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dermal lymphatic endothelial cells were isolated and cultured for recellularization studies.
Biocompatibility, proliferative capacity, and ex-vivo endothelialization of the cellulose tubes
were assessed as potential interposition grafts. Finally, the engineered cellulose tubes were
assessed as interposing xenografts for lymphovenous anastomoses (LVA) in an ex-vivo swine limb
model.

Results: The decellularized cellulose tubes exhibited a suitable microscopic structure, me-
chanical properties, and low residual DNA content. The tubes showed adequate biocompat-
ibility, supported cell proliferation, and facilitated spontaneous ex-vivo endothelialization of
lymphatic endothelial cells. In the swine limb model, LVA using the engineered cellulose tubes
was successfully performed.

Conclusion: This translational study presents the use of decellularized cellulose tubes as an
adjunct for micro and supermicrosurgical reconstruction. The developed tubes demonstrated
favorable structural, mechanical, and biocompatible properties, making them a potential
candidate for improving long-term outcomes in lymphedema surgical treatment. The next

translational step would be trialing the obtained tubes in a microsurgical in-vivo model.

© 2024 British Association of Plastic, Reconstructive and Aesthetic Surgeons. Published by
Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

Background

Following inadequate clinical improvement with con-
servative management in early-stage lymphedema, ap-
proximately 200 million patients with secondary
lymphedema could potentially benefit from lymphatic mi-
crosurgery."” However, complex supermicrosurgical proce-
dures such as lymphovenous anastomosis (LVA) or
vascularized lymphatic tissue transfer (VLNT) are not
readily accessible in most parts of the developing world.*"*

Recent meta-analyses proved the efficacy of prophy-
lactic and therapeutic LVA. However, the outcomes are still
heterogeneous, with great variability in surgical techniques
and number of LVAs needed for achieving the best out-
comes.*> > Accomplishing a patent supermicrosurgical ana-
stomosis is technically challenging, particularly if the
quality of donor and recipient vessels has been affected by
chronic inflammation. Frequently, there is a gap between a
suitable vein and a lymphatic vessel.®” Most experts in
lymphedema surgery have reported that segmental lym-
phosclerosis, the quality of the collector's wall, and the size
mismatch between the lymph vessel and the venule are key
technical challenges that limit anastomotic quality, pa-
tency, and feasibility.®'*> Additionally, there is a risk that
post-operative scarring may compress the microanastomosis
leading to subsequent vessel occlusion.” Such technical
challenges in the field of lymphatic supermicrosurgery and
also in vascular microsurgical reconstruction could be
overcome with tissue engineering.

Tissue engineering applications have already ad-
dressed poor quality vessels for hemodialysis vascular
access and peripheral artery bypasses, using decellular-
ized bovine carotid artery (Artegraft®) and bovine me-
senteric vein (ProCol®) grafts.'® In-vitro studies have
demonstrated that decellularized vascular grafts allow
the reseeding of endothelial cells, and that spontaneous
reendothelialization occurs in these biological tubes.'®"”
Further studies on bioengineered tubes as vascular grafts
have been developed, such as crosslinked collagen tubes
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tested as femoral artery interpositional grafts in murine
models,'® absorbable electrospun polylactide-copo-
lactone,' or the creation of arteriovenous loops with
decellularized placental vessels.”® All these approaches
are intriguing, yet the biggest limitation is that all of
them involve conduits of animal origin. The exposed
mammalian proteins present a substantial risk for
thrombosis, immune rejection, and infection.'® However,
synthetic grafts might induce foreign body reaction, graft
migration over time, and local chronic inflammation.?’
In contrast to animal-based xenografts, polymers
abundant in the exoskeletons of insects, shells, bacteria,
and plants might be easily available and more suitable
biomaterials for lymphatic tissue engineering. Chitin,
chitosan, and cellulose are the most abundant organic
macromolecules that are insoluble, chemically stable,
sustainable, and inexpensive to produce.”” ** Cellulose is
known to be well tolerated by our immune system, and
immune rejections or allergies have not been de-
scribed.? Although chitin and chitosan nanofibrils are up
to 3.0 Gpa strong and have rigid structures, cellulose fi-
brils are more bendable and therefore suitable as vas-
cular biomaterials.?®?” Chitin and cellulose share thermal
insulation properties, antibacterial activity, mechanical
stability, and the absence of cytotoxicity during biode-
gradation.???* Moreover, chitin has proven hemostatic
properties in whole, defibrinated, and heparinized
blood,?® and cellulose decreases intrinsic clotting ability
and has therefore been used as the main biomaterial for
hemodialysis membranes.?’ Cellulose grafts have recently
been used in translational experiments such as bacterial
cellulose tubes implemented to reconstruct the facial
nerve of rats or in a further translational step such as the
reconstruction of the tympanic membrane of patients
suffering from tympanic membrane perforation.*%*'
Although lymphatic tissue engineering is emerging as an
adjuvant solution with the development of preconditioned
hydrogel matrices and its selective ex-vivo vascularization,
pragmatic translational solutions to aid microsurgical
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reconstructions are still lacking.?” The aim of the study was
to bioengineer a decellularized cellulose-based tube, that is
translationally suitable for vascular, microvascular, and
lymphatic anastomoses.

