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Abstract

Ionising radiation used for sterilization can have an effect on the physicochemical properties of pharmaceutically relevant excipient systems,
affecting therefore the stability of the formulation. The effect of gamma irradiation on the phase behaviour (cloud point—CP) and critical micelle
concentration (CMC) of aqueous solutions of Triton X-100, used as a model nonionic surfactant, is investigated in this paper. Micellar solutions
were irradiated with γ -rays in a dose range between 0 and 70 kGy, including the sterilization range of pharmaceutical preparations. The decreased
observed in CP and CMC values of micellar solutions at all absorbed doses was explained in terms of changes in molecular mass distribution
of ethoxylated surfactant and the formation of cross-linked species. These results were complemented by mass spectrometry, UV–vis and NMR
spectroscopy. Although the findings indicate degradation of polyethoxylated chains by water radical attacks, there was no spectroscopic evidence
of radiation damage to aromatic ring or hydrocarbon tail of surfactant. Models based on Flory–Huggins theory were employed to estimate CP
from changes in mass distribution and to obtain cross-linking fractions. Surface tension measurements of non-irradiated and irradiated solutions
were used for estimating the effectiveness and efficiency of surfactant in the formulation.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Nonionic surfactants are commonly used as excipients in the
pharmaceutical industry for a wide range of applications in for-
mulations as wetting agents, emulsifiers, or solubilisers [1]. In
protein formulations, surfactants minimize adsorption into sur-
faces and reduce the air–liquid interfacial surface tension and
thus the rate of protein denaturation [2]. Surfactants are often
utilized in formulations above their critical micelle concentra-
tion (CMC) values. For example, recombinant human factor
XIII is protected against both agitation and freeze-thaw-induced
aggregation in the presence of polysorbate 20 at concentrations
corresponding to the CMC (0.007%, w/v) [3]; however, at con-

* Corresponding author. Fax: +55 537 2041188.
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centrations below this CMC value, it is not stabilized. It has
also been reported that surfactant degradation products can im-
pact the stability of the formulation [2]. Therefore, a thorough
characterization of the stability of all the formulation compo-
nents is essential for a successful product.

Radiation sterilization of biopharmaceutical products is
a common routine because the biological contaminants are to-
tally inactivated by the exposure to high doses [4]. However, its
use has been recently restricted to some applications, since the
radiation sterilization causes either a slight variation in mole-
cular weight or degradation of some major components, e.g.
polymers, hydrogels, etc. [5]. When the sterilization process is
performed in solutions where surfactants are used, similar re-
sults can be expected. In particular, research on the radiation
effects in drug formulations and surfactants–polymers systems
is necessary to estimate how the functions of surfactants as

0021-9797/$ – see front matter © 2007 Elsevier Inc. All rights reserved.
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emulsifiers and solubilisers can be affected. In such systems,
the interaction between surfactants and proteins is of central
importance in the preparation of a broad range of pharma-
ceutical products, where high sterilization doses are routinely
used [6,7].

Studies on radiation chemistry in micellar systems are
mainly referred to their importance as pollutants in water eco-
systems [8]. There are several reports on degradation processes
of alkylphenyletoxylated surfactants in aqueous solutions via
water radicals after gamma irradiation [9–12]. The results
showed that the two surfactant domains (head and tail) are ex-
posed to the attack of water radicals. In particular, literature
reports that in nonionic surfactants of the polyoxyethylene–
t -octylphenyl ether family (Triton), the aromatic ring in the
hydrophobic tail and the ethoxylated (EO) groups in the hy-
drophilic head seem to be the most likely sites for radical attack
[9,11]. In all cases, the hydroxyl radicals have been depicted
as the principal species initiating and propagating reactions
in AOPs [11], even when the presence of oxygen in non-de-
aerated systems can increase the decomposition yield almost
two times higher [12]. If the attack occurs to the ring, an adduct
is formed and, after several attacks, the ring breaks. When
the attack occurs to EO groups, shorter ethoxylated surfactant
molecules are obtained. It has also been reported that at con-
centrations below the CMC, the attack to the ring is ten times
faster than the attack to EO groups [9]. This fact usually does
not occur above the CMC, due to the shielding effect produced
by micellization; only changes in the EO groups are expected
after moderate gamma irradiation [13].

