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migrated neonatal olfactory bulb ensheathing cells (NOBECs) 0 (a), and
72 h (b) after incorporation in A/GL-GP (agar and gelatin cross-linked with
genipin) hydrogel. Cells were stained with cell tracker green (CTG) and
visualized in green; biomaterial autofluorescence is visualized in red
Reprinted from: Tonda-Turo et al e
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' The im-

Cell Encapsulation of co-cultures offers to study cell-cell and natural ecosystem imeraclinns.‘w
mediately advantage of this technique is a more detailed rey tation of

environment
with monoculture, by the control of several factors like, type of medium, cell concentration, time scale, and the
addition of degree of contact between cell populations. The degree of separation can be achieved through semi-
p k gels, microfluidic devices, and others.™ = "™ The ‘way in which the cell-culture degree
of separation is arranged defines the experimental set-up, for this case 3D arrangements with scaffolds and hy-
drogels will be highlighted. Challenges that bound this technique is the high level of complexity mainly because
of the multiple cell i generating unpredi ility and il

poor knowledge of data acquisition tools since it involves multiple interactions and even ones that are unknown.
68, 174, 175)

, which leads to another challenge of

Co-culture experimental setup depends upon the separation and suspension techniques or materials in
which the cell populations will be expased.[m] It is important to highlight that the applied technique defines wheth-
er it will be a two or 3D structure. An example of a co-culture technique that generates a 3D structure is spheroi-
dal co-culture, also known as MCS, which are developed by a number of techniques, including hanging drops
culture, single-cell culture on non-adhesive surface, micromolding techniques, spinner flask culture, rotary cell
systems, porous 3D scaffolds, and centrifugation pellet cutture.”™ The co-culture spheroids were suspended in
a 3D collagen matrix and together represented a 3D structure for peripheral nerve regeneratinn_[sg' i The co-
cultured consisted of SCs (500 cells/spheroid) and NG108-15 a hybrid cell line (NG, 50 cells/spheroid). The cell
ratios indicates that each spheraids contains ten times more quantity of SCs cells than NG cells, this could be at-
tributed to enhance the spheroid environment with GFs secreted by SCs cells. The reason for the choice of cells,
is that SCs and NG108-15 cells (which are neuroblastoma cross glioma cell line) complement well based upon
the abilities of SCs to provide physical guidance axons and NG108-15 cells’ ability to differentiate toward mature
motor neuron phonotype.lwI The technique to developed the spheroids was hanging drops. The process starts
with cell being centrifuged on non-adhesive wells, containing cell culture medium and 20% of methocel stock so-
lution which prevents adhesion of cells and acts as an inert viscosity modulation substance. Methocel concentra-
tion is a parameter used to control de average size of the spheroids‘[w‘ A clear collagen gel was develop and
serve as the matrix in which the pellets containing the spheroids were introduce, finally obtaining the 3D co-cul-
ture as hanging drops on the collagen matrix, as shown in Fig. 12.

Figure 12. 3D co-culture, model of experimental setup. Spheroidal
formation hanging drops and transfer in 3D collagen matrix. “Reprinted
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from Kraus et al.””" Copyright (2015), with permission from Elsevier”.

Neurite length was the response variable showed that in 2D culture is around 65 pm and the 3D model
ranged from 115.56 to 176.6 pm, for 2.3x longer neurites ™I The main reason for this behavior is that the model
was able to increase the interactions between both cell types. To minimized cultivation differences between 2D
and 3D cell culture both had a collagen layer. It is clear that no neurite growth into the collagen layer was noficed
on 2D cell culture, which confirms that 3D setup was capable to increase cell-cell contacts and promote neurite
growth.

