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Abstract
Fluorocarbons are novel systems in the fast-growing fields of diverse biomedical applications and fluorocarbon-water
emulsions. However, characterization of these systems with modern measuring techniques such as drop profile analysis
tensiometry is almost impossible because of practically identical refractive indexes and high-density differences. Due to
the material properties of the fluorocarbon-water system, the invasive Du Noüy ring is the most appropriate method to
measure interfacial tensions over long times. However, the influence of the ring on a fluorocarbon/water interface packed
with phospholipids needs careful analysis. For the proof of methodology, the spinning drop tensiometry was used for
comparison as a non-invasive technique to measure interfacial tension between water and perfluoroperhydrophenanthrene
(PFPH) covered by 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) proving almost identical results. This dem-
onstrates the validity of the invasive measurement technique for the studied system. The Du Noüy ring method was applied
for further measurements of phospholipids with different chain lengths (1,2-dmyristoyl-sn-glycero-3-
phostphatidylcholine, DMPC; 1,2-distearoyl-sn-glycero-3-phosphatidylcholine, DSPC) which revealed a difference in
interfacial adsorption kinetics and equilibrium tensions. The Du Noüy ring tensiometry is appropriate to examine the slow
adsorption kinetics of phospholipids emulsifying fluorocarbons. The results enable functional optimization of fluorocar-
bon emulsions regarding physical emulsification parameters and the selection of lipids.
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Introduction

Phospholipids (PLs) are widely used in nutrients and pharma-
ceutical applications because of their natural occurrence in cell
membranes. As an endogenous substance, they are safe to be
applied in the food and pharma industry and often utilized as
natural emulsifiers [1]. Understanding the adsorption kinetics
of PLs helps to improve nanoemulsions. From the thermody-
namic behaviour of interfacial layers, the optimum area per
lipid molecule is derived and can be adduced to determine the
PL concentration for the emulsifying process as well as give
information about the emulsion stability [2]. Thus, studies of
interfacial tensions between PL and an oil or organic phase are
of high interest to understand the adsorption kinetics and im-
prove the emulsification process. Organic phase-water or
water-air interfaces and the adsorption behaviour of PL used
in these systems have been described in a variety of literature
[3–5]. However, not many experimental data exist about
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interfacial tensions with the organic phase being a fluorocar-
bon including PL as surfactants. Commonly used oils show a
high miscibility with PL and, hence, favour the formation of
gel phases at interfaces [6, 7]. In addition, emulsions from
natural oils are less stable and unsaturated oils tend to quickly
oxidize [2]. Fluorocarbons have been found to be good for the
use of pharmaceutical emulsions. Most fluorocarbons are in-
ert, very stable, biocompatible and a possible alternative in
biomedical use [8–10]. The application of fluorocarbon and
perfluorocarbon nanoemulsions expanded over the last couple
of years. They are utilized for magnetic resonance imaging
(MRI) as a contrast agent (19F) to detect tissue artefacts such
as venous thrombosis at an early stage [11] and various other
applications in the field of MRI [12, 13]. Moreover, Chattaraj
et al. [14] added PLs in various compositions to enhance the
contrast and examine lipid layer behaviour. Fluor-containing
compositions of drug or protein delivery systems were exam-
ined by Zhang et al. [15], who took advantage of the fluori-
nation effect of fluoroamphiphiles for a more efficient protein
delivery. An additional imaging mode is the positron emission
tomography (PET). Amongst the required contrast agents are
fluorocarbons (18F) [16, 17]. To summarize, fluorocarbons are
inert, very stable, and biocompatible excipients in pharmaceu-
tical emulsions. Moreover, they offer the advantage of being a
contrast agent as natural or synthetic isotope for MRI and
PET. They are ideal oxygen suppliers for organ transports
because of their high gas solubility and volatile fluorocarbons
that enable triggered release of APIs because of the low evap-
oration temperature [18].

All these applications make use of nanoemulsions which is
why their characterization comes to the fore. Phospholipids as
natural emulsifiers influence the nanoemulsions and their in-
terfacial characteristics. However, only a few data on interfa-
cial tensions of fluorocarbon oils have been published so far
[19].

Interfacial tensions are commonly measured with optical
methods. Profile analysis tensiometry (PAT) has been used
extensively to determine the adsorption process of surfactants
[20–22] and is considered as non-invasive. The Du Noüy ring
is one of the first established methods that allowed interfacial
measurements [23]. It is a non-optical measurement especially
used for fast measurements of pure liquid surface tensions
[24]. The ability to quickly obtain measurement data of an
unknown system, however, is associated with the disadvan-
tage that artefacts can occur with the ring method [25]. With
ongoing research, more methods were introduced [26].