Despite the attention devoted to the study of degradation
by irradiation of surfactants of environmental interest, studies
of the effect of gamma radiation on physicochemical proper-
ties of aqueous surfactant solutions are not widely reported.
On the other hand, some attempts have been made to iden-
tify the physicochemical parameters of surfactants that would
be predictive for their absorption-enhancing properties in for-
mulations to increase the absorption of drugs by different or-
gans [14]. These parameters included hydrophilic–lipophilic
balance (HLB), CMC, surfactant structure, and the surfactant
surface activity [15–17]. Other investigations of liquid formula-
tions containing nonionic surfactant have showed that the cloud
point of the surfactant can be a key parameter for consideration,
and it can be modulated through the proper choice of excip-
ient [18]. Phase separation of the surfactant can also be used
beneficially in pharmaceutical formulations, such as in the case
of gelation of poloxamer solutions and its potential applications
in the controlled-release of drugs through various routes of de-
livery [19].

In the present work the effect of gamma-irradiation on the
cloud point and the critical micelle concentration of micellar
aqueous solutions of Triton X-100, used as a model surfac-
tant solution, was studied. Triton X-100 (a.k.a. octoxynol 9)
is a commercially available surfactant used as a solvent deter-
gent in numerous pharmaceutical applications including virus
inactivation [20]. The cloud point (CP), a characteristic temper-
ature in which micellar systems of nonionic surfactants show
a reversible separation phenomenon, is a unique property that

Fig. 1. Chemical structure of Triton X-100 (n = 9.5).

characterizes the fine balance between hydrophilic (head) and
hydrophobic (tail) interactions occurring in a micellar solu-
tion [21]. It is thus highly dependent on surfactant chemical
structure, since in the case of surfactants containing EO units,
the bigger the size of head, the higher the CP; the opposite
applies to the hydrophobic tail. The CMC, another important
characteristic in surfactant systems, is a sharply defined concen-
tration region where micelle formation occurs [21]. Similarly to
the CP value, the structure of the surfactant has also a substan-
tial influence on CMC. The surface tension behaviour of sur-
factant solutions can also be employed to obtain other relevant
parameters that characterize the performance in a formulation,
such as effectiveness and efficiency of the surfactant.

Irradiation was performed in a wide range of absorbed dose,
including those commonly used for sterilization. Complemen-
tary techniques, namely mass spectrometry, NMR, IR, and UV
spectroscopy, were also used in this work to assess the effect of
radiation on the surfactant structure, in order to evaluate and un-
derstand the possible changes in the physicochemical properties
and their effect on the surfactant performance in a formulation.

2. Materials and methods

2.1. Reagents

The nonionic surfactant used was polyoxyethylene–t -octyl-
phenyl ether, with an average of 9.5 oxyethylene (EO) units
per molecule (Triton X-100, Fig. 1), from Rohm & Haas Co.
Surfactant concentration was 1 wt%, ca. 1.6 × 10−2 mol/dm3,
which is well above the CMC of Triton X-100 (2.4×10−4 mol/
dm3, [22]); the percentage of surfactant is based on the amount
of water present (in all the experiments distilled water was
used). The surfactant was used as received. The mixtures were
prepared 24 h in advance to ensure full hydration of micelles.
The cloud point under these conditions was 64.5 ◦C.

2.2. Gamma irradiation of the samples

Samples were irradiated in non-de-aerated glass ampoules
using gamma rays from a 60Co gamma source, at 25 ◦C. The
activity of the radiation chamber was 2.12 kCi and the dose
rate was 1.373 kGy/h, measured by Fricke and ceric sulfate
dosimeters. Small aliquots of Triton X-100 aqueous solutions
(1 wt%) were irradiated at doses between 0.1 and 70 kGy.

2.3. Cloud point determination

The temperature at which the cloud point phenomenon oc-
curs was determined by the method reported by Carvalho and
Briganti [23]. The method is based on the visual observation of
the separation of phases in the micellar solution. The initial so-
lution was heated in a water bath (MLW thermostat by VEB
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Elektro bad Franken Hausen) at temperatures well above its
cloud point (turbid solution). After that, the solution was grad-
ually cooled with constant stirring and keeping a stable temper-
ature. The cloud point (CP) was considered as the temperature
at which the solution became clear. To verify the results, the
opposite process was carried out by gradually heating the clear
solution until turbidity appeared. The reported value was the
average of four determinations. Precision of temperature mea-
surements in terms of standard deviation was ±0.2 ◦C.