A co-culture of SCs and ADSCs seeded on silk fibri llag pp
engineered nerve conduit (TENC)‘[M The explanation for the choice of cells is that ADSCs are adult SCs that
can be induced to neuropheres and neuronal-like cells when exposed to neurothrophic media, and this specific
media is created by the presence of SCs. SCs have the capacity to secrefe a variety of NTs, NGF, BDNF,GDNF,
and others that help differentiate stem cells, making an ideal complement fo promote and accelerated axonal
growth. The 3D structure was develop by blending a solution of silk fibroin and collagen, at a ratio of 4 : 2, fol-
lowed by cast molding and finished by lyophilization. It is important to mention that the conduit structure, stability,
and biocompatibility, are dependent upon the choice of materials, for this case silk fibroin is added because of its
excellent mechanical properties, which com well with the ible properties of collagen.

The silk fibrein/collagen struture is seeded with the co-culture obtaning a TENC. Tissue regeneration was
achieved on 1 ¢m long sciatic nerve defect in rats, which had results similar to autologous nerve grafts, but su-
perior when compared with plain (non-co-culture scaffold). The conduit seeded with the co-culture mimics the
native mi iroment, not only the nerve regeneration, but also accelarating axonal growth as con-
firmed by the transdifferentiation of ADSCs when co-cultured with SCs. 3D models such as spheroidal co-culture
and seeded co-culture on three dimensional scaffolds, projects to fill the gap between the monoculture assays
and in vivo studies in order to represent cellcell and cel-ECM complex interactions, offering a more detailed

1 of physiological structures and conditions,m +

scaffold is an h to develop a tissue-
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DRG cells are a mixed of SCs and neurons, and are categorized as a co-culture, and many experiments
have been made using these cells. An example, is the use of a single walled carbon nanotube-composite hydro-
gel with electric stimulation, in which the neurite extension of the encapsulated DRG cells was evaluated. The
hydrogel solution was composed of collagen type | and GF-reduced Matrigels. in order to support SCs spread-
ing, viability, and migration. It was proved that neurite extension was induced with the presence of the hydrogel
and also by the electric stimulation; however, it is known that cells within the DRG, such as glia cells, may also
influence in the results,lm‘}I Another approach using DRG cells is with the combination of technologies of aligned
PLLA mi with NGF ing posite nanoparticles, both technique induced neurite extension with
the presence of GF on nanoparticles and aligned microfibers.” Overall, DRG cells are a co-culture very repre-
sentative of the response and performance necessary to reflect neurite extension ]
folds are platforms that offer 3D structures and co-culture simulate nerve cells models. Both aplications filled the

Hydrogels and scaf-
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gap between in vitro and in vive experiments by being capable to mimic the native microenviemroment.

Validation of peripheral nerve three-dimensional cell culture models

Engineered polymeric scaffolds serve as highly tunable materials for 3D in vitro models of peripheral nerve. The
3D envit 1t can more recapitulate the native environment compared with 2D substrates, provid-

ing fundamental knowledge of neural tissue repair. 3D cell culture models are first validated by measuring adhe-
sion of both neuron and glial cells, and by measuring neurite extension and glial cell proliferation. Additionally,
protein and gene expression must be considered and can be evaluated on the 3D scaffolds. For example, Tuj1
is typically evaluated as an early marker for neuron development o WS G pas and synapsin |, are
both known to be upregulated throughout neuronal development. 1 For glia, during the transition of immature
SCs toward myelinating, PMP22 and EGR2 are upregulated, while a down-regulation of NCAM and low affinity
NGF receptor (LNGFR) occurs."mlAlso, ihesion of SCs to scaffolds may be validated by an ( ion of
S100.[™ 12 51 53 54, 50, 63, €6. 71

However, evaluating a handful of expressed proteins and/or genes gives a limited picture of how the pro-

posed 3D models are behaving in comparison with native tissue. A complete i ic andfor pi

profile of the in vitro 3D cell culture is crucial for the development of proper models that closely resemble native
tissues. For instance, transcriptomic analysis allowed for the confirmation that engineered GF-induced neural
progenitor cells closely resembled brain-derived neural progenitor cells. 3 Other work has used microarray
analysis to identify new genes involved during peripheral nerve regeneration. T Recently, a proteomics analysis
was performed to evaluate MSCs cultured in three similar ECM mimetic materials from different saurces."w
They observed that each material induced a unique matrisome signature, but they all shared a common set of

proteins. Very little work has been published on validating 3D cell culture models of peripheral nerve using an
omics approach. Carefully designed 3D environments must be validated via transeriptomic or proteomics analy-
sis by comparing them to native cells or tissues to provide high fidelity to the 3D cell culture model. Lastly, high-
throughput biematerial screening have as useful for the design and testing of bic-
materials to serve as 3D environments for cell cuilure.[

