8248 Langmuir 2000, 16, 8248—8254

Fluorescence Probe Studies of Gelatin—Sodium Dodecyl
Sulfate Interactions

P. C. Griffiths* and J. A. Roe
Department of Chemistry, Cardiff University, P.O. Box 912, Cardiff CF10 3TB, U.K.

B. L. Bales

Department of Physics and Astronomy, California State University at Northridge,
Northridge, California 91330-8268

A. R. Pitt and A. M. Howe

Research and Development Kodak Limited, Headstone Drive, Harrow,
Middlesex HA1 4TY, U.K.

Received February 8, 2000. In Final Form: July 13, 2000

The characteristics of sodium dodecyl sulfate (SDS) micelles bound to gelatin have been studied by
fluorescence using 8-anilino-1-naphththalene sulfonic acid (ANS) as probe. Like gelatin, ANS binds in the
region of the micelle occupied by the hydrated headgroups, the palisade layer. The gelatin used in this
study can bind an average of up to three SDS micelles. The fluorescence characteristics of ANS solubilized
in the first micelle to bind to gelatin are very different from those exhibited in the second and third micelles
to bind to the gelatin. This distinction arises because the first micelle to bind does so predominantly
through an electrostatic interaction between the anionic surfactant and cationic residues, leading to a
highly hydrophobic environment. Subsequent micelles bind through a combination of both electrostatic
and hydrophobic interactions. We show that the bulk properties (principally viscosity) of the solution are
intimately related to the (microscopic) structure of the palisade layer.

Introduction

The interaction between gelatin and surfactants is being
studied intensively in this laboratory.’~® Gelatin is a
proteinaceous material, soluble in water with a range of
both hydrophobic and hydrophilic side chains, and behaves
as apolyampholyte over awide range of pH. The properties
of gelatin depend on its source and the manufacturing
process. The bovine ossein gelatin used here is extracted
after a liming process and then decalcified. It has an
isoelectric pH of 4.9. Over the range pH = 5.8—6.5 there
are approximately 50—60 cationic residues per 150 kDa,
the average molecular mass of our sample.

Previous studies*® have shown that the interaction
between sodium dodecyl sulfate (SDS) and gelatin results
in the formation of surfactant micelles adsorbed onto
gelatin at a surfactant concentration, CMC(1), which is
substantially lower than the conventional critical micelle
concentration, CMC. Fluorescence and ion-specific elec-
trode studies, reinforced by theoretical models,® have
demonstrated that gelatin stabilizes the formation of these
adsorbed micelles by binding in the hydrated headgroup
region of the micelle, thereby shielding part of the
hydrophobic core from the aqueous solution. Small-angle
neutron scattering (SANS) studies’ suggest that these
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adsorbed micelles have a comparable size with nonad-
sorbed SDS micelles, although the SANS estimates are
strongly model dependent. In contrast, fluorescence
guenching studies point to a slightly lower aggregation
number than pure SDS micelles.®

At gelatin concentrations, Cgyelatin, above the critical
overlap concentration, C*, the onset of an association with
SDS is accompanied by an increase in solution viscosity.®
The viscosity increases to a maximum at a characteristic
gelatin/SDS ratio as the micelles act as transient cross-
links, that is, interpolymer association. As the number of
micelles per polymer chain increases further, the viscosity
drops as a result of a decrease in this “bridging”. Below
C*, the solution viscosity falls on addition of SDS,
indicating that micelles promote intrapolymer associa-
tions. This is further supported by NMR studies on dilute
solutions of gelatin (0.1 wt %) and SDS; the diffusion of
the gelatin is faster on addition of SDS, indicating that
the polymer molecule collapses.®

On a more localized level, the nature of the binding of
SDS to gelatin is accessible through NMR experiments,
and both the sites of interaction® and the shape of the
binding isotherm have been determined.** On adding SDS
to a gelatin sample with low polydispersity above C*, a
maximum in the degree of viscosification and a minimum
in the self-diffusion coefficient of gelatin is observed at
approximately one SDS micelle per gelatin molecule.
Above some critical concentration of surfactant, CMC(2),
further additions of surfactant result in the formation of
nonadsorbed micelles in solution—the gelatin is said to be
“saturated”. The unimer concentration at CMC(2) is then
equal to the CMC of the pure surfactant in agueous
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solution under the same prevailing conditions of ionic
strength and pH.*

