic constructs without (i, i) or with (iii, iv) magnetic alignment of sMRFs. i,iii) brightfield images showing sMRFs. ii, iv) fluorescence images
showing encapsulated hASCs. Red: F-actin; blue: DNA. Scale bars: 200 um. E) Directionality histograms derived from confocal microscopy images;
random: n = §; aligned: n = 12; data presented as mean (bold line) + SD (light filling). Correlation between sSMRF and hASC orientation was assessed
by calculating Pearson correlation coefficients (p < 0.0001). F) Confocal microscopy image of tenogenic construct showing hASCs adhering to aligned
sMRFs. Red: F-actin; blue: DNA. Scale bar: 25 pym. G) Representative confocal microscopy images of calcein AM (green)/propidium iodide (PI; red)
staining of hASCs within tenogenic constructs with aligned sMRFs and containing 1.5 g L~! TGF-$3 epitope-MINPs. Scale bars: 100 um. i) day 1; ii) day
7. H) Confocal microscopy 3D reconstruction of tenogenic construct showing distribution of MINPs around encapsulated hASCs. Red: F-actin; blue:
DNA; green: MINPs. Scale bar: 50 um.
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resulting in isotropic cell growth.[2”) Henceforth, this concentra-
tion was chosen for subsequent experiments.

Afterwards, we evaluated the incorporation and spatial dis-
tribution of MINPs within the anisotropic hydrogels. To al-
low their visualization, fluorescently-labeled nanoparticles were
prepared by including a fluorescent monomer (fluorescein O-
methacrylate) during the polymerization step of MINP synthesis.
Then, fluorescent MINPs were added to the gelatin/sMRF mix-
ture before adding the cross-linking agent. Figure 3B shows con-
focal microscopy images of hydrogels with rhodamine-labeled
sMRFs (red) along with fluorescein-containing MINPs (green).
As can be seen in both images, MINPs tended to aggregate into
small microscale clusters. This is probably due to the preparation
method, which requires all components to be at 37 °C to maintain
gelatin in a fluid state. The MINPs used in this work are ther-
moresponsive due to the inclusion of N-isopropylacrylamide in
their composition, entering a collapsed hydrophobic state above
ca. 32 °C. While this is necessary for their preparation by solid
phase imprinting, it causes nanoparticle aggregation in aque-
ous media at physiological temperature. This is supported by
DLS analysis of MINPs at different temperatures (Figure S8,
Supporting Information) showing a significant, albeit reversible,
increase in polydispersity and average size at 37 °C, with mi-
croscale particle aggregates appearing within a broad size dis-
tribution. Nonetheless, a significant number of relatively well-
dispersed nanoparticles can be observed alongside these MINP
clusters, with an even distribution throughout the hydrogels.
Furthermore, despite several washing steps after gelation, these
nanoparticles remained stably embedded into the hydrogel net-
work, demonstrating the applicability of this formulation for the
following studies with stem cells. A probable consequence of this
lower colloidal stability is the inaccessibility of some MINP bind-
ing sites that can become hidden within particle aggregates. This
can lead to alower maximum TGF-f3 binding capacity compared
to an ideal nanoparticle dispersion, with a corresponding lower
global effect on stem cell signaling. Strategies to mitigate this
undesired behavior should be therefore tested in future studies,
for example, by using different MINP compositions or synthesis
methods.

Then, to assess how sMRF incorporation impacts the me-
chanical properties of gelatin hydrogels, we conducted rheologi-
cal tests on gels containing the selected concentration of sMRFs
(Figure 3C). Results demonstrate that TG-cross-linked gelatin hy-
drogels behave as typical viscoelastic materials with predominant
solid-like behavior and a relatively frequency-independent stor-
age modulus (G’ between 1 — 4 kPa) in the range of frequen-
cies tested. As expected from previous works on similar fibrillar
composite hydrogels, both from our own team and from other
groups,29483¢] the incorporation of SMRFs has an overall rein-
forcing effect, increasing bulk hydrogel stiffness compared to
neat gelatin. However, unlike previous systems, this reinforce-
ment effect is higher in aligned samples, where G’is about three-
fold higher than the gelatin base level (p < 0.001), and also higher
compared to gels with randomly oriented SMRFs (p < 0.01). This
unexpected outcome suggests that SMRF organization has an im-
pact on the hydrogel network formation. A possible explanation
for this effect might be related with the enzymatic gelling process
used in this work. Unlike the very fast photocross-linking tak-
ing place, for example, when using methacrylated gelatin,**l TG-
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mediated cross-linking kinetics are far slower, taking over 30 min
to reach the maximum cross-linking level of gelatin networks.
During this process, it appears that SMRF organization some-
how interferes with the hydrogel network formation, where the
aligned samples with lower SMRF percolation seem to favor the
cross-linking promoted by TG. Although the precise nature of the
observed bulk hydrogel reinforcement by aligned sMRFs should
be further elucidated, it positively contributes for the potential
of these hydrogels in regenerative applications of mechanically
demanding tissues like tendon.

