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Abstract

Vascular embolization is a minimally invasive treatment used for the man-
agement of vascular malformations and tumors. It is carried out under X-ray
by navigating a microcatheter into the targeted blood vessel, through which
embolic agents are delivered to occlude the vessels. Cyanoacrylate liquid
glues have been widely used for vascular embolization owing to their low vis-
cosity, rapid polymerization/solidification rate, good penetration ability and
low tissue toxicity. The objective of this study is to quantitatively investigate
the physical properties of two n-butyl cyanoacrylate (nBCA) glues (Glubran
2 and Histoacryl) mixed with an iodized oil (Lipiodol) at various concentra-
tions. We show that an homogeneous solution results from the mixing of the
glue and Lipiodol, and that the viscosity, density and interfacial tension of
the mixture increase with the proportion in Lipiodol. We have designed a
new experimental setup to systemically characterize the polymerization ki-
netics of a glue mixture upon contact with an ionic solution. We observe
that the whole polymerization process includes two phases: an interfacial
polymerization that takes place at the interface as soon as the two liquids
are in contact with a characteristic time scale of the order of the minute; a
volumetric polymerization during which a reaction front propagates within
the mixture bulk with a characteristic time scale of the order of tens of
minutes. The polymerization rate, front propagation speed and volume re-
duction increase with the glue concentrations. It is the first time that such
comprehensive results are obtained on liquid embolic agents.
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1. Introduction

Vascular embolization is a minimally invasive treatment used to selec-
tively reduce or stop the blood supply to specific parts of the body. It
consists of injecting liquid embolic agents, typically glues, which polymerize
and solidify quickly upon contact with blood and thus occlude the vessels. It
is carried out under X-ray by navigating a guidewire and a catheter into the
targeted blood vessel, through which the embolic agents are delivered. The
technique is widely used for the management of arteriovenous malformations
[1], gastric varices [2], tumors [3, 4] or hemorrhage upon vessel rupture, with
new applications regularly appearing in medical practice.

Typical liquid embolic agents are cyanoacrylates glues which are well
suited for vascular embolization: they have a low viscosity, short polymer-
ization /solidification time and low tissue toxicity [5]. This latter property has
lead to the development of cyanoacrylate biodegradable nanometric drug car-
riers [6, 7, 8] and of cyanoacrylate biocompatible nanofibers that have a wide
range of applications [9]. The monomeric cyanoacrylate structure consists of
a double-carbon ethylene group with two reactive electro-withdrawing func-
tions (cyano —CN and ester -COOR). Upon reaction with anions or radicals,
a reactive carbanion or radical forms, which reacts with further monomers to
finally form a polymer (Figure 1). There are presently two commonly used
embolic glues: the first one is n-butyl cyanoacrylate (nBCA), available under
the trademark Histoacryl (B. Braun, Melsungen, Germany). The other one,
available under the trademark Glubran 2 (GEM, Viareggio, Italy), is com-
posed of nBCA mixed with a co-monomer: metacryloxysulpholane (MS).
The addition of MS allows to lower the polymerization temperature to about
45 °C. To make the embolic agent radio-opaque and enable its detection after
injection in the vessels, cyanoacrylate glues are mixed with a contrast agent,
typically an iodized poppy seed oil such as Lipiodol (Laboratoire Guerbet,
Aulnay-sous-Bois, France). The volume ratio of cyanoacrylate glue to iodized
oil is usually varied between 1:1 and 1:5 depending on the vessel diameter,
desired penetration distance and blood velocity.

When the glue-oil mixture is injected in the blood stream, it tends to
polymerize because of the presence of ions in the plasma. The polymeriza-
tion kinetics thus play an essential role in the control of the injection and
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Figure 1: Initiation and propagation steps in anionic polymerization of alkyl (R)
cyanoacrylate initiated by anions (A7).

subsequent flow occlusion processes. The usual empirical technique to evalu-
ate the polymerization time of glue-oil mixtures consists of dropping a small
quantity of mixture onto a plasma or citrated blood substrate and visualizing
its change in opacity (whitening) [10, 11]. This technique is qualitative: the
change in opacity depends on the volume of deposited mixture and the ending
criteria of polymerization are not precisely defined. As the mixture viscosity
is low, the thickness of deposited volume is small. Consequently the tech-
nique essentially provides information on the initial stage of polymerization
inside a thin sheet of glue mixture in contact with ions. Using this technique,
the initial polymerization time for mixtures of nBCA and Lipiodol has been
evaluated between 5 s and 10 s, but no study ever investigated Glubran 2.
Presently, we do not know how fast the polymerization reaction prop-
agates inside a finite volume of glue mixture, although this information is
crucial: the typical transversal dimension of an injected glue mixture volume
is dictated by the size of the catheter and is thus of the order of ~ 1 —5 mm
depending on the injection conditions [12, 13]. There is therefore the need for
a quantitative systematic study of the reactions that occur at the glue-blood
interface and within the glue mixture both for nBCA and nBCA-MS glues.
The objective of the present study is to quantitatively characterize the
polymerization of glue-Lipiodol mixtures upon contact with an ionic solution.
We have thus designed a novel experimental setup that enables to investi-
gate both interfacial and volumetric aspects of the polymerization of glue-oil
mixtures in contact with an ionic solution. The basic idea is to suddenly
create a well-defined interface between the glue and the ionic solution. The
aim is then to study the polymerization reaction within the glue volume and
provide information on its propagation. With the same set-up, we can also



