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Polymers are appealing as pH-responsive elements of multicomponent systems designed to promote cytosolic
delivery of macromolecular drugs (including proteins and genes), but so far the delivery efficiency achieved has
been relatively modest. Therefore, the aim of this study was to apply several physicochemical techniques that are
well established in the colloid field (surface tension measurements, small-angle neutron scattering (SANS), and
electron paramagnetic resonance (EPR)) to probe the mechanism of endosomolytic psiyriaee interaction

over the pH range 7.4 to 5.5 using the poly(amidoamine) (PAA) ISACBand a series of “model” micelle
surfaces. These micellar models were chosen to represent increasing complexity from simple, single surfactant
sodium dodecylsulfate (SDS) micelles, surfactant mixtures containing bulky malono-bis-N-methylglucamide
headgroups, or highly extended ethylene oxide headgroups. Spherical micelles composed of 1-palmitoyl-2-hydroxy-
snglycero-3-phosphocholine (lyso-PC) were also used. Changes in the onset of micellization, micelle surface
fluidity, and in selected cases, the overall micelle shape and size were all quantified as a function of pH in the
presence and absence of ISA2GI. This amphoteric PAA is negatively charged at pH 7.4 and becomes gradually
more protonated on exposure to lower pH values representative of the endes@osbmal pathway. As expected,

the strength of polymer interaction with anionic micelles increased with a decrease in pH, while for cationic
micelles the opposite was observed. Addition of bulky, nonionic surfactant headgroups led to weaker interactions.
The observations from surface tension and SANS studies showed a complex pattern of interaction with both an
electrostatic and hydrophobic component. Using EPR it was confirmed that #3@8RBerturbed the micelle
palisade layer leading to a decrease in fluidity of the interface with a lower degree of headgroup hydration, and
a significant change in micelle morphology. Surprisingly, there was no interaction betweent&Aa8d globular
micelles formed from lyso-PC (a more biologically relevant model), and this suggests that the PAA structure
could be better optimized to promote rapid interaction with endosomal membranes at the physiologically relevant
pH 6.5.

Introduction HCI and ISA4HCI) have shown considerable promf&s&hey
o . . have relatively low toxicity compared to other cationic vectors
Despite increased understanding of the molecular basis of(>100 fold less toxic than poly(ethylene imine) PEI and poly-
many diseases, the challenge of identification of safe and L-lyisne PLL), and the ability (ISA2BICI) to escape reticu-
effective delivery systems able to localize macromolecular drugs |,andothelial cell clearance, allowing tumor targeting by

(including peptide, pmtem’ gene, and polymgrtherapeutics) into enhanced permeability and retention (EPR) effect targéting.
the cytosol of the target diseased cells remains. Once there, such

- . ¢ However, experiments studying the cytosolic delivery of g€hes
vectors must also promote efﬁqent delivery to the correct and nonpermeant protein toxiisshowed that efficiency of
intracellular compartment. Retroviral and adenoviral vectors are | . . . .

delivery was still not sufficiently high to warrant further

currently favored as tools for gene therdpgs they promote devel i vivolclinical licati
highly efficient gene delivery; however, there are still concerns, eve opment towarth vivo/clinical app |cat!ons. o
as viral vectors have a mixed safety recaré This has led to To guide the development of more effective PAA chemistries
a concerted effort to design nonviral delivery vectors using better able to promote rapid (within10 min), transient, and
endosomolytic polymers that can efficiently promote cytosolic highly efficient endosomal permeabilization at pH 6.5, we have
acces$ 7 begun to define more carefully the physicochemical properties

In this context, we have been designing linear poly(ami- of ISA23HCI in relation to the desired bioactivity using
doamine)s (PAAs) as pH-responsive endosomolytic polymers techniques that are more usually used in the colloid fieléf
for gene and toxin deliver§.11 Specific PAA structures (ISA23  First studies used SANS and pulsed-gradient-spitho NMR,
and they showed that ISA23CI adopts a rather compact
* Corresponding author. E-mail: GriffithsPC@Cardiff.ac.uk; phone: random coiled structure at pH 7.4 with a radius of gyrauag) (

+4f((:0;r2d%;f28?]i7\?§2%fax*44(0)29'20874030' of ~2 nm. As pH was lowered, the polymer coil gradually
*Welsh School of Pharmacy. expanded to a maximum of8 nm at pH= 3 before coil
8 Rutherford Appleton Laboratory. collapse. The main aim of this study was to examine for the
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PAA—Micelle Interaction

Table 1. Surfactants and Other Species Used in This Study

compound code structure
HE A
poly(amidoamine) ISA23.HC1 /
o [}
O OH
1 n
sodium dodecylsulfate SDS
0— SO; —Na'
cetyl trimethyl ammonium CTAB
bromide Br
NCHs
tetra(ethylene oxide) C12Eq4 D}
dodecyl ether (/ 0)
"\J
2
3 2
n-dodecyl malono-bis-N-  C;BNMG ,\/W\/\A"é
methylglucamide °© 3

o
1-palmitoyl-2-hydroxy-sn- lyso-PC >:/\/""I"\“’\55/%(\/\/\/\/\/\/\/
glycero-3-phosphocholine 4 3

