
of the vascular substitutes currently used in humans is not
covered spontaneously by ECs, unlike in animals. For this
reason, in vitro endothelialization has been proposed. The
latest reported clinical trial demonstrates the feasibility of
such an approach and provides encouraging results regard
ing long-term patency (1). Good adherence of ECs seeded
on prosthetic materials and cell retention under flow condi
tions are important factors to be considered when using such
functionalized biomaterial in vascular surgery. Thus, in vitro
hemodynamic experiments are necessary for studying the
stability of the endothelial monolayer on the luminal surface
after seeding. Numerous authors (2â€”5)have for many years
been using II11n-oxine (Ox) radiolabeling of ECs and have
evaluated the loss of ECs under shear stress by quantifica
tion of loss of radioactivity. However, IIâ€˜In-Oxradiolabeling
has disadvantages, as shown by Patterson et al. (6) in EC
kinetic studies, such as variable efficiency labeling, affinity
and binding to various substrates and material surfaces and
spontaneous leakage (7,8). Therefore, considering the reli
able results obtained with radiolabeled leukocytes for visual
izing suspected sites of acute infection (9), we investigated
whether 99mTc.hexamethyl propyleneamine oxime (HMPAO)
could replace the currently used@@ IIn-Ox, in view of its
well-known physical properties. Very few data concerning
endothelial labeling are available in the literature. Jacquier
Sarlin et al. (10) investigated the incorporation of @mTc@
HMPAO at the cellular level and showed that the oxido
reductive state is the major determinant for cellular retention
of 99mTcHMpAO In their study, three permanent cell lines
were investigated, including an endothelial one, and radiola
beling was performed on cell suspensions.

Therefore, the aim of this study was to determine the
optimal conditions of labeling for this cell type in monolay
ers by examining the effect of unlabeled HMPAO and
99mTcHMpAO on endothelial cellular viability and meta
bolic activity. Moreover, the influence of temperature and
time on 99mTcHMPAO incorporation into cells and the
existence of putative spontaneous leakage by cells in culture
were investigated. Finally, we used this method to evaluate
the retention of ECs seeded on polyester grafts under flow
conditions.

Good adherence of endothelial cells (EC5) seeded on vascular
prosthesesandcellretentionunderflowconditionsareimportant
factorsto considerin the use of functionalizedprosthesesin
vascular surgery.Because 111In-oxine radiolabelingpresents
disadvantages,wewonderedwhether,becauseofitswell-known
physicalproperties, @Tc-hexamethyIpropyleneamineoxime
(HMPAOor exametazime)couldbe used.Methods: Thecytotox
icity of unlabeled HMPAO and @mTc@HMPAOat increasing
concentrationsandactivitieswastestedonmonolayersoftheEC
line EA-hy-926. The influence of temperature and time on tracer
incorporation into cells was also tested. The optimal labeling
conditionswereappliedtoevaluatetheretentionofECsseeded
on polyester grafts under flow conditions by gamma camera
detection.Results:The activityof 10 MBq/106cellscorrespond
ing to 4.5 @ig/106cells of unlabeled HMPAO, applied for 3 h at
37Â°C(cellular uptake = 18%), was the best compromise be
tween the maintenance of cell viabilityand metabolic activity and
efficientdetectionby the gammacamera. Spontaneousleakage
was observed and analyzed by high-performanceliquidchroma
tography.A cell lossof 13% after 180-mmexposureto shear
stresswas obtained.Conclusion: Our data thus indicatethe
feasibilityofusingsucha radiolabelingtechniquetoinvestigate
ECâ€”biomaterialinteractions.
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ecause very small diameter vascular grafts often fail by
occlusion when they are used to replace distal arteries, in

vitro complete and preformed endothelial cell (EC) lining of
the internal surface graft at the time of implantation is one of
numerous methods proposed to reduce the thrombogenicity
of synthetic vascular prostheses. Vascular endothelium is
recognized as the major regulator of vascular hemostasis,
and its functional integrity is crucial for the maintenance of
blood flow and antithrombotic capacity. The luminal surface
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graphic emulsion LM-l (Amersham International plc) according to
the manufacturer's recommendations. Autoradiographs were cx
posed for 3 d.

