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Abstract

Upon surgery, local inflammatory reactions and ppstative infections cause complications,
morbidity, and mortality. Delivery of human adipasesenchymal stem cells (hASC) into the
wounds is an efficient and safe means to redudanmation and promote wound healing.
However, administration of stem cells by injectioften results in low cell retention, and the
cells deposit in other organs, reducing the efficie of the therapy. Thus, it is essential to
improve cell delivery to the target area using ieasrto which the cells have a high affinity.
Moreover, the application of hASC in surgery hgsdslly relied on animal-origin components,
which may induce immune reactions or even transifaettions due to pathogens. To solve these
issues, we first show that native cellulose narewfilinanofibrillated cellulose, NFC) extracted
from plants allow preparation of glutaraldehyde ssrtinked threads (NFC-X) with high
mechanical strength even under the wet cell cularresurgery conditions, characteristically
challenging for cellulosic materials. Secondly,ngsa xenogeneic free protocol for isolation and
maintenance of hASC, we demonstrate that cellsradh@grate and proliferate on the NFC-X,
even without surface modifiers. Cross-linked theeagtre not found to induce toxicity on the
cells and, importantly, hASC attached on NFC-X rtaimed their undifferentiated state and
preserved their bioactivity. After intradermal suig with the hASC decorated NFC-X threads
in anex vivoexperiment, cells remained attached to the mialtifent sutures without displaying
morphological changes or reducing their metabatiosdy. Finally, as NFC-X optionally allows
facile surface tailoring if needed, we anticipdtattstem-cell-decorated NFC-X opens a versatile
generic platform as a surgical bionanomaterial fighting postoperative inflammation and

chronic wound healing problems.
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1. Introduction

Wound healing encompasses a series of cellular m@wdecular processes, such as
inflammation and cell division, which act in repag damaged tissues and re-establishing their
functions. Non-effective wound healing after injungreases the risk of infection. In particular,
after surgery, local inflammatory reactions as wadl postoperative infections are the main
causes of complications, inducing additional castd reduced quality of life? In some cases,
the wound healing process fails and is trapped chranic inflammatory state. This can be
especially dramatic in patients suffering from cobidities>* Also, tissues may be vulnerable,
e.g., after modern oncological treatment modalittesl recovery can be complicated by wound
healing problems. The field of wound care is com$ya developing new advances in
pharmacological therapy’ However, none of the achievements has totally ieagetl the
postoperative inflammatory reaction.

Human adipose mesenchymal stem cells (hASC) amrded as an efficient and safe tool to
reduce inflammation and promote wound healingrdfer administration is master&f® These
stem cells are attractive due to their inmunomadwaproperties and their accessibility from
autologous or allogeneic sourceASC have been demonstrated to promote wound lgeadin
animal model$:” Furthermore, in clinical trials, hASC have alredmben injected into chronic
non-healing wounds with promising results, for epéanin patients suffering from fistulas in
Crohn’s diseas&™® However, the efficacy of any stem cell therapy efefs on the ability to
deliver and retain cells at the target area undgpey conditions. Cell administration by injection

typically results in low cell retention, since aftine procedure, the majority of the cells will



circulate via bloodstream and then deposit in otirgans->*? Moreover, there exists a large
inter-individual variation regarding the results the same procedure.

One way to improve the efficiency of stem cell Hmes is to increase the cell retention rate in
the injured area, for example, using more effectte## carriers. Potential candidates are the
surgical sutures, which have already been coatddaitibiotics or proteins to fight against local
infection and promote healifg!* Recently, a commercially available biodegradahlaure,
Vicryl® (polyglactin 910), has been used as a earfor delivering ASC to the site of tracheal
anastomosis im vivo mice modelg. Also, in recentn vitro andex vivowork, hASC cultured on
such sutures have been demonstrated to survivemedtain their metabolic activity after
suturing?

The state-of-the-art research on hASC applicatiomseclinical studies and surgery, including
the aforementioned experiments with commerciallgilable sutures as cell carriers, has relied
on standard cell culture practices based on thetiaaimal-origin reagents, i.e., bovine serum.
These components represent a significant potestiatce of pathogens, which may induce
immune rejection or transmit infectiofsThe importance of the zoonosis risk in therapsutic
has also been stressed by FDA and other organisafido address this problem, we have used
a recently developed protocol that allows the smfaand maintenance of hASC without using
animal-origin reagents, facilitating the clinicednslation of new procedures or devités.

In addition, the cell carrier material may affetera cell regulatiort® Stem cells respond to the
nanoscale surface features of materials througragions in cell adhesidii?® Furthermore,
material properties such as stiffness, strengthsamthce roughness have a crucial role in cell
maintenance and differentiation. Stem cells are aknsitive to the chemical structure of the

surface, for example, the type and distribution fohctional groups or hydrophilic and



hydrophobic domain$. In this regard, the intrinsic affinity of hASC tmhere and proliferate
over hydrophilic and rough surfaces has been rbceeported, increasing the variety of
materials to be used as culture platforms or supgor these cell&

Nanofibrillated cellulose (also denoted as microllidsted cellulose) belongs to nanocelluloses,
which are nanofibers, having lateral dimensionsaofew nanometers and a length up to
micrometer$> Due to their native crystalline internal structinzolving densely hydrogen-
bonded parallel cellulose polymer chains, they slaowigh modulus of tens of GPa and a
strength of 2-6 GP4® Given their mechanical properties, sustainabilitgnd
functionalizability, NFC and nanocelluloses in gehehave recently attracted considerable
interest towards a wide range of applications, saglreinforcement in nanocomposites, food
packaging, sensor materials, aerogels, condudtivetsres, transparent films, and fibé¥s>* In
biomedical applications, NFC has been investigated, example, in scaffold synthesis,
stabilization of nanosuspensions in drug formutetjodrug carriers, aerogels, and filfig®
NFC is widely available from wood and other plartsjs being particularly attractive in this
context as an animal-origin-free biomaterial. Inwvd dressings, another type of nanocellulose,
from bacterial origin, has been shown to promotlihg and reduce paiii:*° Recently, wood-
based NFC hydrogels have also succeeded in biatkghnapplications such as cell culture,
human pluripotent stem cell maintenance, and 3fmifitiation of progenitorS:**NFC forms
hydrogels upon dispersing in agueous media, andaltieir strongly shear-thinning rheological
properties, they can be easily extruded througbzale®*