2.3.1. Cloud point theoretical analysis
Using the approximation described by Rupert [24] and Inoue

et al. [25] (as an extension of the Flory–Hugging theory for
polymer solutions), the CP can be expressed as:

(1)CP = φ2
mH12

R[ln(1 − φm) + (1 − (1/N))φm] + S12φ2
m

,

where H12 and S12 are the enthalpy and the entropy of the
monomer interaction with water, respectively; φm is the volume
fraction of the surfactant; and N is the aggregation number of
the micelle.

In order to apply this equation to our system, four as-
sumptions were initially made: (i) the number of cross-linked
species, and therefore its effect on the CP, is negligible;
(ii) there is not variation in the surfactant tail structure due to
radical attack; (iii) Triton X-100 behaves as monodisperse sur-
factants with an EO chain length equal to the mean value of
the EO distribution at each dose; and (iv) the entropy of mixing
remains constant with the absorbed dose. The former mathe-
matical expression (Eq. (1)) can then be rearranged as:

(2)CP = Hw
eff

�Smix + Sw
eff

,

where

�Smix = R[ln(1 − φm) + (1 − 1/N)φm]
φ2

m

is the entropy of mixing of the system and Hw
eff and Sw

eff are H12

and S12, respectively.
Inoue et al. [25] also used the Flory–Huggins theory in or-

der to obtain a theoretical equation for the cloud point that takes
into account the presence of an additional surfactant and form-
ing mixed micelles:

CP =

(3)

[H12 + (H13 − H12)x3 − (1 − x3)x3w23]φ2
m

R[ln(1 − φm) + (1 − (1/N))φm] + [S12 + (S13 − S12)x3]φ2
m

.

In this case, H12, H13, S12, S13 are the interaction parameters
of both surfactants with water in non-mixed systems; φm is the
volume fraction of the surfactants; N is the aggregation num-
ber of the mixed micelles; w23 is the free energy of interaction
between both surfactants; and x3 is the mole fraction of the sur-
factant added, on surfactant only basis.

2.4. CMC and superficial tension measurements

The critical micelle concentration (CMC) was obtained us-
ing surface tension (γ ) measurements. Progressive aliquots of
surfactant stock solution (1 wt%, irradiated or not) were added
to a volume of 50 mL of water in a thermostatic cell using a
micropipette. Surface tension was measured after each addi-
tion using a Nima Technology Ltd tensiometer which works
using the Wilhelmy plate method. The instrumental error was
±1 mN/m. The CMC was obtained as the intersection of the
two linear fits relative to the initial surface tension depression
and the further plateau, as reported elsewhere [26]. Surface ten-
sion measurements were also used to obtain the effectiveness
(Γm) and the efficiency (pC20 = − logC(−�γ=20)) of the sur-
factants, following the method reported in Ref. [27].

2.5. Mass spectrometry analysis

Commercial polyethoxylated surfactants, such as Triton X-
100, are obtained as a polymeric distribution having the same
tail structure but different head, with a mean value of EO groups
of 9.5 [28]. The characterization of polymers by mass spec-
trometry using laser vaporization/ionization sources has shown
that the molecular mass distribution (MMD) is sensitive to in-
strumental and sample preparation parameters used to obtain
the polymer mass spectrum [29]. It has been shown that the
MMD depends on the matrix and on the laser energy [30].

The mass spectrometry analysis was performed in the re-
flective mode of a BRUKER/BIFLEX III mass spectrometer,
equipped with a 337 nm UV nitrogen laser (3 ns FWHM, 200 µJ
mean energy per pulse) from Laser Science Inc. Samples were
analyzed using laser desorption ionization (LDI) and matrix as-
sisted laser desorption ionization (MALDI). The standard dried
droplet method was used for the sample preparation and a TX-
100 typical concentration of 10−4 w/w was used. The TX-100
molecule ionization was ensured by applying small quantities
of Na and K ions in the sample solution. For the LDI and
MALDI analyses a laser intensity of 0.75 and 0.15 GW/cm2

was used, respectively. The 4-hydoxy-α-cyanocinnamic acid
(α-CHCA) was used as a matrix for the MALDI analysis, with
a concentration of analyte (TX-100) to matrix (α-CHCA) mole-
cules of 1:10. All the mass spectra correspond to an average of
15 and 10 laser shots for LDI and MALDI analyses, respec-
tively.