Many of these features are similar to those observed for
other commonly studied polymer- and surfactant-contain-
ing solutions, for example, poly(ethylene oxide) PEO/
SDS.1% One significant difference is how the onset of
micellization responds to added electrolyte. For simple
anionic surfactants, an increase in ionic strength sub-
stantially reduces the CMC. The scaling behavior of CMC
versus ionic strength in the absence of PEO is very similar
to that of CMC(1) in the presence of PEO, that is, their
log—log plots are parallel.!! In other words, both the CMC
of SDS and CMC(1) of PEO-SDS decrease equivalently
because of the shielding of the surfactant headgroup
repulsion. In contrast, in the gelatin—SDS case, compa-
rable increases in bulk ionic strength have little or no
effecton CMC(1), exceptat very low gelatin concentrations.
Itappears that gelatin therefore shields the bound micelle
from the effects of the added salt. This “shielding” must
occur within the palisade region.

Fluorescence probes can be used to study the microen-
vironment of the probe and, by inference, the structure
of the polymer—surfactant complex. For instance, the
fluorescence behavior of 8-anilino-1-naphththalene sul-
fonicacid (ANS) and related dyes is a qualitative indication
of the polarity of the probe environment.*? This feature
enables their use in the determination of CMC or CMC(1)
through changes in polarity. Estimates of the CMC of
SDS measured by ANS fluorescence compare favorably
with those determined by other techniques, and therefore
the probe does not perturb the structure of the micelle
significantly.

Whitesides and Miller* have studied the interaction
between gelatin and SDS at low polymer concentrations
(<0.5wt %) in some detail, using fluorescence probe studies
with ANS in combination with other techniques. They
invoked a model proposing that micelle formation occurs
in multiple stages to account for their observed fluores-
cence data. At low surfactant concentrations, C < CMC-
(1), the intensity of the ANS fluorescence remained
constant. At C=CMC(1), asharp increase in fluorescence
was observed because of the presence of hydrophobic
domains, which increase the quantumyield. This increase
reached a plateau at a SDS concentration that was
dependent on the gelatin concentration and pH. The
intensity at this plateau also increased with both ANS
and gelatin concentration. At C = CMC(2), the intensity
increased more sharply. Within their multiple-stage
binding model, Whitesides and Miller theorized that the
partitioning of the negatively charged ANS into gelatin-
bound micelles is affected by the charge associated with
the (negatively charged) bound micelle—gelatin complex
and by the number of micelles bound to a (single) gelatin
strand. From this, they concluded that the binding of ANS
per micelle decreases as the number of micelles per strand
increases. Accordingly, their model predicted a maximum
in the ANS intensity, yet none was observed in their study.
In this paper, we extend their analysis, and do observe
the predicted maximum.

Materials, Samples Preparation and Equipment

The gelatin, denoted as “standard gelatin”, is an alkali-
processed polydisperse bone gelatin (Kodak European R&D) that
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Figure 1. ANS fluorescence intensity at 45 °C as a function
of surfactant concentration for three alkyl sulfates: (®) SDS,
(O) STS, and (a) SHS.

has been deionized and had its pH raised from the isoelectric
point of pH = 4.9 to pH = 5.8 with NaOH.

SDS (98% purity from Aldrich Chemical Co.) was purified
before use by several recrystallizations from ethanol. PEO (My,
= 100000 kDa) sodium tetradecylsulphate (STS), sodium hexa-
decylsulphate (SHS), and ANS were all obtained from Aldrich
and used without further purification.

A stock gelatin solution was prepared by warming to 45 °C the
required amount of gelatin and distilled water containing 2 x
10-5M ANS and, unless specified otherwise, a phosphate buffer
(pH = 6.6, 34 mM ionic strength). The solution was maintained
at that temperature for 30 min with occasional stirring.

The fluorescence measurements were carried out using a
Perkin-Elmer LB 50 luminescence spectrophotometer. ANS
emission spectra were obtained on samples at 45 °C (+1 °C).
Excitation was at 320 nm and the emission integrated over the
range 490 to 520 nm.