Here, we present a new mechanically robust camade of extruded NFC threads for
delivering hASC into injured areas. For biomed@aplications with wet conditions, NFC has to

be cross-linked to improve the wet strength. Wewslthat cross-linking the NFC with



glutaraldehyde does not alter biocompability, otioe resulting NFC-X threads are carefully
washed. We also demonstrate that cross-linkeddbraee mechanically robust enough to pass
through different tissues (muscle, fat and skingven after being exposed to cell culture
conditions for more than a week. We show that hAB&e a good adhesion and proliferation
rate on NFC-X even without the coating with exttadar matrix (ECM) promoters. We provide
evidence that the cells attached on the threadstamaitheir undifferentiated characteristics and
immunomodulatory properties for 7-10 days, and deeger, acting as a biocompatible cell
culture substrate. Finally, we demonstrate thds aelmain attached to braided NFC-X threads
after suturing in arex vivowound model, maintaining their metabolic activifhe complete
process may be performed within a reasonable perfoiime considering future autologous
clinical procedures preserving optimal cell qualifhese results open the possibilities for a new
generation of highly reproducible, zoonosis fremctionalized nanobiomaterials for biomedical

applications.

2. Materials and methods

2.1. Extrusion of NFC threads

NFC (GrowDex™; UPM-Kymmene Corporation) was recdifeom UPM as a 1.47-wt.%
hydrogel, the preparation of which is describe@wteere’ NFC hydrogel (typically 2 ml) was
extruded into an ethanol bath (200 ml) using a Hdb@e experimental 3D printer, typically
with a 16G flat-tipped needle. A spiral-shaped @sitsn path was used at a constant extrusion
speed of 40 mm™§ The resulting gel filament had a diameter of agpnately 1 mm. The gel
was kept immersed in ethanol for 15 minutes to arge water in the gel to ethanol. The
filament was then transferred onto a filter paped dried in room conditions. The resulting

threads had a typical diameter of 0.1 mm.



2.2. Cross-linking of the threads

Glutaraldehyde (Sigma-Aldrich, Grade Il), citriciéh monohydrate (Sigma-Aldrich, 99.5—
102%), sodium citrate tribasic dihydrate (RiedelktlEn,>99.5%), sodium hydroxide (Sigma-
Aldrich, >98%) and zinc nitrate (Riedel-de Haé®8%) were used as received. A solution (200
ml) was prepared with 2 wt.% glutaraldehyde andbOwk.% zinc nitrate, and the pH was
adjusted to 4.2 with citric acid buffer (30 mM). 8Rhreads were immersed in the solution for
an hour, then removed from the solution and cuoe®® minutes at 130°C. After this period at
atmospheric pressure, the oven was pumped to aiveofi0.1 mbar to remove any evaporated
glutaraldehyde, and evacuated immediately. The pugngvacuating cycle took 10 minutes;
thus, the samples spent a total of 40 minutes etemated temperature.

2.3. Tensile testing

For tensile testing, threads were cut to 20-mmegsedo prevent slipping, each end of the
thread samples was glued between two 6-mm squdresmrmpaper (P600) using Loctite
Precision Glue. The sample span in the tensiletegis 10 mm, and the pulling speed was 1.0
mm min*. Before and during measurement, the samples wepe & 50% relative humidity,
except the threads that were soaked in water.at Isix samples of each thread were measured
using a Kammrath & Weiss tensile tester with a NOad cell. The thread cross-section area
was estimated by weighing a length of NFC thread @sing a literature value (1.5 g énfor
density to calculate the cross-section. To enabikcidcomparison between each thread in dry
and wet state, the data from wet samples is raparseng the same cross-section area as their
dry counterparts, and swelling is not taken intooant. The experimental error estimates given

with the data were calculated as 2 x the standaad ef mean. The average curves shown in



Fig. 1c are constructed by first calculating therage strain at break, linearly extrapolating the

datasets that break before average, and finalbulzing average stress at each point.

2.4. hASC isolation and culture

Human adipose stem primary cell lines were genéritam lipoaspiration procedures from
healthy donors, aged between 18 and 35, followimfgtem informed consent and Research
Ethical Board approval by Centro de Investigacidgimd®pe Felipe, Valencia, Spain. All the
donors were previously screened for Human Immunciéety Virus, hepatitis C and other
infectious diseases. hASC were isolated and maiedafollowing the protocol described by
Escobedo-Lucea et &lAfter reaching the confluence, the cells were bsied with Tryplg
(Invitrogen) and seeded on the threads. In ordeddtect the presence of 60 different
Mycoplasma species, PCR was performed using Ural/étgcoplasma Detection Kit (ATCC).
The reactions were carried out after hASC isolatiad routinely during the cell culture in our

laboratory, with negative results.