H3COOC(CH 2)14. CH2CH3

\C/
/N
0

16-doxyl stearic acid 16-DSE

methyl ester —0

first time the effect of pH on the interaction of ISARECI and
a series of “model” surfaces. A library of micelles (Table 1)

was used, chosen to represent increasing complexity (singleS

surfactant SDS micelles, surfactant mixtures containing bulky

or highly extended headgroups using a systematic change of

composition) and more biologically relevant lyso-PC micelles.
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Table 2. Composition of Micelles Used To Prepare the Model
Surfaces for This Work

model SDS C12E4 C12BNMG CTAB lyso-PC
1 1.00 - - - -
2 - 1.00 - - -
3 - - 1.00 - -
4 - - - 1.00 -
5 - - - - 1.00
6 0.90 0.10 - - -
7 0.75 0.25 - - -
8 0.50 0.50 - - -
9 0.50 - 0.50 - -
10 - - 0.50 0.50 -

2 Solution compositions expressed in terms of the surfactant mole
fraction (o) according tO Qinteracting [surfactant]ienic/[surfactant]ionic +
[surfactant]nonionic Where the square brackets denote concentration and
ionic refers to SDS, CTAB, or lyso-PC, and nonionic refers to C1,E4 or
C1,BNMG.
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Figure 1. Critical micelle concentrations of aqueous solutions of
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Surface tension measurements and small-angle neutron scatte£0dium dodecyl sulfate (SDS) (at 37 °C) in the absence (open

ing (SANS) studies were undertaken to investigate the pH-
dependent interaction of ISA23CI with micelles of different

symbols) and presence (filled symbols) of ISA23-HCI (0.2 wt %) as a
function of pH.

composition, and the electron paramagnetic resonance (EPR)
probe 16-doxyl stearic acid methyl ester (16-DSE) was used to (1 g; 5 mmol) and LiOFH0 (0.212 g; 5 mmol) were dissolved in

study the effect of the polymer on micelle fluidity.

Materials and Methods

Materials. Sodium dodecylsulfate (SDS) (Aldrich) was purified by
repeated recrystallization from ethanol until no impurities could be
detected in the surface tension data (a minimum or “dip” around the
critical micelle concentration (CMC)). Deuterated SDS (d-SDS) (Al-
drich), cetyltrimethylammonium bromide (CTAB) (Aldrich, analytical
grade), the spin-probe 16-DSE (Fluka, analytical gradg, (ldrich),
tetra(ethylene oxide) dodecyl ether¢Es) (Aldrich), and 1-palmitoyl-
2-hydroxysn-glycero-3-phosphocholine (lyso-PC) (Avanti Polar Lipids,

purity >99%) were all used as received. The sugar based surfactant

n-dodecyl malono-bitN-methylglucamide (GBNMG) was a gift from
Kodak Ltd. Before use, this surfactant was purified by HPLC using a

double distilled water (to give a BAC concentration of 3 M; 1.67 mL).
The mixture was stirred for 10 min, 2-MP (0.511 g; 5 mmol) was added,
and after further stirring for 3 days at 26 under a nitrogen atmosphere
in the dark, the reaction was stopped by adding water. HCI was then
added to the mixture, until the pH reached4® The reaction mixture
was then filtered using a stirred ultrafiltration cell (model 8200, Amicon,
Bioseparation, Millipore), with membrane cut off 10 000 g/mol to purify
the polymer. Product identity was confirmed ¥y NMR. The polymer
had a molecular weigh¥l,, of 65 500 g/mol and aiM,,/M, of 2.1 (by

gel permeation chromatography (GPC) using poly(vinylpyrrolidone)
(PVP) standards). It should be noted that tlkg palues for ISA23
HCl are a1 = 2.1; Kpz = 7.5; Kps = 3.3 (Table 1).

Measurement of Surface Tension Using Model MicellesThe
surface tension measurements were made using either a Dyrivg

Cus reverse phase column with as mobile phase 80%/20% methanol Surface tension balance incorporating a Cl Electronics zero displacement