evaluate the initiation of the reaction by studying the polymerization of a
thin film that is a few microns in thickness. In the following, the former
will be referred to as ”volumetric polymerization”, while the latter will be
called "interfacial polymerization”. We have thus conducted a systematic,
well-controlled characterization of the polymerization process of mixtures of
cyanoacrylate glues and Lipiodol as a function of their concentration in glue,
and compared results between Glubran 2 (nBCA-MS glue) and Histoacryl
(pure nBCA glue). We show that if the initial interfacial polymerization is
fast, such is not the case for the reaction inside the volume of the glue mix-
ture, which can remain in liquid state for a long time (over one hour). The
results thus provide crucial information to interventional radiologists, that
will help them understand and control the glue behavior after injection to
achieve a safe and permanent obliteration of the vessels.

The paper is organized as follows. After having described how to prepare
the glue mixture and ionic solution, we detail the experimental technique
used to enquire on the miscibility of glue and Lipiodol, and end the material
and method section (§2) with the description of the experimental setup de-
signed to characterize the polymerization process. The result section (§3) is
structured in 3 subsections providing a summary of the main results obtained
on the glue miscibility, volumetric polymerization and interfacial polymer-
ization. The implication of the results are discussed in §4.

2. Materials and methods

2.1. Preparation and characterization of the glue mixture and ionic solution

Glubran 2-Lipiodol (G-L) and Histoacryl-Lipiodol (H-L) mixtures are
prepared by means of a female luer connector attached to two 1-ml syringes,
one loaded with glue and the other with Lipiodol. Both glues are stored in
sealed containers at 4 °C and left at room temperature 2 minutes before use.
Lipiodol is, however, stored at room temperature. A 0.2 ml total volume of
glue and Lipiodol is mixed with volume ratios 1:0, 3:1 and 1:1, corresponding
to glue concentrations Cg = 100%, 75% and 50%, respectively. The mixing
process consists of manually passing the liquids from one syringe to the other
several times at a high frequency (about 150 times in 90 seconds). All the
experiments are conducted at 21 °C.

Blood naturally consists of a suspension of cells in plasma, which is made
of proteins, metallic ions (8%) and water (92%). The objective of the present



Solute Quantity

NaCl 719 g
KCl 02¢g
KH,PO, 02¢g
Glucose 08¢g
Glycerol 320 ml
Deionized water 680 ml

Table 1: Composition of 1 L of ionic solution.

study is to determine the influence of the blood anions on the glue polymer-
ization. An ionic solution has thus been used to initiate the reaction. It has
the same ionic composition and pH = 7.3 + 0.1 as blood (see composition in
Table 1). To match the solution viscosity to that of blood, some glycerol is
incorporated into it. The ionic solution has then a density of 1094.5 kg/m?
and dynamic viscosity of 3.8 x 1073 Pa-s at 21 °C. The interfacial tension
is slightly higher than that of blood (69 x 1072 N/m vs 50 x 1073 N/m for
blood), but this should not affect the present results [13].

The physical properties of G-L mixtures had to be characterized first,
as no information is available in the literature. The viscosity was measured
with a rheometer (RheoStressl, Thermo Haake, Germany) in cone-plane con-
figuration (diameter 60 mm, angle 0.5°). The density of the solutions was
determined with a digital density-meter (DMA 45, Anton Paar, Austria) with
an accuracy of + 10™* g/cm? (manufacturer values). For pure Glubran 2, the
density was determined by weighting a sample of known volume with a high
precision scale (Precisa 92SM-202A, Elsichrom, Sweden) having an accuracy
of £ 10~* g. The risk was indeed too high to clog the internal tube of the
density-meter with Glubran 2. The viscosity p and density p are given at
21 °C in Figure 2 as a function of glue concentration. The results indicated
for Histoacryl in Figure 2 have been obtained by interpolating the values of
Bracard et al. [14] for the temperature of 21 °C. It appears that the two glue
mixtures have almost the same viscosity and density.

