
Vol.:(0123456789)1 3

Journal of Fluorescence (2018) 28:465–476 
https://doi.org/10.1007/s10895-018-2209-4

ORIGINAL ARTICLE

Determination of the Critical Micelle Concentration of Neutral 
and Ionic Surfactants with Fluorometry, Conductometry, and Surface 
Tension—A Method Comparison

Norman Scholz1 · Thomas Behnke1 · Ute Resch‑Genger1

Received: 31 October 2017 / Accepted: 4 January 2018 / Published online: 13 January 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Micelles are of increasing importance as versatile carriers for hydrophobic substances and nanoprobes for a wide range of 
pharmaceutical, diagnostic, medical, and therapeutic applications. A key parameter indicating the formation and stability of 
micelles is the critical micelle concentration (CMC). In this respect, we determined the CMC of common anionic, cationic, 
and non-ionic surfactants fluorometrically using different fluorescent probes and fluorescence parameters for signal detection 
and compared the results with conductometric and surface tension measurements. Based upon these results, requirements, 
advantages, and pitfalls of each method are discussed. Our study underlines the versatility of fluorometric methods that do 
not impose specific requirements on surfactants and are especially suited for the quantification of very low CMC values. 
Conductivity and surface tension measurements yield smaller uncertainties particularly for high CMC values, yet are more 
time- and substance consuming and not suitable for every surfactant.

Keywords  Surfactant · CMC · Micelle · Conductometry · Surface Tension · Nile Red · DPH · Pyrene · Fluorescence · 
Optical probe

Introduction

Micelles are ordered structures of neutral or ionic amphiphi-
lic surfactant molecules of small size (10–100 nm), which 
are formed in aqueous solution by self-assembling, driven by 
attractive interactions between the surfactants´ hydrophilic 
parts and water molecules and minimizing interactions of 
the surfactant´s hydrophobic moieties with water molecules 
[1–6]. These simply prepared, deformable and biocompat-
ible systems, that are often even biodegradable, are used 
e.g., as carriers for hydrophobic substances like drugs, cata-
lysts, and sensor molecules in pharmaceutical, diagnostic, 
medical, and therapeutic applications [1, 5–9]. The key 
parameter, which characterizes the formation and stabil-
ity of micelles is the critical micelle concentration (CMC), 
i.e., the surfactant concentration required for spontaneous 

micelle formation [1, 3, 6, 8, 10–12]. Several methods have 
been meanwhile developed for CMC measurements. This 
includes reporter-free physicochemical methods like light 
scattering [13], surface tension [14–18], and electric con-
ductivity [13, 19–21], that utilize changes of macroscopic 
parameters for CMC determination [6, 20]. CMC values can 
be also obtained photometrically or fluorometrically with 
the aid of suitable optical probes, i.e., dyes with polarity- 
or viscosity-sensitive spectroscopic properties [10, 12, 15, 
19, 21–27]. Fluorometric parameters exploited for CMC 
signaling include changes in the spectral position intensity, 
ratio and intensity of the probe´s emission spectrum. Also 
changes in its emission anisotropy that arise from changes 
in the reporter´s microenvironment upon micelle formation, 
can be utilized. All these optical measurements assume that 
the reporter, which is added in a very low concentration, 
does not affect micelle formation and the CMC.

Despite the general importance of CMC values and 
their frequent measurements, there are still considerable 
inconsistencies in CMC values reported in the literature, 
even for common surfactants. This is exemplarily sum-
marized in Table 1 for one of the most frequently used 
cationic surfactants cetyltrimethylammonium bromide 
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(CTAB). These deviations can arise, e.g., from method-
inherent pitfalls, the presence of (unknown) impurities in 
commercial surfactants originating e.g. from surfactant 
synthesis, and from the method used for data analysis. 
Moreover, due to the lack of systematic comparisons of 
reporter-free and reporter-dependent methods, it cannot 
be excluded that probe molecules affect the CMC despite 
the very low reporter concentration required for fluores-
cence measurements, possibly even in a compound- and 
surfactant-specific manner. In addition, the CMC is often 
given only as a concentration range instead of as a sur-
factant concentration with an assigned uncertainty.

This encouraged us to systematically assess and com-
pare selected reporter-free physicochemical methods, here 
conductivity and surface tension and different fluorometric 
methods for the CMC determination of common ionic and 
neutral surfactants using different procedures of data anal-
ysis. In the case of fluorometry, we also assessed three dif-
ferent fluorescent probes which vary in their spectroscopic 
properties, particularly the spectral region of their absorp-
tion and emission, thereby aiming at providing tools also 
for micelle systems, which are loaded with other absorbing 
and/or emitting chromophores. Surfactants studied include 
cationic CTAB, anionic sodium dodecyl sulfate (SDS), 
and neutral Triton X as well as the phospholipid methoxy 
polyethylene glycol-1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine (mPEG-DSPE). The latter presents a model 
system for surfactants increasingly used for the design of 
targeted micelles conjugated to, e.g., biomolecules binding 
to specific cell surface proteins or other biologically rel-
evant structures [8, 29]. The chemical structures of these 
surfactants are summarized in Fig. 1. Moreover, also pos-
sible influences originating from probe molecules or typi-
cal additives in surfactants and buffers like salts are briefly 
addressed [30, 31].