(HPLC grade)/double distilled water. The monomers; 2,2-bis-(acryla-
mido)acetic acid (BAC) was a kind gift from P. Ferruti (University of
Milan) and was synthesized as previously descrits&j2-Methylpip-

microbalance with a platinum ring of 4 cm circumference or a maximum
bubble pressure tensiometer (SITA Online t60) with bubble lifetime
of 10 s as previously describél” Both instruments were calibrated

erazine (2-MePip) was purchased from Fluka and was recrystallized using water/ethanol mixtures. In all cases, measurements were made

from n-heptane and its purity determined titrimetrically before use.
Synthesis of ISA23HCI. ISA23HCI was synthesized by polyad-
dition of BAC and 2,2-MePip as previously descrilferiefly, BAC

at 37°C £ 0.5. All glassware was thoroughly cleaned with Decon90
and rinsed with copious quantities of pure water. First, stock surfactant
solutions were prepared by dissolving the appropriate mass of surf%:B{l}
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Figure 2. The effect of pH on the micellization of sodium dodecyl sulfate (SDS) in the absence (open circles) and presence (filled circles) of

ISA23-HCI (0.2 wt %).

in distilled water to produce a total surfactant concentration of 25 mM
and the ratios shown in Table 2. The stock solution of ISANZ3 (0.4

All SANS measurements were performed on the LOQ diffractometer
at the ISIS Spallation Neutron Source, Oxfordshire. The scattering data

w/v% in double distilled water) was prepared, and the final pH was were normalized for the sample transmission and incident wavelength
measured and adjusted accordingly to the desired value for eachdistribution, background corrected, and corrected for the linearity and
experiment using HCI or NaOH. Then, the surface tension of this efficiency of the detector response. LOQ is a fixed-geometry, time-
surfactant solution was measured in the presence or the absence 0bf-flight (TOF) instrument and using wavelengths between 2 and 10
ISA23HCI as a function of pH as follows. Serial dilutions were prepared A, spans aQ-range~ 0.001 to 0.3 A. For the SANS samples, serial
to obtain different surfactant concentrations, 3 mL of each was added dilution was also used to generate the samples, but in this ca€e, D
to a glass vial, and the surface tension was measured using the(Goss Scientific) was used in the place of pure water, and all
maximum bubble pressure tensiometer (with a bubble lifetime of 10 experiments were conducted at 32.

s). For the samples containing a mixture of ISA23| and surfactant, For globular micelles, the analytical procedure of Hayter and
a 1.5 mL of surfactant and a 1.5 mL of ISARZI (final polymer Penfold®2° for quantifying micelle structure from SANS data was used.
concentration of 0.2 w/v%) were added to a glass vial and left to For a solution of interacting charged micelles, the intensity of scattered
equilibrate for 10 min, and the surface tension was measured as aboveradiation,|(Q), as a function of the wave-vectd, is given by;
Measurements were made at pH8& Initial studies demonstrated

excellent reproducibility between the Du dip ring and maximum

bubble pressure methods, and accordingly, the maximum bubble

pressure tensiometer was predominantly used in order to minimize

sample volumes.

Investigation of Polymer—Micelle Interaction Using Small-Angle
Neutron Scattering. To study SDS micelleISA23HCI interaction,
stock solutions of SDS (50 mM) were prepared igOD and the pH
was adjusted to the required value (pH 7.4, 5.5, or 4). ISACB

ISA23HCI solution were mixed. In the case of the lyso-PC micelles,

mixed with a solution of ISA2BICI (2 w/v %) at pH 7.4 and 5.5.

lsurtactard @) = NISQIF(Q)°TH |FQ)IF — OF(Q)1°D +

Binc (1)

whereF(Q) = Vi(p1 — p2)Fo(QRy) + V2(p2 — po)Fo(QR2)

The first term represents the scattering from the hydrocarbon core
(subscript 1) and the second the polar shell (subscript; 2}.4/37R?3-
andFo(QR){ 3ji(QR)}/ { QR} wherej; is the first-order spherical Bessel
solutions were also prepared (concentration of 2 w/v%) at pH 7.4, 5.5, function of the first kind. S(Q) represents the spatial arrangement of
or 4. Prior to the SANS measurements, 1.5 mL of SDS and 1.5 mL the micelles in solution and the micelle number density. Equation 1
invokes the “decoupling approximation”, i.e., there is no correlation
a solution of lyso-PC (10 mM) was prepared at pH 5.5 or 7.4 and between the position of the micelle and its orientatj@ris the neutron
scattering length density of the micellar core (subscript 1), the peBR/
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of the sample drawn into a capillary tube which was sealed and placed
in quartz EPR tubes before taking measurements using a Bruker EMX
at room temperature~22 °C) using a frequency of 9.2%¢ 0.3 GHz.
Each spectrum was recorded as the average of five scans.

The resultant spectra were transferred to a PC and the lineshapes

fitted using LOWFIP* 23 to a Voigt approximation to separate the

® Gaussian and Lorentzian components of the spectral lines and to locate
the resonance fields of the three EPR lines to a precision of a few mG.
50 - 1 The separation Aof the low and center lines (M= +1 and M = 0)

b is directly related to the polarity index®(25 °C), defined as the molar

2 ratio of OH groups in a given volume relative to water;

Surface tension / mNm™!