Standard measuring techniques such as PATwere tested but
were found to be not suitable for our examined system because
the large density difference between both phases, which lead to
a rapid drop detachment, impede the formation of long-term
stable drops needed for PAT. Additionally, the camera cannot
detect the droplet automatically because of almost identical
refractive indices n of perfluoroperhydrophenanthrene (PFPH)

and phosphate buffer (Δn = 0.0004). However, automatic image
detection is crucial for this specific non-invasive technique to
determine the adsorption process. To influence the refractive
index of the aqueous phase and allow automatic image detec-
tion with PAT, a saccharose and sodium chloride solution were
studied. With the dispersed PL in the aqueous phase measure-
ments were performed for 2000 s. However, equilibrium inter-
facial tension was not reached within this time. In addition, the
performed experiments showed high standard deviations and
no change in interfacial tensions depending on the concentra-
tion of PL (data not shown). It was concluded that standard
measuring techniques are not suitable to detect interfacial ten-
sions between PFPH and a PL suspension. This is why the Du
Noüy ring method was chosen here as it allows to measure
immiscible phase of high-density differences irrespective of
their refractive indexes and the turbidity of an aqueous PL
suspension. The Du Noüy ring method is generally seen as
prone to error and, thus, validated with a second measurement
technique. Similar to our approach, Kovach et al. studied Janus
emulsions of silicon oil, olive oil, water, phospholipids and
other emulsifiers, but a rigorous comparison of the du Noüy
and the spinning dropmethod has not been provided so far [27].
The spinning drop tensiometer was used for comparison be-
cause it provides exact data, especially in the range of lower
interfacial tensions [28] and is based on a completely indepen-
dent physical principle. However, experiments performed with
the spinning drop takemuch longer for our system as for typical
materials studied with it, as equilibrium state for concentration-
dependent interfacial tensions has to be reached under rotation.
Additionally, it is usually applied for systems with very small
interfacial tensions which do not apply to our system. In con-
trast to that, the Du Noüy ring method allows several measure-
ments simultaneously which enables to examine a greater
amount of different concentrations and PL in a shorter period
of time due to parallel sample equilibration. However, only few
studies show phospholipids as natural surfactants and their ad-
sorption kinetics at a water-oil interface measured with the Du
Noüy ring such as Benmekhbi et al., who investigated the ad-
sorption kinetics of Span80 at a liquid/liquid interface [29].

The aim of this work is to show that the Du Noüy ring is
an appropriate method to measure interfacial tensions of
systems, which are impossible to characterize with other
modern techniques such as PAT. Furthermore, our valida-
tion of the Du Noüy ring method can set the foundation for
large-scale screenings of fluorocarbon or other unknown
systems with samples being prepared in parallel for long-
term adsorption outside the measurement device and a very
quick measurement process taking only a few minutes per
sample. Additionally, we applied the method presenting dif-
ferent interfacial measurements of PL suspensions with the
PL of various chain lengths and, for the first time, the fluo-
rocarbon oil perfluoroperhydrophenanthrene (PFPH). The
selected phospholipids have the same phosphatidylcholine
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head group in common but vary in their chain length from
14 to 18 carbons.

Material and methods

Materials

Lipoid (Ludwigshafen, Germany) provided all phospholipids
used for the experiments. The synthetic phospholipids 1,2-
dimyristoyl-sn-glycero-3-phostphatidylcholine (DMPC, (fat-
ty acid chain lengths/double bonds = 14:0), 1,2-dipalmitoyl-
sn-glycero-3-phosphatidylcholine (DPPC, 16:0) and 1,2-
distearoyl-sn-glycero-3-phosphatidylcholine (DSPC, 18:0)
were received in powder form and dissolved in ethanol
(99%, Carl Roth GmbH, Karlsruhe, Germany) for preparation
of stock solutions. Cholesterol (chol.) was purchased from
C a r l R o t h ( K a r l s r u h e , G e r m a n y ) .
Perfluoroperhydrophenanthrene (PFPH) was purchased from
F2 Chemicals (Preston, UK).