Materials and Methods

Materials

SDS (99% and 95%), CTAB (98%, CTAB), 1,6-diphe-
nyl-1,3,5-hexatriene (98%, DPH), and pyrene (99%) were 
purchased from Sigma–Aldrich Co. (Steinheim, Germany) 
and Nile Red from Fluka. Spectroscopic grade tetrahydro-
furan (THF) was supplied by Merck (Darmstadt, German). 
Triton X-100 by Appli-Chem (Darmstadt, Germany), and 
mPEG-DSPE by Nanocs Inc. (New York City, United 
States), respectively. Ultrapure reagent water was obtained 
by running demineralized (by ion exchange) water through 
a Milli-Q® water purification system (Millipore Synthesis 
A10, Schwalbach, Germany).

Methods

Preparation of Dye Surfactant Solutions

An aqueous solution of the reporter dye was prepared 
by adding 1 µL of the dye dissolved in THF (c = 10 mM) 
to 5 mL water, yielding a dye concentration of 2 µM. 
Surfactant stock solutions of SDS, CTAB, Triton, and 
mPEG-DPSE with concentrations of 103.8, 41.5, 17.9 
and 1.8 mM, respectively, were obtained by dissolving the 
respective amounts of the surfactants in aqueous dye solu-
tions. The desired surfactant concentrations were adjusted 

Table 1   Comparison of representative CMC values of CTAB (given 
in mM) taken from the literature using different determination meth-
ods

Method Parameter Reporter CMC

Fluorescence Change in band 
ratios (vibronic fine 
structure)

Pyrene 0.897 [19]

Fluorescence Change in band 
ratios (vibronic fine 
structure)

Pyrene 0.8 [28]

Fluorescence Intensity Coumarin 153 0.83 [12]
Fluorescence Spectral shift of Imax Coumarin 153 0.86 [12]
Fluorescence Anisotropy DPH 0.65 [22]
Surface tension Surface tension - 0.96 [14]
Conductivity Conductivity - 0.98 [19]

Fig. 1   Chemical structures of SDS, CTAB, Triton X 100 (n = 9–10), 
and mPEG-DSPE
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by mixing dye-saturated stock solutions of the surfactants 
with an aqueous solution of the reporter dye. The samples 
were shaken for 30 min and then transferred to a cuvette 
or to a microplate well for measurements of fluorescence 
spectra or fluorescence polarization/emission anisotropy.

Instrumentation

Spectroscopic Measurements

Fluorescence spectra of pyrene and the emission anisotropy 
of DPH were obtained with a FSP 920 spectrofluorom-
eter (Edinburgh Instrument Ltd., Livingston UK) equipped 
with polarizers in the excitation and emission channel (set 
to magic angle conditions except for measurements of the 
emission anisotropy r) in standard 0°/90° excitation-emis-
sion geometry in 1-cm polystyrene (PS) semi-micro cuvettes 
(Brand GmbH, Wertheim, Germany). The fluorescence spec-
tra of pyrene were recorded using an excitation wavelength 
of 335 nm, and the fluorescence intensities I1 and I3 were 
measured at 373 and 384 nm, respectively, corresponding to 
the dye´s first and third vibronic emission band. r of DPH 
was obtained using an excitation wavelength of 355 nm, an 
emission wavelength of 429 nm, and different positions of 
the excitation and emission polarizers. r was subsequently 
calculated from the emission intensities recorded for differ-
ent settings of the excitation and emission polarizer accord-
ing to Eq. 1 [32].

Fluorescence spectra and integral fluorescence intensities 
of Nile Red were obtained with a Tecan Infinite M200Pro 
microplate reader (Tecan Group Ltd., Männedorf, Switzer-
land) in 96-well UV-Star® microplates (Greiner Bio-one, 
Frickenhausen, Germany) using an excitation wavelength 
of 550  nm. These spectra are not spectrally corrected 
for the wavelength-dependent spectral sensitivity of the 
instruments´detection channel in contrast to the spectra 
obtained with the spectrofluorometer [33].

Conductivity

The electric conductivity was measured with a WTW 
LF537 conductometer (WTW, Weilheim, Germany) using 
a Metrohm double Pt-sheet electrode (Metrohm GmbH, 
Filderstadt, Germany) with a cell constant of 1305 µS cm-1. 
A surfactant stock solution was added to pure water and 
the solution was stirred for 1 min prior to the conductivity 
measurement.

