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The two-dimensional (2D) center-of-mass diffusion, D, of end-tethered poly(2-methyl-2-oxazoline) (PMOx)
lipopolymer chains was studied in a Langmuir monolayer at the air–water interface using wide-field single molecule
fluorescence microscopy. In this case, tethering and stabilization of hydrophilic PMOx chains at the air–water interface
is accomplished via end-tethering to lipid molecules forming a hydrophobic anchor. To explore the influence of
molecular weight, Mn, and surface concentration, cs, on lateral mobility, two different PMOx chain lengths of n )
30 and 50 (n, number of monomer units) were analyzed over a wide range of cs. Using multiparticle tracking analysis
of TRITC-labeled PMOx lipopolymers, we found two regimes of lipopolymer lateral mobility. At low cs, D is independent
of surface concentration but increases with decreasing n. Here diffusion properties are well described by the Rouse
model. In contrast, at more elevated cs, the data do not follow Rouse scaling but are in good agreement with a free
area-area model of diffusion. The current study provides for the first time experimental insight into the 2D center-
of-mass diffusion of end-tethered polymers at the air–water interface. The obtained results will be of importance for
the understanding of diffusion processes in polymer-tethered phospholipid bilayers mimicking biomembranes at low
and high tethering concentrations.

Introduction

Soft materials exhibiting two-dimensional (2D) center-of-mass
lateral diffusion, D, among their molecular constituents represent
an object of great scientific and technological relevance.
Prominent examples of such 2D materials are lipid bilayers,
copolymers organized into lamellar sheets, wormlike micelles,
and ultrathin polymeric films where the film thickness does not
notably exceed the hydrodynamic radius of the polymer chains.
In such systems, diffusion properties are dependent on multiple
factors, including packing density, size and shape of molecules,
and molecular interactions.

Among the different types of 2D soft materials, the diffusion
properties of amphiphilic phospholipids and diblock copolymers
have been explored in particularly great detail. It is now well
established that the lateral diffusion of phospholipids in mono-
layers and bilayers is well described by a two-dimensional form
of the free area model.1–3 Previous bilayer experiments also
showed that the lateral diffusion of lipids in a bilayer geometry
can be analyzed using the Rouse concept.4 Diblock copolymers,
which are organized in lamellar structures, represent another
interesting example of a 2D soft material because, unlike
phospholipids, they can be studied over a large range of polymer
molar masses. Short, unentangled diblock copolymers were found
to show Rouse dynamics, whereas diffusion properties of diblocks

of higher molecular weight were interpreted in terms of activated
reptation and block retraction, depending on the degree of
segregation.4–8 Temperature-dependent experiments on poly-
mersomes, which are based on diblock copolymers, also showed
that the self-diffusion can be described by a free volume theory.4

Here we report on the 2D center of mass diffusion, D, of
poly(2-methyl-2-oxazoline) (PMOx) lipopolymers at the air–
water interface using wide-field single molecule fluorescence
microscopy. This powerful method has been successfully applied
before to determine the lateral diffusion of phospholipids in
phospholipid and phospholipid/lipolymer monolayers at the
air–water interface.9,10 In the current study, PMOx lipopolymers
of two different polymer chain lengths of n ) 30, 50 (n, number
of monomer units) are compared (Figure 1). Unlike diblock
copolymers, which consist of one hydrophilic and one hydro-
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Figure 1. Molecular structures of the lipopolymers diC18PMOxn (n )
30, 50).
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phobic polymeric block, lipopolymers consist of a hydrophilic
polymer chain covalently grafted to a lipid moiety as the
headgroup. At the air–water interface, these polymer–lipid hybrids
behave like end-tethered polymer chains with mobile grafting
points. Consequently, the center of mass diffusion of a lipopolymer
monolayer should be confined within the plane of the air–water
interface. Because the lipid moiety of lipopolymers, which keeps
these amphiphiles at the air–water interface, is usually less
spacious than the connected polymer moiety, the self-diffusion
properties are expected to be determined mainly by the poly-
mer–polymer interactions. The current experimental system is
particularly interesting because the 2D center of mass diffusion
can be studied as a function of the surface concentration, cs. The
experiments herein are also important to better understand the
diffusion properties of polymer-tethered phospholipid mem-
branes.10–17 This is because recent diffusion studies on dye-
labeled lipids in polymer-tethered phospholipid monolayers
suggest that the lateral diffusion of phospholipids is dependent
on the strength of polymer–polymer interactions among adjacent
lipopolymers.10,18 These findings are in good qualitative agree-
ment with lateral diffusion data of poly(ethylene glycol) (PEG)
lipopolymers in magnetically aligned bicelles using NMR, which
show two different diffusion regimes at low and high lipopolymer
concentrations.19,20 In this case, the lateral diffusion of PEG
lipopolymers remains largely unchanged in the case of nonin-
teracting or weakly interacting polymer chains but exhibits a
significant decrease with increasing strength of interpolymer
interaction. Overall, monolayer and bicelle studies suggest an
intriguing feedback mechanism between lipid and lipopolymer
diffusion in polymer-tethered membranes.

