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In this article, the effect of internal fixation of a Nitinol swan-like memory compressive connector (SMC) on
the temporal expression of transforming growth factor-b (TGF-b) at fracture sites is evaluated. Specimens
were collected from 35 New Zealand rabbits modeled for bilateral humeral fracture fixed with either SMC
or stainless dynamic compression plate (DCP). Five rabbits each were killed at day 1, 3, 7, 14, 21, 28, and
56. The local positive staining potency, positive area ratio, and positive index of TGF-b were measured using
an immunohistochemistry approach (EnVision) in combination with a computerized image analysis system.
TGF-b staining was seen in mesenchymal cells, osteoblasts, chondrocytes, and in the extracellular matrix of
fractures fixed in both the SMC and the DCP samples without a significant difference in staining at both the
early stages (days 1 and 3) and day 56. A higher TGF-b content was observed in the fractures fixed with
SMC when compared to that of DCP from day 7 to 28. As a conclusion, TGF-b is highly expressed in
fractures fixed with SMC during chondrogenesis stage and entochondrostosis stage. Finally, the mechanism
of how SMC promoting synthesis and secretion of TGF-b in the process of fracture healing has been
discussed.
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1. Introduction

The Nitinol is an alloy of nickel and titanium that belongs to
a class of materials called shape memory alloys. It is flexible at
below 10 �C and regains rigidity and its original shape at above
30 �C. Nitinol, with the effect of shape memory and its
superiority in wear-resisting and corrosion-resisting, has been
extensively applied in the medical field and is considered to be
a kind of rare ‘‘bio-memory material.’’ The Chinese scholar,
Zhang Chuncai, invented the Nitinol swan-like memory
compressive connector (SMC) (Ref 1) (Chinese Patent
No. ZL99113873.2) to treat fractures in 1986. By taking
advantage of the ‘‘thermo-elastic martensite-type’’ characteristic
of Nitinol, the SMC forms the relatively ideal local mechanical
environment necessary for the bio-reaction of the fracture union
at the fracture site of the long bone. In addition, the SMC
enables persistent and initial axial pressure to be exerted on the
fracture end, thereby maintaining a long-term and appropriate

initial memory load at the fracture end and preventing the
occurrence of osteoporosis and re-fracture (Ref 2, 3).

Studies both in vivo and in vitro have confirmed that
transforming growth factor-b (TGF-b) (Ref 4) is an important
stimulator for bone growth, particularly in fracture repair
(Ref 5). TGF-b does this by adjusting the proliferation and
differentiation of mesenchymal cells, promoting proliferation of
osteoblasts and chondrocytes, stimulating synthesis of collagen,
and inducing intramembranous ossification and entochondros-
tosis (Ref 6).

The purpose of this study is to explore the temporal TGF-b
expression pattern in fractures using an immunohistochemistry
approach, and likewise investigate the effect of constant
compressive stress on TGF-b expression. The mechanism of
how the Nitinol swan-like memory compressive connector
(SMC) promotes the fracture healing is also investigated. All
above fractures were internally fixed with SMC or stainless
dynamic compression plate (DCP) in rabbits.

2. Materials and Methods

2.1 Internal Fixation Devices

The Nitinol swan-like memory compressive connector
(SMC): The SMC was invented by Zhang Chuncai from the
Department of Orthopedics, Changhai Hospital of Second
Military Medical University in Shanghai, China, and produced
by Ximai Biological Medical Equipment Corporation (Chinese
registration number of the medical equipment: 2002,
No. 3040024), complying with the national standards. The
SMC (containing nickel and titanium with atomic ratio of 1:1)
is made with three parts (Ref 1, 2): connective part (one swan-
body), compressive part (two swan-necks), and bone-holding
part (four swan-wings), 30 mm long, with an inner diameter of
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7 mm at the proximal end and an inner diameter of 5 mm at the
distal end. The heat treatment was single-pass, and the shape
rebounding temperature was 33± 2 �C. DCP (produced by
Shanghai Puwei Medical Devices Factory): stainless material,
4 holes, 30 mm long, 4 mm wide, 1.5 mm thick, and the screw
diameter was 2 mm.