(1)r =
I∥ − I

⊥

I∥ + 2I
⊥

Surface Tension

A K100MK2 tensiometer (KRÜSS GmbH, Hamburg, Ger-
many) was employed for the determination of the surface 
tensions by the Wilhelmy plate method. Before each meas-
urement, the Pt-plate was always cleaned and heated to red/
orange color with a Bunsen burner. A surfactant stock solu-
tion was added to pure water, the solution was stirred for 
1 min before the measurement of the surface tension, which 
was performed over a period of 180 s.

Results and Discussion

Intensity Ratio of the Vibronic Emission Bands 
of Pyrene

The vibronic structure of the emission spectrum of pyr-
ene depends on polarity. The allowed and strong band I3 
at 384 nm shows minimal intensity variations with solvent 
polarity in contrast to the peak I1 at 373 nm, originating 
from a forbidden transition, the intensity of which is strongly 
polarity-dependent [28, 34]. Hence, changes in the inten-
sity ratio of I1 and I3 provide information on changes in the 
microenvironment of pyrene and can be exploited to deter-
mine the CMC of surfactants [28]. In the absence of sur-
factant, pyrene senses the polar environment of water mol-
ecules yielding a I1:I3 ratio of around 1.6. When the CMC 
is reached, the environment of pyrene becomes increasingly 
less polar as reflected by a decrease of the I1:I3 ratio reach-
ing values of 1.2 above the CMC as found for pyrene in an 
organic solvent like THF. A plot of the I1:I3 ratio of pyrene 
as function of surfactant concentration is shown in Fig. 2 

Fig. 2   I1:I3 ratio of pyrene as function of SDS concentration (open 
squares). The inflection point (black circle) of the Boltzmann fit of 
the sigmoidal plot of the data (solid line) provides the CMC. Inset: 
I1:I3 ratio as function of mPEG-DSPE concentration (full squares). 
Here, a reasonable Boltzmann fit of that data is not possible and the 
CMC can be obtained only from two linear regressions (dashed lines)
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exemplarily for SDS. The inflection point of the sigmoidal 
curve resulting from a Boltzmann fit of the data [1, 5] equals 
the CMC of SDS [19]. This method is versatile and does 
not impose requirements on the surfactant like conductivity 
measurements.

A similar behavior was observed for CTAB and Triton X, 
while in the case of mPEG-DSPE (see Fig. 2, inset), the I1:I3 
ratios at low and higher phospholipid concentrations amount 
to values of about 1.1 and only 1.4, respectively. Above the 
expected CMC, the I1:I3 ratio reaches a constant value of 
about 1.2. The I1:I3 ratios at low phospholipid concentrations 
are ascribed to the formation of intramolecular micelles, 
which allows dissolving of small amounts of pyrene in a less 
polar environment. Such a behavior was also found by Zana 
and co-workers who compared the I1:I3 ratios of the pyrene 
emission resulting for the determination of the CMC of Tri-
ton X and the closely related nonionic surfactant Tyloxapol 
[35]. For the latter surfactant, formation of intramolecular 
micelles was observed resulting in a similar behavior of the 
I1:I3 ratios of pyrene as noticed by us for our phospholipid. 
Hence, for mPEG-DSPE, a sigmoidal fit is not applicable 
for CMC determination; instead, the CMC was derived from 
the intersection of two linear fits of the regions of decreas-
ing and constant I1:I3 ratios. This approach relying on a two 
linear regression method was also reported in the literature 
[1, 5, 36], particularly for studies of amphiphilic polymers.

With the pyrene ratio method, we could obtain uncer-
tainties, i.e., SD values of 1 and 2% for SDS and Triton X. 
Here, the pyrene molecules are most likely located in the 
micelle center as suggested by the larger I1:I3 ratios [37, 
38]. For CTAB and mPEG-DSPE, the corresponding SD 
values amounted to 29 and 42%, respectively. In the case 
of CTAB, this is ascribed to interactions of pyrene with the 
surfactant´s quaternary head groups. Also in the case of 
mPEG-DSPE, interactions of quaternary counter ions and 
pyrene molecules or the PEG chains can lead to an inho-
mogeneous microenvironment sensed by different reporter 
molecules. Moreover, the more polar environment faced by 
pyrene leads to decreased fluorescence intensities especially 
at lower surfactant concentrations, also contributing to larger 
SD values.