2.5. Cell seeding on NFC and NFC-X threads

After synthesis, the threads were washed at 4°Gedsgin sterile PBS during 72 hours.
Washing buffer was replaced by fresh for ten tin&fter drying, threads were sterilized by
autoclave. Sterile NFC and NFC-X were optionallatenl with laminin or CELLstart substrate
(Life Technologies) during 2 hours at 37 °C andtribsted in individual wells on Costar®
Ultralow Attachment cell culture plates. The threadere maintained in sterile hASC culture
media before cell seeding. In order to determimedtimal cell seeding concentration, different
densities were tested: 25,000, 50,000, 100,000,0200and 500,000 cells per cm of thread.
Every other day, the threads where transferredrievawell and the floating cells remaining in

the old ones were counted. Based on this estimasowell as the cell attachment observed by



DAPI nuclear staining, a density of 200,000 ceftsAwas selected. In case of normal controls
cultured on plastic (Falcon), an analogous den@é&fls per squared centimeter) was seeded
following hASC growth ratio established earltéiMedium was also changed every other day.
Experiments were conducted after 7 or 10 days liueuat 37°C and 5% CGOAIIl studies were

performed with four hASC lines (n=4).

2.6. Scanning electron microscopy (SEM)

Samples were fixed at 37°C in 2.5% glutaraldehyie30 minutes. Then, threads containing
cells were washed carefully 4 times with PBS, fixad contrasted with 1% osmium during 1
hour. After washing in distilled water, samples &elehydrated in alcohol gradient. Once in
70% alcohol specimens were dehydrated throughcafifpoint treatment under controlled
conditions with CQ, 31°C, and 73 atm in an Autosamdri machine. SEM imagere taken on a

SEM-FEG Hitachi S-4800 equipment (University of &atia, Spain).

2.7. Transmission electron microscopy (TEM)

For fine ultrastructural analysis, the hASC adheyedhe thread were serially washed in a 0.1
M phosphate buffer (PB; pH 7.4) solution, prior tteeir fixation for TEM. Fixation was
performed in 3% glutaraldehyde solution in PB f@ @inutes at 37°C and postfixed in 2%
Os0O4 in PB. Dehydration was achieved by a gradedssef ethanol solutions and a final rinse
with propylene oxide (Lab Baker, Deventry, Hollandhinally, samples were embedded in
araldite (Durkupan, Fluka) overnight. Following ywolerization, embedded samples were
detached from the chamber slide and glued to Amlilocks. Serial semi-thin (1.5 um) sections
were cut with an Ultracut UC-6 (Leica, Heidelbe@grmany), mounted onto slides and finally
stained with 1% toluidine blue. Ultrathin (0.07 ps&ctions were prepared with the Ultracut and

stained with lead citrate. Photomicrographs weré¢aiobd under a transmission electron



microscope (FEI Tecnai Spirit G2), using a digitamera (Morada, Soft Imaging System,

Olympus).

2.8. Cell attachment over NFC-X thread: in vivo microscopy experiments

Microdrop culture technique was used for the analgé hASC attachment over the NFC-X
threads. Briefly, the monofilament threads were@thinside 35-mm Hydrocell low attachment
culture plates (CellSeed). These plates avoid attdichment on their surface; thus, the only
surface allowing attachment would be the threade HASC could only attach between
themselves or over the thread. hASC were detadwmdted and their cytoplasm was stained
with 5 pl of Vybrant DiL (Catalog number: V22855 Thermo &dific) to facilitate their
visualization under the in vivo confocal microscaggsay. Vybrant Dil staining was performed
following the instructions from the provider. A 20-micro-droplet of culture media containing
7500 cells was dispensed over the thread, and edweith mineral oil for embryo culture
(Sigma-Aldrich) to prevent evaporation. The cultuveere incubated at 37°C and 5% Qside
a Sanyo incubator equipped with an Olympus LCVI@bation imaging confocal system. The

evolution of the cultures was recorded for 24 hoDikwas imaged using a 561-nm laser.

2.9. TUNEL assay and cell staining

Click-IT TUNEL imaging assay (Life Technologies) svaused to detect percentage of
apoptotic cells, according to manufactured instomst. Briefly, the cells were fixed with 4%
PFA in PBS followed by a permeabilization with @23 ritonX-100. The next step was the TdT
incorporation of EQUTP into double strain DNS strdmmeaks, followed by fluorescent detection
of EAUTP with click chemistry. The nuclei were cetenstained with DAPI andi-tubulin

(Sigma-Aldrich) or CD90 were used to stain cellopfasm. Positive control apoptotic hASC
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were prepared by incubation with DNAse accordinthvgrovider's recommendations. All the

samples were examined under confocal microscopiggXe

2.10. Assessment of cell proliferation using WST-8 tetrazolium salt

Cell survival was assessed by 2-(2-methoxy-4-nitemyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium(WST-8) assay. NFC,K, and Nylon threads were cutted in
5-mm pieces and placed inside a low attachment &l6phate (CellSeed). The number of viable
hASC seeded per well was 10.000 cell/mL. WST-8 yas&s carried out in four independent
experiments using Cell Count Reagent SF, based 8i-8/(Nacalai Tesque, Kyoto, Japan)
according to the manufacture's instructions. Absonce at 450 nm was measured in a
SpectraMax® M2e multimode microplate reader andtNbaX® Pro Software (Molecular
Devices) at 1, 3, 5, and 7 days after culture. ifl@aence of phenol red and tetrazolium was
removed by subtracting the absorption value ofamlblsolution from the absorption value of

each well.

2.11. Detection of hASC proliferation by Ki-67 expression.

Briefly, 10° cells were seeded per each 1-cm monofilament dsref NFC and NFC-X to
detect cell proliferation. The same number of celés seeded on glass culture chambers. After
incubation at 5% C©® and 37°C for 24 h and 36 h, cultures were fixedhw#%
paraformaldehyde (PFA) at room temperature for 1@utes and permeabilized by incubation
with 0.1% Triton X-100 in PBS for 15 min and thdondked for 1 hour at room temperature with
a buffer solution composed of 1% Bovine Serum AlbuiBSA) and 0.3M Glycine in 0.1%
Tween (all from Sigma-Aldrich). Subsequently, ctdis were incubated with a monoclonal
antibody against KI-67 directly conjugated with AR@ilution 1:50; Milli-Mark cat. number

FCMAB103AP) at 4°C overnight. Then, samples werslivea with 0.1% Tween in PBS. Actin
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filaments were stained by incubation with Phalloidhlexa 488 (Dilution 1:50; Thermo

Scientific) at room temperature for 15 minutes, avashed five times with PBS. Coverslips
were affixed to glass slides using Prolong® Diamantifade reagent containing DAPI (Thermo
Scientific). Fluoresce images were captured usimgOéympus FV1200 confocal microscope

(Tokyo, Japan).

