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Summary

 Background: The in vitro interactions of esophageal smooth muscle cells (SMCs) with synthetic absorbable poly-
mers were tested and artifi cial muscle tissues harvested from subcutaneous implantation were ex-
amined.

 Material/Methods: Esophageal tissue samples from adult and fetal (25-day gestational age) rabbits were cut into small 
pieces and cultured in Dulbecco’s Modifi ed Eagle Medium supplemented with 10% fetal bovine 
serum. Growing cells were identifi ed as SMCs by immunostaining for anti-actin and anti-myosin an-
tibodies. Equal volumes of agar gel and medium were mixed and used for 3-D culture. 5×105 cells 
and 1 mg polyglycolic acid (PGA) and poly-lactide-co-glycolide acid (PLGA) fi bers were seeded in 
six-well tissue culture plates. On days 2 and 7 growing cells were counted by a hemocytometer and 
cell-polymer interactions were evaluated with light microscopy. Adult and fetal SMCs were seeded 
onto the PGA and PLGA scaffolds, cultivated for two weeks, and implanted subcutaneously on the 
backs of the rabbits. Cell-polymer implants were retrieved after four weeks and muscle formation 
was evaluated histologically and immunohistochemically.

 Results: Growing cells stained positive for actin and myosin proteins. Cell–polymer interactions were poor 
after 24 hours, whereas intensive attachment to the fi bers was detected 48 hours following culti-
vation. Both fi ber materials supported cell proliferation. PLGA scaffolds improved muscle forma-
tion more effi ciently than PGA, and fetal and adult SMCs showed similar mass quality.

 Conclusions: Scaffolds are important as cell-carrying vehicles, and material-cell interactions should be tested be-
fore application. A 3-D culture prepared with agar gel and medium is practical for testing materi-
al toxicity.
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BACKGROUND

Many patients suffer from esophageal injury that may ne-
cessitate replacement surgery. Esophageal muscle cells for 
engineering into the reconstruction may be an alternative 
approach. The procedure involves obtaining an esophageal 
biopsy, expanding it in culture, seeding it onto a biopoly-
mer, and using this for tissue repair in the host [1]. We re-
cently studied the phenotypical and growth characteristics 
of esophageal muscle cell. In this study we aimed to inves-
tigate the interactions of esophageal smooth muscle cells 
(SMCs) with polyglycolic acid (PGA) and poly-lactide-co-
glycolide acid (PLGA), which are the most common ma-
terials used as scaffolds, and their in vivo tissue formation 
capabilities.

MATERIAL AND METHODS

We used six young adult New Zealand white rabbits and 
eight fetuses of 23 days gestational age as tissue donors. 
All animals were maintained in cages individually and the 
surgical procedure was performed following six hours of 
fasting. The operations were conducted under intramus-
cular xylazine (5 mg/kg) and ketamine (25 mg/kg) anes-
thesia. Esophageal biopsies from the adults were obtained 
from an intra-abdominal segment. The fetuses were sacri-
fi ced and the distal third of the esophagus was resected. 
All tissue samples were cut into small pieces with lancets 
under sterile conditions. The suspension was placed onto 
dishes for explant tissue culture. Cultivation was main-
tained with DMEM, supplemented with 10% fetal calf se-
rum (Sigma Chemical Co, St Louis, MO) and penicillin-
streptomycin (100 U/ml–0.1 mg/ml), in an incubator with 
a humidifi ed atmosphere of 5% CO2 in air at 37°C. When 
the cultures reached a confl uence of about 80%, a subcul-
ture procedure was carried out following trypsinization 
(Serva, 0.025%).

Immunocytochemistry

Growing cells were identifi ed as smooth muscle by immu-
nostaining for alpha-actin and myosin using monoclonal an-
tibodies (Sigma Chemical Co, St. Louis, MO, USA). In this 
indirect immunoperoxidase procedure, the peroxidase ac-
tivity was visualized by incubation in 3-amino-9-ethyl-carba-
zole (AEC). The slides were examined by light microscopy 
(Nikon, Tokyo, Japan). Control sections were incubated in 
the absence of primary antibody.