Methods

Preparation of decellularized cellulose tube for cell
culture and ex-vivo implantation

Fresh specimens of wild Taraxacum-Ruderalia were placed
in phosphate-buffered saline (PBS)/0.25% Sodium dodecyl
sulfate (SDS) (817034, Sigma, Germany) solution at room
temperature (RT) for 24 h. Then, the stems were washed
and incubated at 100 rpm and RT in a sterile solution of
PBS/0.25% SDS for 7 days. Solutions were changed daily to
enhance decellularization efficiency. After 8 detergent
washing steps, the decellularized tubes were dried over-
night under the laminar flow hood and UV light sterilization.

To determine the microscopic structure of the decel-
lularized tubes, 0.5 mm tube samples were harvested, fixed
in 4% paraformaldehyde, and embedded in paraffin. Tissue
slices (5 um) were cut from the sample blocks (CM3050S,
Leica, Germany) and cellulose tissue was stained with
fluorescent calcofluor white (CW)(18909, Sigma, Germany).
For the analysis, confocal microscopy at 40X and 63X-mag-
nification (TCS-SP8, Leica, Germany) was used.

To quantitatively evaluate the mechanical properties of
the decellularized tubes, the hydrostatic conductivity at
the average pressure of lymphatic collectors and density of
lymph fluid were measured. The risk of kinking was de-
termined by curving the conduit around a plastic template
of predefined decreasing diameter ranging from 50 to 5 mm.
The details of the kink resistance test are described else-
where.** As comparative controls for the hydrostatic con-
ductivity and kink resistance test, fresh arteries, veins, and
lymphatic collectors were harvested from swine extremities
and decellularized using the same method.

Isolation and cell culture of endothelial cells and
fibroblasts

Dermal lymphatic endothelial cells (HDLEC, C-12210) were
obtained from Promocell Heidelberg and cultured in en-
dothelial cell growth medium (C-22120) according to the
fabricant specifications. After reaching 90% confluency, the
cells were resuspended in endothelial cell growth medium,
seeded at a density of 5000 cells/cm? and cultured under
sterile conditions at 37 °C in a 5% CO, incubator.

After obtaining ethical approval (Arztekammer
Rheinland-Pfalz Nr. 2020-15173 and Nr. G-206-15), full-
thickness skin tissue samples were harvested during the
induction of secondary lymphedema in the hind limbs of a
murine model®** and from patients undergoing re-
constructive free flaps and thigh contouring procedures.
The dermis was homogenized and incubated in collagenase |
(9001121, Sigma, Germany) Hank's balanced salt solution
(2 mg/ml) for 1-2 h at 37 °C. After inactivation of the en-
zyme and serial centrifugation, viable fibroblasts were
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seeded at a density of 5000 cells/cm? in T75 flasks and
cultured in Dulbecco's Modified Eagle Medium/10% FCS at
37 °Cin a 5% CO, atmosphere.