Emission Intensity of a Solvatochromic Reporter Dye

The absorption spectra as well as the emission spectra and 
the fluorescence quantum yield of solvatochromic reporters 
like Nile Red are strongly affected by solvent polarity, with 
an increase in polarity typically resulting in a bathochromic 
shift in absorption and emission and a reduced fluorescence 
intensity [39–41]. Hence, measurements of the fluorescence 
intensity at a single emission wavelength can be utilized 
for CMC determination. Such measurements are principally 
more straightforward and versatile than the intensity ratio 

method, that relies solely on the reporter pyrene with its 
short wavelength absorption and emission prone to inter-
ferences from background absorption, autofluorescence 
originating from impurities often present in surfactants, 
and scattering. Principally, a broad variety of charge transfer 
(CT) operated fluorophores can be used, which enables the 
choice of an optimum wavelength region regarding sensi-
tivity and prevention of undesired signal contribution; this 
can be particularly advantageous for systems which contain 
already a chromophore. We chose here Nile Red absorbing 
and emitting in the visible and red wavelength region as 
follows from Fig. 3, summarizing the absorption (left) and 
emission (right) spectra of this dye representatively in water-
Triton X mixtures of increasing surfactant concentration 
(0.2–0.9 mM). As follows from this figure, in water, where 
this dye is barely soluble, Nile Red reveals a broadened 
absorption band suggesting the formation of dye aggregates; 
and is non or barely emissive [42]. An increasing surfactant 
concentration results in the appearance of an increasingly 
intense broad emission; this fluorescence enhancement is 
attributed to the dissolution of (non-emissive) dye aggre-
gates formed in the aqueous phase and solubilization of Nile 
Red molecules in the considerably less polar micelle core [7, 
12, 25, 42]. The long wavelength emission together with the 
negligible fluorescence in water and the strong fluorescence 
enhancement upon micelle formation are ideal prerequisites 
for high sensitivities and low detection limits. A possible 
pitfall of this method presents the fact that measurements 
of fluorescence intensities at a single emission wavelength 
can be generally affected by fluctuations of the excitation 
light intensity, whereas in the case of all ratiometric meas-
urements like the pyrene method or measurements of the 

Fig. 3   Absorption (solid symbols) and emission (hollow symbols) 
spectra of Nile Red (c = 2 × 10− 6 M) in Triton X solution (c = 0.03, 
0.13, 0.74, 1.12, and 1.60 mM). Broad absorption bands are indica-
tors for aggregates of Nile Red. Above the CMC, the emission inten-
sity of Nile Red increases strongly
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emission anisotropy, such fluctuations are cancelled out. 
Such fluctuations are typically only in the order of maxi-
mum 10%.

With this method, the CMC can be subsequently derived 
from the fluorescence intensity of Nile Red at 648 nm as 
function of the surfactant concentration. This is exemplarily 
shown for SDS and Triton X in Fig. 4. In the case of SDS as 
well as CTAB (data not shown), which bear both hydropho-
bic chains of uniform length, this yields sigmoidal curves 
and the CMC can be determined from the inflection point 
using a Boltzmann fit [7]. This gave SD values of the CMC 
determination of 3% for CTAB and SDS, respectively.

A different behavior was observed for Triton X and 
mPEG-DSPE. Here, a clearly detectable emission is 
observed already at relatively low surfactant concentrations 
followed by a steadily increasing emission intensity of the 
reporter dye at higher surfactant concentrations without 
reaching a plateau. These two surfactants consist both of 
molecules of varying length of the polyethylene units, which 
can possibly favor the formation of premicellar aggregates 
below the CMC, accounting for the observed effects [12]. 
In this case, the CMC can be obtained from the intersection 
of two linear fits of the two different fluorescence intensity 
regions, i.e., the low intensity region at very low surfactant 
concentration and the region with steadily increasing emis-
sion. This fitting procedure leads to slightly higher uncer-
tainties of the CMC of Triton X and mPEG-DSPE with SD 
values of 13% and 11%, respectively. Our CMC values are in 
a good agreement with the data obtained in other fluoromet-
ric CMC studies using e.g., 8-anilino-1-naphthalenesulfonic 
acid [10], rhodamine 6G [10], coumarin 480 (Triton X) [10], 
coumarin 153 (Triton X, SDS, CTAB) [12], and DPH (Tri-
ton X, SDS) [25] as fluorescent reporters.

Changes in Fluorescence Anisotropy

This method relies on a fluorophore, the emission anisot-
ropy of which undergoes considerable changes upon micelle 
formation. Although measurements of r are more tedious 
and less sensitive compared to simple fluorescence inten-
sity measurements at a single excitation and emission wave-
length, such measurements are independent of fluctuations 
of the excitation light intensity. Also, emission anisotropies 
are independent of dye concentration [7, 12, 25]. The deter-
mination of r can be challenging for low emission intensi-
ties, i.e., at low surfactant concentrations, resulting in rather 
large SD values. There are several reports on this method 
utilizing reporter dyes, which are excitable at different exci-
tation wavelengths and emit in different wavelength regions. 
For example, Chaudhuri et al. [22] compared the suitability 
of the probes 7-hydroxy flavone, 1-pyrene carboxaldehyde, 
and phenosafranine for the determination of the CMC of 
SDS, CTAB, and Triton X, using sharp changes in r as cri-
terion for the CMC. Interestingly, none of the probes were 
found to be suitable for all surfactants. This was ascribed to 
Coulombic interactions, photodegradation, and very small 
changes of r below and above the CMC [22]. Nevertheless, 
there are also reports on sigmoidal anisotropy plots, e.g., 
for curcumin and SDS, CTAB, and Tween derivatives [7]. 
Disadvantageous of this otherwise interesting dye is, how-
ever, its capability to coordinate cations, preventing CMC 
measurements of cationic surfactants.

