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Label-free methods to obtain hydrodynamic size from diffusion measurements are desirable in environ-
ments that contain multiple macromolecular species at a high total concentration: one example is the
crowded cellular environment. In complex, multi-species macromolecular environments – in this article,
we feature aqueous systems involving polymers, surfactants and proteins – the link between dynamics
and size is harder to unpack due to macromolecular crowding and confinement. In this review, we
demonstrate that the pulsed-field gradient NMR technique, with its spectral separation of different
chemical components, is ideal for studying the dynamics of the entire system simultaneously and with-
out labelling, in a wide range of systems. The simultaneous measurement of the dynamics of multiple
components allows for internal consistency checks and enables quantitative statements about the link
between macromolecular dynamics, size, complex formation and crowding in soft materials.
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1. Introduction

Biological cells contain high concentrations of macromolecules,
such as proteins, nucleic acids, actin filaments, cytoskeletons, and
organelles that occupy a significant part (between 7% and 40%) of
the total volume [1–3]. Such ‘‘macromolecular crowding” is
believed to play an important role in diffusive transport inside
the cell [4–11]. Macromolecules in a crowded biological cell inter-
act via various specific and non-specific interactions [12]. Often
there are many competing interactions of similar strength,
presenting a challenge for a comprehensive understanding of intra-
cellular transport. Our approach is to build simple model systems
with increasing levels of complexity in order to capture, in a recur-
sive manner, the details and complexities of real biological
systems.

Transport properties of macromolecules are commonly studied
in vitro by constructing cell-mimetic environments. This has been
accomplished by adding high concentrations of inert, uncharged
crowding agents such as polyethylene glycol (PEG), charged
crowding agents such as bovine serum albumin (BSA) [6], globular
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proteins such as lysozyme [13], and polysaccharides such as
dextran and Ficoll [14–16] to the solution. The study of such mul-
ticomponent macromolecular solutions can provide quantitative
answers for important open questions: When do crowding effects
become significantly important? What is the average size of the
macromolecular aggregates? What is the composition of these
multi-component aggregates? What is the role of electrostatics?

While the intent of this review is to showcase the power of
magnetic-resonance-based techniques to address these questions,
we begin by briefly reviewing other established experimental
methodologies. There are two commonly used methods to obtain
macromolecular sizes: via dynamics, dynamic light scattering,
and via structure, small-angle (X-ray or neutron) scattering. The
most convenient, and thus most common, is the dynamics-based
method, dynamic light scattering (DLS). All dynamics-based meth-
ods measure macromolecular diffusion coefficients and use it to
obtain the hydrodynamic radius (RH), which is usually defined
via the Stokes–Einstein–Sutherland equation,

D0 ¼ kBT
6pgRH

; ð1Þ

where kB is the Boltzmann constant, T is the temperature, g is the
viscosity of the solvent and D0 is the measured diffusion coefficient.
The Stokes–Einstein–Sutherland equation is only valid for solutes at
infinite dilution; at finite concentrations there are hydrodynamic
interactions between diffusing species. Different models have been
proposed to approximate the interactions of hard spheres [17,18]
and charged spheres [19,20] as a function of the particle volume
fraction /; the hydrodynamic interaction only gets more compli-
cated for interacting particles with more complex shapes.

In DLS, fluctuations in the intensity of scattered light occur due
to the Brownian motions of macromolecules in solution. Smaller
macromolecules that diffuse more quickly give rise to more rapid
fluctuations; the intensity autocorrelation function contains all
the information regarding the diffusion of macromolecules
within the sample being measured [21]. For a single species, the
diffusion coefficient (D0) is obtained by fitting the autocorrelation
function to an exponential function, with D0 being proportional
to the lifetime of the exponential decay. Among the techniques
used to study macromolecular systems, dynamic light scattering
has proved to be one of the most useful since it allows measure-
ments to be made of both the spatial and the temporal correlation
between the macromolecules. It, however, has an inherent limita-
tion: in studies of multi-component systems, the scattered light
intensity has information from all the particle species simultane-
ously. Fluorescence correlation spectroscopy (FCS), which mea-
sures self-diffusion of fluorescent-labelled macromolecules, is an
alternative method to get around this challenge.

A direct structure-based method for obtaining macromolecular
size is the small-angle scattering technique, which includes small-
angle neutron scattering (SANS) and small-angle X-ray scattering
(SAXS). These techniques are based on the interaction occurring
between the incident radiations (neutrons, X-rays) and the parti-
cles present in the system under investigation. Unlike DLS, which
measures fluctuations in scattering, these techniques measure
static (i.e. time-averaged) scattering curves. The fact that X-rays
and neutrons have much shorter wavelengths than does visible
light makes analysis of such static scattering measurements a use-
ful approach for characterizing macromolecular sizes and shapes.
In a SANS experiment, for example, the neutron beam is scattered
by the sample and the intensity of the scattered beam at the scat-
tering angle h is measured. Scattering data are usually presented as
plots of the intensity of the scattered neutron beam, IðqÞ, versus the
scattering vector (q) which is proportional to h. The intensity can
be written as IðqÞ ¼ I0PðqÞ, where PðqÞ, known as the form factor,
provides information on the size and shape of the scatterers. In
the limit of very low angle or small q (the Guinier approximation)
one can further write

IðqÞ ¼ I0 exp
�q2R2

g

3

 !
; ð2Þ

where the radius of gyration of the scattering object, Rg , can be
extracted from the slope of a plot of lnðI=I0Þ vs q2. However, in order
to study a system consisting of multiple species of macromolecules
via small angle scattering one needs species-selective contrast
matching [22]. For neutron scattering this relies on the different
scattering lengths of hydrogen and deuterium. This means that
molecules containing hydrogen may have their scattering length
density varied by replacement with deuterium. The scattering
length density of H2O is negative, and that of D2O is positive. The
proportions of H2O and D2O have to be adjusted such that particular
macromolecules are contrast-matched, so that they effectively
become transparent to neutrons.