3-D culture

Biodegradable polymers that were fabricated as microfl amen 
structures from polyglycolic acid and polyglycolic and lactide 
acid (90:10) were used (Biomedical Structures, Slatersville, 
RI, USA). Agar gel and medium were mixed in equal vol-
umes. Six-well tissue culture plates were used for cultiva-
tion. 5×105 cells and 1-mg fi bers about 1 mm in length were 
co-cultured. The fi bers were photographed after 24 and 48 
hours, and then cell polymer interactions were evaluated. 
Growing adult cells were counted by a hemocytometer on 
the second and seventh days of incubation. Each cell-poly-
mer experiment was performed in three wells and the av-
erage results were used for comparisons. The wells without 
polymers served as controls.

Implantation and retrieval of scaffolds

Polymer sheets were trimmed to 4 cm2 and sterilized in 
ethylene oxide. 4×106 cells were seeded onto each poly-
mer sheet and cultivated for two weeks. The cell-polymer 
scaffolds were implanted subcutaneously on the fl anks of 
the rabbits. Polymers without cells served as controls. Ten 
adult and 12 fetal cell-polymer complexes were implanted. 
Four weeks after implantation, the tissue masses were har-
vested. The implants were fi xed in 10% formalin solution 
and subsequently embedded in paraffi n. Sections were ex-
amined immunohistochemicallly for smooth muscle anti-
actin and anti-myosin antibodies and stained with hema-
toxylin-eosin.

RESULTS

We successfully isolated SMCs from both fetal and adult 
esophageal tissue specimens. Light microscopic exami-
nation revealed that all cell populations had typical spin-
dle-shaped morphology with a centrally located nucleus. 
Immunohistochemical studies showed that more than 90% 
of both the fetal and adult cell populations were stained 
positively for anti-actin and anti-myosin antibodies. The 
trypan-blue exclusion technique confi rmed cell viability of 
over 95% in all culture dishes.

After 24 hours of incubation, cells-polymer attachment was 
not detected and most of the cells were of spheroid form. 
Following 48 hours of co-culture, SMCs were seen to be at-
tached to the PGA and PLGA polymer fi bers and contin-
ued proliferation on the fi bers (Figure 1). Light microscopic 
images showed that both the fetal and the adult cell-poly-
mer interactions had similar characteristics. Cell numbers 
on days 2 and 7 after co-cultivation are shown in Figure 2. 
These results indicate that both the PGA and PLGA fi ber 
materials support cell growth effi ciently.

Four weeks after implantation, all the implants were retrieved 
and underwent histological examination. The duration of bi-
ological degradation of materials was about six weeks, so the 
fi bers were still intact. Hematoxylin-eosin staining showed 
that the fi bers were surrounded by spindle-shaped cells hav-
ing muscle morphology, and immunohistochemical stain-
ing for actin and myosin proteins showed them to be mus-
cle cells (Figure 3). Control scaffolds that did not contain 
any muscle cells were invaded by fi broblasts which were not 
stained for actin and myosin proteins. Although both fetal 
and adult cells on the scaffolds produced muscle tissues on 
the host, mass thickness supported by PLGA polymers was 
found to be better than that by PGA polymers.

DISCUSSION

Tissue engineering is a recently developing fi eld of study 
which provides new strategies for tissue and organ replace-
ment. Up to now, cell culture and transplantation tech-
niques have been used clinically or experimentally for a 
variety of tissues, including skin [2,19], bladder [3], carti-
lage [4], bone [5], and, more recently, esophagus [6]. As a 
rule, both the phenotypic and genotypic characterizations 
of cultivated cells and cell-polymer interactions have to be 
evaluated before transplantation. Here we reported the 
isolation and characterization of esophageal SMCs and in-
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vestigated the infl uence of polymers on their in vitro and 
in vivo behaviors.

There are few studies on the in vitro or in vivo characteriza-
tion of both esophageal mucosa and muscle layer [18]. Wang 
et al. showed that cultivated human esophageal muscle cells 
express fi ve subtypes of muscarinic receptors [7]. Obviously, 
the muscle layer of the esophagus is functional and its re-
generation is poorer than that of mucosa. We explained the 
in vitro characterizations of fetal and adult esophageal SMCs 
[8]. Fine dissection of tissue and an appropriate culture me-
dium are mandatory to isolate the selected cell type. SMCs 
are easily isolated from both adult and fetal esophageal tissue 
samples, almost free from connective tissue cells. To harvest 
the desired number of cells before application, we found that 
mechanical disruption of the tissue samples (tissue explant 
technique) is as effective as enzymatic digestion.