For our method comparison, we chose DPH, which forms 
aggregates in aqueous environments, resulting in a relatively 
high r > 0.1 and a reduced fluorescence. In an organic sol-
vent like THF, however, DPH reveals r of 0.04 [7, 22, 25]. 
Solubilization of the DPH molecules in the micelle cores 
above the CMC leads continuously to a decrease of r until a 
constant plateau is reached [25]. During the measurements 
of the emission spectra of DPH in the wavelength region 
of 370 to 600 nm, we noticed, however, a significant loss 
of the initial fluorescence intensity by up to 80% within 
10 min in the presence of our surfactants, particularly for 
SDS. Interestingly, a solution of DPH in THF measured 
under the same conditions did not show any loss in fluo-
rescence. The observed emission reduction is attributed to 
DPH photodecomposition, which is obviously favored by 
surfactants. Such photoinstabilities were also described 
in the literature [43]. In order to overcome this limitation, 
we performed intensity measurements at a single emission 
wavelength of 429 nm to minimize light exposure of DPH. 
The results of a typical r measurement with DPH are shown 
in Fig. 5 exemplarily for Triton X. Here two regions can be 
distinguished. While the region below the CMC is character-
ized by a higher r and large SD values originating from the 
very low emission intensities, r decreases with increasing 
surfactant concentration and becomes constant independent 

Fig. 4   Emission intensity of Nile Red at 648  nm in SDS (squares) 
and Triton X (open blue circles) solutions. The inflection point of a 
Boltzmann fit of the resulting sigmoidal curve (black line) provides 
the CMC of SDS. The CMC for Triton X can be derived from the 
intersections of two linear fits (black dotted lines)
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of surfactant concentration above the CMC. It should be 
noted, that opposed to free reporter dyes, covalently bound 
reporter molecules show an increasing anisotropy after 
micelle formation.

The CMC can be derived here from the intersection point 
of two linear fits as shown in Fig. 5 exemplarily for Triton 
X. yielding a CMC of 0.33 ± 0.1 mM for this surfactant. 
The results of our CMC measurements of SDS and Triton X 
are in good agreement with CMC values reported by Zhang 
et al. [25], yet the SD values are about 30%.

Conductivity Measurements

Conductivity measurements, that do not require expensive 
instrumentation and a reporter, can be applied exclusively 
for charged, i.e., ionic surfactants, because non-ionic sur-
factant molecules do not contribute or change the electric 
conductivity of a solution. An example for a conductometric 
CMC measurement is shown in Fig. 6 for CTAB.

As follows from this figure, initially, the conductiv-
ity increased linearly upon addition of CTAB due to the 
increased amount of dissolved anions (Br−) and cations 
(cetyltrimethylammonium ions, CTA​+). Above the CMC, 
CTAB micelles are formed from CTA​+ cations, with the 
Br− counter anions being located close to the micelle sur-
face. Further addition of CTAB leads to a less pronounced, 
yet still linear increase in conductivity, resulting in a smaller 
slope (see Fig. 6) as in the concentration range above the 
CMC, with the conductivity mainly arising from Br− counter 
anions [44]. A similar behavior is observed for the anionic 
surfactant SDS. mPEG-DSPE, however, reveals a clearly 
different behavior as highlighted in Fig. 7. Here, gener-
ally smaller changes in conductivity and a more or less 
linear increase of this quantity with increasing surfactant 

concentration over the whole concentration range of mPEG-
DSPE addition are noticed. This is ascribed to the reduced 
mobility of the ions in mPEG-DSPE.

Two different methods of data analysis can be used to cal-
culate the CMC from such conductivity plots, the Williams 
method [20, 45, 46] and the Phillips (classical) method [20, 
45, 47]. The former determines the CMC from the inter-
section point of two linear fits of the surfactant concentra-
tion range below and above the CMC (solid black line in 
Fig. 6) and the latter from the 2nd derivative of the plot of 
the surfactant concentration dependence of the conductivity 
(blue dotted line), with the minimum of the presented Gauss-
ian fit (red) equaling the CMC. The Williams approach is 

Fig. 5   Decrease of the fluorescence anisotropy of DPH (measured at 
429  nm) with increasing Triton X concentration and corresponding 
linear fits (black lines), with intersection point equaling the CMC. 
The error bars represent SD values from at least seven measurements