Results

Simple Surfactant Solutions. The emission intensity
of ANS dissolved in micellar solutions of the sodium alkyl
sulfates increases dramatically at a well-defined surfac-
tant concentration. For the dodecyl (SDS), tetradecyl
(STS), and hexadecyl surfactants (SHS), this increase in
intensity occurs at the cmc (Figure 1). Analogous behavior
for the octyl surfactant is observed, but in this case, the
increase in intensity does not occur around the CMC. We
conclude therefore that ANS perturbs the micellization
process for the octyl surfactant, and we cannot use this
approach to study the micelle formed.

For alkyl chain lengths greater than octyl and at
concentrations greater than the CMC, ANS associates
predominantly with the micelle, executing rapid motion
between the polar shell and the surrounding aqueous
pseudophase. Because the fluorescence intensity of ANS
increases with increasing hydrophobicity, the observed
fluorescence is an average of the intensity within the polar
shell and in the agueous pseudophase, each weighted by
the probability of finding the probe in the respective
regions. Assuming that this probability is proportional to
the polar shell volume, the increase in the observed
fluorescence intensity (lops) Ought to be proportional to
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the total volume of polar shell available, viz:
Iobs U Vp[SNS]m = Vp([SNs]total - [SNS]free) (1)

V, is the volume of the polar shell occupied by each
micellized surfactant molecule with alkyl chain length N.
[SNS]; are the molar concentration of micellized (m),
unimeric (free), and total (total) sodium alkyl sulfate
surfactant. To first order, we approximate [SNS]fe ~
CMC.

To compute V,, our starting point is a simple model*3
based upon the classical picture of the micelle as having
a hydrocarbon core with very little water penetration.#
A simple two-shell spherical morphology**—hydrocarbon
core and a polar shell—is presumed adequate to describe
the hydration of the polar shell. Further, we assume that
the thickness of the polar shell is approximately inde-
pendent of the alkyl chain length and is constant as the
micelles grow. This latter assumption has been used
previously in the interpretation of SANS experiments?®
and seems reasonable because the thickness of the polar
shell (=5 A) is approximately equal to the diameter of the
—S04Na headgroup.t’

Thus, we assume the micelle to be composed of an inner
spherical hydrocarbon core of radius R, and an outer
concentric polar shell of thickness (Rn, — R¢) where Ry, is
the overall radius of the micelle. The core contains the
hydrocarbon tails of the surfactant molecules, except
perhaps for the first methylene group, and the polar shell
contains the headgroups (SO4), a fraction (o) of the
counterions (Nat), and water. Thus, the geometry of the
micelle is characterized by the radius of the hydrocarbon
core, R, and the radius of the micelle, R,,. The volume of
the core is taken to be NaVii, where N, is the aggregation
number and Vy,; is the volume occupied by the saturated
hydrocarbon chain, calculated according to Tanford:*®

Vi = 27.4 + 26.9N, )

where Vi has units of cubic angstroms and N, is the
number of carbon atoms per chain that are embedded in
the micelle core. Thus the core radius is found from

A7
NAVtaiI = ?Rca‘ (3)

The volume per surfactant molecule in the polar shell,
V,, is given by

_ A o3 3
Vp - 3_NA(RmC o Rc) (4)

We take N = N, the total number of carbons in the
alkyl chain in keeping with the simplest approach, yielding
the values of Vi, givenin Table 1. Table 1 also gives values
of the remaining parameters necessary to evaluate eqs
24,

Of the parameters in Table 1, the least reliable are the
values of the aggregation numbers. These depend on the
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Table 1. Parameters for Calculation of V,, for SNS

N = N cme, mM Na Viail, A3 Vp, A3 Na?
12 8.0 57 350.2 414 62
14 25 80 404.0 391 75
16 0.58 98 457.8 388 91

a Assumption of constant area per headgroup.
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Figure 2. Aggregation numbers of sodium alkyl sulfates (®)
and sodium alkyl sulfonates (O) vs alkyl chain length taken
from the literature.’®?° The lines are least-squares fits as
follows: Na= — 49 + 9.0 N, (sulfonates) and Na = — 44 + 8.4
N (sulfates), showing that in both cases the aggregation number
increases by about 8—9 molecules per additional methylene
group. Values of Na vs N¢ (O) for the sulfates corresponding to
an assumption of constant surface area per headgroup (final
column of Table 1).