2.3. Anisotropic Fibrous Hydrogels Influence Cellular
Morphology and TGF-g Signaling Patterns

The developed anisotropic fibrous hydrogel was then used to
assemble full tenogenic constructs by encapsulating human
adipose tissue-derived stem/stromal cells (hASCs) along with
MINPs and aligned sMRFs in gelatin hydrogels. hASCs were
chosen for these experiments since they are a widely available
and easily accessible type of mesenchymal stem cell.l’”] These
cells have wide-ranging plasticity, with the potential to differ-
entiate into various musculoskeletal phenotypes, including the
tenogenic lineage, depending on the stimulation provided.>8]
We started by culturing tenogenic constructs in standard cul-
ture conditions and observing cell development by confocal
microscopy after fluorescent staining of their cytoskeleton. As
shown in Figure 3D-ii,iv, encapsulated hASCs thrived within the
hydrogels, showing a homogeneous distribution throughout the
gel volume. Remarkably, cytoskeleton patterns closely followed
the microfiber alighment (Figure 3D-iiii), both presenting very
similar directionality peaks and distribution (Figure 3E). Higher
magnification images (Figure 3F) seem to confirm that cells pref-
erentially adhere to the SMRFs, using them as physical guides
in the hydrogel 3D space. Moreover, this phenomenon leads to
hASCs acquiring an elongated morphology typical of tendon res-
ident cells, which was the targeted effect. This is a critical point
since cell shape is a strong mechanotransduction priming fac-
tor for stem cell tenogenic differentiation.l>>-%? Indeed, the very
maintenance of tenocyte homeostasis is greatly influenced by
mechanical signals, particularly tension.[%3] These cues are trans-
lated into biological responses through a complex network, in-
volving direct cytoskeletal links between cell membrane integrins
and the nuclear envelope, as well as ion channels like PIEZO1/2
and signaling pathways such as the Hippo pathway.[®*¢4] In fact,
a recent study precisely described how the loss of cell tension
quickly changes chromatin configuration, downplaying the ac-
tion of Hippo-members YAP/TAZ, while YAP overexpression
counterbalances this effect.[®] These data support the previous
notion that providing encapsulated stem cells with a biomimetic
physical cue is likely to be essential in guiding their path toward
tenogenesis by modulating their gene expression patterns.[>>-8]
Importantly, the viability of encapsulated hASC was not nega-
tively affected by sMRF and MINP contents within tenogenic con-
structs, as assessed by LIVE/DEAD staining at both early (day 1)
and later (day 7) timepoints (Figure 3G), with viable cells rep-
resenting over 94% of the total number of cells in all condi-
tions (Figure S9, Supporting Information). In sum, it was possi-
ble to confirm that the constructs are effective at controlling the
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biophysical environment at the cellular scale, contributing to di-
rect cell shape and spatial organization.

Next, we analyzed the effects of this engineered microenviron-
ment on the activation of TGF-#3 signaling pathways of encap-
sulated hASCs. As a first step, we re-evaluated the distribution
of MINPs in hydrogels, now including cultured cells. Figure 3H
shows constructs with fluorescently stained hASCs along with
green fluorescent TEINPs, that appear to be in close proxim-
ity to the cells at multiple points. This likely indicates that they
are able to adequately sequester endogenously secreted TGF-43
and bring it into increased contact with cell receptors, which is
essential for the intended application.[®?®3] Then, to efficiently
quantify multiple targets of the TGF-f signaling cascade, we per-
formed a multiplex immunoassay quantification on hASClysates
after 7 days of culture. Constructs stimulated by supplementa-
tion with exogenous thTGF-f3 were used as positive controls, as
this is a well-know tenogenesis-inducing stimulus,[®] includ-
ing in strategies where it has been combined with anisotropic
scaffolds.l®8] Additionally, gels with incorporated BINPs and ran-
domly oriented sSMRFs were used as negative controls. To prepare
these constructs, the same protocol was followed but in the ab-
sence of the magnetic field during gelation, thereby generating
an isotropic sSMRF organization within the hydrogels.

TGF-p acts as a dimer, binding to TGF-§ type II receptor
(TGFpRII) which recruits and phosphorylates TGF-§ type I
receptor (TGFpPRI). TGESRI then recruits and phosphorylates
SMAD family members 2 and 3 (Smad2/3). Phosphorylated
Smad2/3 (pSmad2/3) thus binds Smad4, creating a complex that
enters the nucleus and acts as a transcription factor regulating
gene expression.[®7% Besides this so-called canonical Smad path-
way, TGF-p receptors are also capable of activating other path-
ways, such as those mediated by protein kinase B (Akt) or extra-
cellular signal-regulated kinases 1 and 2 (ERK1/2), which are also
involved in downstream gene expression regulation. Figure 4A
depicts these complex webs in a simplified scheme, helping to
visualize the role of the proteins analyzed in our study. Accom-
panying the scheme are the relative quantification results for
the total protein levels of TGFBRII (B), as well as for phospho-
rylated Akt (Ser473) (C), ERK1/2 (Thr185/Tyr187) (D), Smad2
(Ser465/Ser467) (E), and Smad3 (Ser423/Ser425) (F). Quantifica-
tion of total Smad4 was not successful, since results for all sam-
ples were at least an order of magnitude below the level of the
internal negative control provided in the assay kit. Therefore, the
respective results were not included in this panel (see Figure S10,
Supporting Information). Similarly, pSmad2 in the various sam-
ples also falls beneath the level measured for the internal negative
control, which does not allow to draw conclusions.

Instead, for the other analytes, it is possible to see a gen-
eral trend of increases in their relative levels in samples with
TEINPs compared to those with BINPs, in particular at the higher
nanoparticle concentration of 2 g L™!, suggesting that TEINPs
can indeed bind TGF-f3 secreted locally by hASCs and boost its
paracrine activity. Looking at the results for total TGFSRII, the
combination of SMRF alignment with the presence of TEINPs
was essential to increase this marker to a level statistically signif-
icantly higher than in other samples. Indeed, the response ob-
tained in these constructs was comparable to the one observed
in constructs with incorporated TEINPs which were stimulated
with exogenous rhTGF-g3, the benchmark for this assay. Inter-
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estingly, this exogenous stimulation was not effective in con-
structs with BINPs, once again suggesting that GF activity is
more complex than initially assumed, being dependent on the
microenvironment surrounding the cells.?%32] Another interest-
ing outcome was that the inclusion of TEINPs led to a higher
level of TGFBRII compared to the use of BINPs in randomly ori-
ented constructs. However, this effect was not statistically signifi-
cant and was less pronounced than in aligned hydrogels, suggest-
ing an existing synergy between the biochemical and biophysical
stimuli that govern cellular responses. A remarkably similar out-
come was observed for Akt phosphorylation. In this case, only
aligned hydrogels with the highest concentration of TEINPs at-
tained a significantly higher level of pAkt, comparable to thTGF-
p3 stimulation. The similarity in the behavior of the two pro-
teins might imply that TGFRII is mainly acting in these systems
through phosphorylation of Akt.