The interfacial tension v between the glue mixtures and purified water
(Milli-Q, Merck Millipore, USA) was measured at 21 °C with the pendant
drop technique (Drop Shape Analyzer DSA10, Kruss, Germany). The results
are shown in Figure 3. It was, however, not possible to use this technique
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Figure 2: Viscosity u (a) and density p (b) of G-L and H-L mixtures at 21 °C [15]. The
viscosity of H-L mixtures is inferred from Bracard et al. [14].
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Figure 3: Interfacial tension v between purified water and G-L mixtures at 21 °C [15].
The dashed line is an extrapolation.

for glue concentrations larger than 50%, because polymerization occurred
immediately after contact with water. Since the v vs Cg curve seems to level
off, we have extrapolated linearly the curve for Cg > 50%.

2.2. Miscibility of nBCA glue and Lipiodol

The miscibility of nBCA glues with Lipiodol is assessed in a diffusion
device, consisting of a parallelepipedic transparent cup (UV cuvette, Brand,
Germany), as shown in Figure 4a. The bottom of the cup is first filled with
~135 pL of Lipiodol (translucent, pale yellow). Then ~150 uL of Histoacryl
(translucent, blue) is carefully poured onto the Lipiodol, taking care that
minimum mixing takes place during the procedure. The cup is then closed
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Figure 4: Experimental setup to study the miscibility of glue and Lipiodol (at the top and
bottom of the cup, respectively). (a) The two fluids are put in contact in a cup and the
change in opacity of the system is monitored by a camera with a back-light device. (b)

Detail of the cup cross-section.



hermetically to limit evaporation, and placed vertically in front of a high-
speed camera (SA3, Photron, USA). An optical fibre panel (Schott-Fostec,
LLC, USA) is used as back illumination source (Figure 4a). The diffusion
process between the two liquids is captured by the camera at the rate of one
frame every 30 seconds over 2 days. The recorded images are encoded in
16 bits which are converted to 8 bits in the measurement process, providing
256 possible shades of grey: 0 corresponding to black and 255 to white. The
concentration distribution is then assessed from the image grey level distri-
bution G,,. The z-axis is aligned with the tube centerline, the origin z =0
corresponding to the initial position of the glue-Lipiodol interface. Initially,
the glue is thus in the z > 0 region and Lipiodol in the z < 0 region (Figure
4b). The grey levels are measured at 24 test points, equally distributed along
the z-axis with a 0.38 mm interval. The value G,,(z) corresponds to the av-
erage of G, within a box of width 1.36 mm and height 0.28 mm centered on
each test point. Note that the grey level values are relative and may vary
between two experiments, depending on light settings for example. However,
the grey level basis is constant during one experiment.

2.3. Characterization of the polymerization process

An experimental setup has been designed to visualize the polymerization
of the glue-Lipiodol mixture when it is put in contact with the ionic solution.
The principle consists of creating a small well-defined interface between the
two fluids and following the propagation of the reaction through the change
in opacity of the glue volume.

Specifically, the polymerization reaction is studied under static conditions
in a vertical glass micro-tube (internal diameter D; = 1.06+£0.01 mm). First
a volume of glue mixture is aspirated into the tube from a small cup placed
underneath, by means of a syringe connected to the tube upper end (Figure
5a). The glue cup is replaced by one containing the ionic solution: the glue
mixture and ionic solution then come into contact and are aspirated quickly
together from the lower tube tip to a static position (Figure 5b). The contact
surface between the glue mixture and the ionic solution corresponds to the
tube cross section. The polymerization can only propagate from this surface
into the glue volume inside the tube. With this device, we have essentially
reduced the volume polymerization to a one-dimensional front propagation
along the tube axis. A z-axis is defined along the axis of the tube with the
origin z = 0 corresponding to the position of the interface at the end of the
aspiration process, which lasts between 5 and 10 s (Figure 5b). The glue
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Figure 5: Experimental set-up to study the polymerisation of glue-Lipiodol mixtures in
contact with the ionic solution. (a) The two fluids are put in contact in a micro-tube and
the change in opacity of the system is monitored by a camera with a back-light device.
(b) Detail of the tube.



mixture is initially in the z > 0 region and the ionic solution in the z < 0
region. The progression of the polymerization reaction is then evaluated from
the change in opacity of the glue mixture for different values of z. The image
grey level G, (2) of the fluids is monitored with the imaging system consisting
of the high-speed Photron camera coupled to the back illumination source.

