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ABSTRACT: Despite extensive use of micelles in materials and colloidal science, their supramolecular organization
as well as host-guest interactions within these dynamic assemblies are poorly understood. Small guest molecules
in the presence of micelles undergo constant exchange between a micellar aggregate and the surrounding
solution, posing a considerable challenge for their molecular level characterisation. In this work we reveal the
interaction maps between small guest molecules and surfactants forming micelles via novel applications of NMR
techniques supported with state-of-the-art analytical methods used in colloidal science. Model micelles
composed of structurally distinct surfactants (block non-ionic polymer Pluronic® F-127, non-ionic surfactant
Tween 20 or Tween 80 and ionic surfactant SLS, sodium lauryl sulphate) were selected and loaded with model
small molecules of biochemical relevance (i.e. the drugs fluconazole, FLU or indomethacin, IMC) known to have
different partition coefficients. Molecular level organization of FLU or IMC within hydrophilic and hydrophobic
domains of micellar aggregates was established using the combination of NMR methods (1D 1H NMR, 1D 19F
NMR, 2D 1H-1H NOESY and 2D 1H-19F HOESY, and the multifrequency-STD NMR) and corroborated with
molecular dynamics (MD) simulations. This is the first application of multifrequency-STD NMR to colloidal
systems, enabling us to elucidate intricately detailed patterns of drug/micelle interactions in a single NMR
experiment within minutes. Importantly, our results indicate that flexible surfactants, such as block copolymers
and polysorbates, form micellar aggregates with a surface composed of both hydrophilic and hydrophobic
domains and do not follow the classical core-shell model of the micelle. We propose that the magnitude of the
changes in 1H chemical shifts corroborated with interaction maps obtained from DEEP-STD NMR and 2D NMR
experiments can be used as an indicator of the strength of the guest-surfactant interactions. This NMR toolbox
can be adopted for the analysis of the broad range of colloidal host-guest systems from soft materials to
biological systems.

INTRODUCTION

Micelles have many advantages as nanosize (below 200 nm) drug delivery systems, e.g. solubility enhancement
of sparingly soluble active pharmaceutical ingredients (APIs), modified drug release or targeted delivery of
molecules to their site of action.™3 Drug solubilization within micelles is a spontaneous process of incorporating
the drug into micelles resulting in the thermodynamically stable system. The localization of a drug within the
micelle depends primarily on the drug polarity.* The local differences within the micelle structure promote the
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formation of sites with different polarities enabling drug partitioning. Therefore, interactions between surfactant
and drug do not appear at determined binding site.* Moreover, there is dynamic equilibrium of drug molecules
being in a constant exchange between the aqueous and micellar phase.> Therefore, understanding transient
structure of micelles and their interactions with drug molecules at atomistic level requires application of
complementary analytical techniques enabling to probe that supramolecular organisation.

Nuclear Magnetic Resonance (NMR) spectroscopy is a sensitive tool for probing molecular recognition and to
obtain information on structure, dynamics and local environment of interacting species e.g. drug-protein®’ and
protein-protein®, multicomponent supramolecular gels®1° or host-guest systems.'%12 The magnitude of chemical
shift perturbations can be used to determine the affinity and binding site of the ligand to protein.? This approach
has been transferred to micellar systems in which slight changes in local electronic environment triggered by the
interactions between drug and surfactant molecules can be detected in high-resolution NMR as changes in
chemical shifts, appearance of new signals or broadening of the peaks in 1D proton spectra.l* Furthermore,
transferred NOE spectra have been reported as a tool for determination of drug localization within micelles based
on the analysis of intramolecular drug-surfactant cross-peaks present in 2D NMR spectra that indicate spatial
proximity of interacting species.’® Changes in diffusion coefficients assessed with PFG NMR (Pulsed-field gradient
NMR) can also help to confirm drug incorporation into the micelles or to determine partitioning of drug between
micelles and solution.>¢ In addition, measurements of relaxation time (T,) enable observation of changes in
dynamics of block polymer chains upon micellization process!” Saturation Transfer Difference NMR (STD NMR)
is an emerging technique for determination of transient interactions in colloidal systems. To date this approach
has been used for liposaccharide micelles (LPS) comprising endotoxin in bacterial membrane to map the binding
surface of antimicrobial peptides (AMP).18-23 STD NMR is used frequently for monitoring weak ligand binding
(dissociation constant, Kp, ranging from 1078 mol L™ to 10~3 mol L) to protein receptor and is used extensively
in screening for biologically active molecules and new drug candidates enabling to establish their protein binding
affinity.?*2> This method relies on saturation transfer from protein or peptide receptors (>20 kDa) to low
molecular weight ligands via nuclear Overhauser effect. In addition, epitope mapping that might be obtained
after data processing indicates the strength of interactions of ligand’s particular parts at the binding site of
protein.?® Recently developed DEEP-STD NMR (DiffErential EPitope mapping by STD NMR spectroscopy) enables
identification of the residues contacting the bound ligands, as opposed to traditional STD NMR that only depicts
the binding epitope mapping of the ligand. If the binding site architecture is known, the ligand orientation in the
binding pocket can be defined.?” In this work we demonstrated novel use of DEEP-STD NMR to soft colloidal
nanomaterials which resemble the structure of macromolecules i.e. micelles. In contrary to protein-ligand
interactions, in micellar formulations, the receptor is formed in situ and remains in fast exchange with monomers
in the solution. Furthermore, several transient binding sites for drug molecules can be present within the micelles
structure in contrast to a well-defined binding pocket that is normally observed in protein structures. In addition
to NMR, computational Molecular Dynamics can illustrate and explain the behaviour of colloidal systems
observed experimentally. Most of MD studies described so far in literature follow the coarse-grained MD
approach, due to the size and complexity of the systems.282%303132 However, this protocol is known to show a
low accuracy in the atomistic level, not suitable for the kind of intermolecular interactions observed by NMR.
The use of traditional atomistic level MD increases the computational cost of the simulations enormously.3334
However, it also provides a better description of the structure and dynamic processes.3®