Quantification of DNA content in the tubes

The effectiveness of the decellularization protocol was
tested by quantifying the remaining DNA content using
Quant-iT Picogreen dsDNA Kit (P7589, Invitrogen, USA).
Based on the DNA standard curve of the kit, the content of
DNA in the fresh stem samples was compared to the de-
cellularized tubes, and the efficiency was determined by
the remanent DNA fraction (in %).

To avoid possible rejection, immunofluorescence analysis
for the immunogenic proteins collagen and fibronectin was
performed using anti-collagen |, anti-collagen Ill, and anti-
fibronectin (C2456-C7808-GW20021, Sigma, Germany). In
the Suppl. Files, additional methodological details are
provided for the DNA and SDS quantification, as well as for
the biocompatibility analysis.

Quantification of SDS

To examine the residual SDS content in the tubes and in-
direct potential cytotoxicity, a previously published micro-
liter-volume biochemical analysis was carried out using
visible light spectroscopy.*®

Biocompatibility and proliferative capacity of
recellularized celltubes with fibroblasts and
endothelial cells

Several circular 3 mm punch biopsy samples were taken
from the cell tubes and separately placed in 96 well plates.
The control wells were either left without samples or in-
dustrial grade dermis replacement (Matriderm) was used.
The plates were tested in a microplate reader at a 450 nm
and referenced to a wavelength of 620 nm.

As cellulose is biodegradable, implanted tubes must fa-
cilitate colonization and inhabitation by patient cell sub-
populations, despite small traces of cytotoxic SDS in the
implant. Therefore, cell suspensions of isolated fibroblasts
from patients and the murine model, as well as commer-
cially obtained HDLECs, were marked with DiO and DiD li-
pophilic tracers according to the manufacturer’s
specifications (D3898 -D307, Invitrogen, USA). Using a life
imagine device (Azure 600, Biozym, Germany), fluorescence
pictures and mean fluorescence signals were obtained at
488 and 644 nm on days 3, 5, and 10 to assess cellular
proliferation.

Ex-vivo endothelialization assessment of lymphatic
cells in the tubes

For better attachment of cells, the lumen of the tubes was
coated with 50 pl poly-D-lysine at a final concentration of
1 mg/ml (7886, Sigma, Germany). The tubes were flushed
with 10* DiO-stained HDLECs. The tubes were placed hor-
izontally and incubated at 37 °C in a 5% CO, atmosphere on
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an orbital shaker at 80 rpm for 14 days without additional
growth factors.

Tube lymphovenous anastomoses in an ex-vivo
swine limb model

Previous authors have described the benefits of the porcine
in-vivo or ex-vivo limb models for supermicrosurgical
training of lymphovenous anastomoses.>¢ ¢ Based on these
models, we used freshly (<1 h) harvested posterior swine
limbs from a local meat merchant for microsurgical training
with the engineered cellulose tubes. A dissecting micro-
scope (F170, Zeiss, Germany), microsurgical instruments (S
&T, Neuhausen, Switzerland), and 11-0 monofilament nylon
sutures (Ethicon, New Jersey, USA) were used. In ac-
cordance with the swine lymphosomes, the lymphatic col-
lectors were identified ex-vivo using indocyanine green
(ICG) (Verdye, Diagnostic Green, Germany) fluorescence
lymphography.

Dehydrated sterile packed cellulose tubes were se-
lected, rehydrated in ringer’s solution for 10-15 min, and
used as a bypass for an end-to-end anastomosis between a
lymphatic collector and a subcutaneous vein. Since the
limbs were freshly obtained, a successful patent anasto-
mosis could be tested by injecting fluorescent dye into a
downstream skin area and subsequent lymphography. The
whole procedure was performed by 3 plastic surgery re-
sidents and 4 medical students, all with microsurgical
training. An anonymized online survey followed.