@Tc-HMPAOLeakage
To evaluate the spontaneous loss of radioactivity from cells, 2 X

10â€•cells/well were seeded in eight-well strip plates and were
labeledin the sameconditionsas for 3 h at 37Â°C.Then, super
natants were retrieved and were replaced with IMDM-FCS 1%.
Supernatants and cells seeded in wells intended for each time were
counted in a gamma counter 1, 2, 3, 5 and 18 h after replacement of
labeled solution. Radiochemical studies were done on supernatants
by high-performance liquid chromatography (HPLC). A loop-valve
injector was used to inject a 100 pL sample of @mTc@HMPAOonto
a 125 X 4 mm polymeric reverse phase I column, 5 @imProntosil
C18 (Bischoff, Leonberg, Germany). Analyses were done by a flow
scintillation analyzer (Flow One; Packard). The column was eluted
with 20 mmol/L phosphate buffer (pH 7.4). A linear gradient of
0%â€”80%methanolwasstartedwhenthesamplewasinjected.A
region of interest (ROl) was placed around each peak on the
chromatogram. The counts in each peak were recorded and were
expressedasa percentageof thetotal countsin thechromatogram.
A control solution of @Tc-HMPAOwas tested every 30 mm for 5
h. Then, the supernatant from ECs was radiolabeled with @â€œTc
HMPAO after 3 h at 37Â°C,5% CO2 atmosphere, and washed with
Hank's medium was tested at 1, 2 and 3 h.

In Vitro Application
Endothelialization of Vascular Prosthesis. The vascular graft

used for our experiments was the InterGard (InterVascular, La
Ciotat, France) prosthesis, a knitted ultra-thin polyester graft,
coated with glutaraldehyde crosslinked type I bovine collagen on
the external face to attain very low permeability (5 mL/cm2/min)
and bonded with heparin on the inner surface. Endothelialization
was performed by injection of an EC suspension at the density of
8 x 10â€•cells/cm2 after ligaturing. Then, the seeded graft was
placedin a rotativesystemat37Â°Cfor4 h toachievea uniform
inoculation of the ECs. Finally, the graft was incubated in a
humidified incubator at 37Â°Cin a 5% CO2 atmosphere for 5 d.

in Situ Endothelial Cell Radiolabeling. ECs were radiolabeled
in situ by adding 10 MBq/l0â€•cells in IMDM with 1% FCS after
ligaturing the ends. The radiolabeled endothelialized graft was
continuously rotated at 37Â°Cfor 3 h. A seeded graft treated in the
same conditions as mentioned earlier was destined to be used as
static control. In the same manner, we also evaluated radioactivity
leakage from cells seeded on the prosthesis. After 3 h oflabeling at
37Â°C,one graft was cut into fragments of 0.5-cm length at the rate
of six samples for each time. Percentage leakage was calculated by
dividing radioactivity of supernatant by total radioactivity (radioac
tivity of supematant + radioactivity of fragments).

in Vitro Flow Circuit. The in vitro flow circuit (Fig. 1) used was
a closed system consisting of flexible plastic tubing, a ventricle
moved by a compressed air generator (IMT; TechnopÃ´le de
ChÃ¢teau-Gombert, Marseille, France) that provided a constant
laminar pulsatile flow, an electromagnetic flow meter (Gould
Instrument Systems, Essex, UK) and a pressure transducer (Uni
flow; Baxter, Utrecht, Holland) connected to a monitor (Kontron
Medical, England). The circuit was included in an acrylic tank
filled with water maintained at 37Â°C.The flow was set at 340
mL/min with a pressure at 130/60 mm Hg by a macrometric screw
included in the circuit, giving a 270 s@ shear rate and a 0.27 N/rn2
shear stress (viscosity r@= l0@ N x s/rn2).

CU= xlOO.
total counts (cpm) added to wells

Six replicates per time and temperature were conducted and four
separate experiments were performed. Microautoradiographs were
made to investigate the intracellular presence of radiotracer, by
dipping slides covered by labeled cell monolayers into the photo
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MATERIALS AND METHODS

Endothelial Cell Culture
Cells used for our experiments were from the EC line EA-hy

926. This cell line was provided by Edgell et al. (11) and was
culturedinIscovemodifiedDulbecco'smedium([IMDM]Gibco,
Life Technologies, Cergy Pontoise, France) and was supplemented
with 10%fetal calfserum([FCS] Boehringer,Mamtheim,Germany).