2.12. RT-PCR analyses

hASC seeded on NFC and NFC-X threads were analigme@D90, CD73, CD166, CD29,
CD44, CD45, perilipin (PLIN), adiponectin and adohgcl (ADD1), using RT-PCR techniques
and specific primer§. Undifferentiated hASC, human peripheral Blood Moundear Cells
(hPBMC) and commercial cDNA from human fat (hFABtratagene) were used as positive
controls. Total RNA was extracted using the RNekisy(Qiagen) following manufacturer’s
instructions and treated with DNAse (Qiagen). ToRNA obtained was checked by
spectroscopy using NanoDrop 2000c Spectrophotomdieermo Scientific) to assess the
guantity and purity acquired. An2&/Aqgo ratio between 1.8 and 2.0 was deemed optimal to
accept the sample for experimental procedures| RM& was then converted to cDNA through
reverse transcription using the High Capacity cDRR&verse Transcription Kit (Applied
Biosystems). The reaction mixture contained 2 pgARR puL RT buffer 10X, 2 uL random
primers 10X, 0.8 pL dNTPs and 1 pL enzyme, and DERQ to reach a final volume of 20 uL .
PCR using the synthesized cDNA was performed terdehe the presence or absence of
different transcripts using an Eppendorf PCR maehivith p-2-microglobulin as internal

control.
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2.13. RT-qPCR studies

For guantitative real-time PCR (QRT-PCR), 5 pg &§/Rwas converted into cDNA, and a
series of diluted samples were used for 40-cycl® Rath Light Cycler 480 SYBR Green |
Master (Kit no. 04707516001) in a Lightcycler 48b¢he Diagnostics, Mannheim) instrument.
Reactions (20 uL in total) contained 1 pL cDNA, M each primer, and 4 uM probe; and were
run using the default Lightcycler 480 program. 8t curve using multiple dilutions of the
control cDNA sample were generated to check thegns, determine the optimal conditions and
threshold values. Individual samples were analyretiplicate using the probe of interest and
an internal control expected to be unchanged betwamples (an undifferentiated hASC line).
From the Ct values, the relative expression rad®oaf an unknown sample versus the control
was determined, and expressed in comparison toothtéte housekeeping/reference g¢n2

microglobulin.

2.14. Detection of differences in cytokine secretion by Protein Array

We compared the differences on the cytokine relgastern of cells seeded over plastic and
over NFC-X. The experiment was performed twice gisantotal of six hASC lines in pools of
two samples (n=3).

Seven days after seeding, cultures were washed times with Hank’s balanced salt solution
(HBSS, Life Technologies) and media was replacedsal mesenchymal culture media for 24
hours. After this time the supernatant was colctentrifuged at 400g for 5 min (to remove
cell debris) and stored at -80°C until analysisca@xatrol containing media without cells was
included in order to detect and normalize the cotredion of cytokines in the culture media.
The porosity of the thread could, in principle, reese the retention of proteins; thus, culture

media without cells maintained with NFC-X was alstwroduced as an additional control
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condition. The controls (n=1) were obtained aftén tcubation of the basal media added to the

NFC-X and plastic.

To determine the cytokine profile, the cytokinerttan) antibody array AA0O077 (Abnova) was
used following the instructions from the providBixel integrated density was determined using
ImageJ softwaré& Normalized expression levels were calculated uiegpositive spots and the
background and converted into relative values digdevery condition (NFC-X without cells,

hASC on plastic, and on NFC-X threads) by the aistfplastic without cells).

2.15. Surgical “hands on” mechanical strength testing using pig tissue

NFC and NFC-X decorated tensile testingivo were performed at the Centro de Investigacion
Principe Felipe (CIPF) in three female Large Wiptgs. Animals were used for non-related
surgery educational programs non-related with grigect; Animals were previously housed
trying to reduce the stress by transport, and he#@sed. After 12 h of solid starvation the
animals were sedated through intramuscular admétish of 10 mg kg' Dexmedetomidine
(Dexdomitor, Esteve, Barcelona, Spain) and Azeper(8trespil, Esteve, Barcelona, Spain).
Anesthesia was then induced by intravenous admatish of 1% Lipuro (BBRaun, Vetcare,
Barcelona, Spain), through a 22 G catheter planettheé ear's lateral vein, in a dose-response
regimen (2—3 mg Kd) to allow proper endotracheal intubation. In aiddit the animals were
connected to an anesthetic machine (Primus®, Dradgdical) and anesthesia was maintained
with sevofluorane (Sevorane®, Abbott Laboratoriggdrid, Spain) (2.7% in 1 | min O,)
through a circular circuit attached to a ventilaf@hmeda 7800, Datex Ohmeda, Helsinki,
Finland). Surgical analgesia was achieved through administration of fentanyl (Fentanest,
Kernpharma, Barcelona, Spain) at an infusion rét8 (1g kg* h™). Animals were closely

monitored by hemodynamic and ventilator parametiemsng surgery. During the educational
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procedure, they were subjected to anastomosisrdastinal resections principally; thus, those
procedures did not affect our testing or resultscéfinalized the surgical training and before
euthanasia induction by pentobarbital overdose;lmamds-on” tests were performed.