Fig. 6   Change of conductivity with increasing CTAB concentration 
(black squares) and corresponding linear fits (black lines), with the 
intersection point equaling the CMC (Williams method). The CMC 
can be alternatively obtained from the 2nd derivative of the plot (blue 
dotted line) and the corresponding Gaussian fit (red line), with the 
minimum of this fit providing the CMC (Phillips method)

Fig. 7   Adjusted section change of conductivity with increasing 
mPEG-DSPE concentration (black squares), the second derivative 
(blue dotted line), and the corresponding Gaussian fit (red line). The 
error bars represent SD values derived from three measurements
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applicable for surfactants like CTAB and SDS, which pro-
vide strong changes in conductivity and exhibit well dis-
tinguishable linear correlations between the measured con-
ductivity and the surfactant concentration and hence, yield 
linear fits with well distinguishable slopes below and above 
the CMC.

The Phillips method, which is generally more accurate 
but more time consuming, is well suited for surfactants 
like mPEG-DSPE with less or barely discriminable con-
centration ranges of the measured conductivity and small 
changes in conductivity (see Fig. 7). The results from the 
analysis of the conductivity measurements of CTAB, SDS, 
and mPEG-DSPE with both methods are summarized in 
Table 2, showing a large deviation for both methods in the 
case mPEG-DSPE.

Surface Tension Measurements

The CMC of a surfactant can be obtained also from measure-
ments of the surface tension as function of increasing sur-
factant concentration [14, 36, 48, 49]. Below the CMC, the 
surface tension of water decreases with increasing surfactant 
concentration until the CMC is reached. At this point, the 
surface tension reaches a minimum or even a constant value 
indicating the onset of micelle formation. In the literature, 
there are contradictory reports concerning the shape of the 
surfactant concentration dependence of the surface tension. 
Also, different methods of data analysis have been reported. 
According to Chiu et al. [14], the CMC equals a minimum in 
the surfactant concentration dependence of the surface ten-
sion as demonstrated for CTAB. Patist et al. [16] and Khamis 
et al. [15], who used this method for the measurement of 
the CMC of Triton X, did not observe such a minimum, yet 
two regions differing in the concentration dependence of the 
surface tension. In these cases, the CMC was derived from 
the intersection point of two linear fits with different slopes. 
The results from our measurements are summarized in Fig. 8 
exemplarily for CTAB and mPEG-DSPE.

As follows from this figure, in the case of CTAB as well 
as SDS (data not shown), we clearly observed a minimum 
in the concentration dependence of the surface tension. Sub-
sequently, we used both methods of data analysis for the 
calculation of the CMC from our surface tension measure-
ments. The CMC values resulting for CTAB and SDS are 
summarized in Table 3.

Our results agree very well with the data reported by Chiu 
et al., but exceed the values given by Khamis et al. by a fac-
tor of about 10 [14, 15]. The SD values derived by us for 
CTAB and SDS were 2% (see Table 3). A determination of 
the CMC of mPEG-DSPE was not possible because neither 
an intersection point nor a constant region was observed 
although the mPEG-DSPE concentration was increased 
by up to a 10-fold excess of the expected CMC although 
the surface tension method is usually described as gener-
ally applicable. We did no attempt to determine the CMC 
of Triton X with this method as first studies revealed similar 
effects as observed for mPEG-DSPE. Moreover, surface ten-
sion measurements require a larger volume and hence more 
substance compared to the previously introduced methods 
for CMC determination. In addition, they are particularly 
prone to interferences from impurities [15, 16, 48, 49] like 
conductivity measurements.

Table 2   Comparison of the 
CMC values (in mM) of CTAB 
and SDS, obtained from data 
analysis by the Williams and the 
Phillips method, respectively

Surfactant Williams method Lit. Phillips method Lit.

SDS 8.5 ± 0.2 8.28 [20] 8.5 ± 0.1 8.21 [20]
CTAB 0.80 ± 0.02 0.98 [19] 0.80 ± 0.01 0.92 ± 0.26 [45]
mPEG-DSPE 0.3 ± 0.1 0.04 ± 0.01

Fig. 8   Change in surface tension with increasing CTAB (open cir-
cles) and mPEG-DSPE concentration (black squares). The CMC 
equals the intersection point of two linear fits (red lines) according to 
Khamis et al. [15] and Patist et al. [16] or the minimum (red circle) of 
the surface tension according to Chiu et al. [14] The error bars repre-
sent SD values derived from three measurements. The black lines are 
only guides to the eye

Table 3   CMC values (in mM) of CTAB and SDS determined by 
surface tension measurements using two different methods of data 
analysis in comparison to published CMC values determined with the 
same method

Procedure CTAB Lit. SDS Lit.