2.6. UV–vis and NMR spectroscopy analysis

UV–vis spectra of non-irradiated and irradiated solutions
(35 and 70 kGy) were obtained using a Varian Cary 50 probe
spectrometer and quartz cuvettes. The analytical peak was ob-
served at the characteristic wavelength of 275 nm, indicative
of the presence of aromatic moiety in the surfactant structure.
13C NMR spectroscopy analysis (PENDANT spectra) was per-
formed in an AV500 BRUKER spectrometer.
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Fig. 2. Effect of gamma radiation on the phase behaviour of micellar solutions
of Triton X-100 (1 wt%).

3. Results and discussion

Irradiation using gamma rays can induce significant changes
in the macroscopic properties of micellar solution of Triton X-
100, and thus affect the scope of their applications. In order to
study this effect, three physicochemical properties were evalu-
ated as a function of the absorbed dose: cloud point (CP), CMC
and surface tension. These macroscopic quantities are of great
use to describe the surfactant behaviour in cosmetic and phar-
maceutical formulations, as well as the suitability of different
surfactants to prevent protein surface adsorption in several ap-
plications.

3.1. Effect of gamma radiation on the cloud point

Two main regions can be depicted in the phase behaviour
after irradiation (Fig. 2): a first region (0.1–5 kGy), where the
CP value does not show significant changes, and a second re-
gion (5–50 kGy), characterized by a roughly linear decrease
of CP. It is worthy to note that at higher doses (70 kGy), the CP
value remains almost constant, and that the range where greater
changes are observed is precisely the one comprising typical
sterilization doses (15–30 kGy).

Cloud point variations as a function of the irradiation dose
are closely related to changes in the surfactant structure, prob-
ably as consequence of the indirect action of gamma radiation
on surfactant molecules, i.e. the interaction with free radical
products of the water radiolysis. The direct interaction is less
efficient, considering that the irradiation was performed in a di-
lute aqueous solution.

For the indirect interaction, there are three possible domains
in the chemical structure of Triton X-100 (Fig. 1) that can be
sensitive to these radical attacks: the hydrocarbon chain, the
aromatic ring and the EO polymeric unit. However, consider-
ing that these solutions were well above CMC of surfactant, it
is logical to assume that most of the primary degradation of the
surfactant molecule would occur on the polyoxyethylene chain
(EO), due to the shielding effect that the ethoxylated groups
have over the tail [13]. A similar decrease was reported by
Pelizzetti et al. for the mean value of the EO groups, due to the
action of hydroxyl (OH) radicals in an aqueous system of a non-
ionic ethoxylated surfactant (Igepal CO-720, 6.0×10−4 mol/L

(a)

(b)

Fig. 3. LDI and MALDI molecular mass distribution: (a) MnK+ and
(b) MnNa+ of non-irradiated Triton X-100.

[9]). In an early report on effects of gamma irradiation upon
aqueous solutions of different kinds of surfactants, it was found
that bond cleavage of oxyethylene in polyoxyethylene surfac-
tant (POE) was the main chemical reaction occurring after ra-
diolysis of water [11].

To investigate the effect of the irradiation dose in the struc-
ture of surfactants, a mass spectrometry analysis of this poly-
meric distribution was performed, using LDI and MALDI tech-
niques (Fig. 3). A shifted MMD distribution to lower EO groups
is obtained when using LDI. Moreover, the MALDI analysis
shows that the mean value of the EO groups is of the order of
9–10, as expected from the commercial data. In this sense, the
structural changes induce by the irradiation in the MMD distri-
bution of the TX-100 can be probed by using MALDI technique
(“soft ionization”). A more adequate analysis of the MMD dis-
tribution using the peak area as a function of the number of EO
groups (ne) gives an average number of 9.3 (Fig. 4).

The MMD mean values of the irradiated samples were cal-
culated using the peak areas (Fig. 5). The ne values for very low
doses (less than 1 kGy) show an average value of 9.25 ± 0.31,
and a slight decrease is observed towards a dose value of
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(a)

(b)

Fig. 4. Molecular mass distribution (MMD) of EO groups (ne) for the (a) non-
irradiated and (b) 70 kGy irradiated Triton X-100 samples. The data were ac-
quired from the MALDI mass spectra.