Conclusions

The baseline for 3D cell culture platforms continues to expand. Many options are currently available to research-
ers. It is important to continue efforts and integrated strategies that not only can be executed at research labora-
tories but expedite the introduction of more effective therapies and sustainable treatments. There is still work to
be done in the nerve regeneration field, especially to gain knowledge about improvements to overhaul many of
the practical limitations, and what are the explicit points that remain departing from the nerve biology. 3D cell cul-
ture models mav provide answers to these fundamental questions in neural tissue reaeneration.



hitps #wn cambridge ora/sorefournalsimrs-communicationstarticle/polymeric-seafiold reedimensional-cu

18 rve- C2llg-2-Modeh o

eripheraknerve-reqeneration/3974DESID2G 1DBATEFC 151400CE3BAGF/core-readers

fture-of-n
A0/11/20

18 05 31.22 P

wie huues inay piuviae W wese
{a1) Bioengineering Program,
University of Puerts Rico Abbrevitions.
Mayaguez, Call Box 9000, T ————— ==
Mayagoez, Puaro Rico 00681-
9000, USA 1.8 b (p carbowyphencay) 3.6 diaxsactne CPTEG
Adipase-erived stam cells ADSC
{a2) Depariment of Chemical -
Additive ot AN
Enginearing University of oo
Puerlo Rico Mayagiez. Call Box Bone marrow mesenctyl stam ool BASC
9000, Mayaguez, Pusrto Rica D AnNE
00681-5000, USA Gl achesion molecuiles Cams
Cental nervues system NS
Copyright: © Materials Research Chisosan ang oy asc ssed Co-pomers. SR
Society 2017
s s Chagsan e Qs CNGS
_—ea e e P Cryopalymenzod gelatn metnacryloy! enjoGeMA
Carol A, Rivera Martinez ') i DO et 2
Jorge Almodovar (a1 (&2 ¥ Digital micro-ior arays devices. ovo
Dorsal root ganglia DRGs:
tat) Bioengineering Program, Early growih rspunse 2 EGR2
University of Puerta Rica
Mayaguez, Call Box 9000, S Lo
Mayagoez, Puerto Rico D061~ Fast Faurer transform FFT
2000, USA Food and Drup Administation oA
{a2) Depantment of Ghemical Fused depositon modeing i)
Engineering. Univessity of Galatn methacryloyl GelA
Puerto Rico Mayaguez. Call Box Genpin oGP
9000, Mayaguez, Puerto Rico
Gl catderad peutatoghic acon o
NNGAT-SN0N, (1SA
GcodoRprOpyITEOASiEne GPTMS.
Gyeosminogycans GG
Copyright. © Materials Research
Society 2017 Gold nanoparices. 3
1567 imre 2017 90 ‘Growth factors oF
i e Grontvassocale proten )
Carol A, Rivera Martinez ") Hyaluronan (trasaccharide H
Jorge Almodovar 41421 Hysuronc s W
Indu s iPSC
{a) Bioargineering Pregeam, RS e o o -
University of Puert Rica Laminin L
Mayaguez, Call Box 9000, o ity NGF rcaptor LHGFR
Mayagoez, Puarto Rico 00681- rs—— ey
9000, USA
Mouse embnanic stem cels mESCS
12) Tepariment of Chemical i =
Engineering, University of e = —
Puerts Rico Mayagaez, Call Box o iy Suh ot s
9000, Mayaguez, Puerto Rico Merve rosdh. acor neF
00681-5000, USA Werw guide canduinene qude chanels HGts
Weiroa caltsssdation molecuee weam
Copyright © Matenials Research L4 MNeurstrophin nr
Society 2017 MNeurctraphin 4/5 NI
i 1557 2017.90
i o ead i B Memiehd nrs
. Oitactary ansheathing oells. ECs