Statistical analysis

The arithmetic mean, median, and standard deviation (SD)
were calculated and grouped into datasets. All datasets
were tested for normal distribution using the Shapiro-Wilk

omnibus normality test (p < 0.05). For normally distributed
datasets one-way ANOVA was applied to determine the
overall statistical difference of the paired groups
(p < 0.05). These results were corrected with Bartlett’s
test. When the compared groups failed to pass the nor-
mality test, a Kruskal-Wallis test with Friedman correction
was applied (a 0.05). All the tests were performed using
Prism 9.0 (GraphPad, La Jolla, USA). An extensive version of
the methods with more details and material description is
provided in the Suppl. Files.

Results

Bioengineered cellulose tubes are transparent,
variable in size, and storable after dehydration

In this study, 246 cellulose tube were produced, which ful-
filled most of the physical characteristics ideally expected
from a xenograft for microsurgery. After decellularization,
the tubes were nearly completely transparent and pre-
sented a sturdy structure and at the same time demon-
strated conserved tissue memory and good flexibility
necessary for surgical handling (Suppl. Video 1). The size of
the tubes generated ranged between 1 mm and 1 cm
(average 0.56 mm + 0.022), might allow anastomosis of
lymphatic collectors as well as small or large blood vessels
(Figure 1). These observations were quantified by the
kinking resistance test, where the cellulose tube proved to
be statistically equally resistant to kinking as decellularized
veins, lymphatic collectors, and arteries. Once sterilized
using ultraviolet light or gas, the cellulose of the tubes
dried completely but remained structurally unchanged and
returned to its hydrated flexible form after 10-15 min

Figure 1

Decellularized cellulose tubes for tissue engineering in lymphatic microsurgery. In A, from left to right, the fresh plant

stem, decellularized hydrated cellulose tube, and sterilized dehydrated form of the cellulose tube are shown. In B, an exemplary
demonstration of a 0.4 mm diameter tube for lymphatic supermicrosurgery is provided.
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Kinking resistance and hydraulic conductivity results of the engineered cellulose tubes in contrast to decellularized

conduits of mammal origin. On the left side, the results of the kink resistance of the conduits are presented. Here, the results best
kink resistance (smallest diameter) was found for the decellularized arteries. Also, the best hydraulic conductivity, shown in the
right graphic, was found in the swine arteries. The cellulose tube performed at least similarly to decellularized lymph vessels for the
kink test and hydraulic conductivity and better than decellularized veins. No statistical significance was found with p < 0.05

between any of the groups tested.

incubation in sterile saline (Figure 1). This feature per-
mitted dry and sterile storage for months.

Supplementary material related to this article can be
found online at doi:10.1016/j.bjps.2024.05.043.

Cellulose tubes proved to be capillary impermeable
and kinking-resistant conduits

Despite being rehydratable, the cellulose tubes proved to
be impermeable in low and high capillary pressure output
settings (Suppl. Video 2). The hydraulic conductivity in the
physiologic range of a lymphangion (65 cm H,0) and fluid of
normal lymph viscosity (0.0018 Pa) was found to be statis-
tically equivalent (a 0.05) to the conductivity of decel-
lularized lymphatic and vascular vessels of the swine
(Figure 2). All decellularized conduits demonstrated good

kinking resistance and hydraulic conductivity ex-vivo, yet
an overall better performance was found in decellularized
arteries followed by the cellulose tubes. Surprisingly, the
least kinking-resistant decellularized vessels were lym-
phatic collectors and veins, which are the gold standard
grafts for current microsurgical anastomoses.

Supplementary material related to this article can be
found online at doi:10.1016/j.bjps.2024.05.043.