40
A" = 14.309+ 1.419H(25°C) @)

30

For simple surfactant solutions such as SDS, H@pcorresponds
directly to the volume fraction of water in the polar shell. For surfactants
such as lyso-PC that possess an OH group as an integral part of its
headgroupH(25 °C) requires a straightforward volume correctfdn.

0.01 0.1 1 10

Lyso-PC concentration / mM

ce o
70 Ge

(b) pH 6.5 Results

Surface Tension MeasurementsThe micellization of the
60| . ] anionic surfactant SDS was studied in the presence and absence
of ISA23HCI over the pH range & pH < 9 (Figures 1 and
2). The CMC of SDS alone decreased smoothly with decreasing
pH (Figure 1; data derived from Figure 2), but this was as a
result of the increasing ionic strength rather than theppHse.
) At pH 8.5 the CMC was 8.2 0.1 mM, and the surface area
e per SDS molecule was 0:5 0.06 nn?, as expected: It can be
* Soecy, | seen that under conditions where the amphoteric polymer bears
a significant net negative charge, e.g., pH 7.4 (Figure 2a),
addition of the polymer to the anionic surfactant caused no
change in either surface tension or CMC indicating no interac-
tion. However, as the pH was lowered, the polymer and anionic
surfactant start to interact (Figures 2b,c). At pH 4.0 the polymer
bears a net positive charge (Figure 2d), and this strong
interaction led to phase separation, as delineated by the two
vertical lines. Accordingly, any measurement of surface tension
shell (subscript 2), and the solvent (subscript 0). These constants wereUnder these conditions would be meaningless and therefore is
combined into a single fittable parameter used to “scale” the model reported. A critical pH value (pH(CMC)) occurs when there
intensity to the absolute value. Postfitting, this scalar was recalculated i a difference between the CMC seen in the absence and the
using the parameters describing the micelle morphology/composition presence of the polymer (CMJ in this case approximately
and the molar concentration of micelles to validate the fit. The calculated pH 7.1+ 0.2. The difference between the CMC and the GMC
and observed values should lie withir.0%. increased as pH decreased, and at pH 5 the differences in free
The structure factd®Q) was calculated using the Hayter and Penfold  energy changes\G = — RTIn CMC) involved in micellization
model® 2 for spheres of a given micellar concentration, charge, and corresponds te-2 kJ mol?; this is the additional driving force
ionic strength, incorporating refinements for low volume fractions and to form the polymerSDS complex.
a penetrating ionic background. This function was parametrizza Conversely, when the ISAZ3CI interaction with a cationic
hard sphere radius and volume fraction, the surface charge on thegyrfactant CTAB was studied at pH 7.4 (i.e., when the polymer
micelle, and the Debye screening length. . bears the opposite charge to the surfactant), a strong interaction
Use of Electron Paramagnetic Resonance To Study Micelle  \ya5 opserved, again leading to phase separation. With decreas-
Fluidity. EPR was used to study the effect of pH and ionic strength ing pH, the interaction became weaker, and ultimately, at pH
on Fhe fluidity of SDS micelle;. First, micelles were prepareql .by 4, the polymer had little effect on the surface tension of the
addm_on Ofs. mL of SDS (25 mM in pure wa.ter) o g!ass vials containing mixture, indicating that the interaction had been “turned off”
predried spin-probe 16-DSE (0.04 mg/mL; the ratio of the SDS to spin . o
probe was~500:1), mixed, and allowed to equilibrate. The pH was (data not shown). In contrast, neither of_ the nonionic surfactants
C12BNMG and GE,4 alone showed any interaction with 1ISA23

adjusted by addition of HCI. Similarly, the polymer/surfactant series . . . .
were prepared by adding SDS (50 mM, 2.5 mL) and ISAZ3 (0.4 HCI. Moreover, when the SDS micelle mixtures listed in Table

WV%; 2.5 mL) to a glass vial containing predried spin-probe (16-DSE). 2 Were studied, in all cases, introduction of the nonionic
To study the interaction between the lyso-PC micelle and 1S4QB surfgctant rgndered the mteractlon, at any given pH, weaker than
an analogous protocol was adopted. First as a comtIimL solution the interaction observed in the corresponding ISAZ3—SDS

of lyso-PC (10 mM) was added to predried 16-DSE (as above), and CaS€.

the pH was adjusted to the desired value by the addition of HCl or  All the data obtained for the surfactant mixtures can be
NaOH. In parallel, lyso-PC (20 mM) and ISA2ECI (0.4 w/v%) were compared qualitatively if the surfactant mole fraction is taken
added to a separate glass vial containing dried spin-probe. Before EPRINto account (see Table 2). At pH 4, in the case of the ISA23

measurements, the pH of the solution was measured and then an aliquoHCI /SDS/G2E4 mixtures (for all Qinteracting Values) and forCDV

oe
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Figure 3. The effect of pH on the micellization of 1-palmitoyl-2-
hydroxy-sn-glycero-3-phosphocholine (lyso-PC) in the absence (open
circles) and presence (filled circles) of ISA23-HCI (0.2 wt %).
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Figure 4. The effect of pH on the EPR spectrum of 16DSE solubilized in aqueous solutions of sodium dodecyl sulfate (SDS) in the absence
(broken line) and presence (solid line) of ISA23-HCI (0.2 wt %).