Preparation of lipid suspensions

For all experiments, stock suspensions of 20 mM of either
pure lipids were prepared. To prepare the stock suspen-
sions, the film hydration method was applied, and phos-
pholipids were dissolved in 99% ethanol. The film was
dried in a rotary evaporator (Heidolph Instruments,
Schwabach, Germany) and rehydrated in double-distilled
water (ddH2O, Arium Pro, Sartorius, Göttingen,
Germany). [30] Because of a very low solubility of phos-
pholipids in PFPH (< 10–6 mM) stock solutions were pre-
pared with ddH2O. For better dissolution of the lipids,
ultrasonic sound with a 100% cycle and 10% amplitude
(with sonotrode Digital Sonifier 450, Branson Ultrasonic
Corporation, Danbury, USA) was applied for 10 s follow-
ed by a 50% cycle and 10% amplitude for 10 min. For
longer stability, all stock solutions were extruded
(LIPEX™ Extruder, Transferra Nanosciences, Burnbary,
CA) through 400- and 200-nm-ion beam track-etched
membranes (Whatman, GE Healthcare, Little Chalfont,
UK) 20 times each. Both applications led to a suspension
of vesicles ranging from 100 to 200 nm which was veri-
fied by dynamic light scattering (Zetasizer Nano ZSP,
Malvern Instruments, Worcestershire, UK). All stock sus-
pensions were stored in the fridge at 4 °C. The final phos-
pholipid concentration after extrusion and ultrasonic
sound was determined by measuring the amount of phos-
phate colorimetrically according to Fiske [31]. Prior using
the stock solution, it was brought to room temperature
(20 °C) and diluted to the desired concentration.

Tensiometry

Interfacial tension was measured with the Du Noüy ring ten-
siometer DCAT EC11 (DataPhysics, Filderstadt, Germany)
(compare schematic illustration in Fig. 1 left) which is placed
in a temperature controlled room (20 °C) and run at 20.0 ±
0.1 °C using a thermobarrel and a water bath. The accuracy of
the platinum-iridium ring (DataPhysics, Filderstadt,
Germany) was validated by determining the surface tension
of water (72 mN/m [32]). Additionally, the interfacial tension
betweenwater and perfluoroperhydrophenanthrene (52.4 mN/
m) was measured and used as the initial interfacial tension for
all measurements. The interfacial tension was determined for
three different PL: DMPC, DPPC and DSPC. For these mea-
surements, 15 mL of the oil phase was transferred in the glass
vessel which was cleaned with isopropanol and dried in a heat
chamber. To avoid mixing of the oil and water phase, the
aqueous phase containing PLs was carefully pipetted along
the glass wall on top of the oil phase (15 mL). To receive
the concentration-dependent interfacial tension of the exam-
ined PLs, the aqueous phase was concentrated. The increase
of concentration was performed by adding the necessary
amount of PL stock solution stepwise to the aqueous phase
of the same glass vessel. Interfacial tension was measured
directly after increasing the concentration as well as after
reaching the quasi-equilibrium state. The equilibration time
for each phospholipid was determined for different concentra-
tions prior starting with the test series and used for all further
experiments. Each experiment was carried out in triplicates.
Within each experiment, measurements were performed three
times with less than 1 min in between, before increasing the
concentration. Flame treatment after each measurements
cleaned the ring.

The Du Noüy ring method was validated with the spinning
drop tensiometer (Spinning Drop Video Tensiometer SVT20,
DataPhysics, Filderstadt, Germany, Fig. 1, right). Because of
similar refractive indices of the examined systems (phospho-
lipid suspension RI = 1.331, RIPFPH = 1.335), the circumfer-
ence of the forming droplet cannot be identified via the
supporting camera system but with a manually applied cir-
cumference. To ensure an equally correct measurement with-
out automatic image acquisition, validation experiments with
water and hexanol were performed.

The validation was performed with the interfacial measure-
ment of DPPC only. Both phases were kept at 20.0 ± 0.1 °C at
all times. The oil phase was filled in the capillary, ensuring it is
free of any gas bubbles. The aqueous phase with DPPC was
diluted depending on the examined concentration and added
with a syringe that is stung through the septum, while the
capillary was brought into rotation with ω = 500 rpm to avoid
the droplet to attach to the glass wall. With an increasing
angular velocity ω, the droplet reaches a cylindrical form
and used to calculate the radius r by applying the manually
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set circumference, which allows to apply Eq. (1) and deter-
mine the interfacial tension:

γ ¼ 1=4 Δρr3 ω2 ð1Þ

Vonnegut et al. deduced Eq. (1) from the minimum state
of energy [28]. In order to apply Eq. (1), the length of the
droplet ought to be four times longer than the radius.
Additionally, the density ρ of both liquids is needed for a
calculation. Repetitions of the interfacial tension were ob-
tained by changing the angular velocity at least five times in
200 rpm steps. Equally to the Du Noüy ring method, the
determination of the equilibration time is necessary for the
final measurements. Thus, in a first step, the droplet circu-
lated as long as no change in interfacial tension could be
detected. The equilibration time was found to be 24 h and
used for all further experiments.