Radlopharmaceutlcal
In a first set of experiments, we prepared solutions of HMPAO

(Ceretec; Amersham International plc, Amersham, UK) by adding
5 mL saline to a kit containing 0.5 mg of the ligand to study the
cytotoxicity of unlabeled HMPAO.

For all other experiments, solutions of @mTc@HMPAOwere
prepared immediately before use by adding 1.110 MBq @mTc@
pertechnetate freshly eluted (<2 h) in 4 mL saline to kits containing
0.5 mgHMPAO,accordingto themanufacturer'srecommenda
tions. @Â°â€˜Tc-HMPAOwas used within 30 mm after preparation.

HMPAO and @â€˜Tc-HMPAOCytotoxicity
Cellswereseededin 96-wellmicrotiterplates(Nunc,Roskilde,

Denmark) at a density of 2 X l0'@cells/well. Experiments were
performed at confluency. The exact determination of cell number
was performed for each experiment by trypsinization of wells
intended for that purpose, using a calibrator Malassez cell (Polylabs,
Strasbourg, France). Increasing concentrations of HMPAO were
studied (1, 5, 10, 40, 100 and 200 @ig/l0@cells adherent on plastic),
and increasing activities of @â€œTc-HMPAOwere tested (5, 10, 40
and 100 MBq/l0@cells adherent on plastic). Viability and mete
bolicactivityof confluentEA-hy-926submittedto increasing
concentrations and activities were tested by the neutral red assay
(12) and the methyl tiazol tetrazolium (MTF) test (13) at two
different times (2 and 24 h). Controls were conducted with cell
monolayers maintained in IMDM supplemented with 1% FCS. Six
replicates were performed for each concentration of HMPAO and
each activity of @â€œTc-HMPAO,and three separate experiments
were conducted.

@Tc-HMPAOUptake
To study the cellular retention of @Â°â€˜Tc-HMPAO,2 X 10â€•

cells/well were seeded in eight-well strip plates (Corning; Costar,
Cambridge, MA). At confluency, tissue medium was removed and
was replaced by freshly prepared @Tc-HMPAOat the rate of 10
MBq/106 cells adherent on plastic, either at 20Â°Cor 37Â°Cfor 60,
120 and 180 mm. At the end of these incubation periods,
supernatants were removed and confluent cell monolayers were
rinsed with 1% phosphate buffered saline (PBS). Wells containing
cellswerecountedin a gammacounter(Packard,Menden,CT).
Control experiments with identical volumes of @Tc-HMPAO
poured into wells without cells were performed to determine the
nonspecific binding of the radiotracer to the plastic of the wells.
The cellular uptake (CU) of @@mTc@HMPAOwas expressed as a
percentage as follows:

cellular counts (cpm)



FIGURE1. Schematicdiagramof invitro
circuit.A = pneumaticgenerator;B = artifi
cial ventricle; C = heater; D = compliance
chamber; E = pressure transducer; F =
pressuremonitor;G = graft;H = macromet
nc screw; I = electromagneticflow meter;
J = fluid reservoir.

ties of 5, 10, 40 and 100 MBq/10@ cells were tested
corresponding to 2.25, 4.5, 18 and 45 @igof unlabeled
HMPAO,respectively(Fig.3). Figure3A showsa signifi
cant activity-dependent decrease in cellular viability at 2 h
from 40 MBqI10@cells (P < 0.02) when compared with the
controls. After 24 h of contact with the radiotracer, the cell
response was more pronounced. Figure 3B shows that there

was no effect on metabolic activity whatever the radioactiv
ity used at 2 h, whereas a significant activity-dependent
decrease occurred at 24 h (P < 0.01) when compared with
the controls. Thus, for the following experiments, we chose
the activity of 10 MBqI1Oâ€•cells, which corresponds to 4.5
pg/b6 cells ofunlabeled HMPAO.