Cellulose tubes exhibit a characteristic structural
polarization

The confocal fluorescence of the cellulose tubes provided a
structural correlation that explained the observed physical
properties. As shown in Figure 3, the tubes displayed a struc-
tural polarization of cellulose. On the abluminal side, the

Figure 3

Confocal analysis of the cellulose structure of the bioengineered tube. A cross-sectional and longitudinal view of the

tube is demonstrated in A and B, respectively. The cellulose density is identifiable by the calcofluor white stain, where the signal
intensity of cellulose ranges from pale blue to white. The respective polarization of the rather spongiform inner cellulose layer (red
arrow) and a dense and compact outer cellulose structure (yellow arrow) provides the tube its mechanical properties.
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Remanent DNA Content in the Cellulose Tubes
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Figure 4 Effectiveness of the decellularization protocol by
assessing the residual DNA in the cellulose conduits. The pie
chart demonstrates the effectiveness of the applied decel-
lularization protocol in the plant stems, where despite the low
doses of SDS used, only 0.017% of the DNA content is detect-
able. The remaining DNA is 26 times lower than the suggested
benchmark for decellularized scaffolds.

cellulose was spongiform with pores that would permit the
attachment and infiltration of eukaryotic cells (50 um) and
subsequent endothelization. The external structural pole of the
tubes is formed by compact and gapless robust cellulose fibers
that might account for structural strength, kink resistance, and
impermeability. The polarity of the spongiform cellulose
structure on the lumen and strong and compact cellulose exo-
protection is a good explanation of the sturdiness of the tubes,

which were simultaneously flexible and resistant to deforma-
tion (intrinsic tissue memory).

High immunotolerance and low inflammation levels
characterize the cellulose tubes

As foreign DNA causes proinflammatory responses and can
carry infectious diseases, decellularized xenograft tissue
must have almost no residual DNA. The decellularized cel-
lulose tissue used for the tubes had an average of 1.91 ng/
mg of dsDNA per mg of dry tissue. This value is less than
0.2% of the total dry tissue weight. Compared to the DNA
content of the fresh plant stem, the remaining DNA of the
bioengineered tubes was 0.017% (Figure 4). As the re-
commended benchmark is to obtain <50ng of dsDNA per
mg of dry tissue in xenografts, our tubes beat the bench-
mark by 26-fold. In the indirect fluorescence analysis, no
nuclear material, collagen, or fibronectin could be de-
tected, which suggests a high immunotolerance potential.

Cellulose tubes have almost no residual cytotoxic
SDS and evidenced equivalent biocompatibility in-
vitro as Matriderm®

The residual cytotoxic SDS content, determined using pho-
tometry, was <0.1% in all other decellularized conduits
tested. The highest remaining SDS concentration was found
in decellularized swine arteries with 0.083 + 0.054% and
the lowest was in the cellulose tubes with barely
0.021 + 0.039% (Figure 5). However, no statistical differ-
ence could be found among the groups.
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Figure 5

Residual SDS concentration in the decellularized swine vessels and cellulose tubes. In all the conduits decellularized

with the protocol described above, low remaining levels of SDS were determined using photometry. All of them presented an SDS
concentration <0.1%, but the cellulose tubes had the lowest concentration of this cytotoxic substance among all the conduits

tested. No statistical significance was found among the groups.
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MTT Assay of LEC in Tubes
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Figure 6 Cytotoxicological analysis of lymphatic endothelial
cells within cellulose conduits in contrast to Matriderm®. For
different time points, the lymphatic endothelial cells grew
without perceived cytotoxicity at all time points. Compared to
commercially available dermal substitutes, no significant dif-
ferences were observed in the cell survival, suggesting that the
cellulose tubes might be as safe for the growth of cells as
Matriderme.

DiO marked LEC

Figure 7

Interestingly, no statistical difference in cell growth was
found for human lymphatic endothelial cells in-vitro on
equivalent sheets of SDS-decellularized cellulose compared
to a commercial neo-dermis (Figure 6).

Spontaneous endothelialization occurs in cellulose
tubes without growth factors

Fluorescence analysis at 488nm showed no auto-
fluorescence (unspecific signal) or DiO uptake or staining for
the control cell-free cellulose tubes (Figure 7).