ERK1/2 phosphorylation was significantly more pronounced
than that observed for other analytes. For this kinase, none of
the tested conditions were able to match the outcome of exoge-
nous GF stimulation, which was again amplified in samples with
TEINPs compared to those with BINPs, confirming the ability
of MINPs to boost target GF signaling (full statistical analysis
of pERK1/2 results in Table S5, Supporting Information). More-
over, unlike pAkt or TGFBRII, random sMRF orientation actually
seems to promote ERK1/2 phosphorylation compared to aligned
hydrogels at the highest MINP concentration. Although further
studies are required to fully corroborate this hypothesis, this re-
sult could suggest that the same biochemical stimulus (TGF-43)
is triggering different downstream responses depending on the
physical properties sensed by cells. Nevertheless, it is in agree-
ment with the current understanding of the interactions between
mechanotransduction and GF signaling processes. For example,
the geometry and spatial patterns of cell substrate topography
have been shown to impact ligand clustering and interaction
between GF receptors and integrins, thereby influencing cellu-
lar responses.?’] Lastly, although the alignment/TEINP combi-
nation also slightly increased Smad3 phosphorylation, no sta-
tistically significant differences were registered for this marker.
Along with results for pSmad2 and total Smad4, the outcome of
this assay implies that in these tenogenic constructs, the canon-
ical Smad pathway is likely not the most relevant downstream
effector of TGF-p signaling. Instead, there is a close association
between TGFSRII and non-canonical Akt levels, which could
explain the Smad results since Akt prevents phosphorylation
of Smad3 and dampens activation of the Smad pathway.!?2]
Moreover, these results offer an interesting prospect for a multi-
factored manipulation of tissue engineered constructs, where the
change of a single design parameter of the bioengineered mi-
croenvironment can program different cellular responses.

2.4. Encapsulated hASCs Significantly Shift Gene Expression and
Protein Synthesis toward Tenogenesis

After confirming that hASCs adapt their responses to both the
biophysical and biochemical elements integrated in tenogenic
constructs, we next evaluated how this translates into their down-
stream phenotypic commitment. For this purpose, we analyzed
by quantitative real-time polymerase chain reaction (qQPCR) a
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Figure 4. Multiplex immunoassay quantification of proteins in the transforming growth factor (TGF)-g signaling pathway after 7 days of culture. A)
Schematic representing the different pathways analyzed. B) Quantification of TGF-# Receptor Il (TGF-SRII), responsible for interacting with extracel-
lular TGF-$3 and activating intracellular signaling cascades. C) Quantification of phosphorylated (p)Akt (protein kinase B), a serine/threonine-specific
protein kinase that participates in multiple cellular processes. D) Quantification of pERK1/2 (phosphorylated extracellular signal-regulated kinases 1/2);
when activated, pERK1/2 translocate to the nucleus to phosphorylate intranuclear targets involved in processes like proliferation or differentiation. E,F)
Quantification of pSmad2/3, two receptor-regulated Smads involved in direct signaling from TGF-f receptors. When phosphorylated, they form a trimer
with the common partner Smad (Smad4), entering the nucleus to regulate DNA transcription. Net median fluorescence intensity (MFI) values for each
analyte were normalized to those of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and are presented as 100-fold to facilitate reading. +Ppase —
protein phosphatase treatment; +rhTGF-f3 — recombinant human TGF-#3 supplementation (2 ng mL™, 1 h); BINPs — biotin-imprinted nanoparticles;
TEINPs — TGF-$3 epitope-imprinted nanoparticles. Data presented as mean + standard deviation (n = 3). Statistical analysis by one-way Analysis of

Variance (ANOVA) followed by Tukey’s post hoc tests (* p < 0.05, ** p < 0.01, *

% p < 0.0001). Full statistical analysis results for pERK1/2 available in

Table S5 (Supporting Information), along with results for Smad4 (Figure S10, Supporting Information).

panel of gene expression markers associated with tenogenesis
and tendon repairl”!l in hASCs cultured for 14 days (Figure 5A).
Results are displayed as fold changes relative to gene expression
in gels with randomly oriented sMRFs and with no MINPs, de-
fined as the reference condition for this assay. Each gene was an-
alyzed across a range of five concentrations of TEINPs, in con-
structs with either randomly oriented (empty circles) or magnet-
ically aligned (full squares) sMRFs.

Adv. Funct. Mater. 2024, 2312961 2312961 (9 0f16)

Looking at the results in Figure 54, it is possible to clearly
distinguish two patterns of gene expression, depending on the
orientation of microfibers. Except for COL1A1, for which no sig-
nificant differences were found (Table 1), all other gene mark-
ers show different expression trends according to each bio-
physical setting where cells were cultured. In general, a posi-
tive correlation is observed between the expression of all five
markers and the concentration of TEINPs in aligned constructs,
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Figure 5. Biological response of human adipose tissue-derived stem/stromal cells (hASCs) encapsulated in tenogenic constructs. A) Quantitative real-
time polymerase chain reaction (gPCR) results for gene markers associated with tenogenesis: TGFBRT — transforming growth factor beta receptor 1; SCX
— scleraxis bHLH transcription factor; TNC — tenascin C; COLTAT — collagen type | alpha 1 chain; COL3AT — collagen type Il alpha 1 chain. Results are
normalized to transcript levels of YWHAZ and displayed as fold changes relative to gene expression in gels with randomly oriented short magnetically
responsive microfibers (sMRFs) and with no molecularly imprinted nanoparticles (n = 2). Statistical analysis by two-way Analysis of Variance (ANOVA)
followed by Sidak’s post hoc tests. Stars represent significant differences at the same concentration between hydrogels with aligned (blue triangles) and
randomly oriented (red circles) SMRFs (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Curves represent linear regressions of gene expression
levels as a function of TGF-#3 epitope-imprinted nanoparticle (TEINP) concentration in hydrogels (further details in Table 1). B) Immunocytochemistry
images of hASCs encapsulated in anisotropic constructs (scale bars: 25 um; red: F-actin; blue: DNA; green: scleraxis) and respective quantification of
scleraxis transcription factor (no NPs, TEINPs, n=5; BINPs, n = 2). Green fluorescence levels were normalized to red fluorescence values in each image.
Statistical analysis by one-way ANOVA followed by Tukey’s post hoc tests (** p < 0.01). C) Immunocytochemistry images of encapsulated hASCs (scale
bars: 25 um; red: F-actin; blue: DNA; green: tenascin C) and corresponding quantification for glycoprotein tenascin C (no NPs, BINPs, n = 4; TEINPs,
n=75). Green fluorescence levels were normalized against the number of nuclei present in each image. Statistical analysis by one-way ANOVA followed
by Tukey’s post hoc tests (* p < 0.05, ** p < 0.01). All quantitative data are presented as mean + standard deviation.
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Table 1. Select parameters of linear regressions of gene expression levels
as a function of TGF-#3 epitope-imprinted nanoparticle concentration in
tenogenic constructs.