Pulsed-field gradient (PFG) NMR is a powerful dynamics-based
measurement technique that can provide a quantitative measure
of molecular motion over the millisecond to second time scale
[23]. While it cannot probe the short (microsecond) timescales
probed by DLS, chemical shift provides an avenue for tracking mul-
tiple chemical species simultaneously. This is now routine in
small-molecule ‘‘diffusion-ordered spectroscopy”, or DOSY, exper-
iments [24,25]. The Stokes–Einstein–Sutherland relation (Eq. (1)),
which is only truly valid at infinite dilution, may then used to
obtain the hydrodynamic radius of each chemical species from
the respective diffusion coefficient D0. PFG-NMR has also emerged
as an important tool to measure self-diffusion in complex fluids
[26,27] such as macromolecular (surfactant and polymer) systems
[28]. For complex fluids, the relation between hydrodynamic size
and diffusion coefficient is more complicated. The diffusing species
in complex fluids are often interacting with neighbouring macro-
molecules via the hydrodynamic interaction, and the diffusion
coefficient may be written as

Dð/Þ ¼ hð/ÞD0; ð3Þ
where hð/Þ is the ‘‘hydrodynamic function” that is determined by
hydrodynamic interactions at non-zero macromolecular volume
fraction /. Except in the simplest of cases (e.g. hard spheres [17]),
the hydrodynamic function is difficult to obtain, and therefore it
is valuable to be able to measure hð/Þ experimentally in multi-
component systems.

In this review, we present recent developments in NMR studies
of diffusion in complex-forming systems, primarily using extracts
from our own work as examples, and focusing on the interpreta-
tion of data from PFG-NMR experiments. We point the reader to
earlier (and excellent) reviews [26,27] for the PFG-NMR technique
fundamentals.

The 1H nucleus is most suitable for PFG-NMR measurements
because of its high gyromagnetic ratio. Polymer chains, for exam-
ple, have a high content of 1H ideally suited for PFG-NMR experi-
ments. In polymer–surfactant solutions, the surfactants are found
in monomeric, aggregate, and micellar form. A simple self-
consistent model has been introduced effectively to quantify the
variation of the free monomer concentration and free micellar con-
centration over the entire range of surfactant concentration [29]. In
addition, we explore the validity of a similar mathematical model
for complex formation in peptide–micelle systems [30]. In brief,
the article showcases the richness of the information that can be
obtained using NMR diffusometry in concert with simple models
of macromolecular association.

In Section 3, we present PFG-NMR measurements that were
utilized to investigate polymer–surfactant solutions at varying
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concentrations [29]. We introduce a self-consistent model that
takes into account the fact that the surfactants are found in mono-
meric, aggregate, and micellar form. We use experimental data and
a simple model to quantify the variation of the free monomer con-
centration and free micellar concentration over the entire range of
surfactant concentration.

In Section 4, we discuss the crucial question of data analysis in
PFG-NMR. In cluster-forming systems, the residence time of a
macromolecule within an aggregate is inversely dependent on
the critical aggregation concentration, and thus the characteristic
time for each system is different; this timescale determines how
one should interpret the diffusion measurements in cluster-
forming systems.

In Section 5, we explore complex formation in peptide–micelle
systems [30], where NMR diffusion measurements were used to
study the interaction between the cationic GAD-2 antimicrobial
peptide (AMP) and an anionic SDS micelle used as a membrane
mimic environment. A mathematical model similar to the one used
in the polymer–surfactant study (Section 3) was employed in order
to make quantitative statements about the limitations inherent to
obtaining the hydrodynamic size of macromolecular complexes.

Finally, in Section 6, we examine a surfactant mixture that
forms long, cylindrical wormlike aggregates. Here, the surfactant
molecule has a much longer residence time within an aggregate,
and one therefore sees molecular diffusion within an aggregate
coupled with aggregate diffusion.
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Fig. 2. (a) 1D 1H NMR spectrum for a PEO (0.5% w/v)/ SDS (455 mM)/D2O sample at
a sample temperature of 298 K. Inset: the chemical formula of SDS. (b) The
attenuation of the signal SðkÞ=Sð0Þ on a log scale versus k ¼ ðcdgÞ2ðD� d=3Þ for
PEOð0:5%w=vÞ=SDS ð455 mMÞ=D2O sample with d ¼ 2� 10�3 s, D ¼ 100� 10�3 s.
Reproduced with permission from S. Barhoum and A. Yethiraj, J. Chem. Phys. 2010,
132, 024909. Copyright 2010, AIP Publishing LLC.
2. Experimental methods