99mTcHMPAOUptake
The cellular retention of 99mTc@HMPAOwas measured as

a function of time exposure. Figure 4 shows the time-course
profile obtained. After a 180-mm exposure to 99mTc
HMPAO, cellular retention of @Tc-HMPAOin EA-hy-926
cells was 18.1% Â±0.7% (n = 4), with no significant dif
ference between 20Â°Cand 37Â°C,whereas control experi
ments showed less than 0.3% uptake on plastic culture cells.
Figure 5 shows autoradiographs of 99mTc.HMPAO4abeled
EA-hy-926 on plastic; with the silver grains in focus, a higher
grain density may be observed in the cellular cytoplasm.

Radioactivity Leakage
Spontaneous loss of radioactivity from EA-hy-926 cells

increased as a function of time with the loss of 30.7% Â±
0.8% and 57.6% Â±1.6%, with correction for decay after 3 h
and 18 h of incubation, respectively (Fig. 6). When leakage
was studied in cells seeded on the prosthesis, the loss of
radioactivity had a similar pattern (Fig. 6). Typical chromato

Radioactivity Recording. After labeling, a graft was placed in
the circuit, which was placed on the detector of a wide-field gamma
camera fitted with a general purpose low-energy collimator (DSX
gamma camera; Sopha Medical, Buc, France).

The static control graft was placed in the fluid reservoir of the
circuit. The acquisition protocol was 90 2-mm images. An ROl was
drawn around each vascular prosthesis with a background ROl
situated on a circuit segment. Radioactivity loss from the vascular
prosthesis was expressed as a percentage of the initial radioactivity
correctedfor backgroundand decay.EC exfoliation was deter
mined by subtracting the radioactivity loss of the static graft
representing spontaneous leakage from the radioactivity loss of the
graft in flow conditions. Three vascular grafts were studied.

Data Analysis

Results are presented as mean Â±SEM. The Mann-Whitney test
was used to assess the influence of HMPAO concentrations and
99mTcHMPAOactivities on cellular viability and metabolic activ
ity.A P value < 0.05 was considered significant.

RESULTS

HMPAO and @mTc-HMPAOCytotoxicity
Figure 2 shows the results of viability and metabolic

activity of ECs submitted to increasing concentrations of
unlabeled HMPAO. No alteration in cell viability was
observed in the range of concentrations tested at 2 and 24 h
(Fig. 2A). Concerning metabolic activity (Fig. 2B), none of
the concentrations induced a toxic effect on cultured EA-hy
926, because there was no significant difference between
absorbances at 2 h when compared with controls. Neverthe
less, when submitted to 100 @igHMPAO/10@ cells after 24 h
of contact, the monolayers were significantly (P < 0.02)
spoiled in their metabolic activity, when compared with the
controls and to the low concentrations of HMPAO. In
another set of experiments, increasing@ activi
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FIGURE 2. Cytotoxicityresultsof unlabeledhexamethylpropyleneamineoxime(HMPAO)on EA-hy-926.(A) Neutralred (NR)
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grams are presented in Figure 7. Whereas @mTcO4chromato
gram (Fig. 7A) showed a single peak at 2.3 mm, the

@Tc-HMPAOcontrol solution chromatogram performed
30 mm after reconstitution (Fig. 7B) had two major peaks.
Peak 1, visualized at 2.3 mm, corresponded to 99mTc..
pertechnetate, probably together with secondary @mTc@

HMPAO (complex II), whereas peak 2, appearing at 15 mm,
corresponded to primary @mTc@HMPAOcomplex (complex
I). A third minor peak appeared at 15.8 mm. Its activity
remained unchanged over the first 3 h of the study and then
fell to an undetectable level (Fig. 7C). In contrast, the
relative activity of peaks 1 and 2 varied over the 5 h of the
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FIGURE3. Cytotoxicityresultsof@Tc-hexamethylpropyleneamineoxime(HMPAO)on EA-hy-926.(A)Neutralred (NA)assay.(B)
Methyltiazol tetrazolium(MU) assay.
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static (which represents spontaneous leakage) and dynamic

conditions. Figure 8B results from the subtraction of these
two curves, thus corresponding to cell exfoliation induced
by shear stress (13.2% Â±2.5% cell loss at 180 mm).