Gene marker Random R? Aligned R? P value?
TGFBR1 0.7175 0.8156 0.0360 (*)
ScX 0.4644 0.5797 0.0007 (*7%*)
TNC 0.1671 0.6902 0.0028 (+%)
COL1AT 0.5363 0.4960 0.7928 (ns)
COL3A1 0.8908 0.8184 0.0038 (**)

P values are respective to calculated slopes for aligned versus randomly oriented
hydrogels (n = 2). Slope pairs with P values below 0.05 are considered significantly
different (* p < 0.05, ** p < 0.01, *** p < 0.001). TGFBRT — transforming growth
factor beta receptor 1; SCX — scleraxis bHLH transcription factor; TNC — tenascin C;
COL1AT — collagen type | alpha 1 chain; COL3AT — collagen type Il alpha 1 chain.

consistent with a directing of stem cell fate commitment toward
tenogenesis. In contrast, the expression pattern of analyzed gene
markers in randomly oriented constructs behaves quite differ-
ently. For instance, TGFBR1 (encoding TGF-f receptor 1) is up-
regulated by TEINPs in both types of gels, but at significantly
higher levels in the aligned ones-2.9 versus 8.9-fold-change at
2 g L7! MINPs (P = 0.0005). This outcome is in good agree-
ment with the results previously observed for TGFSRII quan-
tification in the multiplex immunoassay, indicating that TEINPs
are likely promoting a positive feedback loop of TGF-g signal-
ing that is amplified by microstructural alignment. A similar ef-
fect was observed for COL3A1 (collagen type III alpha 1 chain),
with expression levels increasing 2.0-fold in aligned constructs
versus 1.4-fold in random ones (P = 0.0023). Collagen type III
is the second most abundant collagen in tendon ECM and is es-
sential for the correct fibrillogenesis of collagen type I, its main
component.”?”74 On the other hand, COL1A1 is significantly up-
regulated by the alignment of SMRFs when no MINPs are present
(7.7-fold, P = 0.0034). Interestingly, the inclusion of TEINPs at-
tenuates this difference, raising the expression of COLIAI to
comparable levels in both construct types, although with a slight
advantage for aligned hydrogels (7.8 to 8.7-fold in random, 9.1 to
11-fold in aligned, P > 0.1).

An interesting finding can be seen for the gene expression
of scleraxis transcription factor (SCX), which is among the most
specific tendon- and ligament-associated markers. It works as a
master switch for tendon lineage specification during develop-
ment, as well as for tendon healing after injury,”* being known to
be activated by TGF-§ signaling.!>’® The performed qPCR anal-
ysis shows a higher expression of SCX with increasing TEINP
concentrations (1.5-fold at 2 g L), but this effect only occurs in
aligned constructs. In contrast, in isotropic gels, SCXis downreg-
ulated by TEINPs (0.7-fold at the highest concentration). These
opposing trends suggest that the same biochemical stimulus
(TGF-p) generates different cellular responses depending on the
physical microenvironment. These results are well aligned with
the TGF-p pathway activation findings discussed above, show-
ing that different signaling pathways are being activated accord-
ing to the anisotropy degree of the system. A comparable be-
havior can be seen for TNC, corresponding to the glycoprotein
tenascin C which is prevalent in tendon ECM.!”277] While its ex-
pression remains virtually unchanged along the TEINP concen-
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tration axis in random orientation gels, there is a clear upregu-
lation trend caused by the increasing presence of TEINP within
constructs with aligned sMRFs. (2.0-fold versus 1.2-fold at 2 g L™
MINPs, P = 0.0018). Together, these results may indicate that, in
an isotropic setting, the increased TGF-f stimulation is guiding
hASCs down a different differentiation pathway other than the
tenogenic lineage. In a previous work, we have demonstrated that
TEINPs promote the chondrogenic phenotype in hASCs when
cultured in scaffold-free cell pellets.3!] A similar effect might be
happening in these composites with randomly-oriented SMRFs,
although analysis of additional gene and protein targets would be
required to confirm this hypothesis.

Finally, to verify if this behavior extended beyond gene ex-
pression to protein synthesis, we performed immunocytochem-
istry staining experiments for SCX and TNC. Representative
images and their corresponding quantifications are shown in
Figure 5B (SCX) and C (TNC), comparing anisotropic constructs
with either no MINPs, 1.5 g L! BINPs, or 1.5 g L~! TEINPs
(moderately-high concentration based on previous assays). The
outcomes for both proteins were not only remarkably similar be-
tween the two, but also supported previous qPCR findings. No
significant differences could be detected in the SCX expression
levels of hASCs cultured in BINP-based hydrogels compared to
those with no MINPs. On the other hand, the use of TEINPs
significantly boosted its detection levels by a factor of 2.9 — 4.2
(P < 0.01). Likewise, de novo deposition of TNC in the pericel-
lular matrix of hASCs was fairly low in hydrogels either with-
out any MINPs or with BINPs, but significantly higher in cul-
tures with TEINPs. Normalized fluorescence intensity associated
with TNC was 3.7 times higher in gels with TEINPs compared to
no MINPs (P = 0.0156) and 9.3 times higher compared to gels
with BINPs (P = 0.0043). Overall, these protein detection results
closely match the preceding gene expression findings, corrobo-
rating our main hypothesis.

Taken together, these results strongly suggest that hASC fate
commitment is being synergistically driven toward a tenogenic
phenotype by a combination of i) TGF-§ signaling modulation
via MINP binding with ii) contact guidance of cell shape and or-
ganization by the hydrogel anisotropic fibrous architecture. Not
only is it apparent that the gene expression signature of hASCs
is shaped in tandem by these factors, but protein synthesis also
shifts in a similar manner, confirming a pronounced change in
cell behavior. These findings support the proposed hypothesis,
opening new possible biomaterials driven strategies toward ten-
don regeneration therapies. A particularly interesting direction
to explore would be by implementing this concept using sMRFs
modified with tendon dECM, as we have recently proposed,!?°!
to better recreate the biochemical cues of tendon niche and thus
provide hASCs multiple signals that synergistically contribute to
boost their tenogenesis.