ISA23HCI /SDS/G:BNMG micelles abinteracting= 0.5, a strong at pH 4.5 (Figure 4d). The decreasing intensity of the low field
interaction was seen. For the ISAREI/SDS/G2E, mixture peak was particularly important, as this indicated that the motion
having andineraciing= 0.9, an interaction was observed at pH of the spin-probe had become anisotropic and/or very slow.
5, but not at pH values- 6. Using these mixtures having From the EPR hyperfine coupling of the 16-DSE solubilized
Ainteracting= 0.75 and 0.5, no interaction was observed at all pH in the ISA23HCI/ SDS system (Figure 6), one can also identify
values>5. In contrast, addition of ISA2BCI to the ISA23 the critical pH below which an interaction was detectedjpH
HCI/CTAB/C1,BNMG mixture having tinteracting= 0.5, pre- (EPR)) as~7.0 & 0.2. This estimate shows an excellent
cipitation occurred at pHs 7, but no interaction was observed agreement with pFi{(CMC). Assuming that these two esti-
for pH values less than 4. mates of pit reflect the same facet of the onset of the
Surprisingly, when surface tension measurements were usednteraction, the charge on the polymer at this pH equates to
to study ISA23CI interaction with small spherical micelles —0.31 &0.02) e¢monomer, corresponding to 69t2) %
formed from lyso-PC, it was found that the surface tension ionization of nitrogen 2 and 100% ionization of thReCOO -
behavior was unaltered following the addition of ISA2GI at (H) group with negligible ionization of nitrogen 3. The fact that
pH 7.4 or pH 5.5 (Figure 3). The EPR spectroscopy experiments both the polymer and the surface are negatively charged and
were only conducted using the single surfactant micelles (SDS,yet an interaction occurs suggests a significant hydrophobic
Figure 4 and lyso-PC, Figure 5) and pairwise spectral compari- contribution to the interaction.
sons are shown at each pH. Small changes in peak intensity For the ISA23HCI /lyso-PC system, and in agreement with
arising due to slight changes in instrument gain were removed the surface tension experiments, the EPR studies showed no
by normalizing each spectrum to the maximum peak intensity spectral changes over the pH range studied<9.8), confirm-
in each spectrum. For SDS, at pH7.4 (Figure 4a) there was  ing no interaction. It was interesting to note that in the absence
no significant difference in the EPR spectra obtained in the of the ISA23HCI, the low field peak was already significantly
absence and presence of the polymer indicating no interactionweaker than the center peak, indicating that the spin-probe was
between the SDS and ISA2ECI. Addition of the polymer much more motionally constrained compared to the SDS case
affects the bulk viscosity of the system, and therefore some (Figure 5). Further, in the case of lyso-PC there is some
reduction in the micelle mobility (tumbling) was to be unresolved coupling between the spin-probe and the surfactant,
expected® 27 As the pH decreased, visible changes in line width leading to the weak, broad resonance superimposed on the center
and intensity were evident (Figures 4b,c). This was most striking of the spectrum. While interesting, this signal does not af&e&/



PAA—Micelle Interaction

(@) pH9.0

Biomacromolecules, Vol. 8, No. 3, 2007 1009

(b) pH7.4

3280 3290 3300 3310 3320 3330

Magnetic field / Gauss

(c) pH6.5

3346280

3290 3300 3310 3320 3330 3340

Magnetic field / Gauss

3280 3290 3300 3310 3320 3330 3340

Magnetic field / Gauss

3280 3290 3300 3310 3320 3330 3340

Magnetic field / Gauss

Figure 5. The effect of pH on the EPR spectrum of 16DSE solubilized in aqueous solutions of 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
(lyso-PC) in the absence (broken line) and presence (solid line) of ISA23-HCI (0.2 wt %).
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Figure 6. EPR-derived headgroup hydration of micelles formed in aqueous solution of 25 mM sodium dodecyl sulfate (SDS) (circles) or 1-palmitoyl-
2-hydroxy-sn-glycero-3-phosphocholine (lysoPC) (squares) (at 37 °C) in the absence (open symbols) and presence (filled symbols) of ISA23-

HCI (0.2 wt %) as a function of pH.

the position of the three lines arising from the spin-probe and significantly different from the control, in particular at lo@

therefore has little bearing on the data presented here.
Small-Angle Neutron Scattering.ISA23HCI showed weak

where the scattering in sensitive to larger dimensions. At pH 4
(Figure 7c), the upturn in the scattering at IQwvas indicative

scattering at all pH values (Figure 7). When added to an SDS of an attractive interaction, clearly a consequence of the same

solution (25 mM) at pH 7.4, the ISA23CI /SDS scattering
was virtually identical to the SDS control with the exception
of a slight offset due to the background polymer scattering.