DISCUSSION

Many fields of investigation concerning cell-biomaterial
interactions are related to the in vitro use of radiotracers.
Vascular grafts that traditionally have a low patency rate
when used for arterial bypass below the knee (14) can be
improved at the time of implantation by a monthrombogenic
EC seeding (15), mimicking the natural inner lining of blood
vessels. A recent paper from Meinhart et al. (1) reported very

encouraging results regarding long-term patency. Before the
consideration of such clinical trials, any functionalized
vascular graft must be explored in vitro with regard to cell
denudation under hemodynamic forces. Whenever radiola
beled cells behave like their nonlabeled counterparts, the
cell detachment phenomenon can be explored by the use of
radiotracers. Indeed, the detection and analysis of the
radioactivity incorporated into cells, which is present on the
exposed areas, allow the quantitative measurement of the
remaining cells and make it possible to assess cell-wall
interactions through direct kinetic studies. Thus, our re
search concerns endothelial in vitro behavior under pulsatile
flow conditions, because the ability of seeded ECs to resist
shear stress is of crucial importance. In this regard, radiola
beling of ECs is the main method to evaluate cell exfoliation
under shear stress. II11m-Oxradiolabeling has been used for
years to evaluate EC loss by quantification of loss of

radioactivity (2â€”5).However, this procedure presents numer
ous disadvantages in vitro as well in vivo (6â€”9).Among
these, two potential areas of inaccuracy in the WIn-Ox
labeling of ECs have been pointed out by Stansby et al. (7).
First, there is spontaneous leakage of II11nthat varies with
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FIGURE4. Resultsof @Tc-HMPAOcellularuptake.

study with an increase of the former (complex H +
99mTcO4_) and a decrease ofthe latter (complex I) (Fig. 7D).
Figure 7E represents a typical chromatogram of 100 @iL
supernatant of radiolabeled ECs 3 h after the end of labeling.
It has six distinct peaks. A similar pattern of peaks was
obtained after 1 and 2 h (data not shown). When compared
with the control chromatogram (Fig. 7C), there are five
additional peaks at 4.2, 7.8, 10.3, 11.1 and 11.8 mm, while
the primary 99mTcHMPAO complex peak at 15 mm has
disappeared. Yet, the first peak at 2.3 mm is still present.
Peaks at 3 h were found to contain 8%, 156%, 24.8%,
13.9%, 8.1% and 29.5% at 2.3, 4.2, 7.8, 10.3, 11.1 and 11.8
mm, respectively. These relative proportions were globally
identical over time.

Cellular Detachment Under Flow Conditions
Cell radioactivity loss from the endothelialized vascular

graft over the period of 3 h is shown in Figure 8A under

FIGURE5. Autoradiographsof @mTc@HMPAO@IabeIedEA-hy-926onplastic.Magnification:A(X 100), B (X650).
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cell type and experimental conditions from low (2,4,6) to
high levels (7), thus contributing to underestimation of EC
retention. Second, there is the question of whether @In
released spontaneously from ECs has an appreciable affinity
for the graft surface being studied (7). From the experiments
of Patterson et al. (6) and Stansby et al. (7), it has become
clear that EC retention may be falsely indicated as being
increased. More particularly, this phenomenon has been
studied for vascular grafts treated with surfactants (6).
Tridodecylmethylammonium chloride (TDMAC), a cationic
surfactant known to permit covalent bonding, has been
shown to have an increased affinity for WIn-Ox (6).
TDMAC is used in the manufacture of the prostheses we
have tested, so the use@ I11n-Ox was not appropriate in our
study.

Because the literature concerning EC labeling with @mTc@
HMPAOis sparse,we firsthadtodeterminetheinfluenceof
unlabeled HMPAO and t@mTc@HMPAOon cellular viability
and metabolic activity by two colorimetric tests (neutral red
and MTT) currently used to determine the cytotoxicity of
medical devices. Although these two complementary tests
are suitable for assessing the toxicity of various compounds,
including unlabeled HMPAO, their use in investigating
radiotoxicity is questionable when compared with more
classical methods such as chromosomal aberrations (16,17).
However, to compare the effects of cell treatment by labeled
or unlabeled HMPAO, we had to use identical methodolo
gies. In this respect, high concentrations of HMPAO ( 100
@.tg/l06cells) induced an alteration of only cellular metabolic
activity. This concentration was never achieved with techne
tium labeling. We obtained a marked reduction of both
viability and metabolic activity after 24 h of contact, thus
suggesting that the cellular toxicity from 40 MBq/10'@cells is
attributable to radiative damage. For this reason, 10 MBq/l0'@
cells was the highest activity level used in subsequent
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FIGURE 6. Radioactivityleakage from
cellsseededonplasticandprosthesis.

experiments without providing any significant alteration of
cell viability (neutral red test) over the time of the experi
ment. The activity chosen is a good compromise between the
maintenance of cell integrity and the detection efficiency of
the gamma camera.