2.16. Survival of cells after suturing “ex vivo” pigskin samples with multifilament
sutures

For this analysis, multiflament sutures (n=5), &vgprepared by braiding NFC-X threads
manually in groups of 8 or 7 filaments. Once predahASC 2 x 10°) were seeded in 9-cm
sutures, following the protocol described by Reckiuh et al* After one week in culture, the
hASC decorated sutures were passed intradermathye ttimes througlex vivopigskin. Then,
these sutures and their controls were cut in lcecgs and placed in 96 well plates.
Mitochondrial metabolic activity of the cells remaig in the sutures was examined after the
process and 24 hours later by incubation with WSTe8azolium salt, Nacalai Tesque) for 3—4
hours at 37°C. This assay is based in the extrdaelteduction of WST-8 by NADH produced
in the mitochondria. The levels of reduced compowede measured using a Spectramax M2e
microplate reader (Molecular Devices) at 450 nml @erphology was studied in detail using
TEM following the protocol previously described.erborresponding suture controls were also

included in the study.

3. Results and discussion

3.1. Mechanical strength of NFC under wet conditions was increased by chemical
cross-linking

Threads of nanofibrillated cellulose were prepdrgditilizing a modified Fab@Home Model
2 3D printer to extrude NFC hydrogel into an etHammagulation bath, followed by drying in air

(Figure 1a). The diameter of the resulting threeaisld be tuned by the nozzle chosen and the
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speed in the extrusion setup. Threads with a demat 0.1 mm and 0.2 mm were typically

made (Figurelb). The NFC threads had a tensilagitieof 275 MPa, an elastic modulus of 13
GPa, and a strain at break of 9.5% in the driete gf&gure 1c). This result indicates that the
native NFC used in this study forms particularlyctile structures in comparison to the

previously reported NFC fibers and filfis******The results of tensile tests in dried state are
summarized in Table 1.

However, under the wet hydrated state, relevantstogical applications, the NFC threads
have unacceptably low mechanical strength (Tabl@Hy)s, in order to improve the wet strength
of NFC macrofibers, the threads were chemicallgted with glutaraldehyde, which covalently
cross-links NFC nanofiberS.In the dry state, the mechanical properties ofeheross-linked
NFC threads (NFC-X) were quite similar to the noaeified NFC threads, as shown in Figure
1c. The cellulose nanofibrils bind strongly togethwth a dense network of hydrogen bonds, and
the additional covalent bonds from the cross-ligkiry glutaraldehyde made the NFC-X threads
slightly more brittle without significantly affectg the elastic modulus. In contrast, the cross-
linking resulted in a pronounced improvement on tirechanical properties in the wet state,
where the hydrogen bonding between cellulose nbheriis disturbed by water. Therein, the
NFC-X threads soaked in water were able to retpitoud0% of the dry-state tensile strength of
NFC, resulting in a wet strength in the range obrsgest human tendonsFurthermore, the
elongation at break of NFC-X decreased only sligiithen soaked in water. Intriguingly, the
NFC-X threads consist of intertwining cross-link®&FC nanofibers, and the architecture
resembles “nanoyarns” (Figure 1c). Importantly, Weshing procedure allowed removing the
potentially unbound glutaraldehydes, rendering gbmtompatibility, to be discussed shortly.

Despite of their lower strength, NFC threads wer@ntained as controls in the following
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experiments to evaluate cell adhesion and biosafetyFC itself, without the glutaraldehyde

treatment.

3.2. NFC-X threads can be passed through different tissues

In order to evaluate the manipulation of the theeada more practical setting, “hands-on”
testing was performed. To recreate necessary ¢onslitequired for hypothetical vivo studies,
hASC were seeded on NFC and NFC-X threads and amagat at 37°C, 95% humidity and 5%
CQO.. After one week embedded in culture media and segpdo hASC metabolism, threads were
tested in muscle, dermis and epidermal layers th post-mortenandin-vivo pig tissues during
a non-related surgical procedure. The results atdithat whereas non-modified NFC was too
weak to be handled after 7 days under cell culaaeditions (Video S3), NFC-X was much
stronger, and the monofilament thread could besguthrough skin and manipulatgdvivo and
also inpost-mortemtissues. Tests with NFC-X are shown in Videos B8d 85. These results
further imply that our approach enables the cedialanaterial to be removed from the body if

required.

3.3. Stem cells attach and divide on the nanocellulose threads

To test the affinity of hASC for the threads pregshrthe cells were cultured over NFC and
NFC-X for 7 days. The process is illustrated inuregg2a. Figure 2b shows SEM micrographs of
the threads before cell seeding. Note that NFC MRE@-X threads are composed of porous
nanofiber networks with topological features havsimgilarities to the ECM (additional details in

Fig. S2a).
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After seeding, the cells attached on both NFC aR@{X surfaces (Figure 2c). In contrast to
their counterparts on NFC, which show a non-homegas distribution, hASC grew more
homogeneously along the surface of the NFC-X tlweatiereas the cells attached to NFC were
observed to be round and small, hASC on NFC-X asguam elongated fibroblast-like shape,
characteristic of mesenchymal céfiS? This observation highlights the importance of the
surface roughness and topographical features ahtterial in cell adhesion and growth (Figure
S4). Cell adhesion was also confirmed by cytoplasactin filament staining using phalloidin.
Cell nuclei were counterstained with 4”,6-Diamidi2qphenylindole (DAPI). The results (Figure
3, and Videos S1 and S2) show that hASC were alddtach on the thread surfaces. Generally,
the characteristic elongated fibrillar featuresvghdoy phalloidin staining were more profuse for
hASC seeded on NFC-X than on NFC (Figure 3a). i@l shows transversal 3D projections of
hASC decorated threads showing their cytoplasmetiaiwvith CD90 and nuclear TO-PRO®,
further illustrating the attachment and distribatmf growing hASC on the surface of threads.
The cell adhesion over NFC-X mono-filaments wag aécorded and analyzed. Videos S6 and
S7 show that during the first 2 hours of culturellscstart to form aggregates that are able to

attach and colonize the surface of the materiat. délls continue attaching even after 24 hours.