The beginning of the polymerization process is continuously recorded at
a rate of 50 fps with image resolution 128 x 1024 pixels? during a maximum
recording time of 217.8 s. A time-lapse recording mode is then used to
monitor the long time polymerization process with a frame rate of 0.5 fps
and image resolution 128 x 1024 pixels?. The total recording time ranges
from 90 min to 120 min in the different experiments. In both modes, the
shutter time is 0.5 ms. All the experiments are conducted at a controlled
room temperature of 21 °C. All the experiments have been repeated between
5 and 10 times for each concentration of Glubran 2 and Histoacryl.

The distance between two contiguous measuring points is 0.5 D,, where
D, is the diameter of the liquid region as measured on the image (D, is
slightly smaller than D, because of optical effects). Grey levels are averaged
within boxes of width 0.7 D, and height 0.4 D, centered on each test point.

3. Results
3.1. Miscibility of pure nBCA glue with Lipiodol

Images of a Histoacryl-Lipiodol system at different time intervals are
shown in Figure 6. At the beginning of the experiment (¢ = 0 h), the
interface (z = 0) between the glue (dark) and Lipiodol (clear) is sharp. An
interdiffusion process then takes place until a homogeneous mixture is formed
at t = 46 h. This indicates that nBCA glue and Lipiodol are miscible. Grey
level profiles G,,,(z,t) along the z-axis at different times are shown in Figure
7. At the beginning of the experiment (t = 0 h), G,,,(z,0) is a step func-
tion: G,,(z,0) = 91 for z < 0 (clear Lipiodol) and G,,(z,0) = 27 for z > 0
(dark Histoacryl glue). As nBCA molecules diffuse into Lipiodol, the diffu-
sion front, which corresponds to the position along the z-axis where the grey
level begins to decrease, moves downwards. Owing to this process, the grey
level profile changes from a step function to a sigmoidal shape. The distance,
over which the diffusion front propagates is defined as the diffusion length.
It increases with time until the diffusion front reaches the bottom of the cup
at t ~ 17 h, which corresponds to z = —6 mm (Figure 7). Afterwards, the
diffusion process continues leading to a further decrease in the grey levels in

10
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Figure 6: Time evolution of nBCA glue put in contact with Lipiodol: the darkening of
the system over time shows that the two liquids are miscible. The dashed line shows the
initial position of the interface.
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Figure 7: Grey level distribution along the cup axis for different times. The dashed line
shows the initial position of the interface. Here, the bottom of the cup is at z = —6 mm.
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the Lipiodol region (z < 0) until a quasi-uniform distribution G,,(z,00) is
reached.

Since the grey level is proportional to the local concentration at each
point in the domain, one can evaluate the diffusion coefficient of nBCA glue
in Lipiodol by means of Fick’s second law. We consider the one-dimensional
case of diffusion, in which two miscible liquids of different concentrations ¢,
and ¢y (¢1 > ¢2) are initially put in contact at position z = 0. We only
study the early stages of diffusion, for which the boundary conditions are
¢(2) = ¢y for z — —oo and ¢(z2) — ¢9 for z — +oo. Fick’s second law thus
leads to the concentration distribution:

1t 9r d1— 9 z
= 5 5 erf<2m), (1)

where ¢(z,t) is the molecular concentration, erf is the error function and D
is the diffusion coefficient. As illustrated in Figure 7 for three instants of
time, we fit the data with Eq. (1), in which we replace ¢ by G,,, and deduce
the value of the diffusion length 2v/Dt at time ¢. The diffusion lengths are
thus measured by fitting the grey level profiles between 0 and 17 hours.
As shown in Figure 8, the square of the diffusion length 4Dt is directly
proportional to time t. We deduce the value of the diffusion coefficient D
and find D = 2.1 x 107! m? /s, which is lower than in the case of an aqueous
solution (D ~ 1071 — 107 m?/s). Diffusion of nBCA glues in the Lipiodol
oil is thus slower than diffusion in water solutions. A similar diffusion process
is obtained for Glubran 2, proving that cyanoacrylate glues are miscible in
Lipiodol. We have also checked that a mixture of Glubran and Lipiodol is
stable over days: no tendency towards phase separation is observed.

The last point that remains is to estimate how homogeneous the mixture
is upon the mixing process. In the present study, the two liquids are mixed
by forcing a volume of 0.2 mL through a luer connector of diameter dj = 2
mm every 0.6 s, which corresponds to a shear rate ¥ ~ 200 s~!. The ratio
between the convection and diffusion times is thus Dd3 /4 ~ 10719, Tt follows
that the convective mixing procedure is efficient.