2.2 Establishment of Animal Model

35 New Zealand rabbits, male or female, weighing
2.0-2.5 kg, were used. A lateral and longitudinal incision was
made on upper arm of forelimb under protection of the cephalic
vein and radial nerve exposing bilateral humeral shaft. The
bone was cut off at the middle of the humeral shaft using a
jigsaw. The SMC was spread in 0-4 �C ice water and arranged
according to the standard procedures. The SMC was restored to
normal temperature in 40 �C saline, forming a three-dimen-
sional fixation against the fracture (Ref 3). Following this, the
incision was closed. The fixation of 4-hole DCP was performed
on the opposite limb with the same procedures in the same
rabbit. The rabbits were allowed to move freely after the
operation without external fixation and were later randomly
killed, five each group, at day 1, 3, 7, 14, 21, 28, and 56. The
callus, osseous tissues, and surrounding tissues collected from
the fractures were prepared as specimens, falling into either the
SMC group or the DCP group and treated according to the
fixation methods.

2.3 Two-step Immunohistochemistry EnVision

The specimens prepared in paraffin sections were subjected
to immunohistochemistry procedures as follows: dewaxing,
antigen repair, primary and secondary antibody staining,
developing, and bluing (Ref 7, 8).

2.4 Section Observation and Quantitative Analysis

The immunohistochemical sections were observed under the
microscope and images collected were analyzed using image
analysis software called SPOT. First, selecting a fixed area and
defining light or dark brown as positive staining, and calcu-
lating the potency value for each section positively stained.
Second, measuring the granule area and calculating the ratio of
area positively stained versus the area measured (positive area
ratio). Third, multiplying the positive staining potency by the
positive area ratio to attain the immunohistochemistry positive
index (positive index) representing the TGF-b content (Ref 9).

2.5 Statistics

The data were represented in the form of x� s, and the
between-group comparisons were with the paired t test.

3. Results

3.1 Histological Observation

At days 1 and 3 of this study, the hematomas under the
periosteum and in the fractured end of both the SMC group and
the DCP group were infiltrated by inflammatory cells, mean-
while the extracellular matrix was strongly stained for TGF-b.
Four days post-operation, the proliferation and differentiation
of the mesenchymal cells and chondrocytes became increased.

TGF-b staining was seen in the osteoblasts, particularly in the
matrix, with the SMC group having stronger staining than the
DCP group (see Fig. 1a,b). The formation of the cartilage callus
and trabeculation of bone was seen in the fractured zone of both
the groups 14 days after the operation. The TGF-b staining was
positive inside and outside of the osteoblasts on the surface of
the bone trabecula, but the osteoblasts in the matrix were not
stained. The TGF-b staining was strongly positive inside the
chondrocytes, and was also positive in the matrix, with the
SMC group stronger than the DCP group (see Fig. 1c,d).
At days 21 and 28, both the groups demonstrated unification of
the osseous tissue. TGF-b staining was positive inside and
outside of the osteoblasts, inside of the mature chondrocytes,
and was negative inside of the hypertrophic chondrocytes.
While there was strong positive staining in the surrounding
matrix, the positive staining potency began to weaken. The
staining of the SMC group was stronger than that of the DCP
group. At day 56, the cellular make up in the osseous tissues in
both the groups began to decrease, and the TGF-b staining of
the osseous cells and surrounding matrix began to weaken
dramatically. The matrix cells on the surface of the endosteum
were stained light yellow, in both the groups.

3.2 Quantitative Immunohistochemistry Analysis

TGF-b staining in both the groups peaked at 14 days post-
surgery, and decreased at 56 days in reference to staining
potency, positive area ratio, and positive index. The differences
between the two groups were significant during day 7 to 28
(P< 0.05, P< 0.01, Table 1), with the SMC group higher
than the DCP group in terms of the TGF-b content.

4. Discussion

In recent years, a consensus has emerged that stress takes
effect on fracture healing (Ref 10), supported by numerous
studies regarding TGF-b expression during fracture healing
under stretch stress (Ref 11, 12). In contrast, there are rare
studies about the effects of compressive stress on fracture
healing. This study measured TGF-b expression at the union of
fractures internally fixed by either SMC or DCP using an
immunohistochemistry approach. Through histological obser-
vation, it was seen that at the protein level, extracellular TGF-b
was at the fracture hematoma within 24 h. This process could
stimulate proliferation of the local mesenchymal cells, promote
collagen synthesis, form granulation tissue, and initiate fracture
repair. During the intramembranous ossification stage, the
repairing cells themselves began to synthesize TGF-b, repre-
sented by positive staining of the mesenchymal cells, osteo-
blasts, and inside the matrix. Proliferation and differentiation of
the bone-producing cells were adjusted through autocrine and
paracrine pathways to induce fracture repair. During the
chondrification stage, there were some chondrocytes in the
callus strongly stained by TGF-b, indicating promotion of
synthesis of the cartilage matrix. From the entochondrostosis
through the osseous reconstruction, the bone-producing cells
positive for TGF-b began to taper, and the TGF-b positive
staining potency in the matrix began to weaken, indicating a
transformation from cartilage to bone. The fracture healing was
invariable under either internal fixation of the SMC or the DCP,
and showed positive TGF-b staining in both locations,
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reflecting its participation, consistent with results of previous
studies (Ref 6).