Five types of macromolecules are used as examples for this
review. A non-ionic polymer polyethylene oxide (PEO, with formula
mass 20,000), an anionic surfactant sodium dodecylsulphate
(SDS, with average molecular mass of 288.38), a roughly spherical
polysacchharide (‘‘Ficoll-70”, with average molecular mass
70 kDa), an anti-microbial peptide (‘‘GAD-2”, with average molec-
ular mass of 2168), and a zwitterionic surfactant, N-tetradecyl-N,
N-dimethyl-3-ammonio-1-propanesulfonate (TDPS, Mw ¼ 363:6).
All NMR-based experiments reported here (except those in Fig. 6)
were conducted at a resonance frequency of 600 MHz on a Bruker
Avance II spectrometer and at sample temperature 298 K. The dif-
fusometry measurements were carried out on diffusion probe (Diff
30) with maximum field gradient of 1800 G/cm, using a pulsed-
field gradient stimulated-echo sequence [31] (see Fig. 1). The diffu-
sion coefficients for the molecular components in aqueous solution
were obtained from the attenuation of the signals. An example,
shown in Fig. 2(a), is the 1D proton NMR spectrum for a PEO
Fig. 1. The pulsed-field gradient stimulated echo pulse sequence. Longitudinal
relaxation occurs during the time s1, transverse relaxation during the time s2, and D
is the diffusion time. The gradient pulses are of amplitude g and duration d, and
applied after the first and third 90� rf pulse (the rf pulses are shaded grey). A typical
experiment had the parameters s2 � 3 ms; s1 ¼ 97 ms; d ¼ 2 ms, and D ¼ 100 ms.
(0.5%w/v)/SDS (455 mM)/D2O sample. The spectrum shows six
spectrally separated peaks, labelled as peak 1 (HDO), created due
to the quick exchange of protons between D2O and H2O molecules
in the solution, peaks 2 and 4–6, associated with the protons of the
SDS molecule (i.e. SDS1, SDS2, SDS3, SDS4) as in the inset of Fig. 2
(a), and peak 3, associated with the protons of the PEO molecule.
The signal attenuation (Fig. 2(b)), associated with different molec-
ular components was obtained based on the location of the
labelled peaks in the 1D proton NMR spectrum. The diffusion
coefficients of different components were obtained from an expo-
nential fit of the signal attenuation [31] which exhibits monoexpo-
nential behaviour for the three components over the entire range
of SDS concentration. The signal attenuation was fitted to the form

SðkÞ ¼ Sð0Þ expð�DkÞ; ð4Þ
where SðkÞ is the intensity of the signal in the presence of field gra-
dient pulse, Sð0Þ is the intensity of the signal in the absence of field

gradient pulse, k ¼ ðcgdDÞ2ðD� d=3Þ; c ¼ cH ¼ 2:657� 108 T�1 s�1 is
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permission from S. Barhoum and A. Yethiraj, J. Chem. Phys. 2010, 132, 024909.
Copyright 2010, AIP Publishing LLC.
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the proton gyromagnetic ratio, d ¼ 2 ms is the duration of field
gradient pulse, D ¼ 100 ms is the time period separating the
mid-point of the two field gradient pulses, and g is the amplitude
of field gradient pulse. Each peak in Fig. 2(a) yields an independent
diffusion coefficient, shown in the legend (errors are in the third
decimal place in all cases). In the PEO-SDS system, the signal atten-
uations of the different chemical species always exhibit this mono-
exponential dependence. Situations where this is not the case are
discussed in Section 4.

3. Aggregate formation in a polymer–surfactant system

The aqueous solution of a nonionic polymer poly(ethylene
oxide) (PEO) and an anionic surfactant sodium dodecylsulphate
(SDS) is a simple model for studying macromolecular complex
formation. The PEO-SDS system has been investigated using differ-
ent techniques such as NMR diffusometry [32,33], NMR relaxome-
try [33,34], viscosity [32,35], and conductivity measurements
[35–37]. These studies found different concentration regimes,
bounded by distinct concentrations: the critical aggregation con-
centration (CAC) at which SDS anions start associating with PEO
chains, the SDS concentration C2 at which PEO chains are satu-
rated, and the SDS concentration at which SDS micelles exhibit
spherical to cylindrical transition. NMR diffusometry and elec-
trophoretic NMR studies on the interaction between polymer and
surfactants in PEO-SDS system reported that each surfactant/poly-
mer complex contains micelles adsorbed on the PEO chain for a
surfactant concentration regime higher than the CAC [38]. This is
consistent with earlier findings on this very system [39,40]. The
nature of micelle formation was also studied in the binary system
SDS/water using NMR relaxometry [34] to identify the CMC
(i.e. critical micellar concentration) at which surfactants start
forming micelles.