temperature, the surfactant, and electrolyte concentra-
tions and the measurement technique. Unfortunately,
there are no reliable relative values for sodium alkyl
sulfates in the range N = 8, 12, 14, and 16 at 45 °C, as
these have not been measured by the same technique in
the same laboratory. Fortunately, we shall see that the
absolute values of Na are relatively unimportant for our
purposes here. Figure 2 shows aggregation numbers for
aseries of sodium alkyl sulfates'® and sulfonates? versus
the chain length. The straight lines are linear least-
squares fits with slopes of about 8 (sulfates) and 9
(sulfonates) molecules per additional methylene group.
We adopt light-scattering data for Na for N = 8 and 12,
use the value N, = 80 by interpolation for S14S, and
tentatively extrapolate to estimate Np = 98 for S16S.
Aggregation numbers increase with increasing micelle
concentration®' and decrease with increasing tempera-
ture.?223 To first order, we ignore these factors because
they affect each of the surfactants similarly.

Figure 3 shows the results of calculations of V,. For
each surfactant, the symbol shows the result for the value
of N given in the second column of Table 1 and the solid
lines are computed extending from N £ 10%. It is clear
for N = 12, 14, and 16 that the values of V, are rather
insensitive to the values of Na: from the upper extreme
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Figure 3. Volume per surfactant molecule in the polar shell
vs the aggregation number for SNS micelles for N = 12 (0O), 14
(a), and 16 (<). The symbols correspond to the values of Na in
Table 1 and the lines extend to +10% of those values of Na.
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Figure 4. Fluorescence intensity vs total volume in the polar
shell for SNS micelles for N = 12 (O), 14 (a), and 16 (<). The
horizontal error bars correspond to £10% uncertainty in values
of Na; i.e., to the extremes of the solid lines in Figure 3.

for N = 12 to the lower for N =16, V, varies by only £12%
from the average of the two extremes.

Figure 4 shows a plot of lss versus Vp([SNS)ota —
[SNS]#ee)|, which, according toeq 1, ought to be a universal,
straight line for the three surfactants. Given the ap-
proximate nature of the model, the results are more than
satisfactory. However, if we further assume that V, is the
same (= 400 A3) for the SNS studied here, 8 < N < 16,
thatis, aconstant surface area per headgroup, reasonable
values for N, are obtained in all cases. We conclude
therefore that ANS is an effective probe of the micelle
surface, provided the micelle is significantly larger than
the probe molecule, and adopt this approach for studying
polymer—SDS complexes.

Gelatin—SDS Solutions. There are substantial
changes in the ANS fluorescence intensity dependent on
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Figure 5. Fluorescence intensity as a function of SDS
concentration at 45 °C for a series of gelatin concentrations:
(O©) 5 wt % standard gelatin in buffer (pH = 6.6, 34 mM ionic
strength); (a) 5 wt % standard gelatin in buffer (pH = 6.6, 100
mM ionic strength); (®) 2.5 wt % standard gelatin in buffer (pH
= 6.6, 34 mM); (») 0.75 wt % standard gelatin in buffer (pH =
6.6, 34 mM); (M) 0.5 wt % standard gelatin in buffer (pH = 6.6,
34 mM); (O), SDS in buffer (pH = 6.6, 34 mM), no gelatin.

the surfactant and gelatin concentrations, as shown in
Figure 5. In the absence of SDS, the intensity is inde-
pendent of the presence of gelatin and we can conclude
that there is no association of ANS with gelatin. Similarly,
the intensity is unaffected by unimeric SDS{i.e., for [SDS]
< CMC(1) and [SDS] < CMC}; hence we also conclude
that there is no association between ANS and unimeric
SDS. However, the intensity does increase significantly
in the presence of SDS micelles for both the gelatin-free
and gelatin-containing solutions as ANS partitions into
a more hydrophobic environment.