Materials and Methods

The lipopolymers 1,2-di-O-n-octadecyl-sn-glycerol-poly(2-meth-
yl-2-oxazoline)n (diC18PMOxn) of two different polymer chain lengths
of n ) 30, 50 (n, number of monomer units) were synthesized by
living cationic ring-opening polymerization as described re-
cently.15,21,22 For each lipopolymer system, a N-(6-tetramethyl-
rhodaminethiocarbamoyl) (TRITC)-labeled analogue (diC18PMOxn-
TRITC, n ) 30, 50) was created following our previously described
strategy.22 The lipopolymers were characterized by gel permeation
chromatography, MALDI-TOF mass spectrometry, and 1H NMR
spectroscopy. End-functionalization was quantitative and the poly-
dispersity index (PDI) was found to be narrow with PDI ) Mw/Mn

) 1.06 for diC18PMOx30 and 1.16 for diC18PMOx50. The quantitative
dye labeling of a lipopolymer fraction by thiourea coupling was
performed as previously reported.22

To conduct single molecule tracking experiments of amphiphilic
lipopolymers at the air–water interface, a custom-built Langmuir
trough equipped with a Wilhelmy pressure detector was utilized, as

reported previously.9,10 A detailed description of the trough design
is provided elsewhere.23 In short, to allow for imaging experiments
using an inverted microscope, the bottom of the Teflon-based trough
has an opening at the center, which is sealed by an optically transparent
microscopy coverslip (45 × 50 mm). The center of the trough is
surrounded by a notably deeper well region to facilitate the immersion
of a standalone pressure detector (NIMA) and to enable measurements
using a thin water layer in the central area. To avoid water leakage,
the precleaned cover glass is slightly pressed against an O-ring using
four to six clamps. Prior to the sample being spread, the trough
needs to be filled to obtain a water layer of ∼5 mm above the cover
glass. Lipopolymers were dissolved in chloroform and spread onto
the air–water interface, thus forming the lipopolymer monolayer.
To facilitate tracking experiments of individual lipopolymers, a
small amount of 10-8 mol % diC18PMOxn-TRITC was added to
each monolayer explored, thereby matching n as well as the PDI
between labeled and nonlabeled lipopolymers. Milli-Q water (pH
) 5.5, 18 MΩ resistivity) was used as the subphase material. After
the formation of the monolayer, the monolayer-cover glass distance
was reduced to∼200 µm by reducing the subphase volume to suppress
the surface flow of the monolayer and to match the 0.25 mm working
distance of the 40× water-immersion objective (Olympus UAPO
40× water immersion, NA 1.15) used. To reduce further the
perturbation of the monolayer by air flow, the trough was covered
and the monolayer was allowed to equilibrate for several minutes
prior to imaging. The temperature of the sample cell was maintained
at 23.8 °C via a Peltier cooling system (TE Technology).