In contrast, the fluorescence signal of the endothelial
cells increased over time in the cross-sectional and long-
itudinal cellulose tube, implying a survival and progressive
proliferation of seeded lymphatic cells in the cellulose
conduit (Figure 7).

The results of the median fluorescence intensity for real-
time measurement of labeled lymphatic endothelial cells
(LEC’s) showed that each time point after the LEC seeding
exhibited significantly more fluorescence than the

B

Control

Fluorescence expression of DiO-labeled lymphatic endothelial cells in the cellulose tubes. The cell-free control tubes

washed with DiO are presented as a control for DiO-labeled commercially available human endothelial cells grown in-vitro in the
bioengineered cellulose tubes. In A and B the fluorescence signal of the endothelial cells at a wavelength of 488 nm is shown,

respectively, for days 3, 7, and 14 of cell culture.
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LEC Proliferation in Tubes
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Figure 8 Quantitative evaluation of the mean fluorescence
signal of DiO-labeled lymphatic endothelial cells in the cellu-
lose tubes. Real-time fluorescence measurement of labeled
LECs in the cellulose tubes was performed in control tubes and
on days 3, 7, and 14 (30 per group). The results of the median
fluorescence intensity and respective standard deviation are
shown in different colors. Statistical significance is shown in the
graphic with * for p < 0.05 and ** for p < 0.01.

preceding time point measured (p < 0.05; Figure 8). Each
timepoint had significantly higher fluorescence intensity
than the control tubes (** for p < 0.01), discarding auto-
fluorescence or uptake capability of the tracer by the cel-
lulose conduit (Figure 8).

A close microscopic view at 40X magnification demon-
strated the spontaneous infiltration of LEC into the ablum-
inal side of the cellulose tube under culture conditions
without added growth factors (Figure 9). Between days 7

and 14, the DiO-labeled LEC’s progressively built an en-
dothelial monolayer (day 7) on the inner side of the tube
that later progressed to a multilayered lymphatic en-
dothelium (day 14; Figure 9).

Cellulose bioengineered tubes can be used as
functional interpositional grafts for lymphovenous
anastomosis in an ex-vivo swine limb model

The 7 participating surgeons could use the engineered cel-
lulose tubes for 44 lymphatic anastomoses in the swine limb
model (Supl. Fig. 1). A total of 72.7% were patent in the ICG
lymphography at the first intent, 13.6% after a revision of
the anastomosis, and 13.7% never achieved patency (Supl.
Fig. 1, C). In the survey, all the surgeons considered the
concept, handling, transparency, size, and manipulation
resistance to be “good” or “surprisingly good.” None-
theless, all surgeons complained that the cellulose fibers
running parallel to the tube, notoriously impeded the ana-
stomosis, as this resulted in recurrent material fatigue that
required additional trimming of the tube and re-
anastomosis. The main advantage identified by 71% of the
surveyed surgeons was the variable size of the cellulose
tube permitted to compensate for size mismatches of veins
and lymphatics by choosing the appropriate lumen size for
each or tailoring it by cutting the tube. With some technical
improvements, 100% of the surveyed microsurgeons would
consider using bioengineered cellulose tubes for micro-
surgery, based on this initial experience.

Figure 9

Progressive spontaneous endothelialization of lymphatic endothelial cells in the bioengineered cellulose tubes.

Exemplary fluorescence microscopic analysis at a 488 nm wavelength on days 7 (above) and 14 (below) is displayed for DiO-labeled
LECs cultivated without growth factors in the cellulose tubes. The images on the right column correspond to a closed up view of the

white square of the respective left image.
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Discussion

The results presented in this study provide initial evidence
of bioengineered cellulose tubes in translational research
and microsurgical applications for reconstructive micro-
surgery, including supermicrosurgery for lymphedema.

