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Following the tremendous development of injectable scaffolds for drug delivery, as well as recent breakthroughs in
both cell therapy and tissue engineering, there is now a growing need for injectable scaffolds designed to host cells,
safely deliver them without losses and protect them 77 situ.

Why?

It is a well-known fact that when cells are injected straight into tissues, their therapeutic effect is strongly limited
by their poor retention and dramatically low survival rate [1]. Using biomaterials as scaffolds for cell encapsulation
significantly helps overcoming those two critical issues.

What for?

Once safely delivered at the targeted location, encapsulated cells can either be used for cell therapy or iz sizu tissue
engineering. They may either induce the desired therapeutic effect by paracrine delivery of various biomolecules
(growth factors, cytokines, hormones, etc.), like in heart regeneration with encapsulated stem cells [2], or replace the
damaged cells and stay in place long enough to regenerate the tissue. In the latter case, the scaffold acts as a physical
support for cell growth and extracellular matrix (ECM) deposition until complete degradation of the material.
This is advantageous when renewing tissues with specific mechanical properties such as cartilage, bone [3,4] and
intervertebral disc, etc. In a few cases, cells are expected to leave the matrix and reach surrounding tissues. This is
the case for instance of the T-lymphocyte-delivering scaffolds developed by our team for cancer immunotherapy,
where immune cells can escape and attack surrounding tumors 5].

Why injectable scaffolds?

Injectable technologies show significant advantages over preformed scaffolds. First of all, they allow for minimally
invasive delivery through needles and catheters, which do not require open surgery, thus reducing surgery-associated
risks as well as convalescence time. Then, since they flow, they can properly fill irregular defects where preformed
materials cannot adjust to the tissue topology. Being able to go deeper with endoscopes or catheters also facilitates
access to frail tissues and critical regions with associated morbidity. Finally, they could also possibly reduce treatment’s
duration and its related costs by minimizing 77 vitro preparation steps. When cells are cultured outside the body, they
have to be supplied with bioactive factors, whereas when injected they can shortly benefit from the environmental
cues, such as the bioactive factors released by the surrounding living organisms.
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Micro- versus macroencapsulation

Several different technologies enable injection of cells within a biomaterial. Microencapsulation, which consists of
encapsulating cells in microspheres prior to injection, is increasingly used to achieve high cell retention or protect the
cells from the immune system (for example, when working with pancreatic cells for diabetic patients [6]). However,
we will focus in this editorial on macroencapsulation. Cells are loaded in a macroscale amount of material, liquid
upon injection, which is expected to solidify 77 situ later on while entrapping the cells.

How?

In addition to conventional biocompatibility issues, such as ensuring the absence of toxic, immunogenic and
mutagenic products and by-products, many specific requisites have to be taken into account in order to create an
ideal injectable cell-containing scaffold. Those are also called design criteria and are listed below.

e Injectability. The material should be in a sufficiently fluidic state to be administrated through a needle or a
catheter, which diameter depends on the targeted tissue; hence, it should either be a low-viscosity solution or
exhibit a shear-thinning behavior upon injection.

o Sustainable mechanical properties. Once injected, the material should rapidly get cohesive to avoid dispersion
and migration. In that sense, gelation or polymerization should significantly start or even be completed shortly
after injection. Mechanical properties should be sufficient to withstand biological forces (7], which is noticeably
challenging for tissues undergoing dynamic loading (such as cartilage, bone, etc.). Stimuli-responsive materials
like temperature and pH-sensitive polymers are particularly interesting in that sense [s].

e Significant shrinkage should also not take place during 3D-network formation, in order to perfectly fill the
defect.

o Compatibility with cell encapsulation and/or entrapment. The scaffold should provide a friendly environment
for the cells to survive, grow and achieve their desired function.

o Cell encapsulation should be homogeneous, easy and gentle. The scaffold has to protect the cells from shear
forces inherent to injection, which can be a potent cause of mortality. When using hydrogels, their rheological
properties strongly influence how cells spread and survive shear stresses [9].

e The material should provide an environment close to the cell’s physiological conditions, namely high water
content, neutral pH (7.0-7.4) and threshold-limited osmolality (generally around 300 mOs/ml, though this
value can slightly vary among tissues).

o The scaffold should never hold any kind of toxic compound, which could be detrimental to both encapsulated
cells and surrounding tissue. Hence the least possible of chemical initiators, crosslinkers or radiation during
polymerization should be used. The biomaterial should also induce few inflammations, avoiding formation
of a fibrous tissue around the implant that would impair cell and nutrients transfer.