¢(2,1)

3.2. Characterization of the volumetric polymerization

3.2.1. Time-evolution of the glue-mixture opacity
We first analyze the volume polymerization and the propagation of a
polymerization front within the glue mixture. Tens of minutes after the end

12
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Figure 9: Time evolution of G-L mixture (Cg = 50%) in contact with the ionic solution.
(a) The darkening in the glue mixture over time shows the propagation of a polymerization
front upwards from the interface. (b) Time evolution of the grey level at different positions
in the glue mixture: the symbols correspond to experimental points and the continuous
lines to the correlations given by Eq. (2).
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of the aspiration, a polymerization front begins to propagate upwards from
the interface within the glue mixture (Figure 9a). Since the interface between
the mixture and the ionic solution is dark, the grey level change cannot be
measured in its vicinity. Measurements are only meaningful for z > D, /2.
We show in Figure 9b the time evolution of the grey level at different locations
along the tube axis for z/D, > 0.5. The grey levels decrease from the initial
value Gpo ~ 135 to the asymptotic value G, ~ 90. Since the polymerization
front propagates from the interface, the further the point location is from
the interface, the later the decrease in G, starts occurring. The fact that the
curves get closer to one another as z increases indicates that the propagation
velocity increases with z. One can also note that the front becomes steeper.
For every value of z, the curve G,(z,t) can be fitted with a sigmoid:

Gpo — Gpso
, 2
( t—t1/2<2)) (>
1—|—€Xp e —

Ty

Gp(Z,t) = Gpo -

where 7, is the characteristic time and t;/5(2) is the half time, such that
Gp(ti2) = (Gpo + Gpeo)/2. The sigmoidal fitting of the grey level time-
evolution works as well as in the example shown in Figure 9 for all the
tested concentrations in Glubran 2 and Histoacryl. The time 7, corresponds
to an empirical measure of the time that it takes the polymerization to be
completed at position z (based on the grey level in the fluid). Indeed, it
takes about 5.97, for the grey level at z to drop from G,y — 0.05(Gpo — Gpeo)
to Gpo — 0.95(Gpo — Gpeo). Figure 10a shows values of 7, for Histoacryl and
Glubran 2. Results are only provided for Cg = 50% and 75%, as no value
could be obtained with sufficient precision for Cg = 100%, the propagation
being too fast. In all the cases, 7, decreases with z, the distance away from
the interface. It indicates that the polymerization reaction is slow near the
interface during the initiation of the process, and that the reaction accelerates
as it propagates away from the interface. A constant value for 7, is always
reached for z/D, > 2.5. Figure 10a also shows that the polymerization
time decreases significantly when the glue concentration increases. All these
results hold both for Glubran 2 and Histoacryl.

Figure 10b shows the half time ¢,/ for all the glue concentrations, which
is a measure of the polymerization front progression. The half time increases
slightly with z. It also strongly increases with the Lipiodol concentration, as
indicated by the logarithmic scale used to plot the results (Figure 10b). This
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Figure 10: Average characteristic time 7, (a) and half time #, /5 (b) of volume polymer-
ization for different glue concentrations.
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Figure 12: Total length H and position of the beginning of the polymerization front z; as
a function of time for G-L mixtures. (a) Cg = 50%, (b) Cq = 100%.

means that low glue concentration leads to a delay in the propagation of the
volumetric polymerization, while this process is very fast for pure glue, as can
be surmised from the corresponding small value of ¢1/5(2). It is also possible
to infer the propagation speed of the polymerization front v, = z/t1/2(2).
Since t1/5(2) levels out when z increases, the propagation speed increases
almost linearly with z, as shown in Figures 11a-b. The value of v, increases
with Cs and z, which may be due to the fact that the polymerization reaction
is exothermic and that the temperature increases along z. The increase of
the front velocity with temperature and monomer concentration has been
indeed predicted by propagation models [16, 17].

3.2.2. Time-evolution of the glue mizture height

As is apparent in Figure 9a, a change in volume occurs in the glue mixture
during volumetric polymerization. To assess the change in volume and see
whether it is linked with the chemical reaction, we plot the time-evolution of
the coordinate z;(t) of the top of the glue mixture column in Figure 12, along
with the coordinate z;(t) of the polymerization front. The front position in
the glue mixture (zy > 0) is calculated assuming that polymerization begins
at the location, where the grey level has decreased by 5% from its initial
value, which occurs at time #;/5(2f) — 37,(2¢). The results are plotted for
two concentrations in Glubran 2 for illustration, similar results having been
obtained for Histoacryl. Figure 12 shows that the decrease in glue mixture
height can be correlated with the progression of the polymerization inside
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Figure 13: Height reduction at different glue concentrations for G-L mixtures.

the glue: as the polymerization front advances, the coordinate z;(t) moves
down with time. Since the height decrease stops when 2z ~ z;, i.e. when the
polymerization front has reached the top of the glue column, it is clear that
the two processes, glue polymerization and height reduction, are coupled.
Note that the time evolution of z¢(¢) again shows the significant acceleration
of the polymerization, as it progresses inside the glue.