The aim of this study was to develop new tools to investigate transient interactions within soft colloidal materials
that can be used across different delivery systems from micelles to vesicles and nanoemulsions. Four different
surface-active agents classified as different types of surfactants varying in the structure, molecular weight, critical
micellar concentration and solubilization efficacy were chosen as model micelle forming agents. A wide range of
surfactant concentrations was investigated to understand the solubilization process of model drugs at different
stages of the micellization process (from values close to CMC to values 20-2500 times larger than CMC depending
on the surfactant). The magnitude of the changes in 'H chemical shifts are proposed as the indicator of the
strength of the interaction between a drug and a surfactant in a micelle, following the same concept widely used
to probe protein-ligand interactions. These data agree with micellization driven drug solubility increase (as



determined by HPLC). Our innovative application of DEEP-STD NMR to micellar systems, enabled us to determine
an intricately detailed pattern of drug/micelle interactions in a single NMR experiment within minutes. The
experimental data were consistent with the atomistic level Molecular Dynamics study providing a model that
might illustrate and explain the behaviour of the investigated systems. The proposed approach can be translated
to other colloidal systems that span from pharmaceuticals and microorganisms to consumer products and foods.
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Figure 1. (a) Structure of drugs and surfactants comprising investigated micellar systems with their applications
in drug delivery.36:37.:3839 (b) TEM images of surfactants at concentrations above CMC: Pluronic® F-127 at 0.063
mM, Tween 20 at 0.12 mM, Tween 80 at 0.060 mM and SLS at 12 mM.

RESULTS AND DISCUSSION

CMC of the selected model systems determined using surface tension measurements and fluorescence
spectroscopy were in agreement with previously published data (ESI, Figure S1 and Table S1). It is worth noting
that the heterogeneity of the polymers and polysorbates (namely the presence of molecules differing with the
polarity, e.g. diblocks in the first case and a mixture of oligomers in the latter case)**** might affect micellization
process and the CMC values. That is the reason why CMC established for the investigated surfactants covers a



broad range of values in the literature (ESI, Table S1). We observed formation of spherical micelles in all our
systems as shown in TEM images (Figure 1 and ESI, Figure S2-S7). At concentrations below the determined CMC
no micelles were detected in TEM images. The size of the micelles determined by DLS was consistent with the
size of the micelles measured in TEM images (see ESI, section ‘DLS measurements and TEM images’ for details).

The atomistic model of micelles was obtained from multidimensional NMR spectroscopy supported with MD
simulations (see ESI, section ‘NMR results, MD simulations and HPLC results’, Table S3-S6, Figure S8-S17). The
changes in chemical shifts (A8) of 'H sites in the surfactant measured as a function of increasing surfactant
concentration implied considerable changes in the local environment of interacting species upon formation of
micellar aggregates (ESI, Figure $8-S9). We have built micellar models based on Pluronic® F-127, Tween 20, and
SLS (Figure 2 and ESI, section ‘Methods’). Tween 80 was not included in the simulated systems due to its
similarities with Tween 20. Our data suggest that complex and flexible molecules such as block copolymers and
polysorbates did not follow the classical core-shell model of the micelle, where surfactants segregate to form
supramolecular assemblies with distinct properties, but rather dynamic domains of distinct hydrophobicity were
formed at the micelle surface being exposed towards water as shown in Tweens and Pluronic systems. These
data not only provided a basis for understanding drug-micelles interactions as described in this work but have
general and far-reaching implications in understanding of other host-guest systems that use flexible molecules
of distinct polarities as building blocks proving the critical role of the surface interactions in soft colloidal
nanomaterials dispersed in agueous media.