Importantly, the basic principles of this biomaterial design
concept can be easily readapted for the engineering of other tis-
sues. Although additional studies will be needed to unequivo-
cally demonstrate the hypothesis, our data regarding the various
cell responses seem to indicate that changing a single parameter
— like microfiber orientation — might be sufficient to drastically
change stem cell commitment using the same platform. In fact,
it has been recently shown that isotropic fibrous microstructures
within collagen-based hydrogels act as inducers of mesenchymal
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stem cell chondrogenesis.I”®] Our composite hydrogels have the
potential to be an improvement over this type of system since
they allow independent tuning of the hydrogel topography with-
out complex fabrication techniques. In addition, the magnetic re-
sponsiveness of SMRFs could be leveraged after gelation to de-
liver contactless magneto-mechanical stimulus to encapsulated
cells,!?% increasing the level of control over bioengineered tissue
dynamics to guide encapsulated stem cell fate.l’?]

In future developments, it would be interesting to evolve the
present system considering specific requirements of the cell
niche. For example, tissue development and healing are dynamic
processes that require variable inputs at different stages.l””! More-
over, full scale tendons have a well-defined hierarchical structure,
with spatially distinct physical and biological characteristics.[!!
Thus, (photo)patterning the proposed constructs with differ-
ent mechanical properties and tissue-specific biofunctionalities
or exploring the proposed composite hydrogels as bioinks for
3D bioprinting platforms would allow an additional degree of
spatiotemporal control over microenvironmental cues.[8-821 Tt
is worth mentioning that several recent studies have cleverly
used aptamers as GF affinity ligands that can release the bound
molecules on demand by the introduction of their complemen-
tary sequences.[®#>#*] However, the need for external molecular
triggers to induce the release of sequestered molecules poses
additional implementation difficulties in therapeutical settings.
Thus, designing innovative materials with programmable re-
sponses to endogenous stimuli such as cell traction forces seems
a more attractive route.l®! Nevertheless, all these concepts have
focused on the controlled binding and release of exogenous GFs.
The use of synthetic MINPs as sequestering elements that am-
plify endogenous paracrine signaling is a significant competitive
advantage of our system. In this context, the design of MINPs
with controlled biodegradability!®®#”] might be an attractive op-
tion to obtain materials with additional cell responsive proper-
ties. Importantly, a comparative edge of epitope imprinting for
the synthesis of GF sequestering motifs is that the template can
be rationally selected from the surface of target molecules while
avoiding regions in their topology recognized by the correspond-
ing receptor, thus avoiding masking their biological effects until
their release is triggered.3%35] Although this functional challenge
of molecular recognition would be possible to address with other
biological protein binders, abiotic MINPs have a flexibility and
speed of design at costs that cannot be matched by those alterna-
tives.

3. Conclusion

In this work, we have designed a composite hydrogel system
that can provide simultaneous control over both physical and
biochemical stimuli synergistically contributing for guiding the
response of encapsulated stem cells toward tenogenic commit-
ment. On the one hand, we have shown that the use of com-
pletely synthetic molecularly imprinted nanoparticles as tailor
made GF sequestering units is an effective alternative for re-
placement, or at least a significant reduction of exogenous stim-
ulation with recombinant GFs. This single finding holds the
potential to drastically reduce the costs and widen the acces-
sibility of tissue engineering approaches. On the other hand,
short magnetically-responsive electrospun microfibers can be
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used to generate microstructural anisotropy that mimics the ar-
chitecture and topography of tendon ECM within the hydro-
gels, leading to ordered stem cell organization by microcon-
tact guidance mechanisms. To combine both tools, a simple
but effective gelatin-based hydrogel system was used, consti-
tuting an adequate biomimetic environment to support stem
cell survival and growth. In general, the strategy presented here
leverages several functional components to collectively control
different cues in 3D bioengineered microenvironments, thus
precisely controlling stem cell fate in tissue engineered con-
structs. Lastly, it is important to note that each component of this
study was conceived following the principles of cost-effectiveness
and scalability, which are essential for future clinical transla-
tion. Importantly, the concepts explored here can also be eas-
ily adapted to meet the specific needs of different tissues in fu-
ture TERM developments. In conclusion, this work not only cul-
minates the development of several biomaterial tools intended
for tendon regeneration therapies, but it also opens the perspec-
tive for new advances in the field built on the present design
concepts.

4. Experimental Section

Solid Phase Imprinting of MINPs — Glass Bead Derivatization with Tem-
plate Molecule: Protocol adapted from Ref.[43] First, glass bead sur-
face was activated by boiling in T M NaOH (PanReac AppliChem, Spain,
0.8 mL of solution per gram of glass beads) for 15 min, and then thor-
oughly rinsing with deionized water (eight times with 3.33 mL g~ beads).
PBS was used to neutralize the base (5 mL g~ beads) followed by re-
peated rinsing with deionized water to remove potential salt residues (un-
til pH was ca. 7). Beads were rinsed twice with acetone (3.33 mL g~!
beads) and dried at 80 °C for 3 h. Afterward, incubated the dry beads
in a freshly prepared solution of either (3-aminopropyl)trimethoxysilane
or (3-glycidyloxypropyl)trimethoxysilane 2% (v/v) in anhydrous toluene
(Carlo Erba, France) for 24 h at room temperature (RT) (0.4 mL g~!
beads). Beads were not stirred but simply swirled gently by hand from
time to time, as collisions between beads abrade the surface and lead
to the formation of glass dust. Then, they were decanted onto a sin-
tered disc filter funnel, rinsed with at least eight volumes of ace-
tone and one volume of methanol, and left to dry under vacuum.
For biotin immobilization, amine-functionalized beads were incubated
overnight in PBS pH 7.4 (0.4 mL g~! beads) containing 0.5 g L™" biotin,
10 g L=! N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC), and 15 g L=" N-hydroxysuccinimide (NHS).For TGF-$3 conforma-
tional epitope immobilization, epoxy-functionalized beads were incubated
overnight in 10 mm carbonate buffer pH 9.0 (1 mL g~' beads) containing
0.2 g L™ epitope (CNCKAPTALCTNYCFRN, cysteine bridges C,-Cq; and
C3—Cy5, GeneCust, France). The resulting epitope-beads were then washed
several times with carbonate buffer (8 x 8 mL g~ beads). Unreacted epox-
ide groups were blocked with 1 M ethanolamine pH 9.0 (3 mL g~ beads)
for 2 h followed by washing with PBS (8 x 8 mL g~! beads). Finally, beads
were rinsed with deionized water (15 x 8 mL g~ beads) on a sintered disc
filter funnel, under vacuum. For confirmation of functionalization, biotin-
beads were incubated with 0.5% (v/v) streptavidin, Alexa Fluor 488 con-
jugates (Thermo Fisher, USA) in PBS, for 1 h at RT, followed by rinsing 3
times with deionized water. Epitope-beads were incubated in 0.05% (w/v)
FITC in carbonate buffer pH 9.3 for 3 h at 37.5 °C, followed by rinsing
3 times with the same buffer. Fluorescently labelled beads were then ob-
served in a Leica TCS SP8confocal microscope.