Our single molecule fluorescence imaging setup was described
in more detail previously.9,10 A 200 mW frequency doubled
Nd:YAG laser (532 nm) was used as an excitation source. The laser
beam was spatially filtered and delivered to the EPI port of an inverted
microscope (Zeiss Axiovert S100TV). Then the beam was reflected
by a dichroic mirror (Omega XF1051) and focused by a microscope
objective (Olympus, water immersion, 40× NA ) 1.15). The
fluorescence signal, centered at 566 nm, was refocused to an
intensified CCD camera (iPentaMAX 512EFT, Princeton Instru-
ments) mounted at the TV-port of the microscope. The excitation
light was blocked out by the combination of a Raman filter (Omega
540ELP) and the dichroic mirror. To control the exposure time and
the time lag between successive exposures, a Uniblitz shutter (VMM-
D1) of 3 mm open aperture was utilized. The exposure time and the
frame rate of the CCD camera were chosen to be 15 ms and 11
frames/s while synchronized with the Uniblitz shutter.

Image recording and single molecule tracking were acquired using
Isee imaging software (Inovision Corp.) running on the Linux
platform. The photolability of fluorescent dyes does not allow for
long-term observations of individual molecules and a straightforward
analysis of the diffusion processes using a mean-square displacement,
〈r2〉 , versus time analysis. Therefore, the positional change of
individual molecules was analyzed for each successive frame
separately using a constant time lag between successive exposures
of ttag ) 50 ms, as reported before.12 The time lag was set by the
time of closed shutters between successive exposures (open shutters).
The exposure time was set to 7 ms. To minimize the impact of
surface flow on the experimental results, the relative positional change
of multiple tracer molecules was analyzed (multiple particle tracking)
by tracking the position of two to four molecules at a given CCD
frame and by determining the changing distances among tracer
molecules between successive frames. Finally, flow-corrected square
displacements, r2, were obtained from the relative distance values.
To ensure statistical significance, each sample was analyzed using
150 flow-corrected square displacements at the same ttag ) 50 ms.
The r2 were first investigated in terms of a cumulative distribution
function (CDF) by counting the number of r2 with values er2 and
normalizing by the total number of tracks used.24 Each CDF was
analyzed assuming normal diffusion, for which the CDF is24
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P(r2, tlag)) 1- exp(- r2(tlag)

〈r2(tlag)〉 ) (1)

where 〈r2(ttag)〉 is the mean-square displacement and ttag is the time
lag. In addition, CDFs were analyzed for anomalous subdiffusion,
with

P(r2, t)) γ(a, brc) ⁄ Γ(a) (2)

where γ(a,brc) and Γ(a) are the incomplete and complete gamma
functions and a, b, and c are constants.12 The mean-square
displacement, 〈r2〉 , was determined from the flow-corrected square
displacements, r2

〈r2 〉 ) 1

∑
ti-tj)tlag

∑
ti-tj)tlag

[rb(ti) - rb(tj)]
2 (3)

where rb(ti) and rb(tj) are the position vectors of the tracer molecule
at times ti and tj, respectively. As reported previously, the statistical
conditions (number of r2 per sample) chosen result in a deviation
in 〈r2〉 of 1.5%.12 For Brownian diffusion, the lateral diffusion
coefficient D can be obtained from the average value of the individual
displacements 〈r2〉 with

D)
〈r2〉
4tlag

(4)

Results and Discussion

Figure 2 shows the pressure (π)-area (A) isotherms of
diC18PMOx30 (solid line) and diC18PMOx50 (dashed line)
monolayers at the air–water interface. Those regions are marked
by arrows, where single molecule imaging studies were conducted.
The absence of a plateau at a film pressure of about 10 mN/m,
which has been observed for poly(ethylene glycol) (PEG) and
poly(2-ethyl-2-oxazoline) lipopolymers having a polymer main
chain of slight amphiphilicity, indicates the pure hydrophilic
nature of the PMOx chains.25–28 As highlighted in the inset of
Figure 2, diC18PMOx30 and diC18PMOx50 are both characterized
by a plateau at elevated surface concentrations. This plateau
region has been associated with a surface micellization, which
also has been observed on diblock copolymers.4,28,29 Interestingly,
the further increase of the lipopolymer surface concentration

beyond the surface micellization transition leads to a significant
change in viscoelastic properties, which has been associated with
the jamming of surface micelles.28,30 This viscoelastic transition
is dependent on the lipid and polymer moieties of these amphi-
philes.28,31

The photolability of organic dyes prevents a reliable tracking
analysis over a large time range. Therefore, the lateral mobility
of probe molecules was examined using CDFs of a constant tlag

) 50 ms, as described before.12 Figure 3 illustrates representative
CDFs obtained from tracking experiments at different film
pressures using monolayers of diC18PMOx30 and diC18PMOx50.
The CDFs show qualitative agreement between the two different
lipopolymers (n ) 30, 50) in that increasing film pressures shift
r2 to smaller values at a given P(r2, t). This shift, which
corresponds to a reduction in lateral mobility, is reasonable due

(25) Baekmark, T. R.; Elender, G.; Lasics, D. D.; Sackmann, E. Langmuir
1995, 11, 3975–3987.