o Nutrients, oxygen and cell waste products should be able to transfer through the matrix. Transfer efficiency is
dictated by the scaffold’s porosity, and possibly backed by diffusion-promoting mechanisms (water movement,
etc.). However, neovascularization of the scaffold is mandatory when aiming for long-term viability of the
cells, except for some rare cases. It is consensus that a cell has to be <200 pm away from a vessel in order to
ensure ideal nutrient access and excellent survival rate [10].

e Both cell—cell and cell-matrix interactions have a significant impact on cell morphology, viability and function,
but from one cell source to another, one interaction type may be predominant. For anchorage-dependent cells,
cell-matrix interactions must be promoted by the material itself, either by choosing a material that inherently
enhances them, like collagen, or by chemical modification. As an example, chemical grafting of cell-binding
groups can be achieved with arginylglycylaspartic acid (RGD)-peptides, which are recognized by integrins [11].
Cell-matrix interactions also influence how cells proliferate and, if applicable, differentiate. Adding bioactive
compounds such as growth factors or drugs within the scaffold is another mean to boost the desired cell
function or differentiation [12]. In some cases, cell-cell interactions are crucial for cell survival and function.
Scaffolds’ porosity should then be sufficient to allow for 3D colonies formation.

e Depending on the targeted application, cells should either be able to escape the matrix after a given amount of
time in order to reach surrounding tissues, or be kept inside the implant, where they will generate new ECM
and grow into neotissue.

o Biodegradability. Whether the scaffold is meant for cell therapy or tissue engineering, it must be biodegradable in
order to be eliminated once not needed any longer. In the case of tissue regeneration, the degradation rate should
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match cells ECM production. Byproducts of the degradation should be nontoxic and eliminated by biological
pathways.

o Tissue adhesion. Tissue adhesive properties can help increasing scaffold retention on targeted tissues, and possibly
ease cell transfer and paracrine factors circulation between the host tissue and the matrix. There are many ways
to increase a biomaterial’s tissue adhesiveness. Chemical grafting of highly adhesive compounds makes adhesion
more specific and especially efficient. For instance, thiol grafting has increased several biopolymers™ adhesion
from two- to 140-times [13]. Catechol grafting, inspired by marine mussels DOPA-mediated adhesion, is another
powerful way to drastically enhance wet surfaces adhesiveness [14].

When?

Meeting all the design criteria with a single biomaterial is still an issue as of today. Hydrogels, which can be made
either from natural or synthetic polymers, appear to be candidates of choice due to their high water content as
well as structural similarities to the ECM. Many of them are formed under mild conditions, which provide the
adequate environment for cytocompatible cell encapsulation. However, their mechanical properties are generally
poor, especially when avoiding chemical crosslinking methods.

Yet, in the past 10 years, significant improvement has arisen on that matter. Injectable, cell-encapsulating
interpenetrating polymer networks, composed of two polymer networks that can independently and simultaneously
crosslink to form hydrogels in a cell-friendly manner, have been developed [15,16]. Thermosensitive hydrogels, which
undergo a sol-gel transition upon heating to body temperature, can now achieve high mechanical properties i situ
thanks to the use of new gelling agents combinations [17]. Self-healing hydrogels, crosslinked by unsteady bonds
which form and break continuously, are also promising injectable scaffolds. This unique property allows them to be
squeezed in a catheter’s narrow diameter and easily injected, before reshaping once on the targeted site. Some are now
compatible with cell encapsulation [18]. Combining recent progress in material science, knowledge in cell biology
and the tremendous opportunities offered by stem cells and induced pluripotent stem cells should significantly
improve the outcomes of cell therapy in the next decade. Additionally, these injectable scaffolds could also be
used as bioinks for 3D bioprinting, an emerging and rapidly growing field in building cell-hosting tridimensional
structures [19]. However, care must also be taken to design products that would eventually be approved by regulatory
laws, and practically usable by clinicians.

Financial & competing interests disclosure
The authors have no relevant affiliations or financial involvement with any organization or entity with a financial interest in or finan-
cial conflict with the subject matter or materials discussed in the manuscript. This includes employment, consultancies, honoraria,
stock ownership or options, expert testimony, grants or patents received or pending, or royalties.

No writing assistance was utilized in the production of this manuscript.