Solid ~ Phase  Imprinting  of MINPs —  Polymerization: N-
isopropylacrylamide (3.4 mm), N,N’-methylenebisacrylamide (0.13 mm),
N-tert-butylacrylamide (2.6 mwm), acrylic acid (0.32 mm), and N-(3-
aminopropyl)methacrylamide hydrochloride (0.33 mm) were dissolved
in ultrapure (UP) water. To produce fluorescent MINPs for microscopy
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visualization, fluorescein O-methacrylate (0.065 mM) was added to the
previous solution. The solution was degassed by sonicating under vacuum
using a Sonics VCX-130PB-220 with 13 mm probe for 15 min. followed by
purging with N, for 30 min via a long needle. Template-derivatized glass
beads were degassed by performing three cycles of alternate vacuum/N,.
The degassed solution of monomers was poured onto the glass beads
while swirling gently by hand and flushing the flask with N, for 5-10 min.
Next, ammonium persulfate (0.26 M) and tetramethylethylenediamine
(0.66 M) in UP water were added through a long needle into the bulk of
the mixture while swirling gently to homogenize. Reacted for 2 h at room
temperature (RT) under N, flow, periodically swirling it gently by hand.
After synthesis, the mixture was transferred to a solid phase extraction
tube fitted with a 20-um porosity polyethylene frit. The tube was fitted to
a filtering flask and the solution was removed by vacuum and replaced
with fresh deionized water at RT. Unreacted monomers and low-affinity
polymers were removed by eluting this solution at RT and by replacing
it with 30-mL aliquots of fresh deionized water for 9 times. Then, the
outlet of the tube was closed, 30 mL of fresh deionized water (prewarmed
at 70 °C) were added to the glass beads, and the tube was placed in a
water bath at 70 °C for 15 min. After incubation, MINPs were collected
by applying vacuum. The previous incubation was repeated 3 times for
2 min. each. The collected MINP suspension was concentrated by ultrafil-
tration using Amicon Ultra-15 Centrifugal Filter Units (30 kDa molecular
weight cutoff), performing consecutive centrifugations at 15 °C for 5 min.
at 3200 x g, until the final desired volume. The resulting suspension
was then freeze-dried, and the yield was calculated by weighing the dry
nanoparticles.

Determination of MINP Affinity and Selectivity for Template Epitope by
SPR: Biacore X100 (Cytiva, Sweden) was used throughout the following
procedures. All solutions were filtered through a 0.22 pm filter before be-
ing used with Biacore X100. Sensor chip CM5 (Cytiva, Sweden) was used
to immobilize TGF-p3 conformational epitope. First, scouted the best pH
to maximize ligand immobilization. TGF-#3 conformational epitope was
diluted to 0.5 mg mL~" in 10 mm acetate buffer at pH 4.5, 5.0, and 5.5.
Followed Biacore Wizard Template for pH scouting procedure in flow cell
no. 2 (Fc2), using PBS-P+ buffer 1x (Cytiva, Sweden) as running buffer.
Regeneration buffer was composed of 50 mm sodium hydroxide and 1 m
sodium chloride in UP water. Since maximal response was achieved at
pH 5.0, proceeded with the immobilization of TGF-43 epitope on Fc2 us-
ing Biacore Wizard template parameters: i) flow rate: 5 uL min~", ii) con-
tact time: 360 s, iii) target immobilization level: 5000 RU (response units),
iv) ligand: 500 pg mL~! TGF-$3 conformational epitope in pH 5.0 acetate
buffer. Blank immobilization was performed on the reference Fc1, by load-
ing it with a mixture of EDC (75 g L™'; Cytiva) and NHS (11.5 g L™7; Cy-
tiva), followed by ethanolamine HCl pH 8.5 (1.0 m, Cytiva) to block reactive
groups. Final response level (Fc2 — Fc1) was 3823.3 RU. Finally, regenera-
tion buffer was injected 5 times for 30 s onto the chip surface to remove
loosely bound molecules.

To assess MINP interaction with the template epitope, Biacore single
cycle kinetics standard procedure was followed, consisting in five succes-
sive injections at increasing concentrations onto the sensor chip. Apparent
MINP molarities ([MINPs], mol L~") were calculated according to Equa-
tion 1,[88]

6

[MINPS) = —2 X
aNydBp

M

where N, is Avogadro’s number (mol™"), d is the hydrodynamic di-
ameter of particles (cm), p is the polymer density (g cm~3), and
X is polymer weight concentration (g L~"). The p values for N-
isopropylacrylamide-based swollen particles were estimated by Ogawa et
al. to be ~0.01 g cm™3.[3%] A start-up cycle was performed to stabilize the
sensor chip surface, where running buffer (PBS-P+ 1x) was injected 5 con-
secutive times. Two blank cycles were then performed using the same set-
tings as the assay proper, but injecting running buffer instead of MINP
samples. Finally, MINPs were injected at increasing concentrations for
90 s each, with 300 s of dissociation time after the last injection. A sin-
gle injection of regeneration buffer for 60 s was performed to clean the
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sensor surface at the end of the run. The resulting sensorgram was ana-
lyzed using Biacore X100 Evaluation Software™. Reference curves (Fc1)
were automatically subtracted from each active sensorgram. The average
of the two blank cycles was then also subtracted from the test run sen-
sorgram. The subtracted curves were finally fit using 1:1 binding kinetics
model. Three replicates were performed for BINPs, while 6 replicates were
performed for TEINPs.