90" flip 90° flip
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Figure 2. Representation in two different views of micelles after 50 ns of MD simulation, with the average
measures of the micelles along the last 10 ns of the simulation. Explicit water molecules have been removed for
clarity. a) Pluronic® F-127: PEO polar chains are represented as blue surfaces and PPO chains are shown as orange
surfaces. b) Tween 20: PEO chains are represented as blue surfaces and lauryl hydrophobic groups are shown as
orange surfaces. c) SLS: Hydrogen atoms have been removed for clarity. Lauryl chains are represented as orange
surfaces and sulphate groups as blue surfaces.

Probing drug-surfactant interactions in micellar systems.

The effect of FLU loading into micelles on the chemical environment of both components was investigated in the
series of 'H NMR experiments with 6.5 mM, 13 mM and saturated solution of FLU at selected surfactant
concentrations. Only one series of the saturated solution of IMC was studied since its saturation solubility was
strongly dependent on surfactant concentration due to IMC’s overall very low solubility in water. Assignment of
the 'H peaks is presented in ESI, Table S7-S10 and Figure S18-S19. 'H-'H NOESY and 'H-°F HOESY experiments
were acquired for selected formulations resulting in the generation of the spatial map of drug-surfactant
interactions. Small molecules are characterized by rapid tumbling (ESI, Figure $20-S21) and display positive NOE
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(possessing the opposite sign to the diagonal) whereas slowly tumbling large molecules show negative NOE
(characterized by the same phase as the diagonal). Therefore, negative NOE observed for the drug in the
presence of surfactants may indicate incorporation of drug molecules into micelles.

Pluronic®F-127 micelles loaded with FLU or IMC.

In micelles composed of Pluronic® F-127 at concentrations up to 4.0 mM loaded with FLU or IMC, the most
pronounced changes were observed for methyl and methylene polymer protons of propoxy blocks (signals 1 and
2). In contrast, protons of ethoxy groups (signal 3) experienced only minor changes in local environment
regardless of the level of drug loading (Figure 3a, 4a, and ESI, Table S7). 2D NOESY spectrum of 19 mM FLU in 4.0
mM Pluronic® F-127 exhibited the cross-peaks same-phased as diagonal between FLU protons and those of
propoxy block of the polymer (ESI, Figure S22b) indicating spatial vicinity of the drug and surfactant molecules.
In contrast, no intermolecular cross-peaks were observed in 2D NOESY spectra at lower Pluronic® F-127
concentrations (0.095 mM and 0.79 mM with 18.1 and 18.3 mM of FLU respectively, ESI, Figure S22a), and cross-
peaks between surfactant protons were opposite phased to diagonal, similarly to assemblies of polymer without
the drug, indicating that polymer aggregates formed below 0.79 mM did not resemble the macromolecular
assembly. Interactions between Pluronic® F-127 at 4.0 mM and IMC (0.54 mM) were proven via cross-relaxation
between most drug protons (except H.) and those in PPO and PEO blocks of polymer (ESI, Figure S23). NOE cross-
peaks of the same phase as the diagonal indicated intermolecular interactions. Comparably to FLU series, no
intermolecular cross-peaks were observed in the 2D NOESY spectrum of 0.023 mM IMC loaded into 0.095 mM
polymer (i.e. slightly above CMC) and intramolecular cross-peaks between polymer were opposite phase to the
diagonal.

Tween 20 and Tween 80 micelles loaded with FLU or IMC.

Shielding of Tween 20 signals 3, 4 and 6 (A& = 0.020; 0.034 and 0.022 ppm respectively) was observed when 13
mM of FLU was added to 0.060 mM surfactant solution (ESI, Figure S24a). Similar deshielding of signal 3 (-0.09 <
A8 < -0.06 ppm) and shielding of signal 4 (0.023 < A6 < 0.031 ppm) occurred upon interactions between FLU (13
mM) and Tween 80 near CMC (0.015-0.025 mM) (Figure 3d). At 8.1-41 mM (Tween 20) and 7.6-38 mM (Tween
80) surfactants concentration addition of 13 mM FLU resulted in smaller changes in the position of Tweens
protons (-0.005 < A < 0.02 ppm at 41 mM and 38 mM, respectively for Tween 20 and Tween 80) (ESI, Table S8-
S9), suggesting that the addition of drug at surfactant concentrations near CMC induces structural
rearrangements of colloidal particles, commonly known as hydrophobic effect.?> At surfactant concentrations
around CMC (0.080-0.24 mM and 0.006-0.025 mM for Tween 20 and Tween 80, respectively) only intramolecular
(drug—drug or surfactant-surfactant) cross-peaks were observed in the NOESY spectra and maintained their
positive and negative phases, respectively (ESI, Figure $25-S27). Above CMC in both systems loaded with FLU,
cross-peaks of the same phase as diagonal were observed in the NOESY spectrum between all drug protons and
methylene protons in ethoxy group and aliphatic chain of surfactant (signals 2, 5). These intermolecular contacts
were observed across the broad range of evaluated concentrations of Tween 20 (8.1-41 mM) and Tween 80 (23
and 38 mM), see ESI, Figure S25-527. Upon increasing concentration of Tweens the ratio between inter- and
intramolecular contacts increases (e.g. FLU protons and protons 1, 3, 4, 6 in both Tweens and additionally signals
7, 8 in Tween 80). Those findings confirmed the enhanced affinity of FLU to surfactant molecules upon increased
surfactant concentration explained by drug solubility improvement (as indicated in Figure 5 and ESI, Figure S28).