Any cell types of an organ may be separately isolated and 
cultivated, and then co-culture of cells can be carried out 
to reestablish organ architecture. Alternatively, organoid 
units that are multicellular units derived from tissue sam-
ples containing mesenchymal core surrounded by all cells 
of a full-thickness section may also be propagated and reor-
ganization of the cell layers following implantation may be 
seen [9]. Miki et al. seeded esophageal mucosa cells onto 
PGA and collagen and,after tubularization, implanted them 
on athymic rats. On the 14th day of implantation the tubu-

lar structure was created without evidence of stenosis [10]. 
Here we preferred the selective muscle cell isolation tech-
nique since we thought that the muscle layer is more func-
tional and reconstruction is more vital.

Biomaterials designed as scaffolding for tissue engineering 
are expected to be biocompatible and support cell growth 
because in vitro or in vivo formation of new tissue mass inevi-
tably depends on cell-polymer interactions. Biocompatibility 
assessment is standardized in documents [11]. Many natu-
rally derived or synthetic materials were tested for cytotox-
icity in cell cultures derived from the urinary track [12,13], 
but a lack of knowledge about esophageal muscle cells was 
found. Direct contact exposure of biomaterials to the cul-
tured cells is the most favored technique since it seems to 
simulate in vivo conditions precisely [14]. As glycolic and 
lactic acid polymers are commonly used biomaterials [15], 
here we estimated the effect of PLGA and PGA polymer fi -
bers on esophageal muscle cell proliferation. Suffi cient cell 
attachment to the fi bers was detected only at 48 hours in 
light microscopic images. Rapid attachment and prolifera-
tion requires modifi cation of the scaffolds with hydrogels, 
such as collagen, fi bronectin. Both PLGA and PGA fi bers 
were found to support similarly adult and fetal cell growth 
in vitro. We also demonstrated that the 3-D culture tech-
nique prepared with agar gel and DMEM is an easy method 
for testing the cell toxicity of materials designed for med-
ical applications.

Figure 1. Cells attached to polymer fi bers at day 2. Figure 3. Muscle cells around fi bers.

1000

900

800

700

600

500

400

300

200

100

0

Ce
lls

 ×
10

00

PGA 2nd

day
PLGA 2nd

day

Control

2nd day

Control

7th day
PGA 7th

day
PLGA 7th

day

Figure 2.  Adult esophageal SMCs counted after 2 
and 7 days of incubation with polymer 
fi bers and comparison with control wells 
that did not contain PLGA fi bers. Each 
experiment performed in three wells, the 
average results are shown.
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Before orthotropic implantation, expanded cells carried by 
scaffolds are implanted in the subcutaneous, omentum, or 
other sites of the body so that cell-polymer biocompabilities 
and in vivo characterizations of them can be evaluated. Atala 
et al. implanted bladder mucosal cells in the omentum, mes-
entery, and retroperitoneum and found that the tissue for-
mation quality was similar [13]. In this study we recovered 
cell-polymer implants after six weeks and examined them 
for mass quality and cell characterization. We found that 
PLGA polymers supported tissue formation more effi ciently 
in vivo and created well organized muscle tissue. There was 
no signifi cant differences tissue mass qualities of fetal and 
adult cells. Although fetal cells are expected to proliferate 
rapidly because of their high regenerative potential, we re-
ported that fetal esophegal SMCs were found to proliferate 
more slowly than adult [8]. Our previous study on bladder 
smooth muscle cells [16] and, similarly, Baskin’s [17] study 
showed similiar results. We speculate that culture conditions 
may be responsible for this unexpected result.

CONCLUSIONS

Studies on the characteristics of esophageal muscle cells and 
their interactions with biopolymers in in vitro or in vivo con-
ditions are initial and essential steps for tissue and organ 
formation. The goal of this preliminary study was to obtain 
as large a tissue mass as necessary that preserves such tis-
sue’s phenotypic and functional properties.
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karșılaștırılması. Uludaǧ Üniversitesi Tıp Dergisi, May, 2004

 9. Choi RS, Vacanti JP: Preliminary studies of tissue-engineered intestine 
using isolated epithelial organoid units on tubular synthetic biodegrad-
able scaffolds. Trans Proc, 1997; 31: 848–51