Barhoum and Yethiraj [29] used NMR diffusometry to detect the
onset of macromolecular crowding. In their work, diffusion mea-
surements were carried out on surfactant solutions with and with-
out polymer. For PEO-free SDS in buffered and unbuffered systems,
Fig. 3(a) shows that the variation of the observed SDS diffusion
coefficient DSDS

Obs with concentration shows a plateau at low SDS
concentration that is followed by a rapid decrease at concentra-
tions above the critical micellar concentration (CMC). Hence, in
the SDS concentration regime below CMC, the SDS is in the mono-
meric state while in the SDS concentration regime above CMC, the
SDS is partitioned between monomeric and micellar states. The
fact that the signal attenuation associated with the SDS peak exhi-
bits monoexponential behaviour (Fig. 2(b)) over the whole range of
SDS concentration suggests that the exchange between SDS
micelles and free solution must be very rapid on the NMR time
scale. Therefore, for the pure (PEO-free) SDS system, the observed
self-diffusion coefficient of SDS is a linear combination of the self-
diffusion coefficient DSDS

free of the free molecules in bulk and that of

the bound molecules in the micelle DSDS
micelle or aggregate DSDS

Aggr in
PEO-free SDS and PEO-SDS solutions respectively. The validity of
this ‘‘two-species model” has long been known [41–43]. Using
the two-species model, the diffusion coefficient is written as:

DSDS
Obs ¼ DSDS

free; CSDS 6 C0;

DSDS
Obs ¼ DSDS

free � DSDS
Aggr

� �
f s þ DSDS

Aggr; CSDS > C0 ð5Þ

where f s ¼ CSDS
free

.
CSDS is the fraction of free SDS molecules, DSDS

Aggr is

either the micellar diffusion coefficient DSDS
micelle in PEO-free samples,

or the diffusion coefficient of the surfactant–polymer aggregate in
the PEO-SDS system, C0 is the critical (micellar or aggregation) con-
centration (CMC or CAC), and CSDS is the total SDS concentration.
The observed diffusion coefficient DSDS
Obs in Fig. 3(a) for buffered

(pH ¼ 4) and unbuffered (pH ¼ 3—3:5) SDS solutions [30] is fitted
to the piece-wise function in Eq. (5). Thus at low SDS concentra-
tions, one can determine the CMC, which for ionic surfactants is
very sensitive to the electrostatic environment, very precisely.

We also see, in Fig. 3(a), that the fit to a two-species model is no
longer possible above CSDS ¼ 60 mM, and that there is a conver-
gence of the dynamics of SDS in different electrostatic environ-
ments. This indicates that systems enter into a regime where
intermicellar hydrodynamic interactions dominate the behaviour
and mask the effect of differences in aggregate size and of small
differences in the net charge. Such an effect of hydrodynamic inter-
actions has indeed been previously noted [44] and, in macromolec-
ular systems, is broadly termed ‘‘crowding”.

The diffusion coefficient of polymer (PEO), surfactant (SDS) and
HDO in unbuffered PEOð0:5%w=vÞ=SDS=D2O, shown in Fig. 4(a),
was obtained for the whole range of SDS concentration. These
results allow a self-consistent assessment of the range of validity
of the two-species model (Eq. (5)). Assuming DSDS

Aggr ¼ DPEO
Obs , one

may calculate the ‘‘free” fraction of SDS (f s) in monomeric state
(Fig. 4(b), inset) as well as the concentration (CSDS

free ¼ f sC
SDS, in

mM) of the same over the entire range of SDS concentration
(Fig. 4(b)).

In the range between 3.5 mM and 60 mM, CSDS
free stays constant. In

simple models of surfactant self-assembly (see, for example, [45]
or [46]), a plot of monomer versus the total concentration has
slopes of 1 and 0, respectively, below and above the CAC. Above
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the CAC, the concentration of free surfactant should stay constant,
with a monomer concentration that equals the CAC, because all
additional surfactant is going to forming new micelles. The plateau
in CSDS

free is thus a very sensitive measure of the CAC. To our knowl-
edge, PFG-NMR appears to be the only method that provides such a
direct measurement of the monomer concentration.

On the other hand, we have to consider the rise in CSDS
free in the

context of what we saw for the pure surfactant in Fig. 3(a), where
the observed diffusion coefficient cannot be fitted to a two-species
model above �60 mM. We may thus identify this as the onset of
crowding in the SDS-PEO system. Essentially, beyond this point,
we cannot use observed diffusion coefficients to obtain informa-
tion about the composition of the system. We will revisit this point
again, in the context of peptide–surfactant complexes, in Section 5.

4. Interpretive diffusion models and their validity

In the last section, we introduced the study of aggregation in a
polymer–surfactant system. It is worthwhile to summarize the
assumptions underlying Eq. (5). First, the echo signal from each
of the peaks in the 1H spectrum of the PEO-SDS system shows a
monoexponential decay with the gradient strength parameter
kðtÞ which is a function of the diffusion time t ¼ D (Fig. 2(b)). For
example, all the SDS peaks show a monoexponential decay. This
implies either that the peaks report on a single component
(e.g. SDS monomer) or that, if there are multiple components
(e.g. a monomer and an SDS-containing aggregate), SDS exchanges
very rapidly between monomer and aggregate on the timescale of
milliseconds corresponding to that of the chemical shift.

The residence time of the surfactant molecule sR within an
aggregate is given [45] by the diffusion time s0 (which is on the
nanosecond scale) and the CMC (in molar units):

sR � 55s0=CMC: ð6Þ
For aggregation concentrations in the mM range, the residence
times are on the microsecond scale. Exchange of SDS between
monomer and aggregate is thus reasonably rapid, and one can
consider the mean-square displacement of a single molecule (along
the z axis) in time t to be governed by the fraction of time spent in
monomer (f) and aggregate (1� f ) environments:

hz2ðtÞi ¼ 2fDmonomert þ 2ð1� f ÞDaggregatet � 2DObst ð7Þ
with DObs ¼ fDmonomer þ ð1� f ÞDaggregate, thus agreeing with Eq. (5).