In the presence of micelles [SDS concentration > CMC-
(2)], the fluorescence intensity depends on the concentra-
tion of gelatin. For dilute gelatin solutions (0.5 and 0.75
wt %), the intensity increases to a plateau at 7—10 mM
SDS. After this plateau, the intensity starts to rise once
more. The concentration at which the second increase in
intensity occurs corresponds to CMC(2). The probe in-
tensity is different in free and bound micelles because the
free micelles have no gelatin groups in the micelle palisade
layer and are larger than bound micelles. These are the
same conclusions drawn by Whitesides and Miller.*

The fluorescence intensity of ANS in the more concen-
trated gelatin solutions (2.5 and 5 wt %) shows a
pronounced maximum before decreasing sharply on
increasing SDS concentration. The SDS concentration at
the maximum increases approximately linearly with
gelatin concentration: for example, from 20 to 40 mM
SDS corresponding to 2.5 and 5wt % gelatin, respectively.
It is interesting that the maximum in fluorescence
intensity occurs at approximately the same SDS concen-
tration as the maximum in the solution viscosity, a
stoichiometry corresponding to 1 SDS micelle per gelatin
molecule. The concentrated gelatin solutions show no
second increase in intensity even though the SDS con-
centrations studied are well in excess of CMC(2).
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Figure6. Normalized ANS fluorescence intensity as afunction
of concentration of micellized surfactant, [SDS]iwta — CMC(1)
for (v) 5wt % standard gelatin in buffer (pH = 6.6, 34 mM ionic
strength); (a) 5 wt % standard gelatin in buffer (pH = 6.6, 100
mM ionic strength); (®) 2.5 wt % standard gelatin in buffer (pH
= 6.6, 34 mM); (®) 0.75 wt % standard gelatin in buffer (pH
= 6.6, 34 mM); (W) 0.5 wt % standard gelatin in buffer (pH =
6.6, 34 mM); (shaded O), PEO-SDS (ionic strength 34 mM), and
(3d) SDS only in buffer (pH = 6.6, 34 mM).

In the concentrated gelatin solutions, small increases
are observed in the maximum fluorescence intensity when
the ionic strength is increased. In the dilute gelatin cases,
Cgelatin < 1 wt %, much larger increases are observed. As
proposed by Whitesides and Miller, these effects arise
because of the increasing ionic strength introducing an
electrostatic screening between the negatively charged
dye and the negative surfactant, resulting in an increase
in binding.

To evaluate the nature of the interaction between SDS
micelles and gelatin, we need to treat our results in terms
of the composition of the micelle palisade layer according
to the approach described above. For gelatin-containing
solutions, values of N, have been derived from fluores-
cence-quenching studies.® The volume of the polar shell
in the gelatin systems has been calculated using an
average of the experimentally determined aggregation
numbers, Na = 50, adopting the figure of 400 A3 per
headgroup from aqueous studies. Both the aggregation
number and the area per headgroup are constant, and
thus errors in these values will not affect the conclusions
of this study. The value of the free unimer concentration
has been taken as equal to CMC(1) for ease. This
approximation is entirely valid as the unimer concentra-
tions, measured by a dodecyl sulfate ion-selective electrode
or PGSE-NMR, are always less than ~5% of the total
surfactant concentration. Given the nature of the model,
this error is acceptable.

In Figure 6 we replot the fluorescence intensity data
for the series of gelatin—SDS solutions at ionic strengths
greater than 34 mM, adding appropriate SDS-only and
PEO-SDS data for comparison. The intensities have been
normalized by the micellar shell volume and are plotted
against the concentration of micellized surfactant,

Griffiths et al.
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Figure 7. Comparison of normalized ANS fluorescence in-
tensity (O, left-hand scale) and relative viscosity (®, right-hand
scale) for 2.5 wt % standard gelatin in buffer (pH = 6.6, 34 mM)
as a function of SDS concentration, showing the similarity in
the two data sets.

[SDS]totat — CMC(1) (or for the SDS only data, [SDS]otal
— CMC). Rescaling the concentration data in this manner
should account for the different micellization concentra-
tions, at least to a first-order correction.