(26) Baekmark, T. R.; Wiesenthal, T.; Kuhn, P.; Bayerl, T. M.; Nuyken, O.;
Merkel, R. Langmuir 1999, 15, 3616–3626.

(27) Lüdtke, K.; Jordan, R.; Hommes, P.; Nuyken, O.; Naumann, C. A.
Macromol. Biosci. 2005, 5, 384–393.

(28) Foreman, M. B.; Coffman, J. P.; Murcia, M.; Cesana, S; Jordan, R.;
Smith, G. S.; Naumann, C. A. Langmuir 2003, 19, 326–332.

(29) Baekmark, T. R.; Sprenger, I.; Ruile, M.; Nuyken, O.; Merkel, R. Langmuir
1998, 14, 4222–4226.

(30) Naumann, C. A.; Brooks, C. F.; Fuller, G. G.; Knoll, W.; Frank, C. W.
Langmuir 1999, 15, 7752–7761.

(31) Coffman, J. P.; Naumann, C. A. Macromolecules 2002, 35, 1835–1839.

Figure 2. Pressure–area isotherms of diC18PMOx30 and diC18PMOx50.
The markers illustrate where single molecule fluorescence microscopy
studies were conducted. The inset shows an enlargement of the region
around the high-pressure transition, which has been associated with the
formation of surface micelles.

Figure 3. Normalized cumulative distribution function (CDF) obtained
from TRITC-labeled PMOx lipopolymers in monolayers of diC18PMOx30

(top) and diC18PMOx50 (bottom). For each lipopolymer system, CDFs
are illustrated which were obtained from three representative film
pressures. The dashed line shows the best fit using the theoretical CDF
describing Brownian diffusion (eq 1). All r2 are based on a time lag of
tlag ) 50 ms.
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to the smaller areas per molecule at increased film pressures.
Figure 3 also reveals that the experimental CDFs presented can
be described quite well by eq 1 representing the theoretical CDF
for Brownian diffusion (dashed lines). In fact, the fits did not
improve notably if the theoretical model considering anomalous
diffusion (eq 2) was applied (data not shown). The excellent
agreement between experimental and theoretical CDFs based on
the Brownian diffusion model suggests that the multiple-particle
tracking analysis approach employed successfully corrected for
surface flow and that D can be determined from 〈r2〉 using eq
4. The current results do not exclude the possibility of anomalous
subdiffusion at longer time lags. Unfortunately, a more rigorous
analysis of anomalous subdiffusion is not possible in the current
study because the poor photostability of fluorescent dyes prevents
the〈r2〉-time analysis over a wide range of different time lags.
It should be pointed out that anomalous diffusion was reported
on nonentangled polymer fluids.32

To further analyze the diffusion behavior of lipopolymers at
the air–water interface, Figure 4 illustrates plots of D versus the
area per molecule, A, for both lipopolymers studied. Several
interesting results can be obtained. Unlike phospholipids at the
air–water interface,9 lipopolymers exhibit two different diffusion
regimes labeled as regions I and II, which are dependent on the
surface concentration, cs. In region I, at high area per molecule,
A, D is independent of A and the average plateau value of D
increases with decreasing n. Beyond a critical area per molecule,
Acrit, in region II, D decreases with decreasingA. Here the slope
of the D-A plots is dependent on n. Interestingly, the tracking
results in Figure 4 show great similarities to the concentration-
dependent diffusion of bulk polymers where two similar diffusion
regions have been observed.33–35 In this case, the polymer
diffusion at the plateau region is well-described by the Rouse
model, whereas the diffusion data at more elevated concentrations
are in good agreement with the concept of reptating polymer
chains.