Characterization of MINP Affinity for Target TGF-$3 Protein by Dot Blot:
To assess the affinity of MINPs for the full target protein, these were in-
cubated at 37 °C for 1 h in a solution of 1 g L' rhTGF-43 (PeproTech,
Thermo Fisher, USA) in PBS. Afterward, MINPs were precipitated by cen-
trifuging at 12 300 X g for 15 min. The supernatant was removed and
MINPs were washed with fresh PBS by vortexing for 10 s. This precipita-
tion/washing procedure was repeated for a total of either 3, 6, or 9 times.
Then, supernatant from the last cycle was removed, MINPs were resus-
pended in 1x Laemmli’s Loading Buffer and heated to 95 °C for 5 min in
an Eppendorf Thermomixer to denature and release the protein. Five mi-
croliters of solution were pipetted in triplicate onto a nitrocellulose mem-
brane which was left to dry overnight. The membrane was blocked for 1 h
at RT with a solution of 1% (w/v) bovine serum albumin (BSA) and 5%
(w/v) milk powder (Nestlé Molico, Portugal) in Tris-buffered saline with
Tween 20 (TBST), followed by an overnight incubation with anti-human
TGF-3 rabbit antibody (ab15537, Abcam, UK) (0.173 pg mL~" in block-
ing buffer).After rinsing with TBST, the membrane was incubated for 1 h
at RT with IRDye 800CW anti-Rabbit IgG secondary antibody (LI-COR Bio-
sciences, USA) (0.1 ug mL™" in TBST). Finally, it was rinsed 3 times with
TBST, followed by water, and the results visualized in an Odyssey Fc Imag-
ing System.

Fabrication of Short Magnetically-Responsive Microfibers (sMRFs):  Poly-
e-caprolactone (PCL) was dissolved at 17% (w/v) in 70:30 chloro-
form/dimethylformamide, and MagNPs[>*] were added at 5% (w/w) (rel-
ative to polymer weight); 0.1% (w/w) rhodamine was also added in some
batches to visualize microfibers in fluorescence microscopy. The solution
was left stirring overnight to homogenize. Two electrospinning setups
were tested. First, a vertically oriented system, with a static target, was
used to prepare randomly spun meshes, spinning for 30 min. per fiber
mesh. Next, a HolmarcHO-NFES-043 model electro-spinning unit with a
rotating drum target was used to prepare aligned meshes, spinning for
45 min per mesh. The following settings were used in both systems: i)
needle-to-target d = 12.5 cm, ii) AV = 13.1 kV, iii) flow (®) = 1 mL h~ T,
and iv) syringe diameter d = 12.25 mm.

Meshes were left to dry overnight to ensure complete evaporation of
solvents. Dry meshes were cut into small rectangular pieces (ca. 1 cm
sides), which were immersed in optimal cutting temperature (OCT) com-
pound (Thermo Scientific) (ca. 1 cm high) inside a cylindrical tin foil con-
tainer. The mixture was frozen with liquid nitrogen vapors and stored at
—20 °C overnight to form a solid block. Blocks were then cut in a Cryostat
Microm HMS550 into slices with a set thickness of 50 um. Slices were im-
mersed in a warm water bath (40 °C) to melt OCT and release the SMRFs.
These were precipitated using a magnet and the supernatant discarded
and replaced by warm deionized water, followed by vigorous stirring to
rinse the sSMRFs. This was repeated 3-5 times, until no more foam from
OCT was observed. To redisperse SMRF aggregates, they were manually di-
vided into smaller pieces with a tweezer and placed in 1.5-mL tubes with
0.5 mL UP water. Then, each aliquot was repeatedly passed through the
following materials in succession, until aggregates no longer decreased
in size and clogged the structure: 1000 uL micropipette tip, 200 uL mi-
cropipette tip, 18, 21, and 25 G needles. The recovered suspensions were
strained through a tea infuser to remove remaining aggregates, frozen at
—80 °C, and lyophilized for 72 h.

Human Adipose Tissue-Derived Stem Cell (hASC) Culture: Human lipo-
suction aspirates were obtained from healthy female anonymous donors
under informed consent and according to protocols approved by the
Ethical Committee of Hospital da Prelada (Porto, Portugal, Approval
No. 005/2019). hASCs were isolated from lipoaspirates according to
a standard protocol with collagenase digestion. Cells were plated in
complete Alpha-Modified Eagle’s Minimum Essential Medium and in-
cubated in a humidified atmosphere at 37 °C with 5% CO,. Culture
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medium was replaced every 3 days and cells were subcultured at 80%
confluence.

Preparation of Tenogenic Constructs: Transglutaminase (TG) enzyme
(ACTIVA WM, Ajinomoto Foods Europe, France) was dissolved in PBS
(200 g L") and placed at 37 °C, 4-5 h before starting the experiment
to activate the enzyme. Gelatin (type A from porcine skin) was dissolved
at 5% (w/v) in PBS for 1 h at 70 °C, followed by 3—4 h at 37 °C. sM-
RFs were suspended (3 g L™') in gelatin solution by up-and-down pipet-
ting (G-MF mixture). TG solution, G-MF mixture, and MINPs were UV-
sterilized for 30 min before being used with hASCs. Cells were trypsinized
and resuspended (1068 mL™") in G-MF mixture, to which TG was then
added (12.5 pL per mL of cell suspension, corresponding to 5 units of
active enzyme per gram of gelatin). Next, MINPs were resuspended in
this mixture at 0; 0.5; 1; 1.5, or 2 g LT, thoroughly mixing by up-and-
down pipetting. Ten microliters of each sample were transferred in trip-
licate to 15-well Ibidi p-Slide Angiogenesis and left in a cell culture incuba-
tor for 30 min to ensure gelation. To prepare aligned constructs, p-slides
were placed during this step inside a custom-made holder (Figure S7A,
Supporting Information), with 3 pairs of magnets producing a relatively
uniform magnetic field over the samples. After gelation, 50 uL of culture
medium were added to each well and changed every 2 days for the length of
culture.