On the other hand, in systems where the CMC is very low
(e.g. lipids) or where s0 is larger (e.g. 100 nm to 1 lm scale
colloids), Eq. (6) predicts long residence times; this results in slow
exchange between monomer and aggregate. Here, one expects the
total signal to be given by

Stotal ¼ Smonomer þ Saggregate

¼ S0;monomer expð�DmonomerkÞ þ S0;aggregate expð�DaggregatekÞ ð8Þ
which is bi-exponential in nature. The relevant duration t ¼ D in the
PFG-NMR experiment is linearly related to the gradient parameter,

kðDÞ ¼ ðcdgÞ2ðD� d=3Þ. A generalization to multi-exponential beha-
viour may be made for more than two species of macromolecules:
Stotal ¼

P
iSi expð�DikÞ. For two species, Eq. (8) may be written in

the form

Stotal=Smax ¼ f expð�D1kðtÞÞ þ ð1� f Þ expð�D2kðtÞÞ; ð9Þ
where f ¼ S1=ðS1 þ S2Þ (and we have dropped the subscript ‘‘0”).
When the arguments to the diffusion exponentials are small, the
exponentials may be expanded, summed and then re-written as
an exponential to yield Eq. (5).

Examples of both mono- and biexponential behaviour are seen
in a classic polysaccharide crowder (Ficoll-70): given the larger
size, the diffusion time of the monomer s0 � 1 ls; thus residence
times sR in clusters will be a few microseconds or longer. Like
any single species system, the PFG-NMR signal attenuation of
Ficoll-70 is monoexponential at low concentration (Fig. 5(a)), but
at high concentration a fraction of Ficoll forms aggregates. Hence
it has two components, as shown in Fig. 5(b), which is fitted to
Eq. (8) yielding the ratio, S0;aggregate=S0;monomer ¼ 1:5 which reports
on the fractions of aggregate and monomer in solution.

Finally, it is possible for the monomer and aggregate to have
different relaxation rates [27]. In this case, for the pulsed-field
gradient stimulated echo (Fig. 1), we can have a more complicated
signal attenuation expression,

Stotal ¼
X
i

Si expð�R1;is1Þ expð�2R2;is2Þ expð�DikðDÞÞ; ð10Þ

where R1;i and R2;i are the effective longitudinal and transverse
relaxation rates of the ith species. Given that s2 is not varied, and
s2 � s1 � D, one can write this approximately as

Stotal ¼
X
i

Si expð�R1;iDÞ expð�DikðDÞÞ: ð11Þ

Once again, in the event that the argument of the diffusion exponen-
tials is small, this canbe approximatedas Stotal=Smax ¼ expð�DObskÞ. In
this case, one observes mono-exponential behaviour, but the



Fig. 5. The attenuation of the signal SðkÞ=Sð0Þ on a log scale versus the gradient strength parameter k ¼ ðcdgÞ2 ðD� d=3Þ for an aqueous solution of the polysaccharide
Ficoll-70 (a) is monoexponential at low concentration (b) is biexponential at high concentration. Gradient pulse duration d ¼ 2 ms and the diffusion time D ¼ 500 ms.
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observed diffusion coefficient is relaxationweighted;when there are
just two species, i.e. monomer and aggregate, one gets

DObs ¼ f expð�R1;1DÞD1 þ ð1� f Þ expð�R1;2DÞD2

f expð�R1;1DÞ þ ð1� f Þ expð�R1;2DÞ ; ð12Þ

where R1;1 and R1;2 are the effective longitudinal relaxation rates for
components 1 (monomer) and 2 (aggregate), and f and 1� f are the
fractions in the monomeric and aggregate states. The relaxation
weighting in Eq. (12), reported by Price and coworkers [47], has
an interesting consequence: if the effective relaxation rate (R1;2)
associated with an aggregate is significantly larger than that associ-
ated with the monomer (R1;1), then the weight corresponding to the
aggregate diffusion will decrease with time, and since D1 > D2, the
observed diffusion coefficient will increase as a function of D. In
concentrated lysozyme solutions, it was possible to use this
phenomenon to resolve a disagreement between two small-angle
scattering experiments [48], and to confirm and quantify the
existence of lysozyme clusters in equilibrium [49]. Interestingly,
this finding was in agreement with results from q-resolved diffusion
measurements obtained via the neutron spin echo technique [50].
Whereas the cluster peak in small-angle scattering must be careful
distinguished from possible low-Q artifacts, the clusters in PFG-
NMR have a distinct chemical- shift signature.