Biocompatibility, biodegradability, and abundance make
cellulose an attractive material for biomedical pur-
poses.>”*’ Surgical applications are missing despite initial
approaches proving its mechanical strength, structural
equivalence to mammal extracellular matrix (ECM), and
anti-clotting and antimicrobial properties.*"*“> The present
study showed that the physical characteristics of the
bioengineered cellulose tubes, including transparency,
sturdiness, flexibility, and kinking resistance, make them
suitable for use as microsurgical interposing grafts. The
observed structural polarization of the tubes, with a spon-
giform structure on the lumen side and robust fibers on the
abluminal side, provides resistance to leakage and dur-
ability, and enables the attachment and proliferation of
cells, thereby facilitating endothelization and tissue in-
tegration.

The use of mammal-derived xenograft scaffolds in re-
constructive plastic surgery still presents significant chal-
lenges. Some ECM proteins found in animal source
xenografts, such as alpha-galactosyl epitopes, collagen, and
fibronectin can trigger an immune response in humans,
leading to graft rejection or inflammation and fibrosis.*>**
The absence of collagen and fibronectin in the proposed
cellulose tubes suggests reduced immunogenicity and the
potential for decreased fibrotic responses, making them
favorable as microsurgical conduits. Further in-vivo studies
are needed to confirm these theoretical benefits and to
evaluate the long-term effects of the immune and vascular
systems on cellulose interposition grafts.

This is the first evidence that cellulose constructs might
have equivalent lymphatic endothelial cells grown as
benchmark xenograft material (Matriderm®) without per-
ceived cytotoxicity for all time points in the first 48 h.

Exposure to foreign DNA has raised concerns regarding
the potential transmission of infectious agents or activation
of the recipient's immune response.*® Even though decel-
lularization techniques can significantly reduce the DNA
content of xenografts,'® regulators have established strict
donor-eligibility criteria and product testing for several
viruses, parasites, bacteria, and prions.“® Such tests sub-
stantially increase production costs limiting the use of these
products at a global scale.

As no plant is known to be a reservoir of any zoonotic
infectious agents, strict scrutiny is not demanded by reg-
ulators or 1SO standards (ISO 14630:2012) for plant-derived
scaffolds.“® Nevertheless, scientific consensus has defined
stringent criteria for complete decellularization and
avoidance of proinflammatory responses such as macro-
phage-related chronic inflammation, fibrosis, or sterile ab-
scess formation.”” The demand for no visible nuclear
material should be found in histological analysis with DAPI
or equivalent staining and a total dsDNA of < 50 ng per mg of
dry tissue.”® Our decellularized conduits met the first cri-
teria and, with an average of 1.91 ng/mg, the dsDNA con-
tent was 26 times lower than the suggested benchmark.
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To prove the utility of the cellulose tube for clinical ap-
plication, a translational step was required. During this pro-
ject, a surgical group achieved functional lymphovenous
anastomosis by interposing cellulose tube grafts in an ex-vivo
swine limb model with high ICG-based lymphangiographic
patency rates. The surveyed microsurgeons’ positive feedback
regarding the cellulose tubes for lymphatic microsurgery such
as the handling, transparency, size, and ability to compensate
for size mismatches in veins and lymphatics, enhanced their
versatility as interposition xenografts for reconstructive mi-
crosurgery. One technical limitation of our cellulose tubes is
that our research laboratory encountered challenges in re-
plicating lymphatic anastomoses at the subcutaneous level
with tubes measuring < 0.5 mm in diameter. To address this
limitation and the described suture rupture, future tube seg-
ments for suturing could be designed with cross-knitted cel-
lulose fibers. Although some anatomic and ultrasonographic
studies evidenced average subcutaneous lymphatic vessels of
approximately 0.3 mm in healthy distal extremities,”’ other
authors have shown that lymphatic collectors in lymphede-
matous tend to be larger or sclerotic.'®°%>" In proximal limb
segments, the groin, abdomen, or deep collectors lymphatics
typically possess larger diameters ranging from 0.8 to
1.2mm.*>>* Such collectors or even larger deep lymphatic
structures (1.0-3.2 mm) such as the thoracic duct or cisterna
chyli,”* could be reconstructed using the proposed tubes.