The interfacial concentration Γ of the PLs was derived
from the Gibbs adsorption isotherm by using experimental
data in a γ vs log c0 diagram, with γ measured at equilibrium
state:

Γ ¼ −
c0
RT

∂γ
∂c0

� �
p;T

¼ −
1

RT
∂γ

∂lnc0

� �
p;T

ð2Þ

where c0 ist the bulk concentration, γ ist the interfacial tension
at equilibrium state, R is the gas constant and T is the absolute
temperature. The critical micelle concentration (CMC) was

then calculated from the intersection of the linear slope ∂γ
∂lnc0

defined by linear regression in the respective concentration
range and from the linear fit above the kink at higher
concentrations.

Results and discussion

Equilibration time of DPPC

To measure interfacial tensions with the Du Noüy ring meth-
od, the determination of the equilibration time is essential to
carry out further experiments. The setting of the thermody-
namic equilibrium and the related adsorption process of PLs
is a diffusion controlled process which needs a certain amount
of time to evolve. Other measurement techniques such as PAT
take advantage of the online measurement, where the interfa-
cial tensions are constantly recorded, and thus the adsorption
process. Additionally, it is a non-invasive technique.
However, the equilibrium interfacial tension cannot be detect-
ed with PAT because the droplet typically falls off after about
10–30min. Therefore, an extrapolation towards equilibrium is
carried out instead of an infinite measurement. The Du Noüy
ring is an invasive technique, and onlinemeasurements are not
possible, but the advantage of the technique is that the long-
term interfacial tensions can be detected easily. The adsorption
behaviour can equally be monitored over the same period of
time. For comparison of results and concentration-dependent
measurements, the equilibration time of DPPC, which was the
PL chosen for validation experiments, was determined prior to
further experiments. Results are shown in Fig. 2a. It depicts
the time until no change in interfacial tension between the
aqueous DPPC suspension and PFPH is detected. The four
tested concentrations of DPPC (0.1, 0.13, 0.14 and
0.29 mM) show the same results in terms of their equilibration
time. Experiments were run for 168 h, but after 48 h, no
significant change in the interfacial tension can be observed.
The extrapolated equilibrium interfacial tension including a
95% confidence interval for standard deviation is in

Fig. 1 Schematic experimental set-up of the two measurement methods.
Left: The DuNoüy ring measurement. Because of a heavier oil phase, the
aqueous phase (PLs) is pipetted on top and the lamella forms by pushing
the ring in the oil phase. A resistance force F is measured and used for
calculating the interfacial tension γ. Right: Spinning drop tensiometer. A

capillary rotates horizontally with an angular velocity ω. The aqueous
phase with the lighter density ρ2 forms a drop inside the oil phase with
higher density ρ1. The radius r is determined by measuring the circum-
ference. A camera pictures the droplet
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accordance with the measured interfacial tension after 48 h
(γ0.1 mM (t→ ∞) = 25.56 ± 1.64 mN/m, γ0.1 mM (48 h) =
27.18 ± 1.42 mN/m and γ0.14 mM (t→∞) = 25.32 ± 0.91 mN/
m, γ0.14 mM (48 h) = 25.50 ± 2.36 mN/m) (Fig. 2b). Thus, fur-
ther experiments with DPPC were carried out with at least
48 h before measuring the equilibrium interfacial tension.

Influence of the ring

In addition to the determination of the equilibration time of the
non-disturbed interface, investigations on a possible influence
of the ring on the interface were performed. The aim was to
test the period of equilibration after contact of the ring with the
interfacial monolayer and a possible artefact after too fast
repetition as the Du Noüy ring method is an invasive tech-
nique. Using the Du Noüy ring, a physical contact disturbs the
interface and may thus distort the tension between both fluids.
To find out to what extent the physical contact of the ring
changes the interfacial tension reversibly between the mea-
surements, the same sample was measured three times con-
secutively with a measurement period of approx. 10 min and,
additionally, 120 h later (Fig. 3). Furthermore, it was moni-
tored whether the phospholipids adsorb at the interface after
the ring is removed.