Fig. 5. Mean distribution values of EO groups of Triton X-100 micellar solu-
tions (1 wt%) as a function of the absorbed dose.

50 kGy. For larger doses, the change in the MMD mean val-
ues relative to the non-irradiated sample is equivalent to losing
one group in the EO polymeric chain.

In the case of the surfactant hydrocarbon tail, there are
no evidences of fragmentation at these absorbed doses (up to

70 kGy). Other complementary results were obtained using
NMR and UV–vis spectroscopy (see supplementary informa-
tion). The results from 13C NMR analysis did not show any
significant differences among the spectra of non-irradiated and
irradiated samples. In the case of UV–vis results, two charac-
teristic peaks were observed at 225 and 275 nm, which can
be related to the aromatic moiety in the hydrocarbon tail of
the surfactant [11]. The three spectra showed the same ab-
sorbance maxima at the characteristic wavelengths, indicating
that there were not significant changes in the structure of the
substituted aromatic ring. The intensity of the peak at 275 nm
remained invariable as the dose increased, in comparison to
the non-irradiated samples. This peak was used for compar-
ison purposes to determine if there was fragmentation of the
ring due to radical attack. The higher intensity peak observed at
225 nm shows a significant interference from other peaks in the
near UV region, where other aromatic transitions take place,
and water and quartz absorb, thus quantitative measurements
are not reliable [31]. For the surfactant concentrations used in
this study (above CMC), the arrangement of EO head groups
at the micellar surface behaves as a mechanic-structural barrier
that limits the exchange of species between the micellar interior
and bulk water. In this case, the occurrence of typical radical
reactions on the micellar core is restricted, and the chemical
structure of the hydrocarbon core does not experience signifi-
cant changes [13].

Since there were not evident changes in the tail of the sur-
factants after irradiation in the absorbed dose range studied,
and taking into account the results from spectroscopic mea-
surements, the decrease in the CP in the second region can be
attributed to structural changes in the hydrophilic head. These
structural changes can be related, at some extent, to a decrease
in the mean value of the EO group distribution.

Considering the assumptions mentioned in Section 2.3.1,
Hw and Sw are the most significant parameters in Eq. (1). These
thermodynamic quantities can be understood as effective pa-
rameters that can differ from those obtained for Triton X-100
non-irradiated solutions:

(4)H w
eff = Hw

0 + �H(Dabs),

(5)Sw
eff = Sw

0 + �S(Dabs),

where Hw
0 and Sw

0 are the interaction parameters of Triton
X-100 without irradiation, Hw

eff and Sw
eff are the interaction

parameters of the surfactant after receiving a dose Dabs, and
�H(Dabs) and �S(Dabs) are their variation with the absorbed
dose.

A fitting procedure similar to that described by Rupert [24]
was used to obtain Hw

0 and Sw
0 from the Triton X-100 misci-

bility curve (Fig. 6). The small divergence found at high vol-
ume fractions can be understood considering the deviation from
ideal behaviour of the mixing entropy at higher concentrations.
In those cases, a greater number of micelles have to be concen-
trated in a small volume during the phase separation. The values
obtained for Hw

0 and Sw
0 are 3550 cal/mol and 10.95 cal/mol,

respectively.
In order to estimate the value of �H(Dabs) and �S(Dabs),

an approximation that accounts for the effect of different struc-
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Fig. 6. Miscibility curve of Triton X-100 calculated according to Eq. (1). Ex-
perimental points were taken from Ref. [32].

Table 1
Comparison of experimental and calculated cloud point values (CP) of Triton
X-100 solutions (1 wt%), using estimated interaction parameters

Dose (kGy)

0 1 5 10 15 25 35 50 70

CPexp (±2 K) 337.5 338.5 339.5 330.5 330 326 322 313 314.5
CPcalc (K) 337 334 337 335 335 335 333 327 327

tural groups on the interaction parameters, reported by Inoue
et al. was used. This approximation describes Hw and Sw as
functions of the numbers of EO (ne) and carbon groups (nc) in
polyethyleneglycol (PEG) type surfactants [25]. Since no sig-
nificant changes have occurred in the tail with the absorbed
dose, the influence of the hydrocarbon tail on the interaction
parameters remains constant. Therefore, the variation of Hw

eff
and Sw

eff with the dose can be described as:

(6)Hw
eff = Hw

0 + 610.58�ne,

(7)Sw
eff = Sw

0 + 1.57�ne,

where �ne is the variation of the number of EO groups with the
absorbed dose respect to the mean value in Triton X-100 with-
out irradiation. Then, using the results from these calculations
and the mass spectrometry results, the CP values were calcu-
lated (see Table 1).