It is important to note that hASC have a good amimesn NFC-X even without the coating
with extracellular matrix (ECM) promoters, whicheausually required for other artificial
scaffolds. However, if required, the dense setuofage hydroxyl groups on NFC allows facile
chemical modification to additionally fine-tune thmadhesion.

Additionally, cell proliferation over NFC and NFC-Xas assessed by the detection of Ki-67
expression using immunocytochemistry (Figure 4ajd aso through the analysis of

mitochondrial activity using WST-8 (tetrazolium $aleduction. Figure 4b shows the evolution
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of the metabolic activity of the hASC on both tymdghreads for one week. Cells were able to
grow over NFC, NFC-X or Nylon without significanifférences after 7 days in culture. Cultures
over plastic were also included in the assay. Apeeted, the hASC exhibited higher

proliferation ratio on plastic than over the threade to the higher area available for growth and

the specific culture treatment (Data not show Ivailable upon request).

3.4. Glutaraldehyde cross-linking of NFC did not induce toxicity on hASC

The biocompatibility of the NFC hydrogel has beeparted beforé:™® In this work, the
nanocellulose material was cross-linked with ghidehyde for improved wet strength.
However, even though glutaraldehyde is commonlyduse the preparation of medical
bioprostheses and protein stabilization, it hasnbeported that this aldehyde may be released
from some cross-linked biomaterials inducing taxi¢f>* To remove glutaraldehyde from NFC-
X threads, the threads were washed repeatedlyfdrours before cell seeding. To exclude the
possible cytotoxicity induced during tha vitro cultivation with the threads, transmission
electron microscopy (TEM) analysis of cell ultrasture (Figure 3c) and terminal
deoxynucleotidyl transferase-mediated (dUTP) nicl-Ebeling (TUNEL) assay studiésvere
performed (Figure 3d). TEM studies show that, inhcainditions, all nuclei exhibited packed
chromatin and well developed nucleoli (Fig. 3¢ &&@). Regarding the abundance of cytoplasm
organelles and their feature, no differences batwdeC, NFC-X threads, or their counterparts
over plastic were detected. Mitochondria were edt@ed with prominent cristae, which
corresponds to cells with normal metabolic funcithRough endoplasmic reticulum (rER)
appeared covered by ribosomes. Smooth endoplagtiocium (SER) was well organized and

not dilated. Cellular signals compatible with taiicas phagocytic vesicles, swollen or abnormal
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mitochondria or autophagy vacuoles were absentlis over NFC and NFC-X. Altogether, the
detailed morphology studies indicated the absehtexeity traces in the cells after their culture
on the NFC-X thread¥.

The quantification of apoptotic cell death assay warformed by TUNEL (Figure 3d,
S7a and S8). We observed extremely low overall gggages of TUNEL-positive cells
undergoing apoptosis after one week in culture: NEE5 £+ 0.11; NFC-X, 2.21 + 0.26; control,
1.54 + 0.12 (mean = SEM). There was no statisticailgjnificant difference in the number of
cells between the NFC, and NFC-X groups (n=4, p.650 The results confirmed that the
washing steps performed before the cell seeding vaelequate to reduce residual traces of

glutaraldehyde to a non-toxic level.

3.5. NFC-X threads maintain hASC undifferentiated profile and functionality

Stem cell differentiation can be triggered by ctdtaver certain surfaces or other alterations in
the surrounding nich&. Importantly, the immunomodulatory properties of$ diminish until
disappear during stem cell differentiation procassards terminally differentiated cell types.
Therefore, after ten days in culture, cells over B+C-X threads were monitored by RT-PCR
for transcriptional evidence of genes associated undifferentiated state of mesenchymal stem
cells (CD90, CD73, CD166, CD29, CD44). On the otimand, to detect differentiation
processes, we assessed the lack of expressiomadttyoietic gene marker CD45 as well as
some genes involved in adipocyte maturation PLIMip@nectin and ADD. Beta-2-
microglobulin was introduced as housekeeping géngufe 5a). Quantitative PCR for these
genes confirmed the absence of differences betwemells cultured over plastic and on the

NFC-X (Figure 5b). Additionally, CD90 expression @ell cytoplasm was also traced using
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immunocytochemistry (Figure 5c). After ten daysutture over NFC-X, hASC maintained their
mesenchymal undifferentiated profile. Taking intmsideration the future use of NFC-X threads
in clinical practice, seven to ten days would beasonable time window for the extraction of
autologous or heterologous cells and their delivieryoptimal conditions. However, hASC
maintained in an undifferentiated state in the gmes of nanocellulose and cross-linked
nanocellulose for longer than 4 passages duringriassof experiments not related to this work
(data not shown but available under request).

Undifferentiated mesenchymal stem cells secret@adopanel of growth factors and cytokines
with trophic, immunomodulatory, antiapoptotic antbgngiogenic properties. However, this
paracrine profile varies according to their initidtivation by different stimufi’ To assess cell
functionality after culture, the effect of the NBCthreads on the hASC bioactivity was studied
in vitro. Protein array analysis was conducted for 60 agskthat intervene in several different
processes as immunomodulation, angiogenesis @reliffiation (see Table S1 for the full list of
cytokines) to detect possible changes on the aytogattern released from the hASC after their
contact with the NFC-X. The position of the cytadsnin the array is shown in Figure S11. A
level of cytokine expression detected in each dardivas compared using plastic without cells
as control.

Figure 6a and 6b show the comparison between tlaeqmae cytokine pattern secreted by the
hASC over NFC-X and their counterparts maintainedlastic. To assess the effect of NFC-X
(without cells) on the cytokine pattern, the cutunedia was incubated for 24h with an NFC-X
thread. The cytokines present in the basal medi@ wWe same in both conditions; plastic or
NFC-X without cells. After the array expositionskghtly lower signal intensity was perceived

for IGFBP3 (3C) and VEGF-D (5J) (Figure 6b, whi@$). The differences may be due to the
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porosity of the nanocellulose material. Apart fréimese we consider that the incubation with
NFC-X it is not altering the composition of the Abhsulture media, allowing the comparison of
the cytokines secreted by hASC on plastic or oVeCHX.