Results of this study confirmed that during the chondrifica-
tion and endochondral ossification stages, TGF-b content in the
SMC group was higher than that of the DCP group. This may
be explained by the fact that the SMC was made of a nickel-
titanium alloy, in which the metallic phase is mutually
reversible austenite/martensite and tends to rebound to its
original shape in a process driven by body temperature when
embedded in vivo, causing a constant pressure across the entire
field (Ref 3). The alloy was also super-flexible without a
stress shielding effect upon fixation of the fracture (Ref 2).
In contrast, the metallic phase of the DCP was austenitic,
merely providing once, passive and static pressure upon
fixation of the fracture. The force value tended to taper or
disappear with the absorption of the fracture line, and

furthermore, a stress-shielding effect occurred in the late stage
of the fracture fixation. In the early stage of the fracture healing,
both the SMC and the DCP are able to provide compressive
stress, and the TGF-b in the hematoma of the fractured end is
primarily released by platelet degranulation (Ref 9), causing a
similar TGF-b expression in both the groups. However, with
repair elongating, in the chondrification and early stage of the
endochondral ossification, the SMC continues to provide
constant and dynamic compression to the fracture. This is
due to the prosperous cellular proliferation and differentiation,
maintaining its stress stimulation to the bone-producing cells
and a high level of synthesis and secretion of the TGF-b. In the
late stages of the fracture repair, the tissues in both the groups
were similar to those of the normal bones. Although the TGF-b
content in both the groups showed a slight descending-
ascending-descending trend, the SMC fixation presented a

(a) (b)

(c) (d)

Fig. 1 Expression of TGF-b at fracture sites fixed by SMC (a, c) and DCP (b, d) at 7 days (a, b—magn. 809) and 14 days (c, d—magn. 409)
after operation (IHC-Envision)
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healing speed, union quality, and force strength superior to
those of the DCP (Ref 3, 13).

5. Summary

In summary, SMC fixation promotes synthesis and secretion
of TGF-b in the process of fracture healing and is conducive to
endochondral ossification, which may be due to a constant and
dynamic compression provided by the SMC.
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Table 1 TGF-b positive staining potency, positive area ratio and positive index at fracture sites fixed
by SMC and DCP. (n = 5, x + s)

Index

Time, t/day

1 3 7 14 21 28 56

Positive staining potency
SMC 3.77± 0.23 4.39± 0.30 10.11±1.25* 13.41±1.25** 12.74± 1.27** 7.40± 0.64** 2.86± 0.31
DCP 3.63± 0.25 4.31± 0.17 8.32± 0.72 10.02± 0.87* 8.88± 0.77 5.25± 0.57 2.31± 0.29

Positive area ratio
SMC 0.19± 0.02 0.14± 0.02 0.13± 0.02* 0.17± 0.03* 0.13± 0.02* 0.09± 0.03* 0.04± 0.03
DCP 0.20± 0.03 0.12± 0.02 0.09± 0.02 0.13± 0.03 0.10± 0.02 0.06± 0.01 0.03± 0.02

Positive index
SMC 0.74± 0.12 0.61± 0.09 1.30± 0.27* 2.35± 0.61** 1.59± 0.18** 0.66± 0.22* 0.12± 0.10
DCP 0.74± 0.10 0.51± 0.06 0.79± 0.21 1.30± 0.34 0.85± 0.22 0.33± 0.10 0.10± 0.06

* P< 0.05, ** P< 0.01 vs. DCP group

640—Volume 20(4–5) July 2011 Journal of Materials Engineering and Performance


	Expression of TGF-\varvec\upbeta&!bgr; in Fractures Fixed by Nitinol Swan-like Memory Compressive Connectors
	Abstract
	Introduction
	Materials and Methods
	Internal Fixation Devices
	Establishment of Animal Model
	Two-step Immunohistochemistry EnVision
	Section Observation and Quantitative Analysis
	Statistics

	Results
	Histological Observation
	Quantitative Immunohistochemistry Analysis

	Discussion
	Summary
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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 true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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 true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /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 false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