A good agreement between the estimated and measured CP
values is observed up to a dose of 15 kGy. Calculations for
higher doses give significant differences, being greater than
10 K at the highest values. Under these conditions, it seems that
the simple description of the water radical attack to surfactant
molecules assumed up to this point can not be the only factor
invoked to explain the radiation effect in the CP behaviour, in
particular for absorbed doses above 15 kGy.

3.1.1. Influence of cross-linking reactions on cloud point
The approximation used to calculate the effect of gamma

radiation on cloud point (Eq. (1)) includes the consideration
that the number of cross-linked species was negligible. How-
ever, at higher doses, this contribution eventually becomes more
important, since the probability of this type of reactions in-
creases [13].

Fig. 7. MALDI spectra of non-irradiated and selected irradiated surfactant so-
lutions (insets, 35 and 70 kGy). Peaks of possible cross-linking products are
pointed in 35-kGy spectrum.

Other significant peaks in the mass spectra were observed
at m/z ratios corresponding to various possible structures re-
sulting from cross-linking reactions between surfactants radi-
cals formed during the irradiation process (Fig. 7). The most
likely structures for these cross-linked species are those re-
sulting from surfactant radical attacks to the terminal carbon
of the hydrophilic chain, which agrees with the fact that there
were not significant changes in UV and NMR spectra of irra-
diated samples compared to non-irradiated Triton X-100 (see
supplementary information). The presence of turbidity in those
samples irradiated at doses higher than 15 kGy corroborates the
formation of these cross-linked species, a phenomenon already
reported in the literature [11,13].

The changes detected in Triton X-100 chemical structure af-
ter gamma irradiation can thus be considered as a consequence
of water radical attacks producing variations in the mean dis-
tribution value of the EO groups, and of cross-linking reactions
between surfactants radicals.

The analysis of phase behaviour should consider that, due to
the occurrence of cross-linking reactions, the micellar solution
behaves as a mixed surfactant system containing two kinds of
surfactant: a majority of Triton X-100 molecules, and a smaller
but significant amount of cross-linked surfactants. Furthermore,
these compounds exist in solution as a distribution of different
monomers.

Considering that the interaction between both surfactants
can be neglected with respect to the water–surfactant interac-
tion, Eq. (3) can be rearranged into:

(8)CP = Hw
eff + (Hcross − Hw

eff)x3

�Smix + Sw
eff + (Scross − Sw

eff)x3
,

where Hcross is the interaction parameter of the cross-linked sur-
factant surfactants with water (H13) and x3 is the mole fraction
of the cross-linking fraction.

The variation of cross-linking fraction (x3) with the dose can
be then estimated, using the experimental values obtained for
CP and the interaction parameters of the cross-linked surfactant,
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Table 2
Fraction of cross-linking obtained using CP and CMC measurements, at different absorbed doses

Dose (kGy)

0 1 5 10 15 25 35 50 70

CP-calculated fraction of cross-linking (x3) ≈0 ≈0 ≈0 0.11 0.14 0.27 0.31 0.39 0.37
CMC-calculated fraction of cross-linking (x3) ≈0 ≈0 ≈0 0.10 0.14 0.28 0.34 0.63 0.30

Hcross and Scross, calculated considering that the interaction of
all groups with water in the mixed surfactant system does not
change with respect to that of Triton X-100:

(9)Hcross = 2H w
eff − 610.58,

(10)Scross = 2Sw
eff − 1.57.

The results obtained in the calculations of the fraction of cross-
linking using CP measurements suggest that there is an im-
portant contribution of these reactions on the phase behaviour
(Table 2). Therefore, the decrease observed in CP with an in-
crease of the absorbed dose can be closely related to an increase
in the occurrence of cross-linking reactions, even when mean
distribution values of EO groups show less marked effects.