process that resulted in the phase separation observed in the
surface tension data. The scattering data obtained for the ISA23
HCI /SDS mixtures at each pH were fitted using a eeshell

However, at pH 5.5 and 4 (Figure 7b,c), the scattering was model modified to include an element accounting for &BV
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Figure 7. The effect of pH on the small-angle neutron scattering from
aqueous solutions of sodium dodecyl sulfate (SDS) at a surfactant
concentration of 25 mM, in the absence (open circles) and presence
(filled circles) of ISA23-HCI (1.0 wt %). Also shown is the scattering
from ISA23-HCI (1.0 wt %, triangles) for comparison.
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Figure 8. The effect of pH on the small-angle neutron scattering from
aqueous solutions of 1-palmitoyl-2-hydroxy-sn-glycero-3-phospho-
choline (lysoPC) at a surfactant concentration of 5 mM, in the absence

(circles) and presence (squares) of ISA23-HCI (1.0 wt %). Also shown
is the scattering from ISA23-HCI (1.0 wt %) for comparison.

the polymer alone was merely subtracted from that of the
polymer/surfactant case during data fitting. In actual fact, this
correction made a minimal difference, but the absolute intensity
was marginally better reproduced. Such a simple approach for
data handling was less successful for the lower pH values, un-
doubtedly as a consequence of polymsurfactant interaction.

Since the EPR experiments allow estimation of the amount
of water associated with the polar surface, an estimate of the
amount of polymer associated within the palisade region may
be obtained from the difference iy,0 between the experi-
ments conducted in the presence and absence of polymer (Table
3). With the volume and approximate number of the surfactant
headgroups in the micelle, and the amount of water and polymer
present in the polar shell (EPR), the scattering length density
and thickness of the shell were calculated (albeit using some
approximations). This approach showed clearly that the micelle
interacting with polymer becomes more elliptical at lower pH
values (Table 3). The decreasing shell thickness was a real
effect, although the value of the number may be less precise,
given the assumptions made above.

To elaborate this analysis, the contribution to the overall

polymer contribution, as described below (Table 3). One scattering from the polymer and surfactant micelle was separated
exception was the analysis of the data at pH 7.4, where thereby an approach known as “contrast variation”. In essence, the
was no apparent polymer interaction (in agreement with the EPRdeuterated micelle showed minimal scattering in deuterated
and surface tension measurements). Here, the scattering fronwater and thus any observed scattering was dominated b&B\?
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Table 3. Analysis of the SANS Scattering Data Obtained for SDS Micelles in the Presence and Absence of Polymer Using the Core—Shell
Ellipse Model?

model pH Rcore (A)* 6shell X (DH O* Naqq

SDSs? 7.4 16.7 3.2 1.3 0.65 75
5.5 16.7 3.2 1.4 0.65 75

4.0 16.7 3.5 1.7 0.60 95

SDS + ISA23-HCI (1 wt %) 7.4 16.7 3.2 1.4 0.65 77
55 16.7 2.6 2.0 0.45 110

4.0 16.7 2.0 2.3 0.1 120

2 Reore COrresponds to the radius of hydrocarbon core, dsher is the thickness of the shell comprising the polar headgroups, and X is the ellipticity defined
as the ratio of minor and major radii of the ellipse while ®y,0 is the degree of headgroup hydration. Nagq corresponds to the micelle aggregation number
calculated from the volume of the hydrocarbon core of the micelle and the volume of a single C12H,s hydrophobic group (350 A3). » The SDS concentration
was 25 mM, and the additional input parameters were peore = —0.388 x 1076 A2, pgney = 3.3 x 1076 A2, psopy = 6.3 x 1076 A2, Vieadgroup(dry)/ Veore =
0.20 and ¢scatterer = 0.005. * indicates that the parameter is constrained in the fitting routine.

Table 4. Parameters Describing the Fits to the ISA23-HCI/d-SDS present. The number of surfactant molecules needed to form

SANS Data the micelle is called the “aggregation number”. This is usually
d-SDS + ISA23-HCI high (~50—1000 s) and is greatly influenced by factors such
parameter pH 4 pH 55 oH 7.4 as pH, temperature, ionic strength, and the nature and the purity
- of the surfactant. The addition of polymers to a series of
radius of the core (A) 16.5 n/a n/a .
. surfactant solutions can have a rather complex effect on the
thickness of the shell (A) 2.3 n/a n/a . .
o appearance of the surface tension behavior of the resultant
ellipticity (X) 25 n/a n/a ixt
radius of gyration (A) 23.3 35.6 25.0 mixture.