Chiu et al 0.8 ± 0.1 0.96 [14] 6.7 ± 0.35 10.4 [14]
Khamis et al 1.2 ± 0.02 0.1 [15] 8.8 ± 0.2 0.8 [15]
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Pitfalls

Impurities and Salts

CMC measurements can be particularly affected by the ionic 
strength of added salts and impurities remaining from sur-
factant synthesis, which can vary amongst suppliers, due to 
the use of different preparation and purification procedures, 
from batch to batch. Moreover, in the case of hydroscopic 
surfactants like mPEG-DSPE, water adsorption can play a 
role, affecting weighting and hence, precise adjustment of 
the surfactant concentration. Also, the fluorescent reporter 
itself, which is often a hydrophobic molecule, and the addi-
tion of small amounts of organic solvents like THF typically 
required for dye solubilization can affect CMC data. Hence, 
we exemplarily studied the influence of (i) typical reporter 
or probe molecules and organic solvents, (ii) ionic strength, 
i.e., here by varying the NaCl, concentration, and surfactant 
purity on CMC values obtained with different methods. The 
goal was here to solely screen factors possibly influencing 
CMC measurement.

Influence of Fluorescent Probes and Organic 
Solvents

We representatively measured the CMC of CTAB conducto-
metrically in the presence of two organic dyes, here neutral 
Nile Red and water soluble cationic Rhodamine 6G, apply-
ing fluorophore concentrations of up to 2 µM. Moreover, 
conductometric measurements were performed without THF 
and in the presence of 4.0 and 8.0 µM THF, respectively. In 
all cases, no effects were observable.

Ionic Strength

In order to assess the influence of this factor, CMC deter-
minations were performed with selected samples of ionic 
and nonionic surfactants in the presence of 0.9 wt-% NaCl 
(corresponding to the concentration of an isotonic saline 
solution), using fluorometry and the neutral reporters pyrene 
and Nile Red as well as conductometry. As representatively 
illustrated in Fig. 9 for the pyrene method, the CMC of neu-
tral Triton X is not influenced by NaCl. For cationic CTAB, 
however, an increase in ionic strength leads to higher aggre-
gation numbers and hence, to a considerably smaller CMC 
value reduced by a factor of about 10 (Fig. 9). This was also 
verified by the Nile Red method (see Table 4).

As to be expected, conductivity measurements are con-
siderably affected by ionic strength, with an increase in 
ionic strength leading to an initially high conductivity of 
about 10 mS/cm for the isotonic solutions studied here. 

Moreover, higher ionic strengths also increase significantly 
the SD of the measurements as the resulting conductivity 
values exceed considerably the small changes in conduc-
tivity due to micelle formation, thereby interfering with 
CMC determination or rendering it even impossible. For 
samples with higher ionic strength, spectroscopic methods 
should be applied for CMC determination.

Surfactant Purity

In order to underline the influence of surfactant purity on 
resulting CMC values, we exemplarily determined the 
CMC of SDS purchased from two manufacturers or sup-
pliers, with purities of 95 and 99%, reported based upon 
the total alkyl sulfate content, using all methods assessed 
in this study. The identification of the chemical nature of 
these impurities, which are most likely in the majority 
unreacted educts, i.e., alkyl sulfates, was beyond the scope 
of our studies. As follows from Fig. 10, the CMC values 
obtained for less pure SDS amounted always only to half 
the value obtained for the more pure SDS. This underlines 
the critical influence of surfactant purity on CMC data.

Fig. 9   Plot of the I1:I3 ratios of pyrene as function of the concentra-
tion of Triton X (open symbols) and CTAB (solid symbols) without 
NaCl (black lines) and after addition of 0.9  wt%, NaCl (red lines). 
The lines connecting the date points are only guides to the eye. The 
error bars represent the SD of three measurements

Table 4   Comparison of CMC values (in mM) determined for CTAB, 
SDS, and Triton X with 0.9  wt%, NaCl and corresponding CMC 
without NaCl (in brackets)

Pyrene Nile Red Conductivity

SDS 95% 0.7 (3.7) 1.0 (4.6) --- (4.3)
CTAB 0.08 (0.7) 0.2 (1.2) --- (0.8)
Triton X 0.3 (0.4) 0.3 (0.3) Not measurable
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Method Comparison

Based upon the results of our measurements, we derived a 
method comparison summarized in Table 5.