Open access
This work is licensed under the Creative Commons Attribution 4.0 License. To view a copy of this license, visit http://creativecomm
ons.org/licenses/by/4.0/

References

1. Zhang M, Methot D, Poppa V, Fujio Y, Walsh K, Murry CE. Cardiomyocyte grafting for cardiac repair: graft cell death and anti-death
strategies. /. Mol. Cell. Cardiol. 33(5), 907-921 (2001).

2. Mayfield AE, Tilokee EL, Latham N ¢z a/. The effect of encapsulation of cardiac stem cells within matrix-enriched hydrogel capsules on
cell survival, post-ischemic cell retention and cardiac function. Biomaterials 35(1), 133-142 (2014).

3. Cancedda R, Dozin B, Giannoni P, Quarto R. Tissue engineering and cell therapy of cartilage and bone. Matrix Biol. 22(1), 81-91
(2003).

4. Sherwood JK, Riley SL, Palazzolo R et al. A three-dimensional osteochondral composite scaffold for articular cartilage repair.
Biomaterials 23, 47394751 (2002).

5. Monette A, Ceccaldi C, Assaad E, Lerouge S, Lapointe R. Chitosan thermogels for local expansion and delivery of tumor-specific T
lymphocytes towards enhanced cancer immunotherapies. Biomaterials 75, 237-249 (2016).

6. XuY-X, Chen L, Wang R ¢t al. Mesenchymal stem cell therapy for diabetes through paracrine mechanisms. Med. Hypotheses 71(3),
390-393 (2008).

7. Bidarra SJ, Barrias CC, Granja PL. Injectable alginate hydrogels for cell delivery in tissue engineering. Acta Biomater. 10(4), 1646-1662
(2014).

Editorial

future science group www.future-science.com



Editorial

Guyot & Lerouge

Chenite A, Chaput C, Wang D ez al. Novel injectable neutral solutions of chitosan form biodegradable gels 7% situ. Biomaterials 21(21),
2155-2161 (2000).

Aguado BA, Mulyasasmita W, Su J, Lampe KJ, Heilshorn SC. Improving viability of stem cells during syringe needle flow through the
design of hydrogel cell carriers. Tissue Eng. Part A 18(7-8), 806-815 (2012).

Rouwkema J, Koopman B, Van Blitterswijk C, Dhert W, Malda J. Supply of nutrients to cells in engineered tissues. Biotechnol. Genet.
Eng. Rev. 26, 163-178 (2009).

Massia SP, Stark J. Immobilized RGD peptides on surface-grafted dextran promote biospecific cell attachment. /. Biomed. Mater.
Res. 56(3), 390-399 (2001).

Discher DE, Mooney DJ, Zandstra PW. Growth factors, matrices, and forces combine and control stem cells. Science 324(5935),
1673-1677 (2009).

Bernkop-Schniirch A, Greimel A. Thiomers: the next generation of mucoadhesive polymers. Am. J. Drug Deliv. 3(3), 141-154 (2005).

Kim K, Kim K, Ryu JH, Lee H. Chitosan-catechol: a polymer with long-lasting mucoadhesive properties. Biomaterials 52(1), 161-170
(2015).

Boyer C, Figueiredo L, Pace R ez a/. Laponite nanoparticle-associated silated hydroxypropylmethyl cellulose as an injectable reinforced
interpenetrating network hydrogel for cartilage tissue engineering. Acta Biomater. 65, 112-122 (2018).

Anjum F, Carroll A, Young SA, Flynn LE, Amsden BG. Tough, semisynthetic hydrogels for adipose derived stem cell delivery for
chondral defect repair. Macromol. Biosci. 17(5), 1600373 (2017).

Ceccaldi C, Assaad E, Hui E, Buccionyte M, Adoungotchodo A, Lerouge S. Optimization of injectable thermosensitive scaffolds with
enhanced mechanical properties for cell therapy. Macromol. Biosci. 17(6), 1600435 (2017).

Lu HD, Charati MB, Kim IL, Burdick JA. Injectable shear-thinning hydrogels engineered with a self-assembling Dock-and-Lock
mechanism. Biomaterials 33(7), 2145-2153 (2012).

Levato R, Webb WR, Otto IA ez al. The bio in the ink: cartilage regeneration with bioprintable hydrogels and articular cartilage-derived
progenitor cells. Acza Biomater. 61, 41-53 (2017).

Future Sci. OA (2018) 4(4) future science group .

fsg




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