It is interesting to note that just a small amount of cross-
linking can have a significant influence on CP values. In gen-
eral, changes in CP upon irradiation of surfactant aqueous so-
lutions above CMC are dominated by variations in the mean
distribution value of EO groups and the formation of mixed
micelles between Triton X-100 molecules and cross-linked
species, where the second process seems to have a greater influ-
ence. After a certain dose, further changes in the cross-linking
fraction seem to have a small effect on the macroscopic proper-
ties of Triton X-100, since micelles reach an interaction value
which is very close to that of cross-linked surfactants. It is
also important to note that calculated values (x3) in this region
should not be used as absolute numerical values, but rather as
an indication of the extent of occurrence of cross-linking reac-
tions.

3.2. Effect of gamma radiation on the CMC

Critical micelle concentration (CMC), similarly to CP, de-
pends on the fine balance between hydrophobic and hydrophilic
interactions [33]. Those surfactants with large heads in their
chemical structure show a higher value of CMC, while those
with bigger tails are characterized by smaller values. However,
even when CP and CMC follow the same trend when the surfac-
tant structure changes, the effect of these changes on the value
of these macroscopic quantities is different.

The CMC experimental results of irradiated surfactants re-
semble those found for CP (Fig. 8). There is a significant de-
crease up to an absorbed dose of 50 kGy, and at higher doses,
a slight increase of the CMC is observed.

Similarly to CP analysis, changes in CMC values can not be
explained only using the variation in the mean distribution value
of EO groups. Since the change in CMC for a series of monodis-
perse p-t -octylphenol-(ne)-polyethoxylated surfactants is very
small (�CMC = 0.2 mmol/L, for �ne = 8) [34], the decrease

Fig. 8. Effect of gamma radiation on CMC of micellar solutions of Triton X-100
(1 wt%).

in the mean value of EO groups obtained using mass spectrom-
etry can not explain the 8-fold decrease observed in CMC, as
the absorbed dose increased. Nevertheless, we still may use the
model of mixed surfactants to explain these results, in which
case, the CMC of mixed surfactants can be obtained as if there
is no interaction between surfactants [27].

(11)CM
12 = CM

1 · CM
2

CM
1 (1 − x3) + CM

2 x3
,

where CM
12, CM

1 , CM
2 are the CMC of the mixed surfactants, the

cross-linked surfactant and the Triton X-100 respectively; and
x3 is the cross-linking fraction. However, to obtain a complete
description of CM

12 as a function of x3, the CMC of both surfac-
tants should be known. Since there is a small variation in CMC
of Triton X-100 due to changes in EO number [34], we can con-
sider CM

2 as approximately equal to the CMC of Triton X-100
without irradiation (obtained by experimental determination).
In the case of the cross-linked surfactants, the CM

1 value must
be estimated because it is not possible to perform measurements
of the isolated species.

Using CM
2 and x3 at a certain dose (e.g., at Dabs = 15 kGy,

which is far below from the saturation region, x3 = 0.14), the
CMC calculated for cross-linked surfactants is CM

1 = 2.23 ×
10−5 mol/L. This value is ten times smaller than the experi-
mental value of the micellar Triton X-100 solution at the se-
lected dose.

The fractions of cross-linking estimated using CP and CMC
can be compared at the corresponding doses (Table 2). The
good agreement of these results, up to a dose of 50 kGy, gives
a strong support to the model of mixed surfactants, indicating
the important effect that surfactants produced in cross-linking
reactions can play in the variations of physicochemical prop-
erties of irradiated micellar solutions. The results obtained at
high doses (>50 kGy) can be explained considering that in this
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region, further changes in the fraction of cross-linking have lit-
tle effect on the macroscopic quantities that are measured. The
saturation zone predicted using both methods agreed, and can
explain the small changes in the values obtained for CP and
CMC when at absorbed doses of 50 kGy and higher.

3.3. Effect of gamma radiation on efficiency and effectiveness
of surfactant adsorption

There are two important parameters that characterize the per-
formance of a surfactant in lowering the surface tension of a so-
lution. These are usually referred as the surface excess concen-
tration at surface saturation, Γm (effectiveness of adsorption),
and the surfactant concentration in the bulk phase required to
produce a 20 N/m reduction in the interfacial tension of the
solvent, − logC(−�γ=20) = pC20 (surfactant efficiency) [34].
The effectiveness of adsorption is an important factor in deter-
mining such properties as foaming, wetting, and emulsification,
while the efficiency indicates the maximum reduction in surface
tension that can be obtained regardless of the concentration.