The pattern of changes observed for IMC loaded micelles was similar to those detected in FLU-Tweens systems.
Shielding of signals 3 (0.036 < A6 < 0.052 ppm) and 4 (0.011 < A8 < 0.030 ppm) attached to carbonyl group
appeared upon loading IMC into Tween 20 micelles at concentrations near CMC (0.80-0.120 mM). Addition of
IMC to Tween 80 around CMC at 0.020-0.025 mM led to deshielding of signal 3 (-0.019 < A6 <-0.039 ppm). Major
rearrangements concerned signal 6 (0.052 < Ad < 0.059 ppm) followed by shielding of signals in aliphatic chain
(7: 0.021 < A8 < 0.033 ppm, 8: 0.028 < A5 < 0.030 ppm, 1 and 2 in the range 0.017 < A& < 0.024 ppm). In both
Tweens (at 41 mM and 38 mM, respectively) signals 3, 4 and 6 in proximity to carbonyl group experienced
perturbation upon interactions with IMC (upfield shift of A& = 0.033-0.048; and A5 = 0.037-0.048 for Tween 20
and 80 respectively) followed by changes in aliphatic chain (Figure 4d and ESI, Figure S29a and Table S8-S9).
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Figure 4. Change in 'H chemical shift in surfactants and IMC in surfactant solutions: (a, b) Pluronic® F-127 (up to
5.0% w/v, 4.0 mM) loaded with 0.012-0.54 mM IMC, (d, e) Tween 80 (up to 5.0% w/v, 38 mM) loaded with 0.045-
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Remarkably, at surfactant concentrations around CMC for Tween 20 and 0.006-0.025 mM Tween 80 with FLU
and IMC (ESI, Figure S25a, S27a, S30a, S31a) no intermolecular drug-surfactant cross-peaks were present. In
Tween 20 and 80 solution (41 mM and 38 mM) IMC (from 0.027 to 3.1 mM) and Tween 80 with FLU (23 mM),
drug-surfactant and drug-drug cross-peaks shared the same phase as diagonal presumably because of viscosity
increase affecting the tumbling rate of all components within the system including drug molecules in bulk
solution (ESI, Figure S27b and Figure S30b-531b). For IMC loaded micelles in the NOESY spectrum drug-drug and
drug-surfactant cross-peaks were observed between all drug protons and all surfactant protons in both Tween
20 and Tween 80 indicating multiple interactions in the dynamic micellar assembly. The effect of spin diffusion



and chemical exchange on the appearance of cross-peaks was excluded in ROESY experiments (ESI, Figure S32-
S34).

SLS micelles loaded with FLU or IMC.

The addition of FLU into SLS micelles resulted in shifts of SLS peaks assigned to hydrophilic head of a surfactant
(A6 =0.065 and 0.044 ppm for signal 3 and 4 respectively, ESI, Figure S24e and Table S10). In 2D NOESY spectra
FLU-SLS cross-peaks between aromatic protons with signal 2 of SLS were observed (15 mM surfactant with 21
mM FLU). Besides, drug-drug cross-peaks opposite phased to a diagonal were observed (between -CH,-/-CH,’-
and both aromatic rings, see ESI, Figure S35a). At higher SLS concentrations 104 mM and 173 mM addition of 43
mM and 60 mM FLU, respectively, resulted in additional weak NOE signals between drug and SLS protons (signals
1, 3 and 4) while contacts between -CH,-/-CH,’- and triazole ring within drug remained (ESI, Figure S35b). The
NOESY cross-peaks of both phases were observed regardless of the surfactant and drug concentration, similarly
to SLS samples without the drug at the concentration well above CMC.

The addition of IMC into SLS micelles resulted mostly in an upfield shift of the hydrophobic parts of the SLS
molecules (at 15 mM, near CMC, A = 0.014 and 0.018 ppm for signals 1 and 2 respectively, ESI, Figure S29d and
Table S10). 2D NOESY spectrum of 173 mM SLS with 5.0 mM IMC (ESI, Figure S33b) micellar solution displayed
cross-peaks between methylene protons in SLS (signal 2 in Figure 1a) and all IMC protons confirming their spatial
proximity in micelles. This differed from the 15 mM surfactant and 0.41 mM IMC solutions, where only drug-drug
interactions were observed (ESI, Figure S36a). The increase of SLS concentration resulted in changes of drug-drug
cross-relaxation map. At 15 mM SLS cross-peaks between H. with H¢/H, were detected whereas at 173 mM
additional cross-peaks between H,, Hrand chlorobenzene ring; H. with H,, and Hy, with indole ring were observed.