Blank bars depict the interfacial tension determined at the
first measurement. Within one sample, the interfacial tension
increases with each consecutive measurement at 48 h. With
the repeated immersion and pulling out of the ring at the in-
terface, the adsorbed phospholipids are removed which results
in a higher interfacial tension when measuring a second and
third time. Yet, 120 h later (grey bars), the interfacial tension
of the same sample decreases again to practically the same
value as compared to before which is then stable for the first
and second measurement, showing a distorted interface only
when measured for the third time. This behaviour particularly
appears in the regime of moderate concentrations when the PL
adsorb at the interface and unless it is fully covered at

saturation, indicating a possible stress relaxation process
[33]. It also leads to the conclusion that in the adsorption
regime of the PL, the first measured value for the interfacial
tension is the only accurate due to the invasive distortion of
the interfacial layer (Fig. 3, black arrow). While this is true for
higher concentrations, very low concentrations of PL are not
affected by this phenomenon.

Additionally, a possible influence of the ring was investi-
gated during the adsorption process of the PL. Thus, two in-
dependent experimental set-ups were examined (Fig. 3b): Set-
up 1 consisted of time-resolved measurements, with measure-
ments at the beginning of the experiment as well as in between
to monitor the development. Set-up 2 was measured in the
beginning and at the end only. The time-resolved measure-
ments of the determined interfacial tension show a decrease
of the tension with time. The single measurement at the be-
ginning and at the end only matches these results and reveals a
similar value of interfacial tension of 0.072 mM DPPC after
48 h (Fig. 3; 42 mN/m). The discrepancy in interfacial tension
of the first measurements of each sample is due to non-
equilibrium conditions. Two independent sample set-ups were
measured at almost equal points in time. Limited accuracy in
determining the adsorption kinetics is due to non-equilibrium
conditions of the monolayer itself, but as shown in Fig. 3b, the
equilibrium interfacial tension is measurable at high accuracy.
These results indicate that even with repeated physical contact
between the ring and the interface, the adsorption process of
phospholipids is not disturbed irreversibly over a longer peri-
od of time.

Method comparison

Based on the determined equilibration time of DPPC, the Du
Noüy ring method was used to determine the concentration-
dependent interfacial tension. Some of the previously stated
assumed difficulties such as a potential destructive influence
of the ring could already be proved not to influence the first

Fig. 2 Equilibration time for the PL DPPC to reach thermodynamic
equilibrium when the interfacial tension γ is measured with the Du
Noüy ring. a Interfacial tension γ(t) displayed vs time t. (–■– DPPC
0.1 mM, –□– DPPC 0.14 mM, –●– DPPC 0.13 mM, –▲– DPPC

0.29 mM). b Selected data from the left hand side, but displayed as
γ (t) vs. 1/t1/2, with r2 as the variation coefficient. Standard deviation
calculated from n = 3 experiments. (–■– DPPC 0.1 mM, –□– DPPC
0.14 mM, —linear extrapolation)
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measurement in a time series of several days, while consecu-
tive measurements within less than an hour indeed show a
deteriorating effect. The accuracy of single measurements of

the Du Noüy method was demonstrated in comparison to the
spinning drop tensiometer as a non-invasive technique
(Fig. 4a). In addition, the interfacial tension as a function of

Fig. 4 a Comparison of the accuracy of the Du Noüy ring method to the
non-invasive spinning drop tensiometer to determine the interfacial ten-
sion γ of different DPPC concentrations c (■measurement with Du Noüy
ring, measurement with the spinning drop). b Two different concentra-
tions of DPPC measured with the spinning drop tensiometer and
displayed as γ (t) vs. 1/t1/2, with r2 as the variation coefficient. Standard

deviation was calculated from n = 3 experiments (■ DPPCSD 0.1 mM, □
DPPCSD 0.14 mM—linear extrapolation). c Comparison of the accuracy
of the Du Noüy ring method to the non-invasive spinning drop tensiom-
eter to determine the interfacial tension γ of different E80 concentrations
c, a PL that does not form phase transition (■measurement with DuNoüy
ring, measurement with the spinning drop)

Fig. 3 a Determination of equilibration time until the system is
regenerated and equilibrium state is reached after the physical contact
with the Du Noüy ring. Exemplary increase of interfacial tension
between three measurements of the same sample of 0.14 mM DPPC.
Blank bars (□) show the measurement after 48 h, performed three times
consecutively (measurement 1, 2 and 3, each taking approx. 3 min,
10 min in total), grey bars ( ) depict the same sample but measured
after 168 h total and again three times in a row. The arrow indicates that

the first measurement point is used for the concentration dependent curve.
b Proof that the repeated contact with the Du Noüy ring does not
influence the final equilibrium interfacial tension by means of two
independent samples of 0.072 mM DPPC. Evolution of the interfacial
tension of 0.072 mM DPPC with time (–■– DPPC time resolved) and