For all three systems, the fluorescence intensity per
unit volume of micellar shell, that is, the “hydrophobicity”,
decreases with increasing SDS concentration. At high SDS
concentrations, the data attain a common limiting be-
havior. We can conclude therefore that at high SDS
concentrations, the character of the bound micelle is very
similar to the free micelle at an equivalent concentration,
irrespective of the nature of any added polymer. The same
conclusion was reached in our electron paramagnetic
resonance (EPR) studies.? At low SDS concentrations, the
gelatin—SDS behavior is quite different from those of the
SDS-only and PEO-SDS systems, which are mutually very
similar. This implies that the first few micelles adsorbed
onto the PEO molecules have a character comparable to
nonadsorbed micelles. However, the first few micelles to
bind to the gelatin molecules are much more hydrophobic,
and the hydrophobicity increases with increasing gelatin
concentration, albeit rather weakly. At higher SDS
concentrations, the micellar environment is very similar
for all systems, whether bound to PEO or gelatin or indeed,
not adsorbed to either polymer.

Discussion

The fluorescence data exhibit many distinct features,
several of which appear in the viscosity behavior; this is
illustrated in Figure 7 for 2.5 wt % gelatin solutions as
a function of SDS concentration. Particularly obvious are
the coincidence of the onset of the increase in fluorescence
intensity and the onset of the viscosification, and broad
maxima in both the viscosity and fluorescence intensity
around 20—30 mM SDS. This similarity suggests that the
bulk behavior has a microscopic basis. In this section we
attempt to show the link.

The first micelle to bind to gelatin does so predominantly
through the 50 or so cationic residues on the gelatin. The
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Table 2. CMC(1) and CMC(2) Values for Gelatin—SDS Solutions at 45 °C

Coelatin (Wt %) ionic strength/mM pH CMC(1)/mM CMC(2)/mM bound surfactant (mM) [CMC(2) — CMC]

0.25 0 5.8-6.2 0.7 £0.12 N/a n/a

0.25 34 6.6 0.4 4+0.12 N/a n/a

0.5 0 5.8—6.5 0.7 +£0.1° 22 £ 3P 14 +£25
0.5 8 7.2 0.7 +£0.1° 22 £ 3b 16.3+25
0.5 34 6.6 0.4 +0.1° 22 £ 3b 199+25
0.5 100 6.6 0.4 +0.1° 23 £ 3P 215+ 25
0.75 34 6.6 0.4 +0.1° 42 £ 5b 399+5
2.5 34 6.6 0.4 +0.1° N/a n/a

5 0 5.8—-6.5 0.5+0.1° 150 + 20¢ 142 + 20
5 34 6.6 0.5+ 0.1°¢ N/a n/a

5 100 6.6 0.5+ 0.1°¢ 150 + 20¢ 148.5 £+ 20

a By pyrene fluorescence. ® By ANS fluorescence. ¢ By PGSE-NMR. This technique is sensitive to the onset of micellization only in dilute
polymer solutions. CMC values of SDS at ambient and 34 and 100 mM ionic strength were measured by surface tension and fluorescence

(pyrene or ANS). The CMC at 8 mM ionic strength was taken from literature values.

gelatin adopts a localized conformation similar to that of
the micelle.?* For the same [gelatin]/[SDS]micenar cONCEN-
tration ratio, this may be achieved by the gelatin collapsing
onto the micelle surface (dilute gelatin solutions) or
bridging between adjacent micelles (concentrated gelatin
solutions) to induce the same degree of electrostatic and
hydrophobic interaction.

Binding of the gelatin necessarily displaces some water
from the palisade layer. Charge neutralization between
the anionic headgroups and the cationic residues also
occurs. Both of these factors contribute to the explanation
of the rather “dry”, rigid”, and hydrophobic headgroup
environment as perceived by an EPR spin-probe? and the
fluorescent probe discussed here. We tacitly assume that
any change in entropy due to the release (or otherwise)
of bound counterions is much smaller than the entropy
change associated with breaking any water structure
around both the gelatin and micelle surface.

The number of cationic groups on the gelatin available
to the second or third micelle is significantly reduced. The
pH and therefore negative charge on the gelatin has
increased. The gelatin rearranges its conformation to
maximize the hydrophobic interaction yet minimize the
electrostatic interaction with the negatively charged
micelle. The surfaces of the second and third micelles that
bind to gelatin are more hydrated and “fluid”.? The
fluorescence intensity from an ANS molecule located in
the second or third micelle is therefore less, and thus the
average or overall intensity detected decreases.