To interpret the tracking data in Figure 4, one needs to consider
the lipid-polymer hybrid character of lipopolymers. The hybrid
character gives rise to two possible diffusion mechanisms. The
first mechanism emphasizes on the fact that lipopolymers in a
planar geometry mainly interact via their polymeric moiety. In
this case, the analysis within the framework of polymer diffusion
theory seems to be justified. In contrast, the second mechanism
treats lipopolymers as regular amphiphiles like phospholipids
without particularly considering the polymeric nature of their
hydrophilic moiety. The main rational for such an interpretation
is that polymer chains are end-tethered to lipids, thus confining
them at the air–water interface, and are relatively short with no
or minor entanglements. Here the lateral diffusion should be
well described by a free-area model. In the following, we want
to interpret our tracking data in terms of these two concepts.

The plateau region of region I suggests Rouse diffusion. In
the Rouse regime, the self-diffusion coefficient, D, and the
polymer molecular weight, Mn, of bulk polymers are related
via36

D ∝ Mn
-1 (5)

The tracking data of the two lipopolymers (n ) 30, 50) in the
plateau region reveal the following ratio

DI,30

DI,50
) 9.7

5.7
) 1.7

Here DI,30 and DI,50 are the D values of diC18PMOx30 and
diC18PMOx50, respectively, in region I. Indeed, this ratio agrees
well with the corresponding ratio based on the Rouse prediction
of eq 5, which can be expressed by

DdiC18PMOx30

DdiC18PMOx50
) 50 ⁄ 30) 1.67

The above finding is in good agreement with previous reports
on other 2D soft materials, where Rouse diffusion was observed
as well. For example short, unentangled diblock copolymers and
phospholipids which are organized in vesicular structures, show
Rouse-type diffusion properties.4 Rouse diffusion was also
observed on another interesting 2D soft material, DNA bound
to planar lipid bilayers containing cationic lipids.37

In region II, at more elevated cs, the lipopolymer diffusivity
is characterized by enhanced polymer–polymer interactions.
Because D is now dependent on cs and cannot be described by
eq 5, the tracking results cannot be explained in terms of simple
Rouse dynamics anymore. At the same time, it is not plausible
to interpret the diffusion properties of lipopolymers in region II
in terms of a chain reptation process, where the self-diffusion
of reptating polymers in bulk can be expressed by D ∝ c-RMn

-�

(c, bulk concentration; D, diffusion coefficient) with scaling
exponents of R ) 1.75 and � ) 2.33,38 This is because the rela-
tively short polymer chains are end-tethered to lipids, thus
confining them at the air–water interface. To verify our
assumption, Figure 5 illustrates the tracking data related to region
II in terms of log D-log cs plots for both systems studied.
Interestingly, diC18PMOx30 and diC18PMOx50 are characterized
by different values of R, which are R ) 4.9 for diC18PMOx30

and R ) 2.4for diC18PMOx50. Furthermore, these scaling
exponents significantly deviate from that of reptating polymers
in bulk (R) 1.75). Figure 5 also provides information about the(32) Guenza, M. Macromolecules 2002, 35, 2714–2722.

(33) Léger, L.; Hervet, H.; Rondelez, F. Macromolecules 1981, 14, 1732–
1738.

(34) Smith, D. E.; Perkins, T. T.; Chu, S. Phys. ReV. Lett. 1995, 75, 4146–
4149.

(35) Kaes, J.; Strey, H.; Sackmann, E. Nature 1994, 368, 226–229.

(36) Doi, M.; Edwards, S. F. The Theory of Polymer Dynamics; Clarendon
Press: Oxford, 1988.

(37) Maier, B.; Raedler, J. O Phys. ReV. Lett. 1999, 82, 1911–1914.
(38) de Gennes, P. G. J. Chem. Phys. 1971, 55, 572–579.