We end this section with a caution and an advertisement.
Measured diffusion coefficients are often not the bare dynamical
quantities of interest. Careful measurements as a function of some
variable parameter – in Section 3 the total surfactant concentration
– are often required to obtain the true monomer and aggregate
diffusion coefficients. In addition, one can also obtain the composi-
tion: that is, the fractions of aggregate and monomer. Curiously,
with multiple species with distinct chemical shift signatures,
PFG-NMR actually gives more information in the two-component
polymer–surfactant complex (Fig. 3(a)) than in the pure-
surfactant system (Fig. 4), because one has separate equations for
each species. This contrasts with scattering-based techniques,
where the presence of multiple components always makes inter-
pretation harder. PFG-NMR is thus a unique dynamical modality
for probing multi-component macromolecular solutions.
0.6

0.150.100.050.00

Fig. 6. Scaled diffusion coefficients for amino acids alanine, glycine, phenylalanine
and valine, plotted against volume fraction up to their solubility limit, nearly
collapse onto one universal curve. The experimental diffusion coefficients are lower
than those predicted by obstruction-only models. Data adapted from figure
originally published in Amninder S. Virk et al. (2015) Macromolecular crowding
studies of amino acids using NMR diffusion measurements and molecular dynamics
simulations, Front. Phys., 02 February, 2015 [51].
5. Complex formation in a peptide–surfactant system

Excluded volume ‘‘obstruction” effects must clearly affect the
dynamics of proteins, peptides and amino acids in crowded
environments. In addition, the dynamics can also be affected by
electrostatic interactions between macromolecules, as well as
complex formation. All these effects are likely to be sensitive to
the electrostatic environment. Virk et al. [51] examined the
dynamics of four amino acids using PFG-NMR experiments
(Fig. 6), and coupled this with molecular dynamics (MD) simula-
tions via models that incorporate obstruction (excluded volume
effects) and complex formation. The MD simulations are quite sen-
sitive to the force field used; nevertheless Virk et al. find strong
evidence for the importance of obstruction effects, but also find
that complex formation is likely to be relevant because all experi-
mental diffusion coefficients are lower than those predicted by
obstruction-only models. However, scaling their experimental dif-
fusion coefficients with respect to those at zero concentration for
all four amino acids, and plotting against the volume fraction,
one finds that their data for all 4 amino acids collapse, more or less,
onto one curve, providing strong experimental evidence that any
complex formation that occurs is also tied to excluded volume
effects.

Barhoum et al. [30] used PFG-NMR to study diffusion in pep-
tide–micelle complexes in a system consisting of antimicrobial
peptide (GAD-2, which has a 19-amino acid sequence [52–54])
and anionic surfactant SDS, where electrostatic interactions are
likely to be important. Antimicrobial peptides (AMPs) contain
12–50 amino acids. Interactions between the anionic residues of
the AMPs and anionic micelles such as SDS have been commonly
used to provide a membrane-mimic environment in structural
studies of membrane proteins and AMPs [55–63].

The 1D proton NMR spectrum consists of peak regions corre-
sponding to HDO, peptide (GAD-2), and SDS. Each species has
peaks that are spectrally distinct, and the signal attenuations asso-
ciated with GAD-2 and SDS are monoexponential. The CAC in this
system is �1 mM, and therefore residence times of SDS within



Fig. 7. (a) Self-diffusion coefficient of GAD-2 and SDS in a GAD-2-SDS system with R = [SDS]/[GAD-2] = 30 versus SDS concentration CSDS. (b) Fraction (f s) of free SDS and
concentration CSDS

free

� �
of free SDS versus SDS concentration CSDS. Reproduced with permission from Suliman Barhoum, Valerie Booth, and Anand Yethiraj. Eur Biophys J. 2013,

42(5):405–14.
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the complex are only slightly longer than in the PEO-SDS system.
This suggests that the SDS visits more than one environment over
very short timescales, and Eqs. (5) and (7) apply. Similar phenom-
ena were also observed in previous studies [41–43]. The observed
self-diffusion coefficient is thus a weighted average of SDS in
monomer form and SDS in a micellar or GAD-2-SDS aggregate. A
simplifying factor in associating macromolecular solutions is that
the concentration of SDS is 30 times higher than the GAD-2
concentration, and one can thus assume there is no free peptide.
This is generally true for peptide and protein solutions where the
peptide/protein concentrations are usually low.

The SDS self-diffusion coefficient could be fitted to the two-site
rapid exchange model of Eq. (5) in the SDS concentration regime
below 25 mM (Fig. 7(a), solid line) but deviates from this model
at higher SDS concentrations. This is broadly consistent with the
behaviours in polymer–surfactant solutions, and yields
DSDS

free ¼ ð5:0	 0:2Þ � 10�10 m2=s, DSDS
Aggr ¼ ð3:6	 0:2Þ � 10�11 m2=s,

and CAC = ð0:73	 0:03ÞmM. The fraction (f s) and the concentra-

tion of free SDS CSDS
free

� �
for the GAD-2-SDS system over the whole

range of SDS concentration was calculated using the two-site

exchange model (Eq. (5)) with DSDS
Aggr ¼ DPeptide (Fig. 7(b)).

f s ¼
CSDS
free

CSDS ¼
DSDS

Obs � DPeptide

DSDS
free � DPeptide : ð13Þ

The fraction f s of free SDS decreases with increasing SDS concentra-

tion (CSDS). Also, the concentration of free SDS CSDS
free

� �
increases from

approximately the CAC = 0.7 mM to approximately the CMC = 1 mM
(Fig. 3(a)). This agrees, once again, with the expectation that the
concentration of free surfactant should not exceed the CMC
[29,45,46].