the influence of the ring when it physically touches the interface (*DPPC

beginning and end)
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time for two concentrations of DPPC measured with the spin-
ning drop is depicted (Fig. 4b). The extrapolated equilibrium
interfacial tensions gained from the γ (t) vs. t −1/2 diagram
reveals that it is within the standard deviation of the measured
interfacial tension after 24 h. The comparison of spinning drop
results for c = 0.1 mM shows γ(t→∞) = 38.09 ± 0.25 mN/m,
γ(24 h) = 38.34 ± 1.1 mN/m; and for c = 0.14 mM, γ(t→
∞) = 33.98 ± 0.35 mN/m, γ(24 h) = 33.85 ± 0.68 mN/m).
This proves that equilibrium is reached within an error margin
smaller than the standard deviation after a surface age of 24 h.

Figure 4 shows that both methods are in good accordance,
especially in the lower and upper concentration range when ho-
mogeneous suspensions and saturated monolayers exist. Lowest
interfacial tensionmeasured with the DuNoüy ring is 25.03mN/
m; the spinning drop method provided 26.83 mN/m as lowest
interfacial tension. The CMC for the spinning drop is 0.258 mM
and 0.137 mM for the Du Noüy ring. We assume this discrep-
ancy to come from the dynamic experimental set-up including
the influence of shear when measured with the spinning drop in
comparison to the static conditions without convection when
measured with the Du Noüy ring. The difference between the
Du Noüy and the spinning drop method in the intermediate con-
centration range exactly reflects phase transitions of the DPPC
monolayer. For DDPC, a continuous liquid monolayer phase
exists for γ ≥ 40 mN/m, a liquid and a solid phase coexist for
40 ≥ γ ≥ 27 mN/m and a solid homogeneous phase for γ <
27 mN/m as described by Vranceanu et al. [34]. Visualizations
of the coexistence of solid and liquid phases by fluorescence
microscopy are provided by Worthman et al. and Stottrup and
Keller [35, 36]. From these results regarding the phase transitions
and their visualizations, the following conclusions can be drawn:
(1) The completely static, diffusion-controlled conditions of the
fluorocarbon/water interface in the Du Noüy method favour the
formation the continuous phase consisting of solids, embedding
the fluid phase in the two-phase coexistence. (2) In contrast, the
very dynamic, convection-controlled conditions of the spinning
drop method lead to a continuous phase consisting of a liquid
DPPC monolayer, embedding the DPPC solids in the coexistent
range.

This conclusion is supported by taking into account the
comparison of the Du Noüy and the spinning drop method
for another lipid. For this purpose, the natural phospholipid
blend of egg lecithin was chosen, containing 80% of phos-
phatidylcholine, termed E80, which contains a variety of
saturated and unsaturated PLs of different fatty acid chain
lengths. The advantage of this natural blend is that it does
not form phase transitions and two-phase coexistent re-
gions. The results show a very high accordance of both
methods. This proves the validity of the results of the Du
Noüy ring tensiometer, verified by the spinning drop tensi-
ometer. The standard deviation of both methods are similar
on average (sring = 1.162 mN/m, sSD = 0.955 mN/m)

indicating that both methods measure the interfacial tension
with equal precision.

However, in order to gain one data point measured with the
spinning drop consisting of three samples, the measurement
device is blocked for 3 × 24 h to obtain the data set. In con-
trast, it only takes around 3 × 10 min for three samples to be
measured with the Du Noüy ring. Additionally, the capillary
of the spinning drop needs to be cleaned in between. In con-
clusion, the working time required for the spinning drop
concentration-dependent graph is at least two times higher,
while the 3 repetitive measurements with the Du Noüy ring
can all be done in parallel as the beakers with the interfaces
can be prepared and stored outside the measurement device
and can be exchanged, only needing temperature equilibration
of a minute.

Because of the accordance of interfacial tensions and its
higher time efficiency the Du Noüy ring method, it was ap-
plied for further measurements. As the comparison was further
performed with a PL mixture (E80 from egg) and showed
similar results, it indicates that both, natural mixtures
consisting of different PL head groups and fatty acids as well
as pure PL, can be equally measured with the Du Noüy ring.

Equilibration time of PLs of different chain lengths

After validating the Du Noüy ring method with the spinning
drop tensiometry using the PL DPPC, further interfacial ten-
sions of two pure phospholipids, DMPC and DSPC, were
examined. As already stated in 3.1.1, the equilibration time
is crucial for the experiments and was studied prior to the
concentration-dependent measurements, shown in Fig. 5.

The graphs show that the equilibration time changes de-
pending on the phospholipid’s fatty acid chain length (Fig. 5).