The calculated values for these parameters using surface ten-
sion measurements of Triton X-100 micellar solutions showed
a small increase in the surfactant effectiveness from 3.4 to
5.1 (×10−6 mol/m2). For surfactants with a single hydrophilic
group, the area occupied by a surfactant molecule at the surface
appears to be determined by the area occupied by the hydrated
hydrophilic group rather than by the hydrophobic portion [21].
In POE surfactants, the hydrophilic portion is immersed in the
aqueous phase in the form of a coil, and the cross-sectional area
increases with the number of OE units [21]. The increase in
effectiveness obtained in surfactant solutions after gamma irra-
diation is thus consistent with the decrease by one EO group as
average observed in mass spectra. It is also interesting to note
that the overall increase is higher than the expected value con-
sidering reported effectiveness of monodisperse Triton X-100
surfactants (Γm = 2.5 for ne = 9, Γm = 2.6 for ne = 8) [21].
This result corroborates the larger influence of cross-linking
on the physicochemical properties, compared to changes in EO
polymeric distribution. In this case, it can be understood con-
sidering that in the cross-linked species, the hydrophilic portion
is increased by forming a new surfactant molecule, in a closer
packing arrangement at the surface, compared to two single
molecules of Triton X-100.

On the other hand, there is an increment in efficiency (pC20)
from 5.4 (non-irradiated sample) to values ranging between 5.5
and 7.13 (irradiated samples). The larger pC20, the more effi-
ciently the surfactant is adsorbed at the interface and the more
efficiently it reduces surface tension. In POE nonionics, an in-
crease in the number of EO units in the hydrophilic group, in
contrast to its large effect in decreasing the effectiveness of
adsorption, seems to cause only a small decrease in the effi-
ciency of adsorption, which is rather dominated by the structure
of the hydrophobic tail [21]. The cross-linked species have a
hydrophobic portion which is twice as bigger as those of Tri-
ton X-100, but the action of these big structures are somewhat
diminished since the hydrophilic groups are at a non-terminal
position. In this case, the hydrophobic group acts as if it were

branched at the position of the hydrophilic group, with the car-
bon atoms on the shorter portion of the hydrophobic group
having about two-thirds the effect of the carbon atoms in the
longer portion [21]. The overall result is an effective increase
of the hydrophobic portion of the cross-linked species, with a
consequent increasing effect of the surfactant efficiency.

In summary, both effectiveness and efficiency of Triton X-
100 solutions increase after irradiation, which suggests that
the surfactant essential function reducing protein surface ad-
sorption is not affected. However, these parameters are mostly
related to the surface activity of the surfactant, but there are
other mechanisms influencing protein solubilization in formu-
lations. For example, it is well known that nonionic surfactants
also bind weakly to proteins. Surfactant–protein interactions are
hydrophobic in nature because proteins with more hydropho-
bicity bind more surfactants (Bam et al. [35]). The mechanism
of protein–surfactant interactions depends on the nature and
concentration of the surfactant in the solution bulk; e.g., the ad-
sorption of insulin on plastic bags is strongly decreased by the
addition of Triton X-100 surfactant to the formulation, since the
surfactant reduces the protein’s available hydrophobic surface
by binding at the hydrophobic patches on the surface of the pro-
tein [35]. Therefore, specific studies considering the individual
components used in a formulation should be done to ensure that
the surfactant structural changes detected in this investigation
do not interfere in the surfactant–protein interactions responsi-
ble for solubilization.

4. Summary

Gamma irradiation of aqueous solutions containing Triton
X-100 at concentrations above CMC affects some of the sur-
factant physico-chemical parameters, in particular at the dose
range that is characteristic for radiation sterilization. In this
region, both the CP and the CMC values decrease as the ab-
sorbed dose increases, probably due to changes in the MMD
of the surfactant and the occurrence of cross-linking reactions.
These two factors are corroborated by mass spectrometry analy-
sis and the appearance of turbidity in samples irradiated at doses
higher than 15 kGy. The results obtained from theoretical cal-
culations using the Flory–Huggins model suggest that even a
small fraction of cross-linked species formed after irradiation
has a significant effect on the fine hydrophilic/lipophilic bal-
ance that controls the physico-chemical behaviour of micellar
solutions. The consequences of changes on this behaviour are
essential to asses the performance of nonionic surfactants and
to understand their role in the pharmaceutical formulations, e.g.
for stability reasons.
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