The decrease in volume means that the density of the glue increases as
it polymerizes. It is thus possible to assess the relative increase in density of
the polymerized glue from the relative reduction in height:

p(t) —po  z(0) — ()
00 a0 @)

The relative height decrease is shown in Figure 13 as a function of time in the
case of G-L mixtures. Note that instead of writing (z,(0) — 2,(¢))/2:(0), we
have chosen to denote the relative height reduction as AH (t)/Hj in the figure.
It appears that the volume reduction increases with the glue concentration.
We also recover the fact that the polymerization speed increases with Cg.
The relative density increase is shown in Table 2, where Ap is the density
increase after full polymerization. For G-L mixtures, the higher the glue
concentration, the greater the density increase due to polymerization. For
H-L mixtures, the density increase is almost independent of concentration,
and somewhat larger than for G-L mixtures.
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Ap/poo(%) CG = 50% CG = 75% CG = 100%
G-L 7.6 £ 22 91+14 11.1+ 1.1
H-L 9.8 £ 0.9 10.3 £ 0.8 11.5 £ 0.7

Table 2: Average relative density increase for different glue concentrations.

3.2.3. Microscopic observation of the polymerized glue-mizture

The cross section of the polymerized cylinder of the glue mixture has
been observed with a scanning electron microscope (QUANTA FEG 250,
FEI, US). Pure Glubran glue (Cs = 100%) exhibits a complex polymerized
network (Figure 14a). In the case of a glue-oil mixture, the oil invades all
the void space between the polymerized glue, as shown in Figures 14b-c for
Ce = 50%. The oil appears as a smooth film from which emerge some
glue islets. Since the oil surface is smooth, it is very difficult to get a good
SEM definition. The spectroscopy analysis does indeed show the presence of
iodine, and thus proves that oil is indeed present (recall that Lipiodol is an
iodized oil).

3.8. Characterization of the initiation of the polymerization process: study
of interfacial polymerization

Interestingly enough, the tube device can also be used to study the ini-
tiation of the polymerization process and its propagation in a thin film of
glue. Indeed, as soon as the aspiration is stopped (¢ = 0), the ionic solution
begins to darken (Figure 15a), indicating that a polymerization process is
occurring. This phenomenon corresponds to the polymerization of a thin
film of glue, which is left behind in the z < 0 region, during the quick as-
cension of the glue mixture, when the ionic solution is aspirated. Figure 15b
shows the time evolution of the grey level at 3 locations in the ionic solution
(z < 0) for the measurements of Figure 15a. The initial value of the grey
level G,(z,0) ~ 147 corresponds to that in the ionic solution prior to any
polymerization reaction. It then decreases with time, first sharply (¢ < 50 s),
then slowly for 50 s < ¢ < 200 s and finally very slowly (~ 5 grey level unit
change over for 90 min or more). Similar trends are obtained for all the glue
concentrations, both in the case of Glubran 2 and Histoacryl. At the end of
the experiments, when the polymerization is well completed, the thin film
can be removed from the tube (Figure 16a), cut in sections and measured
under a microscope (Figure 16b). The thickness of the film has nearly the
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Figure 14: Scanning electron micrograph of the polymerized glue mixture. (a) Pure Glu-
bran Ce = 100%, (b) and (c) Glubran-Lipiodol mixture Cg = 50%: the polymerized glue
structure is immersed in oil.
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Figure 15: Change in opacity observed in the ionic solution in the case of a G-L mixture
(Ce = 50%). (a) Darkening in the ionic solution revealing a polymerization of the G-L
film left behind on the tube wall. (b) Grey level time evolution at different positions within
the ionic solution.

(b)

Figure 16: G-L mixture (Cg = 50%): (a) Scanning electron micrograph of a G-L film
removed from the tube, (b) optical micrograph of a film section.
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75 (s) Cq = 50% Co = 75% Co = 100%
G-L 116 + 8 79 £ 11 54 £ 9
H-L 86 + 9 66 + 13 41 + 3

Table 3: Average characteristic times 74 for which 90% of film polymerization has occurred.
Results are for Glubran-Lipiodol and Histoacryl-Lipiodol mixtures, with different glue
concentrations.

same value e = 24 + 2 um for all glue concentrations. The theoretical value
of e can be estimated using Bretherton’s theory [18]:

e= a%(/ﬂ//v)”?’a (4)

where D, is the internal tube diameter and V' is the ascending velocity during
the aspiration phase. The factor « takes values between 1.34 (in the case of a
clean interface) and 3.37 (in the case where Marangoni effects have the most
important effect due to the presence of surfactants) [19]. Using the results
of section 2.1 and V' ~ 3 mm/s, we find e ~ 14 - 35 pm for all the glue
concentrations. The experimental value that we have measured falls within
those limits, which is satisfying knowing that the film is presently generated
under the combined effects of flow and polymerization.