Analysis of TGF-B Pathway Activation by Multiplex Immunoassay:  MIL-
LIPLEX Human TGFp Signaling 6-plex Magnetic Bead Kit (48-614MAG)
was used on day 7 of culture according to manufacturer’s instruc-
tions. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) MAPmate
(46-667MAG) was used simultaneously to serve as reference for normal-
ization of other protein levels. To prepare positive controls, tenogenic con-
structs were stimulated directly with rhTGF-83 (PeproTech, USA). Selected
constructs were serum-starved for 4 h, followed by addition of rhTGF-43
for 1 h (final concentration 2 ng mL™"). Immediately after stimulation,
proceeded with cell lysis as follows. Culture medium was removed, and
gels washed with ice cold PBS. Gels were retrieved from culture slides
with a spatula and placed in 1.5-mL centrifuge tubes with ice-cold Tx
MILLIPLEX Lysis Buffer with freshly added protease inhibitors. Samples
were homogenized using a Tissue Grinder Mixy Professional, followed
by repeatedly passing through 18 and 21 G needles. After gently rock-
ing for 10 min at 4 °C, particulate matter was removed by ultrafiltra-
tion using Ultrafree-MC, DV 0.65 um-pore centrifugal filter units, spin-
ning at 12 000 x g for 4 min at 4 °C. The filtered liquid fraction was
stored at -80 °C until further processing. For the immunoassay, all sam-
ples and reagents were prepared according to manufacturer instructions
and the kit protocol was precisely followed. The plate was read using a
Luminex MAGPIX instrument. Relative protein levels were calculated us-
ing the instrument software, by subtracting background fluorescence lev-
els (given by Assay Buffer) and dividing by the corresponding GAPDH
levels for normalization. All results were multiplied by 100 to facilitate
reading.

RNA Extraction and Gene Expression Analysis by qPCR: To analyze
gene expression, constructs were carefully retrieved with a spatula, placed
in TRl Reagent (0.5 mL per 3 gels) and stored at —80 °C for at least
24 h. Samples were homogenized using a Tissue Grinder Mixy Profes-
sional, followed by repeatedly passing through 21 and 25 G needles (at
least 15 times each). Afterward, total RNA was extracted following man-
ufacturer’s protocol. RNA concentration and purity were assessed us-
ing a NanoDrop ND-1000 spectrophotometer. Five hundred twenty five
nanograms of total RNA were reversely transcribed using qScript cDNA
Synthesis Kit (Quanta Biosciences, USA). qPCR was performed using Per-
feCTA SYBR Green FastMix (Quanta Biosciences, USA), according to the
manufacturer’s protocol, and run on Mastercycler ep Realplex Thermocy-
cler. Primer sequences (Table S6, Supporting Information) were designed
using Primer-BLAST NCBI tool and synthesized by Eurofins Genomics
(Luxemburg).

Melting curves were analyzed at the end of every reaction to verify speci-
ficity of PCR products. 272ACt method was used to calculate relative gene
expression.[®] YWHAZ was chosen as reference gene marker, due to the
stability of its expression across the sample sets. All values were first nor-
malized to average transcript levels of YWHAZ, and then to gene expres-
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sion in cells seeded in randomly oriented gels without MINPs (control
group), as given by Equation 2:

R = 2—[ACt sample—ACt control] (2)

being R the relative expression ratio of each gene of interest (GOI), ACt
sample the difference between the crossing points (Ct) of GOI and the
average of reference genes in each sample, and ACt control the difference
between the Ct of GOl and the average of reference genes in control group.

Cell Morphology Observation and Immunocytochemistry Staining: To
evaluate the presence of selected proteins, immunocytochemical analy-
sis was performed after 14 days of culture. Cells were fixed with 10%
(v/v) neutral buffered formalin (Thermo Fisher Scientific, USA), washed
with PBS and permeabilized with 0.1% (v/v in PBS)Triton X-100. Sam-
ples were then blocked with 1% (w/v in PBS) BSA for 1 h at RT, fol-
lowed by incubation with primary antibody diluted in blocking buffer, ei-
ther against scleraxis (ab58655, Abcam, UK, 1.25 ug mL~") or tenascin-
C (MA1-26779, Thermo Fisher, USA, 2.0 ug mL™") overnight at 4 °C.
Cells were subsequently washed with PBS, incubated with the correspond-
ing Alexa Fluor 488-conjugated secondary antibody [for scleraxis, don-
key anti-rabbit (A21206, Life Technologies, USA); for tenascin-C, donkey
anti-mouse (A21202, Thermo Fisher, USA)] at the manufacturer’s recom-
mended dilution for 1 h at RT and counterstained with 4',6-diamidino-2-
phenylindole (1 ug mL™" in PBS) and phalloidin-tetramethylrhodamine
B isothiocyanate (0.5 ug mL™" in PBS). Immunolabeled samples were vi-
sualized either in a Leica TCS SP8 or in a Zeiss LSM 980 confocal laser
scanning microscope.

Statistical Analysis: All statistical analyses were performed using
GraphPad Prism 9.5.1 software. All quantitative data in Figures 2F, 3,
4, and 5 are presented as mean + standard deviation. The histogram
in Figure 2E was derived from pooling all available measurements from
STEM/TEM images into a single data group. SPR kinetic curves in
Figure 2H,1 are representative sensorgrams for each type of MINP. G’ and
G” at 1 Hz frequency in Figure 3C-ii were analyzed by one-way Analysis
of Variance (ANOVA) followed by Tukey’s post hoc tests. Histograms in
Figure 3E were calculated using the Directionality Analysis v2.3.0 func-
tion in Image) software, using the Fourier components method. sSMRF
and hASC orientation were compared by calculating Pearson’s Correla-
tion coefficients, with two-sided calculation of P value. Figure 4 multiplex
results: Net median fluorescence intensity (MFI) data processing was de-
scribed in its own subsection. Statistical analysis was conducted by one-
way ANOVA followed by Tukey’s post hoc tests. Figure 5A gPCR results:
Expression level calculation was described in its own subsection. Statisti-
cal analysis for each marker was performed by two-way ANOVA followed
by Sidék’s post hoc tests. Gene expression levels versus TEINP concen-
tration were fit with a simple linear regression, with the goodness of fit
given by R?, and slopes being tested for significant differences between
“random” and “aligned” groups. Figure 5B,C immunofluorescence quan-
tification: ImageJ software was used to determine the green fluorescence
level, which was normalized against the number of nuclei present in each
image. Statistical analysis was performed by one-way ANOVA followed by
Tukey's post hoc tests. Alpha value threshold was set to @ = 0.05 for all
analyses where applicable. Sample size for each analysis and significance
symbol meanings are provided in the respective Figure captions.
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