The cytokine pattern secreted by hASC after onekweeulture was similar on both plastic
and NFC-X. However, hASC maintained over plastieased high levels (<2-fold changes) of
Osteoprotegerin, IGFBP6, GRO, TIMP2 and TIMP-1, l&/hhASC cultured over NFC-X
secreted relevant amounts (<1.5-fold changes) d&i-EGVEGF-D, IGFBP3, G-CSF, IL12P40,
Angiopoietin-2, AgRP, Fas-TNFRSF6 but specially8L(10-fold changes), ACRP30(5-fold
changes)UPAR and ENA-78 (<2-fold changes each one).

Even though cytokines are not the only moleculesolired in tissue regeneration and
immunomodulation processes, our results indicadé ttie culture over NFC-X does not induce
major changes in the pattern of molecules secreédedthe contrary, cytokines involved in
immunomodulation and wound healing are secretedhASC over NFC-X in high levels as
demonstrated by the signal detected for IL-8, wmdulates inflammation and reduces wound
contraction: Acrp30, an anti-inflamatory adipokif®, pPAR, involved in plasminogen
activation, tissue regeneration and wound hedfirgy, ENA-78 that regulates neutrophils and
has also angiogenic propertfésThe full list of cytokines showing different exgeton between
NFC-X and plastic, as well as their function iswhdn Table S2. From the point of view of the
future potential of the stem-cell-decorated NFChXeads on immunomodulation and wound
healing processes, these results show that thethidya of mesenchymal stem cells was not
compromised after the culture over the NFC-X thre@dr results are consistent with previous
work that has shown an unchanged pattern of angioggitokines involved in wound healing

released by hASC after their culture on Vi@utures.
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3.6. The NFC-X fibers can optionally be surface modified in order to tune cell binding

It was shown above that NFC-X threads support egféechment and growth, maintaining their
undifferentiated properties, without the need twlwe any additional surface treatments on the
threads. Next, we show that the NFC-X fibers canopéonally biofunctionalized. Since
artificial bioscaffolds are often coated using eg#lilular matrix (ECM) proteins to promote cell
binding, we also tested coating the threads wittmdou laminin (LM) and CELLsta®(CS) to
optionally tune the cell adhesion by adding spedifiteractions with the celf§. The results
show that the nanofibrous surface morphology of NE@as maintained after the coating
(Figure S2b). Cells over coated NFC-X threads vievad to spread across the thread similarly
to the non-coated surfaces, implying an apparegutyd material—cell adhesion (Figure S3, S4,

and S5). The optional coatings were also foundippsrt the undifferentiated state (Figure S9).

3.7. Cells on decorated NFC-X multifilament threads remain attached after suturing.

In order test if the cells would remain viable ianocellulose sutures after a suturing process,
anex vivosuturing assay was performed using NFC-X multifigamt threads. After one week in
culture, decorated NFC-X sutures were pulled thinopig skin three times. The quantity of cells
remaining in the sutures after the procedure wdseatly measured through the reduction of
tetrazolium salt by their mitochondria. Figure 708k the comparison between metabolic
activity of the cells remaining in the decoratedONK sutures after crossing the skin and their
controls. The mitochondrial metabolic activity oABC in the threads was lower after the
suturing, suggesting that some cells are damageltached during the process. However, the
differences between the controls and the suturdedothrough skin were not significant 3.5

hours after the procedure. In order to detect tiaria caused by cell death after the possible
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damages, the sutures were maintained in culturetld@dneasurements were repeated. The
results show that 24 hours after the proceduremétbolic activity in both groups of sutures
increased. The reduction of tetrazolium salt selewsr in samples pulled through the skin than
in controls, but none of the detected differensestatistically significant (Figure 7a). This is
consistent with previous observations in a studgrethASC were cultured on Viclsutures.
Finally, cell morphology after suturing was analyaesing TEM (Figure 7b), further confirming

that cells survived the suturing.

4. Conclusions

Threads of nanofibrillated cellulose were fabridatand decorated with human adipose
mesenchymal stem cells, which have been shown tmowe wound healing if properly
administered. To increase their strength under aoeitions, NFC threads were chemically
modified using glutaraldehyde, resulting in thehagt wet strength reported for NFC-based
materials. The hASC, isolated and maintained witltbha use of animal-origin reagents, were
capable to homogeneously attach and grow on tresdntked threads, even without additional
coating components. The NFC-X threads supported gedwth without altering their
characteristics or inducing toxicity. The time reeqd for the hASC to reach culture confluence
on the threads is reasonable (7 days); thus, ildvba feasible to prepare the cells from the
patient’'s own adipose tissue before surgery. Utwnatural and metabolic studies performed
afterex vivosurgical tests using multifilament NFC-X suturesifrmed that hASC remained on
the material after passing through the tissue thinees. The cells maintained their mitochondrial
metabolic function and their morphology was compkr@o normal functional cells.

We see these results opening new possibilitiesemsgnalized medicine. In particular, hASC

decorated NFC-X provides a xenogeneic-free toot&divering stem cells into injured areas in a
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precise manner that might be useful to reduce pesative inflammation and help in the

treatment of chronic wounds, expanding the possdslof NFC in biomedical applications.
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Figure Captions and Tables

Figure 1. (a) Schematics for the preparation of NFC threads @ik cross-linking with
glutaraldehyde for NFC-X threadsh)(Photograph of a NFC threadt) (Tensile stress-strain

curves for NFC and NFC-X threads in dry state avaked in water for 24h.