Changes in the local environment of FLU and IMC upon partitioning in surfactant systems.

Substantial changes in local environment of several FLU protons within all micellar system were observed. These
include shielding of H. and deshielding of both H. and Hy, protons (Figure 3 and ESI, Figure S24 and Table $7-510).
For micelles containing IMC, a substantial upfield shift of Hy and H. protons in indole ring of IMC was observed
(Figure 4 and ESI, Figure S29). In the presence of 173 mM SLS H. experienced major perturbation (around 0.05
ppm). Based on 1D NMR data, hydrophobic motifs of both FLU and IMC interacted with micelles as demonstrated
by the substantial changes in their 'H chemical shifts of protons. For example, overlapping signals H. and H, in
fluorobenzene ring of FLU might be distinguished upon an increased concentration of the surfactants (Figure 3
and ESI, Figure S24). Overlapped indole signals H. and H¢ in IMC (Figure 4 and ESI Figure S29) were also separated
in 'H NMR spectra recorded at higher surfactant concentrations. Broadening of IMC signals was also observed
(e.g. in Figure 4c, 4f, and ESI Figure S29) presumably due to drug-micelles interaction (discussed further). We
observed that the higher the drug solubilization in the micellar system, the larger change in chemical shift value
(A8) (Figure 3-4 and ESI, Figure S24, S29, S37-538). This suggests that A6 can be used as a measure of drug
partitioning into the micelles.

Changes observed in H NMR were corroborated by °F NMR spectra of FLU. In both Tween systems at highest
investigated concentrations, upfield shift of Fy (A8 = 0.13-0.16) and downfield shift of F3 (A5 =0.13-0.14) were
seen upon addition of 13 mM FLU (ESI, Figure S39 and Figure S24d). Those results agree with spectral changes
observed for H, and H, protons that were close to F,and Fg, respectively. In SLS system at 173 mM loaded with
23 mM FLU signals from fluorine were shifted downfield (Fa, A8 = 0.44 and Fg, 0.027 ppm) (ESI, Figure S24h).
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Overall, 1D NMR data together with *H-'H NOESY NMR spectra indicated which structural motifs in the drug and
surfactant were primarily involved in drug-surfactant interactions. The latter confirmed FLU and IMC
incorporation into micelles, especially at surfactant concentration well above the CMC values. In IMC series (at
concentration above CMC), both drug-surfactant as well as drug-drug cross-peaks shared the same phase as
diagonal. This can be explained by higher logP value of IMC as compared to FLU, resulting in different solubilities
of both drugs in surfactant solutions (see Figure 5 and ESI, Figure S40). This indicates increased drug incorporation
into the micelles. The intensities of FLU -CH,-/-CH,’- and H.., H,, H, drug-drug cross-peaks varied among
investigated samples depending on surfactant concentration while retaining the same map of drug-drug
contacts. 'H-1H NOESY findings were in agreement with *H-°F HOESY spectra acquired for selected formulations.
The data confirmed the interactions between fluorine F, and Fg of FLU and Tween 20 (cross-peak arisen from
cross-relaxation of F, and Fz and methylene protons in ethoxy group) within micellar system composed of 41 mM
surfactant and 23 mM FLU, whereas no intermolecular cross-peaks were observed in 18 mM FLU loaded into
0.095 mM Pluronic® F-127 in agreement with *H-'H NOESY data. The 2D ROESY spectra confirmed that all
observed cross-peaks resulted from through-space interactions and not from spin diffusion or chemical exchange
processes (ESI, Figure S32-34).

DEEP-STD NMR investigation of drug micelles systems.

We have used DEEP-STD NMR to investigate the interactions between drug and surfactant within micellar
systems assuming that saturation transfer within those supramolecular assemblies might be as effective as in
proteins (Figure 6a).%¢ To translate DEEP-STD NMR experiments to drug-micelle systems, the surfactant species
in the micelles were regarded as supramolecular receptor while the interacting drug as the ligand. The chosen
irradiation frequencies were characteristic for the hydrophilic and hydrophobic parts of their structure. This
enabled us to evaluate in which region of the micelle the drug resides preferentially.

Following the DEEP-STD NMR protocol, two STD NMR experiments were run at two different frequencies for
each formulation, and the DEEP-STD factors (ASTD) were calculated for each proton site in the drug. Mapping
DEEP-STD factor onto the structure of the drug yielded the differential epitope map of a drug. One must bear in
mind that only drug protons resonating far from the irradiated surfactant signal (A& at least 1 ppm) must be
included in the ASTDs calculations to avoid false positive signals arising from direct irradiation.*” Only drug
protons not affected by the spread of direct saturation in control measurements were taken into consideration
in this work.