In general, optical methods like fluorescence measure-
ments are very versatile and do not impose specific require-
ments on the surfactant like charge and enable fast meas-
urements with the sample preparation being usually the 
most time-consuming step. Crucial for the accuracy can be 
the choice of the reporter or probe, which must reveal dis-
tinct changes of its spectroscopic properties like the spec-
tral shape of its emission spectrum, fluorescence quantum 

yield/intensity, or emission anisotropy below and above the 
CMC. Particularly fluorophores with a low photostability 
or small changes in the measured spectroscopic quantity 
accompanying micelle formation should be avoided as this 
typically results in increased measurement uncertainties. 
Due to their high sensitivity, fluorometric methods are par-
ticularly favorable for the detection of small CMC values 
below 0.1 mM. These methods require, however, a fluo-
rescence spectrometer, which is typically more expensive 
than a conductometer or a tensiometer, and in the case of 
the DPH method, also additional accessories like polar-
izers. Advantageous of optical measurements can be also 
the possibility to perform such studies with a microplate 
reader, which enables a high sample throughput and auto-
mated measurements. If CMC measurements are to be done 
in the presence of encapsulated compounds that are colored 
or fluorescent, spectral interferences and crosstalk have to 
be considered for the choice of the reporter dye and type of 
spectroscopic measurement. Especially favorable is the Nile 
Red method, due to the high sensitivity provided by this 
highly emissive dye and its strong changes in fluorescence 
quantum yield upon micelle formation in combination with 
a simpler method of data analysis as mandatory for the other 
two spectroscopic methods. Moreover, this method yields a 
particularly good reproducibility and precision for all types 
of surfactants (see also Table 6).

Conductivity and surface tension measurements are 
reporter free and therefore require less sample prepara-
tion steps and need only simple and inexpensive instru-
mentation. In the case of some surfactants, they can yield 
relatively small SD values of about 1%, e.g., for SDS. Dis-
advantages present the larger sample volumes and long 
measurements times compared to optical-spectroscopic 

Fig. 10   CMC values determined for SDS from two different batches 
with reported purities of 95 and 99%, applying different methods and 
hence detection principles. The error bars represent the SD of at least 
three measurements

Table 5   Advantages and limitations of the methods evaluated for the determination of the CMC of differently charged surfactants

Spectral change / Pyrene Intensity / Nile Red Anisotropy / DPH Conductivity Surface tension

Advantages - Fast measurement
- No requirements on 

samples

- Fast measurement
- No requirements on 

samples
- Direct Yes/No decision 

on micelle formation

- Fast measurement
- No requirements on 

samples

- Reporter free
- Ease of sample prepa-

ration, i.e., simple 
titration

- Low cost

- Reporter free
- Ease of preparation
- No requirements on 

samples

Limitations - Requires reporter dye
- Inaccurate results at 

low surfactant concen-
trations

- Elaborate sample 
preparation

- Requires reporter dye
- Elaborate sample 

preparation

- Requires reporter dye
- Fast bleaching of DPH
- Polarizers needed
- Inaccurate results at 

low surfactant concen-
trations

- Elaborate sample 
preparation

- Only for charged 
surfactants

- Large sample volume
- Long measurement 

time

- Very large sample 
volume

- Long measurement 
time

Uncertainties - Results and uncertain-
ties are surfactant-
specific

- SD of 142%

- High accuracy / low 
coefficient of variation

- SD of 313%

- Relatively large SD
- SD of 530%

- Results and uncertain-
ties depend on data 
analysis procedure

- SD of 117%

- Results and uncer-
tainties depend 
on data analysis 
procedure

- SD of 212%
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methods. Due to their lower sensitivity, both methods are 
better suited for the measurement of CMC values above 
0.1 mM.

Our study also reveals that CMC determinations and their 
uncertainties depend on the surfactants itself, e.g., structural 
properties such as small size-distribution of the hydropho-
bic chains. For example, surfactants consisting of polymeric 
moieties or functional groups, which can interact with sig-
nal generating reporters, can increase measurement uncer-
tainties significantly (see Figs. 7 and 8). Moreover, also the 
applied method of data analysis needs to be carefully chosen.

Conclusion

In summary, we assessed three optical methods, each relying 
on a different fluorometric quantity, as well as conductiv-
ity and surface tension measurements for the determination 
of the critical micelle concentration (CMC) of four ionic 
and nonionic surfactants and compared our results to litera-
ture data. Our results, summarized in Table 6, underline the 
advantages of spectroscopic measurements, which can be 
performed with all types of surfactants and are especially 
suitable to determine small CMC below 0.1 mM. Our study 
also suggests that deviations in published data can arise from 
different sample preparations or compositions, measuring 
conditions or data evaluation approaches, often in line with 
insufficient information supplied. This includes e.g., the 
purity of the surfactants and other chemicals used. In the 
case of methods relying on reporters and requiring the use 
of other additives like organic solvents, only low concentra-
tions and small amounts should be applied. If this cannot be 
avoided control experiments have to be conducted to assure 
that these compounds do not affect resulting CMC values. 
Particularly challenging seems to be the CMC determination 
of PEG derivatives like PLGA-PEG-PLGA triblock copoly-
mer, which can be ascribed to their size/length/molar mass 
distribution. Here, also spectroscopic methods seem to be 
better suited than measurements of conductivity and surface 
tension.
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