The CMC(1) and CMC(2) values for SDS in the presence
of gelatin are given in Table 2 for several ionic strengths.
For the most dilute gelatin solutions, there is a slight
decrease in CMC(1) on increasing ionic strength from no
added salt to 34 mM. No further change is detectable on
increasing the ionic strength to 100 mM. At high gelatin
concentrations (2.5 and 5 wt %), no change in CMC(1) is
observed at all as the inherent ionic strength of gelatin
swamps the effect. There are two competing factors
affecting the electrostatic interactions in the dilute gelatin
solutions. Here, the solution pH ranges between 5.5 and
6.5, just above the isoelectric point of gelatin (pH = 4.9),
and therefore gelatin is negatively charged. However, for
low gelatin concentrations, certainly for SDS concentra-
tionsaround CMC(1), the pH drops when the ionic strength
is increased, as fewer protons condense onto the weak
acid carboxylate groups. The pH drop renders the gelatin
less negatively charged and CMC(1) would be expected to
decrease. These factors effectively cancel each other, except
at very low gelatin concentrations.

(24) Cosgrove, T.; White, S. J.; Zarbakhsh, A.; Heenan, R. K. Howe,
A. M. Langmuir 1995, 11, 744.

Notwithstanding the above, both CMC(1) and CMC(2)
are largely unaffected by the presence of any added
electrolyte, but the amount of surfactant bound to the
gelatin increases significantly with increasing ionic
strength. At CMC(2), the unimer concentration equals
the CMC under the prevailing (solution) conditions of pH
and ionic strength. The free CMC falls with increasing
ionic strength and thus the amount bound, that is, [CMC-
(2) — CMC], increases. The scaling behaviors of CMC(2)
versus ionic strength for gelatin—SDS is similar to that
of CMC versus ionic strength for simple SDS, highlighting
the electrostatic component to the process that determines
saturation.

Conclusions

This study confirms that ANS is a suitable molecular
probe for investigating the characteristics of both free
micelles and polymer-bound micelles (gelatin—PEQ) of
sodium alkyl sulfates. This is facilitated by the observation
that the fluorescence intensity is unaffected by unimer
either in the absence or presence of polymer.

In the absence of polymer, the observed fluorescence
intensity is proportional to the total volume of the micellar
polar shell available (within experimental error), provided
the length of the alkyl chain of the alkyl sulfate, N, is
greater than 8. This finding is consistent with a constant
surface area per headgroup in the palisade layer of the
micelle.

In this study the relative hydrophobicity of the palisade
layer has been defined in terms of the relative fluorescence
intensity per unit volume of the micellar polar shell; the
higher the value the greater the hydrophobicity. This
enables comparisons of hydrophobicity to be made between
different polymer—surfactant systems at varying con-
centrations.

For the gelatin—SDS system, the hydrophobicity is very
sensitive to the amount of micellized surfactant. Clearly
the main case of interest is comparing low and high
concentrations of micellized surfactant to contrast the
structure of the first and last micelle to bind to the same
gelatin molecule. The first micelle to bind to gelatin
appears to be much more hydrophobic than a nonadsorbed
micelle. At higher surfactant concentrations, this differ-
ence decreases such that at Csps = CMC(2), the bound
micelles are indistinguishable from nonadsorbed micelle,
or indeed SDS micelles bound to PEO. Taking into account
previous studies, these observations have been rational-
ized in terms of the relative electrostatic and hydrophobic
interactions between gelatin strands and micelles. In
contrast, the PEO-SDS systems, which possess no equiva-
lent electrostatic interactions, merely show the same
singular decrease in hydrophobicity with increasing
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concentration over all concentrations, as exhibited by
simple SDS solutions.

In general, the ANS results show clearly that the
localized structure of the gelatin—SDS complex depends
on the relative gelatin and SDS concentrations (a conclu-
sion also drawn from our previous studies with an EPR
spin probe). For instance, for the same [gelatin]/[SDS]
ratio below CMC(2), the gelatin can either collapse onto
the micelle surface or bridge between adjacent micelles
depending on the gelatin concentration. The bridging
mechanism is believed to be responsible for the pronounced
maximum in fluorescence intensity with SDS concentra-

Griffiths et al.

tion, found in this study with the more concentrated gelatin
solutions. This fluorescence maximum is shown to coincide
approximately with the same maximum found in the
solution viscosity, which is thought to be due toa maximum
in efficiency of bridging between gelatin molecules by
micelles with micellar concentration.
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