For FLU, the ASTDs suggest affinity of the triazole proton H, for the hydrophobic region of both Pluronic® F-127
(propoxy blocks) and Tweens (aliphatic chains) (Figure 6¢ and ESI, Figure S41-543). In contrast, triazole proton H,
and aromatic proton H, were directed towards hydrophilic parts of surfactants’ structure such as ethoxy groups
in Pluronic® F-127 and ethoxy monomers attached to sorbitan ring in the investigated Tweens. For the systems
in which the signals of H. and H, were overlapped, ASTD could not be evaluated separately (ESI, Figure S41 and
S43). In both Tween systems, aromatic protons H. and Hy point towards the hydrophobic part of the surfactants,
in contrast to Pluronic® F-127 micelles where the Hq ASTD was close to 0 (ESI, Figure S41). In micellar systems
loaded with FLU protons -CH,- of the drug were excluded from the analysis because of their proximity in spectra
to the peaks of surfactants that were irradiated.

DEEP-STD NMR analysis of Pluronic® F-127 and Tween micellar solutions with IMC indicated Hqand H, protons in
indole ring was directed towards the ethoxy blocks and the hydrophilic ethoxy monomers attached to sorbitan
ring. In contrast Hg, Hy, H; and H; in phenyl ring seem to point towards hydrophobic propoxy blocks and aliphatic
chain in Pluronic® F-127 and Tween (Figure 6¢ and ESI, Figure S44-546). IMC protons H,, H, and H. in formulations
were excluded from the analysis, due to their proximity to the peaks of surfactants that were irradiated. To avoid
such direct irradiation being transferred to H; through space it has also been excluded from the analysis. In NMR
spectra of all three surfactants at concentrations near CMC H, and H; protons overlapped. Therefore, in these
formulations ASTD for both protons could not be calculated separately (ESI, Figure S45-546).
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Figure 6. (a) Scheme of STD experiments investigating ligand-protein/micelle-drug interactions. (b) Structure of
Pluronic® F-127, Tween 20, Tween 80, SLS with hydrophilic parts in green frame and hydrophobic parts in blue
frames irradiated during experiments. (c) DEEP-STD factor of FLU and IMC within micellar systems composed of
4.0 mM Pluronic® F-127, 41 mM Tween 20, and 38 mM Tween 80.

While each model drug displayed a distinct pattern of the contacts upon irradiation of the hydrophilic or
hydrophobic part of the micelle, the map of contacts obtained in DEEP-STD NMR experiments was similar among
the studied surfactants (Figure 6). This suggests similar orientation of the drug towards hydrophilic and
hydrophobic parts of the micelles. The obtained map of interactions was consistent across the investigated
surfactant concentrations regardless of the surfactant used (Figure S41-546).

Calculated DEEP-STD factors correlated well with the data of *H NMR chemical shifts perturbation. Analysis of
the ASTDs of FLU revealed that throughout the studied formulations, protons H, and H, exhibited proximity to
the hydrophilic part of surfactants whereas protons H, and H. were involved in interactions with hydrophobic
moieties in surfactant. Based on 'H chemical shift changes, protons H, and H, experienced deshielding (Figure
3-4 and ESI, Figure S24 and S38) most likely from neighboring electronegative oxygen in hydrophilic ethoxy
groups. Accordingly, H, and H. were shifted upfield in 1D *H NMR spectra. Furthermore, protons in IMC series
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for which ASTD was calculated exhibited the largest perturbation in local environment meaning the largest
changes in chemical shifts in 'H NMR spectra (Figure 4 and ESI, Figure $29). Although FLU and IMC were localized
between hydrophilic and hydrophobic parts of surfactants’ structures, the majority of protons in more
hydrophobic IMC was found to interact with hydrophobic moieties of the surfactants. Previous models of
micelles postulated that polar molecules are solubilized preferentially in palisade layer,*® while our NMR and MD
(see below) data suggested that drug molecules can undergo partitioning between hydrophilic and hydrophobic
domains at the micelles surface.

Molecular Dynamic simulations of micelles loaded with fluconazole or indomethacin.

Micelle models loaded with FLU or IMC showed the same behaviour as pure micelles (ESI, Section 5). In few cases,
due to the way of forming the micelles, some drug molecules were trapped inside the micelles and were not able
to diffuse to the surface. However, this did not affect to the overall micelle dynamics and shape, except in the
case of Tween 20 in presence of IMC (discussed below).

At 30 ns of simulation, all the studied systems yielded a stable structure, and only the drug molecules showed
some fluctuation on the surface of the micelles. Therefore only the last 20 ns of each simulation will be
considered for the description of each micellar system.