Besides its use in lymphatic microsurgery, larger tubes
might have clinical potential as vascular interposition grafts
for the reconstruction of digital or forearm arteries
(0.8-2.8 mm) as interposing graft,”> ™’ avoiding unnecessary
donor site morbidity and reducing surgical time.'”>® The
proven benefits of cellulose and its conduits in lymphatic
microsurgery are in resonance with the modern vascular
tissue engineering requirements and further enhance their
translational potential.

Others have previously created tubes from bacterial
cellulose and even tested such grafts in a murine model.
Specifically, Schumann et al. conducted an excellent study
in which they demonstrated that tubes made of bacterial
cellulose can be implanted in-vivo and support blood flow in
pigs for 12 weeks.”” However, the study had 2 major lim-
itations. As the authors discussed in the article, no bio-
mechanical or in-vivo testing was performed prior to
implementation, thus skipping a translational step. Ad-
ditionally, no data regarding the flow pattern inside the
tube were provided, and long-term data regarding the bio-
mechanical stability of the graft after progressive host
modification and biodegradation are missing. This is parti-
cularly important because bacterial cellulose has not been
used as a vascular graft so far, but has mostly been used as
filter membranes, wound dressing, and skin substitutes in
medicine.®®%> We preferred plant-based cellulose as vas-
cular grafts because bacterial cellulose fibers have a mere
tensile strength of approximately 200 MPa, whereas plant
cellulose strength ranges between 750-1080MPa.®® Fur-
thermore, bacterial cellulose decomposes faster and is
highly dependent on pH and temperature, whereas plant
cellulose is less affected by such variables and therefore
more reliable in-vivo in the long term.®>% The fourfold
higher porosity in bacterial cellulose might cause un-
controlled cell migration and fluid leakage into the
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interstitium,®® which is a major concern in lymphedema,
where leaky vessels are the primary pathophysiological
problem to be address.

In conclusion, we present a novel bioengineered cellu-
lose tube for lymphatic microsurgery aligned with the cur-
rent research standards for tissue engineering, to fill an
existing gap in the field of lymphedema treatment. These
demonstrated suitable physical properties, in-vitro sponta-
neous endothelialization, and successful surgical translation
into functional lymphovenous bypasses. Further preclinical
investigations are warranted to optimize their design, as-
sess long-term patency, and explore their impact on lym-
phedema treatment outcomes. In the next translational
step, tissue integration, peri-implant host reaction, and
long-term capacity to sustain a physiological blood or lym-
phatic flow should be investigated.

If the cellulose conduits perform as expected in-vivo, sev-
eral clinical applications might be considered. They could be
used following the resection of congenital macrocystic mal-
formations or lymphocele bridging the resulting defect.
Moreover, given the limited availability of nearby veins and
lymphatics in central lymphatic lesions or complications such
as chylothorax or chylous abdomen, interposing grafts could
serve as a promising derivative solution to reconstruct the
central lymphatic flow.®* A paradigm change in peripheral
secondary lymphedema could be the use of interposing xe-
nografts to bypass lymphosclerotic segments, scars or fibrotic
tissue, introducing wider acceptance and better outcomes of
LVA in advanced lymphedema stages.'"®>%® The disparity in
size between the lymphatics and the nearby venules has been
identified as the primary determinant affecting the appro-
priate anastomotic configuration and the number of LVAs at-
tained per treated extremity.®”®® To overcome the size
mismatch several salvage techniques were described.®””"
However, the most effective approach could involve em-
ploying tubes of different sizes, each with incremental dia-
meters, as intermediary grafts. This strategy would enable the
bypassing of subcutaneous segments until reaching the venule
that perfectly matches in size.

These findings pave the way for future innovative ap-
proaches in the field of lymphatic microsurgery and lym-
phatic tissue engineering, holding promise for improving the
quality of life for patients with secondary lymphedema.
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