Fig. 5 Change of interfacial tension γ(t) with time of the PLs DMPC,
DPPC, and DSPC to determine the equilibration time. Standard deviation
calculated from n = 3 experiments. (– – DMPC 0.1 mM, –■– DPPC
0.1 mM, –□–DPPC 0.14mM, – –DSPC 0.1 mM, – –DSPC 0.14mM)
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For c = 0.1 mM, DMPC exhibits only little change already
between 24 and 48 h. DPPC shows almost no change in in-
terfacial tension between 48 and 168 h whereas DSPC needs
168 h for the adsorption process to be complete. This leads to
the conclusion that the chain lengths of the fatty acids influ-
ence the adsorption process. According to our results, longer
chain lengths (18:0, DSPC) need more time (168 h) to adsorb
at the interface whereas shorter chain lengths (14:0, DMPC)
reach the equilibrium state much faster. The complete results
of Fig. 5 are quantitatively analysed in Table 1 for the two
concentrations, c = 0.1 and 0.14 mM, showing the decrease
–Δγ/Δt at 48 h and 168 h to select the necessary surface age.
Additionally, the equilibrium interfacial tension extrapolated
towards infinite time is assessed by a t−1/2 plot and the aver-
aged standard deviations are shown. The higher standard de-
viation of DSPC (sDSPC = 3.68 mN/m) is worth mentioning
which indicates a more inhomogeneous adsorption process
(Table 1) [37].

These results are in accordance with data reported by
Kabalnov et al. [19]. Kabalnov used a fluorocarbon as well,
in their case perfluorooctyl bromide, and measured surface
and interfacial tensions between the aqueous suspension and
the fluorocarbon at 22 °C. They estimated that chain lengths
longer than C12 take more than a day to reach equilibrium
which coincides with our results and emphasizes the influence
of diffusion on the interfacial tension. However, equilibration
times longer than 24 h were not considered. Additionally,
sonication was applied by Kabalnov et al. prior to the deter-
mination of the interfacial tension which accelerated the equil-
ibration at the interface and thus, may not be the actual equi-
librium interfacial tension of the PLs.

Interfacial tensions of PLs of different chain lengths

With the known equilibration time, the interfacial tension and
the adsorption behaviour of the examined PLs DMPC, DPPC,
and DSPC at different concentrations were determined
(Fig. 6). Each data point was derived after the specific equil-
ibration time and a stepwise increase of the concentration.
Results of DPPC are shown for comparison.

All PLs show constant interfacial tensions in the range of 49
and 55 mN/m for DMPC and DSPC, respectively, at concentra-
tions lower than 0.01 mM. These values match the interfacial
tension between PFPH and pure water (52 mN/m) implying that
PLs do not influence the tensions remarkably in that regime.
However, interfacial tension differs in the low concentration
range, depending on the PL species. With an increasing concen-
tration, the interfacial tension converges towards a uniform ten-
sion around c≈ 0.01 mM. The scatter of data between 3 indepen-
dent measurements, expressed by error bars of the mean, in the
intermediate concentration range correlates with a two-phase co-
existent region between approx. 40 and 27 mN/m. These phase
transitions are described in detail by Vranceanu et al. and visual-
ized byWorthman et al. and Stottrup andKeller [34–36]. Outside
the coexistence of a fluid and a solid phase, only a single phase
(fluid for > 40 mN/m and solid for < 27 mN/m) is formed which
correlates with very small error bars, mostly smaller than the size
of the respective symbol of the mean value. We therefore con-
clude that scatter of data between independent measurements is
not due to the measurement technique but stems from the lack in

Table 1 Gradients of interfacial
tension – Δγ/Δt at 48 and 168 h
extrapolated equilibration
interfacial tension γ (t→∞) and
the average standard deviation sPL
of the measured interfacial
tensions

Phospholipid,
concentration

– Δγ/Δt after 48 h
[mN/m]

– Δγ/Δt after 168 h
[mN/m]

γ (t→∞)
[mN/m]

sPL [mN/
m]