Figure 7. Snapshots at 50 ns of the MD simulation with the micelles loaded with FLU, corresponding to Pluronic®
F-127 (a), Tween 20 (b) and SLS (c). FLU is represented in thick tubes, and explicit water molecules have been
removed for clarity. PEO polar chains are represented as blue surfaces and hydrophobic PPO and lauryl chains
are shown as orange surfaces for Pluronic® F-127 and Tween 20. Sodium ions are shown as blue spheres in the
SLS system.
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FLU molecules showed a random distribution across the Pluronic® F-127 micelle surface, with no distinct
preference towards the hydrophobic or hydrophilic domains (Figure 7a). However, those FLU molecules close to
propoxy chains showed a preferred conformation pointing the difluorophenyl ring towards the micelle core, in
closer contact with the hydrophobic blocks (ESI, Figure S47). Similarly, FLU molecules in presence of the Tween
20 micelle did not show a structured pattern, probably due to the homogeneous distribution of hydrophobic and
hydrophilic chains on the micelle surface (Figure 7b and ESI, Figure S48).

When incorporated into SLS micelles, FLU molecules were located preferentially at disordered edges of the
micelles, as lauryl chains were partially exposed to the solvent (Figure 7c). Also, in most of FLU molecules,
difluorophenyl moiety was oriented parallel to the hydrophobic chains, while triazole rings were exposed to the
surface. This arrangement was in agreement with the higher chemical shift displacement observed for the
methylene groups closer to sulphate in SLS (ESI, Figure S49).

The block co-polymeric nature of Pluronic® F-127 and Tween 20 resulted in the formation of compact micellar
aggregates that were not permeable for drug or water molecules. Hence, addition of drugs to the preformed
micelles led to a surface interaction in all cases, except in the case of SLS aggregates.

To study the effect of pH on the interaction between IMC and the micelle, both protonation states of IMC were
simulated. As both cases displayed the similar behaviour, only the results for the ionised IMC were described, as
it is the main protonation state at neutral pH.

During the formation of Pluronic® F-127 micelles few molecules of IMC were trapped inside the micelle, but this
did not affect the properties and dynamics of the overall micelle. During the last 20 ns of the simulation, all IMC
molecules were distributed over the micelle surface without showing any preference for hydrophilic or
hydrophobic blocks (ESI, Figure S50). The most populated conformation for Pluronic® F-127 placed the indole
ring parallel to the micelle surface, with the 4-chlorobenzamide ring out of the indole plane and partially buried
in small clefts on the micelle surface (Figure 8a).

The Tween 20 micelle formed in presence of IMC showed a more homogeneous distribution of the laureate
chains over the micelle surface, reducing the size of hydrophobic aggregates. Hence, the probability of finding
IMC molecules close to laureate groups or PEG chains was very similar, as all the drug molecules were distributed
homogeneously around the micelle (Figure 8b and ESI, Figure S51).

When interacting with SLS, most of IMC molecules were placed on the edge surroundings, similarly to FLU, where
they can get close the hydrophobic chains without going through the high-polar sulphate layer, and avoid the
proximity of the SLS sulphate groups to the IMC carboxylate, both negatively charged (ESI, Figure S52). The
charged carboxylate was exposed to solvent, while both the 4-chlorophenyl ring and the methoxy group point
towards the micelle centre, surrounded by hydrophobic chains (Figure 8c).

Figure 8. Snapshots at 50 ns of the MD simulation with the micelles loaded with IMC, corresponding to Pluronic®
F-127 (a), Tween 20 (b) and SLS (c). IMC is represented in thick tubes, and explicit water molecules have been
removed for clarity. PEO polar chains are represented as blue surfaces and hydrophobic PPO, lauryl chains are
shown as orange surfaces. Sodium ions are shown as blue spheres in the SLS system.
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Probing drug solubilization within the micelles via NMR spectroscopy.

Below we discuss properties of the drug and surfactants that affect the solubilization of the drug within the
micelles in the context of NMR data and complementary results from other analytical techniques (see
summarizing Figure 9).

Drug partitioning in micellar systems between aqueous phase and micellar phase
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Figure 9. Properties of the drug and surfactants enabling effective drug solubilization within the micelles
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Compared to IMC, FLU displayed a weaker affinity to the surfactant molecules as demonstrated in 1D and 2D
NMR as well as STD measurements regardless of the surfactant used or its concentration. As FLU is more soluble
in water in comparison to IMC (logP = 0.5%° vs. 4.3%%; water solubility 18.0 mM vs. 0.055 mM as established by
HPLC, Figure 5) one may expect FLU undergoes fast exchange between aqueous and micellar phases while IMC
with higher logP interacts preferably with micelles.