The time evolution of the grey levels measured in the film (e.g. Figure
15b) can be used to assess the early stages of polymerization in a thin film.
As it is not possible to fit the time-evolution curves with a simple exponential
curve, we define the time 7; as the time for which the grey level has decreased
by 90% in the first 200 s:

Gp(z,77) = Gp(2,0) — 0.9[Gp(z,0) — G,(2,200)]. (5)

For all the glue concentrations, we find that 7; decreases slightly when z
decreases, a result which can be inferred from Figure 15b: this effect is due
to gravity-induced film thinning. To exclude a possible influence of gravity,
we thus consider the values of 7; obtained for z/D. € [—1,—3], a location
where the film thickness has roughly the value given by Eq. (4). The average
values of the characteristic time 7 are shown in Table 3 for the different glue
mixtures. In all the cases, 7; is of the order of 1 to 2 min, which is much
shorter than the propagation times which were measured for volumetric poly-
merization in section 3.2.1. This can be explained by the fact that the film
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interface between the glue mixture and the ionic solution has a small thick-
ness along which the reaction can propagate, and a comparatively large area.
The time 7 then essentially measures the initiation of the polymerization
upon contact with anions. This explains why, for a given glue, increasing the
Lipiodol concentration increases 7¢: the initiation of polymerization takes
more time because there are less monomer molecules available. For any con-
centration, the polymerization time is shorter for pure nBCA glue than for
Glubran 2 (Table 3), thus indicating that the functional monomer MS leads
to an increase in the polymerization time of the glue.

SEM micrographs of the film surface are shown in Figure 17. For pure
Glubran 2, the film structure (Figure 17a) is analogous to the one observed
for the volume polymerization in the bulk (Figure 14a). However, in the case
of glue-oil mixtures, the process is different: the mixture undergoes phase
separation upon contact with the aqueous ionic solution. The tensioactive
glue molecules are now located on the surface of the oil droplets. When
the glue polymerizes, it encapsulates the oil droplets in a manner which is
analogous to the procedure used to produce cyanoacrylate nanocapsules for
drug transport [8]. The spectroscopic analysis of the white spherical particles
in Figure 17b indicates the presence of iodine, and thus of Lipiodol. The
defects that are observed on the surface of the film (Figure 16a) are probably
due to the damage of encapsulated oil droplets during the removal of the
film from the tube. Note that this phase separation/encapsulation process
does not occur in the glue mixture volume, because there is no direct contact
between the oil and the aqueous solution except at the tube wall.

4. Discussion and conclusion

We have conducted an in vitro study to quantitatively investigate the
physical properties and the polymerization process of cyanoacrylate glues
mixed with Lipiodol at various concentrations, Lipiodol being added to make
them radio-opaque. Two glues have been investigated: Histoacryl, which is a
pure nBCA glue, and Glubran 2, which is composed of nBCA and metacry-
loxysulpholane. We have confirmed that glue and Lipiodol are miscible. The
addition of Lipiodol has the effect of modifying the physical properties of the
glue: the viscosity, density and interfacial tension of the mixture with water
all increase with the relative concentration in Lipiodol.

The experimental setup allows to rigorously investigate the glue polymer-
ization when it is brought in contact with an anionic solution, analogous to
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(b)

Figure 17: Scanning electron micrograph of the film surface: (a) pure Glubran, (b) G-L
mixture (Cg = 50%) where encapsulated oil droplets appear on the surface.

blood. The principle of the technique relies on the formation of a well-defined
interface between the two liquids and on an objective measurement of the
progression of the polymerization reaction by means of a high-speed imaging
system, which measures the grey level change in the system. The results are
very reproducible.