The intracellular retention of @mTc@HMPAOis due to the
intracytoplasmic conversion of the lipophilic complex to a
hydrophilic form, related to the cellular glutathione content
(18). As is known by nuclear medicine physicians, the
lipophylic compound 99mTc..HMPAOis not stable beyond 30
mm after reconstitution, and prolonged incubation times are
not recommended for subsequent in vivo explorations (19).
Nevertheless, the requirements for in vitro purposes are
different. Jacquier-Sarlin et al. (10) demonstrated a time
dependent improvement of 99mTcHMPAO cellular retention
for the same cell type as ours. Thus, we prolonged the
labeling procedure until 180 mm and obtained comparable
labeling efficiency.

Microautoradiography is an established technique for
studying the microdistribution of radiolabeled compounds.
These data seem to show that a subcellular distribution with
inhomogeneous labeling probably corresponds to a selectiv
ity for the cytoplasmic cell compartment. With the same
radiopharmaceutical, no such selectivity could be deter

mined for eosinophils (20).
Concerning radioactivity leakage, the elution we obtained

from EC 180 mm after labeling with WIn-Ox seems
comparable to that already reported by others (6, 7). Very low
elution of 99mTcHMPAO from cerebellar cell cultures (21)
and from mononuclear cells over 2 h has been reported.
However, a large leakage of the latter is observed between
the 2nd and the 4th h (20%), with only 50% of initial activity
linked to cells (17). Extracellular radioactivity is also low
when polymorphonuclear cells are labeled with @mTc@
HMPAO (1 7). So, it seemed interesting to us to perform
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HPLCandcomparechromatogramsbeforeandaftercontact
with cells. Unlike Suess et al. (21), who observed only a
single peak coinciding with the retention of @TcO4â€”after
injection of the radioactive contents of cerebellar cultures
into the column, we obtained five additional peaks compared
with the control HMPAO chromatogram. However, the
HPLCtechniqueusedby Suesset al. requirestheexclusion
of macromolecules before injecting a sample into the
column, so 99mTc.HMPAO or degradation products other
than pertechnetate may remain undetected in a bound state.
On the other hand, these authors analyzed culture lysates but
not supernatants alone. Thus, it is quite difficult to compare
their results with ours.

Preliminary experiments were then conducted on EC
seeded vascular grafts under flow conditions. Taking into
account the spontaneous radioactivity elution from vascular
prostheses in static conditions, we obtained high retention of

ECs on grafts under physiological hemodynamic conditions,
with 13% cell loss at 180 mm. For a comparable polymer,
such as polyethyleneterephtalate, and under quite similar
hemodymamic conditions, Gourevitch et al. (22) obtained
27% cellular loss at 162 mm with an early exfoliation of
20% over the first 30 s, and Carr et al. (23) obtained 10% cell
loss afterl h and 35% at 24 h with WIn-Ox EC labeling.
However, Gourevitch et al. used a well crystal to record the
radioactivity, whereas Carr et al. performed measurements
with a radioactive probe. For detection, very few studies
have used a gamma camera (3,5).

CONCLUSION

Our results show the feasibility of using this radiolabeling
technique, which could represent an alternative to @In
labeling. For in vitro cytocompatibility evaluation programs
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FIGURE8. (A)Radioactivitylossfromcellsseededonprosthe
sis under static and dynamic conditions. (B) Cell exfoliation from
prosthesis under shear stress conditions.

including screening the behavior of the ECs lining a
biomaterial to predict clinical performance, we therefore
propose the use oft@mTc@HMPAOto quantitate cell retention
during exposure to shear stress.
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