Figure 2. (&) Schematics illustrating the process to decorat€ MRd NFC-X threads with
hASC.(b) SEM images of the surface of NFC and NFC-X begareding the cells. Scale bars 50
pm (left) and 2 um (right)(c) SEM images showing cell adhesion and growth on NRG
NFC-X. The distribution of cells on NFC is non-hogemeous, whereas on NFC-X, the cells
assume an elongated shape characteristic of megeathells. Labels: T, thread; c, cells. Scale

bars 100 pum (left) and 10 pm (right).

Figure 3. (&) Immunocytochemistry shows the attachment of tHis @ the thread surface.
Especially on NFC-X, hASC exhibit elongated cytapiec intermediate filaments (stained red
with phalloidin). Nuclei were counterstained in ®lwith DAPI. Scale bars 50 pngb)
Transversal projection shows the distribution oé tbells along the thread surface. Cell
cytoplasm was stained against CD90 (green) to aggléhe undifferentiated status. Nuclei were
counterstained with TOPRO® (magenta). Scale bansrb0(c) Representative TEM images of
hASC cultured on plastic, over NFC and on NFC-X ¢ore week, showing the absence of
toxicity signs. Right images (scale bars 2 pm)raggnifications of the left images (scale bars 5
pm). Labels: M, mitochondrion; N, nucleus; Nu, raadi; rER, rough endoplasmic reticulum;*,
lipid droplet; arrow, smooth endoplasmic reticulufd) TUNEL labeling assay shows a low
overall level of apoptosis, indicating that the mieal cross-linking does not induce toxicity on

the threads (n= 4 hASC lines). Data are shown as\rheSEM.
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Figure 4. (a) Immunocytochemistry against ki-67 demonstratingg tpresence of cells
proliferating over NFC and NFC-X sutures. Fluoregc®PC conjugated Ki-67 (red) expressed
in the nuclei of mitotic cells. Actin filaments the cytoplasm have been stained with phalloidin
(green). Nuclei appear counterstained with DAPuébl Scale bars 50 punb) Metabolic

activity of NFC and NFC-X decorated sutures duong week in culture.

Figure 5. (a) RT-PCR data showing the expression of undiffeatati mesenchymal stem cell
markers (CD90, CD73, CD166, CD29, CD44). Differatiin markers for the hematopoietic
gene CD45 and the adipocyte-associated genes Rididpnectin and ADD1 were checked,
with negative results. hASC cultured on plastic) (Rlere used as a control, and beta-2-
microglobulin (B2M) as control gene. cDNA from difent human tissues was also included as
positive controls for the different genes analyzBldman mature fat (hFAT) for adipocyte
differentiation markers; human peripheral blood warclear cells (hPBMC) for CD45, and
undifferentiated hASC. (b) RT-gPCR comparing the@rezsion levels of CD90, CD73, CD29
and CD166 in hASC cultured over plastic (Pl) aneéroMFC-X (c) Fluorescent CD90 labeling
(green) shows the undifferentiated hASC on theatth®urface. Nuclei have been counterstained

in blue with DAPI. Scale bars 50 pm.

Figure 6. (a) Human cytokine antibody arrays were performedoimgare the cytokine levels of
the supernatant media seeded over plastic and @NFour different conditions were studied:
NFC-X without cells (Figure S10b); hASC seeded opkastic (left) and over NFC-X (right);
and plastic without cells (Figure S10b). The fasttirat decreased or increased considerably are
highlighted with blue or red boxes, respectiveliecorresponding coordinates of the expressed
cytokines are as follows: Acrp30 (1F), AgRP (1G)ngfopoietin-2 (1H), ENA-78 (2D),

Fas/TNRSF6 (2E), FGF-4 (2F), GRO (2K), GCSF (2K§FBP-3 (3C), IGFBP-6 (3D), IL12-
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p40 (31), IL-8 (3N), Osteoprotegerin (41), TIMP-5R), TIMP-2 (5C), uPAR (5G), VEGF-D
(51). (See the full layout of the array in Figur&l$. The functions of the cytokines as well as
their identities are detailed in Table S2. Thregependent experiments using 2 pools of two
different hASC lines each one (6 in total) werefpened (See the additional arrays in Figure
S10b).(b) A chart representing the relative integrated desssof cytokine expression spots with

respect to NFC-X without cells. Plastic with casmarked in white, and NFC-X with cells in

grey (n=3).

Figure 7. (a) Cell survival and morphology after suturing witiFG-X decorated threads. To
evaluate the effect of mechanical stress duringrsg, metabolic activity of decorated NFC-X
sutures was determined after suturing in an ex meael using pig skin and compared with the
metabolic levels expressed in control sutures stadd maintained in the same conditions. No
significant differences were observed immediatdigrathe procedure or 24 hours latéb)
Comparison between the morphology of the cells neimg in the suture after the ex vivo
experiments and the corresponding controls. THedeekity is lower in the samples used for the
suturing but cell morphology is similar in both ditions. The cytoplasm is rich in elongated
mitochondria (M) characteristic functional and nietiic active cells and contains also few lipid
droplets (*). No evidences of vacuoles or pyknasiggesting cell death were detected. Nu=

Nucleoli; N= nuclei. Scale bars in images: 10 peft)land 2 pm (right).
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Table 1. Mechanical properties of NFC and NFC-X threaddrinstate or soaked in water.

Sample Tensile strength  Strain at break  Elastic modulus  Modulus of

(MPa) (%) (GPa) toughness (MJ i)
NFC dry 275+ 25 95+1.0 13.1+1.1 179+ 3.2
NFC wet 20+0.6 14+0.2 0.20 £ 0.05 0.02 +0.01
NFC-Xdry 227 +29 6.6+1.2 13.1+2.0 105+ 2.7
NFC-Xwet 111 +20 5.2+1.2 40+0.6 34+13
Supplementary data

Figures S1-S11, Tables S1-S2, and Videos S1-S7.
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