Figure 4. Diffusion coefficient, D, plotted as a function of area per
molecule, A, for diC18PMOx30 and diC18PMOx50. Each lipopolymer
system shows two different diffusion regions, regions I and II. At lower
surface concentrations (region I), D appears to be independent of A. In
contrast, at more elevated surface concentrations (region II), D gradually
decreases with decreasing A. The dotted lines connect the data points
to guide the eye.
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scaling exponent �. This is achieved by analyzing the overlap
region of diC18PMOx30 and diC18PMOx50 between ca and cb.
Here, the scaling exponent � (averaged over the whole overlap
region) was found to be � ) 1.6 ( 0.3. Overall, the scaling
exponents R and � obtained from Figure 5 show, as expected,
that chain reptation is not the appropriate model to describe the
diffusion data in region II.

Because the water molecules are expected to remain inside
the polymer system due to hydrodynamic interactions (nond-
raining behavior), it is reasonable to assume that the diffusion
process can be described in terms of a rigid body model, like a
free-area model, where polymers can be approximated via circular
disks, spheres, or cylinders.39–41 The free area model has the
general form42

D)D0 exp(-γa
af

-
Ea

kT) (6)

where D0 is the diffusion coefficient describing free diffusion,
a* is a critical free area, af is the average free area, Ea is an
activation energy, k is the Boltzmann constant, and T is the
temperature. The activation energy takes into account the
interactions between amphiphiles, the interactions between
amphiphiles and solvent molecules, and the required energy for
the formation of free area.43,44 A limiting form of eq 6 without
the energy term was developed earlier by Cohen and Turnbull.45

By applying the limiting case of Cohen and Turnbull to our
monolayer system, we can write

D)D0 exp(-γAmin

Af
) (7)

where Amin is the minimum free area per lipopolymer required
for diffusion and Af is the average free area per lipopolymer

which is given by Af ) Alipo - Amin. A hallmark of the free-area
model is that there is a linear relationship between ln D and the
inverse of the free area, 1/Af. To explore the free area concept
in more detail, Figure 6 illustrates ln(D/D0) vs Amin/Af plots for
diC18PMOx30 and diC18PMOx50 in diffusion region II. Here Amin

was estimated for each lipopolymer by extrapolating the D vs
A plot toward D ) 0 (not shown). The dashed and solid lines
represent the best linear fits of the tracking data using eq 7 for
n)30 and n)50, respectively. The excellent agreement between
linear fits and data points shows that the diffusion properties of
diC18PMOx30 and diC18PMOx50 are well-described by the free-
area model. Furthermore, the determined γ-values of γ ) 0.77
(diC18PMOx30) and γ ) 0.66 (diC18PMOx50), which can be
obtained from the slopes of the plots in Figure 6, are well within
the expected range of 0.5 e γ e 1.1

Conclusion

The current wide-field single molecule fluorescence micros-
copy study provides for the first time insight into the 2D center-
of-mass diffusion of lipid-tethered poly(2-methyl-2-oxazoline)
at the air–water interface. By exploring the diffusion properties
of two different polymer chain lengths over a wide range of
surface concentrations, we were able to investigate the influence
of the polymer chain length and molecular surface concentration
on the 2D center-of-mass diffusion. Depending on surface
concentration cs, our experiments reveal two different diffusion
mechanisms. At low cs, the 2D center-of-mass diffusion shows
typical features of a Rouse system. In contrast, at more elevated
cs, where more pronounced interpolymer interactions occur,
diffusion properties are better described by a free-area model,
at least, in the absence of surface micelles. The experiments
presented herein will be of interest for the understanding of
diffusion processes in polymer–lipid composites like polymer-
tethered phospholipid monolayers and bilayers.12,14–17,19,20
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Figure 5. log–log plot of the diffusion coefficient D vs surface
concentration cs of diC18PMOx30 and diC18PMOx50 in diffusion region
II. The dashed lines represent linear fits to the data, their slopes change
with n and are –4.9 (n ) 30) and –2.4 (n ) 50). The overlap region is
highlighted by ca and cb, respectively.

Figure 6. Plot of ln(D/D0) vs Amin/Af, for n ) 30, 50 in diffusion region
II. The dashed and solid lines represent the best linear fits for n ) 30
and n ) 50, respectively. Their slopes are –0.77 (n ) 30) and –0.66 (n
) 50). The excellent agreement between data points and fits shows that
D of end-tethered PMOx chains in diffusion region II is well described
by the free area model.
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