The interaction between SDS and ISA2GI leads to a
reduction in the free surfactant concentration, which drives a
perturbation of the composition and structure of the species at

Table 5. Parameters Describing the Core—shell Ellipse Model Fit
for ISA23-HCl/lyso-PC Data in the Presence and Absence of

ISA23-HCI the air-water interface, reflected in the surface tension. Changes
parameter ysoPC  lyso-PC + ISA23HCI in the surface tension therefore reflect the nature of the
interaction, the strength of which increased as the pH drops.
PH 5.5 Concomitantly, the interaction leads to an elongation of the
radius of the core (A) 20.5 21.9 micelle, an associated increase in aggregation number, with the
thickness of the shell (A) 12.8 13.1 polymer tightly wrapped around the micelle. This behavior is
ellipticity (X) 16 1.6 rather similar to many other synthetic polymers and polyam-
f;;fof the core (A) 204 211 pholytic/surfactant systen‘?_%.One_ important feature of _the
thickness of the shell (A) 12:7 13:1 highly curved surfactant micelle is the degree of hydration of
ellipticity (X) 13 15 the headgroups; for SDS, approximately 70% of the polar shell

volume is occupied by water, and this water is in contact with
the hydrocarbon core of the micelle, Figure 5. On adsorption
(hydrogenous) polymer. When this approach was adopted,of a polymer into this region, the contact between the water
scattering data were obtained for ISAA&I in the presence of  and the core is reduced, leading to favorable enthalpic and
deuterated SDS (d-SDS) (data not shown), and the fit parameterentropic contributions to the free energy of micellization. The
calculated are presented in Table 4. At pH 7.4 and 5.5, the addition of the nonionic surfactant to the ionic micelle reduced
observed scattering was best interpreted by the Gaussian coithe tendency of the polymer to bind to the surface at any given
model giving a radius of gyration not dissimilar to that observed pH since the bulky headgroups introduce steric hindrance
for the polymer in the absence of the micelle, plus some residual across the micelle surface, and they themselves displace some
scattering from the surfactant micelle. At pH 4, this approach water, further reducing any hydrophobic contribution arising
to data fitting failed, and the scatteringe to the polymewas from binding of the polymer. A full comparison of the with-

best fitted to the surfactant model, confirming conclusions from

the previous analysis that the polymer “wraps” around the

micelle surface adopting the size and shape of the miéelle.
The scattering obtained with lyso-PC (5 mM) micelles in the

and without-polymer datasets is not possible since the com-
position of the bound micelle and the counterion binding has
not been quantified and was beyond the scope of this study,
but serves to underline how subtle changes in interface

presence and absence of ISA2GI (1 wt %) at different pH composition may have a significant effect on the interaction
values is shown in Figure 8, and the fit parameters are presentedwvith a polymer.
in Table 5. There was no significant change in micelle  For the zwitterionic phosphocholine headgroup over this
morphology as a function of pH or the presence of the polymer, narrow pH range, a subtle balance of electrostatic interactions
again indicating no interaction. exist. The behavior of the phosphate group in the phosphocho-
line headgroup is closely analogous to the sulfate headgroup in
SDS, but clearly the quaternary ammonium ion introduces an
additional electrostatic term not present in SDS. Importantly,
When surfactants are added to pure water, the surfactantsteric factors due to the much bulkier phosphocholine headgroup
molecules typically adsorb at the surface, and at CMC they start play a role. For the phosphocholine, the amount of displaceable
to form aggregates called micelles. These can have differentwater is much reduced, and thus the hydrophobic effect is greatly
shapes (e.g., spherical, cylindrical) that are determined by their minimized3® Comparing the lyso-PC and SDS cases, a 50%
surfactant chemistry, the “surfactant number” or the packing reduction in the degree of hydration of the surfactant headgroups
parameter, solvent used, pH, temperature, and type of saltis sufficient to “turn off” the interaction. CDV

Discussion
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Probe molecules are a powerful approach to study the local (5) Wagner, EPharm. Res2004 21, 8-14.
structure and dynamics of compartmentalized systems. Here, (6) Wagner, E.; Kloeckner, JAdv. Polym. Sci 2006 192 (Polymer
EPR spectroscopy has been used to studlythe hyperfine Therapeutics 1), 135173,

. ! i o (7) Putnam, DNat. Mater.2006 5, 439-451.
coupling constant, the degree of hydration of 16-DSE solubilized (8) Ferruti, P.; Marchisio, M. A.: Duncan, Rlacromol. Rapid Commun.

in model micelles in the presence and absence of |942B 2002 23, 332-335

16-DSE is an ideal choice of Spin-probe, as its h|gh intrinsic (9) Richardson, S. C. W.; Ferruti, P.; DuncanJRDrug Targetingl 999
flexibility leads to spectra with narrow line-widths. Changes in 6, 391-404.

the amount of water associated with the headgroup region gives (10) Richardson, S. C. W.; Pattrick, N. G.; Stella Man, Y. K.; Ferruti, P.;
a direct indication of the volume of polymer within the micelle Duncan, R Biomacromolecule200], 2, 1023-1028.