PFG-NMR study of the dynamics of peptide–surfactant com-
plexes addresses a practical problem of relevance to biochemists
and biophysicists. It provides quantitatively the SDS concentration
regime where the two-species model is unambiguously valid. This
regime was identified to be below CSDS of 25 mM, where macro-
molecular crowding does not take place. Thus, all measurements
geared at measuring the sizes of complexes (whether PFG NMR,
DLS or SANS!) should be done in this low-concentration regime.

6. Confinement-influenced diffusion in wormlike micelles

Finally, we discuss the effects of confinement on diffusion mea-
surements in complex-forming systems [31,64,65]. As an example
along similar lines to the previous ones, we consider a complex
between the anionic SDS and another macromolecule, this time
the zwitterionic surfactant N-tetradecyl-N,N-dimethyl-3-ammo
nio-1-propanesulfonate (‘‘TDPS”) in a salt-rich aqueous solution.
This system was studied extensively by rheology and scattering
by Castillo and coworkers [66–68], but microscopic dynamics
within a cylindrical/wormlike micelle were not accessible to these
techniques.

Important aspects of this system are different to those dis-
cussed earlier. First, the TDPS and SDS peaks are not separable by
chemical shift, so independent information on the two components
cannot be obtained, as was possible in the previous examples. Sec-
ond, both macromolecular components are charged surfactants of
roughly the same size. Third, both surfactants are present in rea-
sonably high concentrations. In addition, because TDPS is zwitteri-
onic, there is likely to be strong association, driven by electrostatic
interactions, between the two surfactants, and one expects a com-
posite TDPS-SDS aggregate. Previous work indicated that the
microscopic structures were wormlike micelles, and thus this sys-
tem was treated far more like a single component system. In such a
case, it is necessary to couple PFG 1H NMR with other modalities.
Barhoum et al. used relaxation, 2H (deuterium) NMR, and rheome-
try in addition to PFG-NMR to study the TDPS-SDS wormlike micel-
lar system [69].

The variation of longitudinal relaxation rates as a function of the
concentration Cz of the zwitterionic surfactant TDPS shows an
exponential saturation: the exponent of this saturation is
�5 mM, consistent with the overlap concentration CH identified
by Castillo and coworkers [67]. Next, the diffusion coefficient
was obtained from a single-exponential fit of the signal attenua-
tion, for different diffusion times D. The observed surfactant diffu-
sion coefficient decreased with D (Fig. 8(a)). Since the critical
aggregation concentration for this system is approximately 1 order
of magnitude lower than in the PEO-SDS system, the residence
time of the surfactant molecule within the aggregate is corre-
spondingly longer, and at high surfactant concentrations, practi-
cally all the surfactant is within the micelle. This suggests that
the decrease arises from the fact that the longer the time for which
a molecule diffuses, the more likely it is to experience the confining
boundaries of the micelle, which is visualized as a long,
1-dimensional cylindrical cavity.

One can plot the apparent mean-square displacement (MSD) as
a function of the diffusion time D, using hz2i ¼ 2DObsD. While the
behaviour is linear for times longer than 50 ms, the extrapolation
to zero D leads to a non-zero MSD, consistent with fast molecular
diffusion at short times (too short to access on the NMR timescale)
and slower micellar diffusion at longer times. Fig. 8(c) shows a plot
of lnðDmÞ versus the scaled zwitterionic surfactant concentration
lnðCz=C

HÞ, in the semi-dilute regime, measured along the x; y, and
z directions: the x and y components are shifted downwards, for
better visualization, because all three datasets overlap perfectly. A
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Fig. 8. (a) TDPS-SDS self-diffusion coefficient ðDx;Dy;DzÞ versus diffusion time D. Cz ¼ 50 mM. (b) Z-axis mean square displacement MSDz versus diffusion time D. The
intercepts are not zero but on the 0:5 lm scale. (c) Anisotropic micelle self-diffusion coefficients ðDm;z;Dm;x;Dm;yÞ extracted from the slopes of the mean-square displacement
MSD curves as a function of TDPS concentration (Cz) for TDPS=SDS=NaClð0:5MÞ=D2O samples at T ¼ 298 K. Measurements along x and y are shifted vertically for clarity, as all
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using NMR and rheometry. Soft Matter, 2012, 8, 29502957 [69].

8 S. Barhoum et al. / Progress in Nuclear Magnetic Resonance Spectroscopy 94-95 (2016) 1–10
simultaneous fit to all 3 datasets yields a power law

D ¼ DZ C=CH
� ��d

with the exponent d ¼ �0:58	 0:03. The Zimm

model for polymer dynamics in a good solvent, which considers
the hydrodynamic interactions between the monomers in the poly-
mer chain and between the monomers and the solvent molecules,
predicts an exponent d ¼ ð1� mÞ=ð3m� 1Þ ¼ 0:54 (using m ¼ 0:588
for a self-avoiding polymer) [70]. This exponent is shown for
comparison (dashed line labelled ‘‘Zimm model” in the graph).
We calculate an experimental exponent m ¼ ð1þ dÞ=ð1þ 3dÞ ¼
0:58	 0:01. From the power law fit, we also obtain an average
Zimm diffusion coefficient DZ for the wormlike micelle of 8:3ð1Þ�
10�12 m2=s.