 10. Miki H, Ando N, Ozawa S et al: An artifi cial esophagus constructed of 
cultured human esophageal epithelial cells, fi broblasts, polyglycolic 
acid mesh, and collagen. ASAIO J, 1999; 45(5): 502

 11. ISO10993-5: Biological evaluation of medical devices. Test for cytotox-
icity: In vitro methods. Geneva, ISO, 1992

 12. Brauers A, Jung PK, Thissen H et al: Biocompatibility, cell adhesion, 
and degradation of surface-modifi ed biodegradable polymers designed 
for upper urinary tract. Tech Urol, 1998; 4: 214

 13. Atala A, Vacanti JP, Peters CA et al: Formation of urothelial structures 
in vivo from dissociated cells attached to biodegradable polymer scaf-
folds in vitro. J Urolog, 1992; 148: 658–62

 14. Pariente JL, Kim BS, Atala A: In vitro biocompatibility evaluation of nat-
urally derived and synthetic biomaterials using normal human bladder 
smooth muscle cells. J Urol, 2002; 167: 1867–71

 15. Gilding DK: Biodegradable polymers, In: Williams DF (ed.): 
Biocompatibility of clinical implant materials. Boca Raton, FL CRC,1981; 
209–32

 16. Korkmaz M, Güvenç BH, Bilir A et al: Isolation and culture of adult 
and fetus rabbit bladder smooth muscle cell and their interaction with 
biopolymers. J Pediatr Surg, 2003; 38: 21

 17. Baskin LS, Howard PS, Duckett JW et al: Bladder smooth muscle cells in 
culture: I. Identifi cation and characterization. J Urol, 1993; 149: 190

 18. van der Voort IR, Knapp J, Konturek JW et al: Expression and func-
tional role of serine/threonine phosphatases in rat esophagus. Med 
Sci Monit, 2004; 10(5): BR123–29

 19. Czajkowski R, Placek W, Drewa T et al.: Establishing melanocyte cul-
tures in a serum-free system for transplantation in vitiligo patients. 
Med Sci Monit, 2006; 12(2): CR63–69

Med Sci Monit, 2007; 13(2): BR46-49 Korkmaz M et al – Esophageal muscle cell interaction with biopolymers

BR49

BR



Index 
Copernicus 
integrates

www.IndexCopernicus.com

Index Copernicus
Global Scientific Information Systems  
for Scientists by Scientists

Index 
Copernicus 
integrates

IC Virtual Research Groups [VRG]

Web-based complete research 
environment which enables researchers 
to work on one project from distant 
locations. VRG provides: 

  customizable and individually  
self-tailored electronic research 
protocols and data capture tools, 

  statistical analysis and report 
creation tools, 

  profiled information on literature, 
publications, grants and patents 
related to the research project, 

  administration tools.

IC Scientists

Effective search tool for 
collaborators worldwide. 
Provides easy global 
networking for scientists.  
C.V.'s and dossiers on selected 
scientists available. Increase 
your professional visibility.

IC Patents

Provides information on patent 
registration process, patent offices 
and other legal issues. Provides 
links to companies that may want 
to license or purchase a patent.

IC Lab & Clinical Trial Register

Provides list of on-going laboratory 
or clinical trials, including  
research summaries and calls for  
co-investigators. 

IC Grant Awareness

Need grant assistance?  
Step-by-step information on 
how to apply for a grant. Provides 
a list of grant institutions and 
their requirements.

IC Journal Master List

Scientific literature database, 
including abstracts, full text, 
and journal ranking. 
Instructions for authors 
available from selected journals. 

IC Conferences

Effective search tool for 
worldwide medical conferences 
and local meetings.

Index 
Copernicus 
integrates

EVALUATION & BENCHMARKING

PROFILED INFORMATION

NETWORKING & COOPERATION

VIRTUAL RESEARCH GROUPS

GRANTS

PATENTS

CLINICAL TRIALS

JOBS

STRATEGIC & FINANCIAL DECISIONS

EVALUATION & BENCHMARKING

PROFILED INFORMATION

NETWORKING & COOPERATION

VIRTUAL RESEARCH GROUPS

GRANTS

PATENTS

CLINICAL TRIALS

JOBS

STRATEGIC & FINANCIAL DECISIONS



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (Belinea 101901_111914 cool)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU ()
    /POL ()
  >>
  /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
    >>
    <<
      /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
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /DocumentRGB
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