: : : o i : (11) Pattrick, N. G.; Richardson, S. C. W.; Casolaro, M.; Ferruti, P;
palisade region while the mobility of the spin-probe provides a Duncan. R.J. Controlled Releas@001 77, 225-232.

separate and complimentary mea.sure of the_ impact of the (12) Wan, K. W.; Malgesini, B.; Verpilio, |.; Ferruti, P.; Griffiths, P. C.;
polymer on the structure and dynamics of the micelle, as sensed Paul, A.; Hann, A. C.: Duncan, RBiomacromolecule004 5,

by the spin-probe. A strong binding of the polymer leads to a 1102-1109.
much less fluid structure, a conclusion that has an obvious (13) Khayat, K.; Griffiths, P. C.; Grillo, I.; Heenan, R. K,; King, S. M.;
relevance to the behavior of biological membranes. Duncan, Rint. J. Pharm.2006 317, 175-186.

(14) Griffiths, P. C.; Paul, A.; Khayat, Z.; Wan, K. W.; King, S. M.; Grillo,
I.; Schweins, R.; Ferruti, P.; Franchini, J.; Duncan,BRmacro-

Conclusions molecules2004 5, 1422-1427.
(15) Ferruti, P., Marchisio, M. A., Barbucci, Rolymer1985 26, 1336
The interaction between the amphoteric, pH-responsive, 1348.
endosomolytic polymer ISA2BCI and model surfactant mi-  (16) Srfﬁggzhzhca C}??l:?igv A;SF-;L;;]]ETATL?%&ZPZ% /1\-12?; Ti’gva A.
celles was quantified and its effect on mlce_lle dynamics stud|_ed. (17) Gr,iffiths, b C Roé, 3. %’_; Jenkins,gR. Ll Reeve,’l; Cheung, A. Y.
At pH values whe_re_ the p(_)lymer and _mlcglle bore opposite F.: Hall, D. G.. Pitt, A. R.; Howe, A. MLangmuir200Q 16, 9983
charge, electrostatic interaction resulted in micelle phase separa-  gggg.

tion. However, no interaction was observed when the two (18) Hayter, J. B.; Penfold, Lolloid Polym. Sci1983 261, 1851.
species bore significant levels of the same charge. Over the pH (19) Hayter, J. B Penfold, JMol. Phys.1981, 42, 109.

range (7.4-5.0), that experienced during polymer trafficking ~ (20) Penfold, J.; Tucker, I.; Thomas, R. K.; Zhanglangmuir2005
through the endosomal/lysosomal system, there was an interac- ___ 21 10061-10073.

. y . (21) Bales, B. L. Inhomogeneously Broadened Spin-Label Spectra. In
tion between ISA2ICl and SDS micelles even though both Biological Magnetic Resonangk. J. Berliner, L. J., Reuben, J., Eds.;

SpeCi_eS _Carry a _negative chargef suggesting a hydrophobic Plenum Publishing Corporation: New York, 1989, Vol. 8; pp 77.
contribution to binding. Introduction of bulky headgroups (22) Bales, B. L.; Stenland, G. Phys. Chem1993 97, 3418.

weakened the interaction by reducing this hydrophobic contribu- (23) Griffiths, P. C.; Finney, G.; Cheung, A. Y. F.; Howe, A. M.; Pitt, A.

tion. Therefore, a simple electrostatic mechanism is insufficient R.; King, S. M.; Heenan, R. K.; Bales, B. lLangmuir 2002 18,

to explain ISA23HCl-induced membrane permeabilization and 24 g)gf?t_hm?PZ.C o AV E Farlev. G Padl. A H .
H H H _ rirmtns, P. C. eung, A. Y. .} Fariey, C.; Paul, A.; FHeenan, K.

suggests that polymer chemistries with low levels of a.hydro K. King. S. M.. Pettersson. E.: Stilbs, P.. Ranganatharl. ®hys.

phobic comonomer able to promote greater hydrophobic inter- Chem. B2004 108 13511356.

action of a W_eak polyamph(_)lyte Wlth _the surface might produce (25) Rosen, M. JSurfactants and Interfacial Phenomediad Ed., Wiley-

endosomolytic systems of higher efficienéy33 However, when Interscience (1989), New York.

designing such polymers, care must be taken not to introduce (26) Griffiths, P. C.; Bales, B. L.; Howe, A. M.; Pitt, A. R. Roe, J. A.

increased nonspecific toxicity, aggregation, or reduced polymer Phys. Chem. B00Q 104, 264-270.

solubility. (27) Bales, B. L.; Ranganathan, R.; Griffiths, P.JCPhys. Chen2001,

105 7465-7473.
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