Various studies have reported on the polymerization mechanisms of nBCA
under different experimental conditions [20, 21, 22]. They indicate that there
are three distinct mechanisms whereby polymerization of pure nBCA may be
initiated: anionic polymerization initiated by simple anions (acetate, hydrox-
ide, cyanide, ...), zwitterionic polymerization initiated by covalent organic
bases (either weak ones such as alcohol and amine, or strong ones such as
triethylamine or pyridine), radical polymerization initiated by radicals. But
in practice, the two favored modes are anionic and zwitterionic under clas-
sical experimental conditions. Hydroxide ions have been shown to provide
optimal conditions for polymerization among all possible anions [23, 24]. As
for Glubran 2, Levrier et al. [25] briefly mentioned in the introduction that
the Glubran 2 polymerization pathway is radical contrary to pure nBCA,
but none of the studies provided as references were conducted on the nBCA-
MS monomers. It is, thus, difficult to know from the literature the exact
mechanism responsible for the polymerization of Glubran 2.
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We find that there is an initial polymerization phase, which is first very
fast, since a 24-pm film is almost completely polymerized (and solidified)
in 1 to 2 min depending on glue concentration. The polymerization of the
mixture starts seconds after contact with the ionic solution and occurs at the
interface between the two liquids. We confirm that the initial polymerization
time increases with the proportion of Lipiodol, as was also found in previous
studies with other methods [10, 11, 26]. This increase might be caused by the
screening effect of oil molecules, which lowers the contact probability between
the glue and anions. However, for nBCA-oil mixtures with Cg = 50%, these
previous studies report polymerization times between 3 s and 9 s, which are
significantly smaller than the ones we measure (74 ~ 86 s). The discrepancy
may be due to the rather imprecise way the polymerization was assessed
(change of opacity) in those studies and to the ionic fluid used (foetal veal
serum, usually). Indeed, Figure 15 shows clearly that there is a fast drop in
opacity during the first 10 s of contact, which is followed by a slower process
as the reaction progresses inside the film. The differences in grey levels of
the images in Fig. 15a for ¢ > 10 s are not measurable with the naked eye
and it takes a good imaging system to detect them.

Once the reaction is initiated, the glue mixture gradually polymerizes in
volume, leading to the propagation of a polymerization front along the tube
axis. This propagation process is slow and can take between 10 to 60 min for
a 0.5 mm progression, the shortest time occurring for pure Glubran 2. Note
that, for pure Histoacryl, the propagation over 0.5 mm takes only 3 min,
which is extremely fast. During volume propagation, the initiated polymer
chain increases by successively adding monomer molecules. Owing to this
process, the intermolecular van-der-Waals forces convert to covalent bonds
[27]. This results in a volume reduction and a density increase. Monitoring
the volume shrinkage, or equivalently the change in length of the glue mix-
ture, can thus be a simple alternative to the grey level analysis. As expected,
the shrinkage increases with glue concentration (Figure 13). Indeed, the ad-
dition of Lipiodol increases the dilution of monomer molecules and increases
both the polymerization half time and the shrinkage of the volumetric poly-
merization. Note that Glubran 2 results from the addition of a MS group
to nBCA molecules, in order to slow down the polymerization process. Our
results confirm that this objective is reached for pure glue (100%), but that
the effect is inverted or not very important when the glue is mixed with
Lipiodol (Figure 10).

For the sake of completeness, we have also tested very dilute mixtures
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of Glubran or Histoacryl with Lipiodol, Cg = 25%, a concentration that is
sometimes used by surgeons for embolization. The vertical setup of Figure
5 could not be used as such in this case, since the glue mixture is denser
than the ionic solution (see Figure 2): the configuration would have been
prone to a Rayleigh-Taylor instability. The experiment was thus conducted
in a horizontal tube. No measurable grey level change could be obtained
within the glue mixture, which remained liquid for days after the experiment
was stopped. This proves that it is very difficult for the polymerization to
propagate within the glue volume when the concentration is as low as Cg =
25% in the case of an anionic initiation of the reaction. A polymerization
reaction, however, occurred at the interface between the glue mixture and the
ionic solution in the tube cross-section and led to the formation of a film of
solidified glue: its existence was verified by introducing a wire into the tube.
A thin film of glue was also left along the tube wall, which led to a grey
level change in the ionic solution, as discussed previously (see section 3.3).
The corresponding time constant of the film polymerization was found to be
7r = 123 s, which is consistent with the results of Table 3. We conclude that,
for Cqg = 25%, the polymerization only occurs over micron scale distances
and is slow.

All the present findings provide interesting results to interventional radi-
ologists, who use Glubran 2 and Histoacryl as liquid embolic adhesives for
vascular embolization. The glues are rarely used pure, because of the ne-
cessity to visualize their propagation in the vascular network and because of
their very fast rate of polymerization on contact with anions. They are mixed
with the radio-opaque Lipiodol oil, which, we have shown, modifies the time
constants of polymerization: it results in a lengthening of the polymerization
time and thus in a safer use of the mixture for embolization. To prevent
premature polymerization in the micro-catheter or its blockage in the vessel
during glue injection, clinicians tend to use glue concentrations Cg < 50%.
Our study shows that there is then a trade-off between delayed interfacial
polymerization and full volume solidification. The hydrodynamic stresses ex-
erted by blood circulation could well break up the droplets of injected glue at
the early stages of their formation and prevent them from reaching the tar-
geted site [28]. It is thus of paramount importance to study the interaction
between injection hydrodynamics and glue polymerization, and extend the
two-fluid injection study previously conducted on non-reacting liquids [13].
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