I iTUlal USSUE ToYSIITiauulL



hi

5 At carmbridge ora/sorefournalsimrs-communicationstarticledpolymeric-seafiold
ErphErarnere-regensration 3974 DEEEDIE10BATBF 15 1400CEIBAGF/cors-readers

reedimensionak-cu

Iture-of-nerve- cells-a-modek-of
10/11/2018 05:31:22 PM

Offactory enshaathing cels. OECs.
Carol A Rivera Martinez &) o
Peripheral nervous system PN
Jorge Aimodovar 27) (21 5
Polyfchitosan-g-lactic acid) PCLA
(a1) Bioengineering Program, Poly-e-caproiactone POL
University of Puerta Rico
Poy-ethyene gyeol PG
Mayaguez, Call Bax 9000,
Magoar; Piarvs Ris 806 Py ethyiene gycol) dacryiate PEGDA
9000, USA Pobetdene ovioe PE0
1o D 4 Chemical Poy-act o gyl acky PLGA
Enginesring, University of PolyLiacic acid PUA
Puenc Rico Mayaguez, Gall Box Polypymole Poy
9000, Mayaguez, Puerto Rico vy reey
00681-5000, USA
Rapid rotatyping e
‘Scanning esectron micrascopy SEM
Copyright: € Materials Research 5
Society 2017 o] x
01790 it n PP 22
SRR B eR Schvan e cals sCis
Carol A, Rivera Martinaz @' 4 Human peurablastoma cols. EH;P;"W;.
= HSYEY
Jorge Almodovar @1 (€21
‘Structured light scanning 518
(1) Bioengineenng Program, Primary superior oenvical ganglion neurons. 5C6
University of Puerta Rica o e o G =
Mayaguez, Call Box 3000
Mayaguez, Puerto Rico 00681-
9000, USA
o sl Acknowledgments

Engineering, Universiy of
Puerto Rico Mayaguez, Gall Box
9000, Mayaguez, Puerto Rieo
00681-5000, USA

This wark was financially supported by a subaward from the Puerto Rico Idea Network of Biomedical Research
Excellence (NIH NIGMS/INBRE P20 GM103475-15).

Copyright: € Materials Research
Socisty 2017
hitpss i org/10 1557

References

Carol A, Rivera Martinez 1)

s .GAAMN, JW., Hogan, MV, Ciabra, A B., and Deal, D N - Peripheral nerve repair and reconstruction. .. Bone Joint Surg. — Am. 85, 2144 (2013)
Jorga Almodovar @

CrossRef | Google Scnolar | PubMed

{at) Bioengineering Program,
University of Pusrto Rica
Mayaguez, Call Box 3000,
Mayagiez, Puerto Rico 00681-
9000, USA

2Resnick, HE,, Stansbeny, KB, Hamis, T8, Tinved, M, Smith, K, organ, P, and Vinik, Al - Diabetes, peripheral neuropatny, and oid age disability.

Muscie Nerve 26, 43 (2002). GrossRef | Google Scnolar | Pubhed

3.Grinsell, D. and Keating, C_P.: Peripheral nerve reconstruction after injury: a review of clinical and experimental therapies. Biomed. Res. Int. 2014,

{a2) Depanment of Chemical
Engineering. University of
Puerto Rico Mayagiez. Call Box
9000, Mayaguez, Puerto Rico
00681-5000, USA

698256 (2014). CrossRef | Google Scholar | PubMed

>)

4.National Institute of Neurological Disorders and Stroke. Peripheral Neuropatiy Fact Sheet (Bethesda, Maryland, 2014). Google Scholar

5.Taylor, C A, Braza, D, Rice, J B., and Dilingham, T The incidence of peripheral nerve injury In exiremily trauma. Am. ./ Pnys. Med. Renabil 87, 381

&

Copyright: © Materials Research
Society 2017

(2008). CrossRef | Google Scholar | PubMed