In the presence of cylindrical confinement, one can directly fit
the signal attenuation to the form for diffusion in a cylindrical
cavity [23]:

ln½SðqÞ
 ¼ � ðð2pqÞ2ÞDmDþ ln
2½1� cosð2pqLzÞ


ð2pqLzÞ2
"

þ4ð2pqLzÞ2
XN
n¼1

exp �n2p2DsD

L2z

 !
� 1� ð�1Þn cosð2pqLzÞ

ðð2pqLzÞ2 � ðnpÞ2Þ2
#
: ð14Þ

Here Ds is the molecular bulk surfactant self-diffusion, Dm is the
micellar self-diffusion, q ¼ cdg=ð2pÞ and Lz is the average length of
a one-dimensional channel. The infinite sum in Eq. (14) was ade-
quately approximated in [69] by an upper limitN ¼ 1000.While this
equation looks complicated, it has only one free parameter, Lz,
because the surfactant diffusion coefficient Ds is known, and we can
use themicellar diffusion coefficientDm obtained fromFig. 8(c). Quite
remarkably, all the signal attenuations could be fitted using the
Cz-dependent micellar diffusion coefficient obtained in Fig. 8(b),
using one surfactant diffusion coefficient ðDs ¼ 13� 10�12 m2=sÞ
and to a single wormlike micelle length Lz � 1 lm.

This is another example where one can get system-specific
structural (Lz � 1 lm) and dynamical ðDZ ¼ 8:3ð1Þ � 10�12 m2=sÞ
information from PFG-NMR experiments.

7. Summary

Pulsed-field gradient NMR provides a unique window through
which to study the dynamics of many systems where macromolec-
ular crowding is important. The fact that different species give sig-
nals at different chemical shifts allows simultaneous measurement
of their individual dynamics. At the same time, in the presence of
complex formation, multiple associated species move together. It
was shown in this review that this constraint, coupled with the
chemical shift signatures, allows PFG-NMR to yield new informa-
tions in old systems. Experiments are currently under way in our
group to couple PFG-NMR with a direct structural probe such as
SANS. It is expected that the tandem use of these two powerful
experimental modalities will yield new insights, and allow unam-
biguous determination, in model crowded systems, of the hydro-
dynamic function defined in Eq. (3).

The dynamics of a variety of macromolecular systems have
been presented in this review: pure surfactants, mixed surfactants,
polymer–surfactant complexes, peptides, and peptide–surfactant
complexes. These systems exhibit aspects that are important in
biology: diffusion in the presence of inter-macromolecular interac-
tions, arising from steric excluded volume effects, electrostatic
interactions (via the buffer) and/or long-range hydrodynamic
interactions, and dynamics in the presence of confinement.
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The dominant conclusion of the PFG-NMR diffusometry explo-
ration in complex-forming systems is that an uncritical use of
Eq. (1) to extract hydrodynamic radii can yield (and has yielded)
incorrect results. First, the character of the signal attenuations
must be determined: are they mono-exponential or not? Then, if
mono-exponential, a model (in our example, Eq. (5)) must be
employed to interpret the observed diffusion coefficients. We have
seen that there is usually enough information in the NMR mea-
surements to check for self-consistency of the model.

In the single-surfactant studies, there is only one component
(SDS), and the system is not at high packing fraction. The onset
of crowding in this system, at a surfactant concentration of
�60 mM (packing fraction / < 0:1), is governed by hydrodynamics
in a system where electrostatics is very important. In the aqueous
system of small peptides, complex formation is likely to be impor-
tant but the details of the peptide do not seem to affect the dynam-
ics significantly.

In the polymer–surfactant solution (PEO-SDS), this onset is sig-
nalled by the surfactant monomer concentration increasing above
the CAC and reaching the CMC, and the prevalence of three species
(surfactant monomer, polymer–surfactant aggregate and free
surfactant micelle). This onset also applies to the peptide–surfactant
system (GAD-2-SDS). The peptide GAD-2 was shown to form
complexes with surfactant micelles for which the complex size is
dependent on concentration even in the regime prior to the onset
of crowding.

In the two-surfactant TDPS-SDS system, PFG-NMR measure-
ments report on surfactant diffusion within a confined cylindrical
micelle at short times, and on micellar diffusion at long times.
The micellar diffusion was in remarkable agreement with
concentration-dependent scaling predictions based on the Zimm
model.

In summary, it is hoped that this review will encourage broader
use of the PFG-NMR technique to study macromolecular dynamics
in soft and bio-materials.
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Glossary of abbreviations

PEG: Polyethylene glycol
BSA: Bovine serum albumin
DLS: Dynamic light scattering
FCS: Fluorescence correlation spectroscopy
SAXS: Small-angle X-ray scattering
SANS: Small-angle neutron scattering
PFG-NMR: Pulsed-field gradient NMR
DOSY: Diffusion-ordered spectroscopy
AMP: Antimicrobial peptide
SDS: Sodium dodecylsulphate
GAD-2: Gaduscidin-2
PEO: Polyethylene oxide
TDPS: N-tetradecyl N,N-dimethyl-3-ammonio-1-propanesulfonate
CAC: Critical aggregation concentration
CMC: Critical micellar concentration
MD: Molecular dynamics
MSD: Mean square displacement
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