c = 0.1 mM

DMPC 0.011 24.94 1.52

DPPC 0.220 0.005 25.56 1.45

DSPC 0.047 0.020 38.47 3.56

c = 0.14 mM

DPPC 0.033 0.000 25.32 2.35

DSPC 0.015 0.011 37.74 3.79

Fig. 6 Interfacial tensions γ of the PLs DMPC, DPPC, and DSPC
depending on the concentration c and measured after the previously
determined equilibration time for each PL (24 h for DMPC, 48 h for
DPPC, and 168 h for DSPC). The dashed line that implies the slope to
determine the Gibbsian isotherm, Γ, here shown exemplarily for DMPC.
The intersection of both dashed lines, calculated by linear regression, is
defined as the CMC. ( DMPC, ■ DPPC, DSPC, — linear fit)
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reproducibility of the sample preparation in the two-phase region.
This is caused by a varying of themicrostructure of the liquid and
solid phases in the two-phase region. Unexpectedly, the decrease
of interfacial tension with increasing c appears abruptly for
DMPC and DPPC leading to a steep slope and, thus, a possible
inaccuracy of the calculated CMC (cf. Table 2). The calculation
of the CMC is based on the data points in the range of the linear
slope. Lowest interfacial tension measured for DPPC is
25.03 mN/m at a concentration of 0.12 mM. DMPC decreases
the interfacial tension even further (17.42 mN/m at a concentra-
tion of 1 mM).

In contrast, for DSPC, the slope is less pronounced. Lowest
determined interfacial tension at a concentration of 2 mM is
26.03 mN/m. Steric repulsion of the hydrocarbon chains is
likely to be the cause for the difference in interfacial tension
as has been observed for the equilibration time of the PLs.
Additionally, longer chain lengths obviously lead to higher
equilibrium interfacial tensions which is likely to be due to a
decreasing interfacial penetration resulting in lower interfacial
concentrations. This is in accordance with what has been ob-
served by Kabalnov et al. [19]. The authors claim that inter-
facial tensions decrease with increasing chain lengths, but at
the same time, chain lengths longer than (C13)2PC do not
continue the trend found for smaller chain lengths.
Equilibrium experiments for chain lengths longer than
(C13)2PC have not been successfully performed by
Kabalnov et al., and thus, equilibrium interfacial tensions have
not been determined so far. Our results show that interfacial
tensions can be measured even with longer fatty acid chain
lengths than C13, and equilibration is possible but takes a lot of
time. To gain these results, measurements took approximately
0.6 × 106 s (= 7 days), which is much longer than what
Kabalnov et al. used for their experimental set-up [19].
Additionally, measurements were performed at 20 °C, which
is much lower than the transition temperature of the examined
PL. This may have an influence on interfacial tensions as well
and should be considered in subsequent experiments [38].

Conclusions

Our investigation of the Du Noüy ring method for the mea-
surement of interfacial tensions between an aqueous

suspension containing the phospholipid (PL) DPPC and the
fluorocarbon perfluoroperhydrophenanthrene (PFPH) focused
on its validity and possible difficulties or artefacts. These may
arise due to the physical contact of the Du Noüy ring with the
interface and its disturbance of the phospholipid monolayer as
well as the necessary relaxation phase to enable measurements
under equilibrium conditions.

The results show that the measured system needs a certain
time to regenerate from the physical disturbance. However,
the ring has only a short-term effect but neither medium nor
long-term effect on the interface and does not disturb the
packing of PL irreversibly. Additionally, the measurements
were successfully compared with the spinning drop tensiom-
eter as a non-invasive, yet time-consuming technique. The Du
Noüy ring is, especially in the context of unknown systems, a
very powerful method to easily obtain larger sets due to par-
allel sample preparation and quick measurement process and
derive further parameters for the system’s characterization.
That applies in particular for PFPH and water that are impos-
sible to measure with up-to-date techniques such as PAT be-
cause of identical refractive indexes.

The method was then applied to the fluorocarbon/water
interface containing PL with different chain lengths but same
head groups (DMPC and DSPC). The results indicate that
longer chain lengths (C18 PC) need more time (168 h) to
adsorb at the interface which is likely due to increasing sterical
obstruction and hydrophobic interactions with increasing
chain lengths. Similar observations appear in the measurement
of interfacial tensions. DMPC with shortest chain length (C14

PC) studied here leads to the lowest interfacial tension of
17.42 mN/m. For the first time, measurements between an
aqueous PL suspension and a fluorocarbon, PFPH, were per-
formed. The knowledge gained here allows to apply it to phar-
maceutical emulsions and adjust the amount of PL to optimize
the emulsion’s properties. Future interest concerns the temper-
ature dependency as these experiments were only performed
at 20 °C, and temperature is known to influence the charac-
teristics of PL and, thus, interfacial tensions.
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Table 2 Critical micelle concentration (CMC) and minimum interfacial
tension γmin ± s with n = 3 of the examined PLs andmeasuredwith the Du
Noüy ring method

Phospholipids CMC [mM] γmin ± s [mN/m]

DMPC 0.185 17.42 ± 0.62

DPPC 0.136 25.03 ± 1.40

DSPC 0.998 26.03 ± 0
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