Even the addition of small quantities of surfactant to IMC solution resulted in substantial increase in IMC
solubility (Figure 4). For example, IMC solubility in Pluronic® F-127 at 4.0 mM increased 10 times compared to its
water solubility (0.55 mM vs. 0.055 mM) while in both Tween 80 and Tween 20 the drug’s solubility increased
6.7 and 4.4 times respectively (0.37 mM and 0.24 mM IMC at 4.0 mM of each Tween). Although the smallest
solubility increase of IMC (i.e. 1.7 times (0.091 mM)) was observed at 4.0 mM SLS (i.e. below its CMC value, ESI,
Figure S40), increasing the surfactant concentration above CMC (173 mM which means ca. 20-25xCMC) resulted
in ca. 91 times higher IMC solubility (5.0 mM and 0.055 mM respectively). On the contrary at 4.0 mM surfactant
concentration maximum FLU solubility was determined as 20.8 mM (Tween 80), 18.7 mM (Pluronic® F-127), 18.6
mM (Tween 20) and 18.5 mM (SLS) as compared to 18.0 mM FLU water solubility indicating only minor FLU
solubility increase (from 1.03 to 1.16 times) (ESI, Figure S28). These results were consistent with the findings
reported by Nguyen-Kim et al.>! The solubility of model carbamazepine (logP = 2.1-2.7) and fenofibrate (logP =
5.2) in Pluronic micelles was significantly higher for poorly water soluble fenofibrate than for carbamazepine.>!
Varshoaz et al.>? reported that doxorubicin (logP = 0.9-1.4) solubilized within Pluronic micelles exhibited low
partition coefficient between water and micelles. The drug solubility results agree with previously reported
observations that the longer the hydrophobic chain of the surfactants, the larger the solubilization increases for
both polar and non-polar drugs.*®

Drug partitioning into micellar phase can be correlated with the changes in chemical shift values of each
component.

IMC incorporated micelles in comparison to FLU loaded micelles displayed more significant changes in 'H NMR
chemical shifts of drug protons (A& 10 vs. 10?) (Figure 9). In case of IMC that interacts with micelles more
strongly, the 10 times larger changes in the chemical shift perturbations for selected protons were observed as
compared to FLU regardless of surfactant used. In 4.0 mM Pluronic® F-127 loaded with 19 mM FLU i.e. the
maximum drug solubility in that formulation (Figure 5), 0.015 ppm change in chemical shift of multiplet H.,. was
observed while 0.54 mM IMC addition (its maximum solubility within 4.0 mM Pluronic® F-127 solution) resulted
in 0.22 ppm shift of H, proton of indole ring (Figure 3-4 and ESI, Figure S38). Similar observations were made for
both Tween systems (Figure 3-4 and ESI, Figure S29 and S38).

Similar differences in the magnitude of *H chemical shifts perturbations were observed for surfactant peaks in
the drug loaded formulations. Methyl protons in propoxy group of 2.4 mM Pluronic® F-127 were shifted by a
maximum of 0.013 ppm in case of IMC series in comparison to a maximum shift of 0.006 ppm in FLU series. In
Tween 20 and Tween 80 micellar systems addition of FLU and IMC caused maximum 0.02 ppm and 0.05 ppm
change of surfactant protons at 41 mM and 38 mM, respectively (signal 4 of Tweens in Figure 1a). Such
differences were less apparent in SLS micellar systems (ESI, Figure S29 and S37).

The cross-relaxation signals indicate formation of drug-surfactant assembilies.

Correlating solubility data with cross-relaxation peaks in NOESY spectra enabled us to observe that the
enhancement of the drug solubility resulted in the presence of same phase as diagonal intermolecular drug-
surfactant cross-peaks. As a consequence of higher polarity and better water solubility, the majority of FLU
molecules was in the free state rather than interacting with micelles. These data were in line with the previous
findings®? that solubilizate is present in micelles and in the solution rather than being exclusively dissolved in the
solution below its solubility concentration and only after exceeding that value begins to be solubilized within
micelles. Hence, in FLU micellar solutions intramolecular FLU cross-peaks in 2D NOESY had the opposite sign to
the diagonal indicating fast tumbling rate. This can also explain that little saturation transfer was observed in FLU
incorporated micelles (nsp <1%). In contrast, the preferable localization of IMC within the micelles can be
concluded from 2D NOESY spectra where intramolecular drug-drug cross-peaks had the same phase as the
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diagonal, indicating the drug experienced the tumbling rate similar to macromolecular aggregates. The size of
the micelles and the aggregation number strongly depend on both the surfactant and its concentration as
observed in TEM images and DLS measurements (e.g. at 1.6 mM Pluronic® F-127 up to 89 molecules are expected
to form a micelle, while for Tween 20 and Tween 80 22 and 27 molecules form micelles below 0.9 M and 60-90
SLS molecules assemble in the 20-173 mM range).>*>6 Taking into account the molecular weight and the
aggregation number of the investigated surfactants,>*>¢ all analyzed assemblies resembled macromolecules.
Approximated masses of the micellar aggregates ranged from around 2 to 150 times of peptide mass (ca. 7.5
kDa). Macromolecules show a low tumbling rate and short transverse relaxation times. Upon binding to micellar
aggregates the drug acquires its tumbling rate, leading to the lowering its own T,. This phenomenon was
observed in 'H NMR spectra as broadening of drug NMR signals (e.g. Figure 4c, 4f, and ESI, Figure S24c, g). In
samples at concentration near the CMC values where the drug was soluble to a small extent, only drug-drug and
surfactant-surfactant intramolecular cross-peaks were present.

The map of preferential drug—micelle interactions can be obtained via DEEP-STD NMR.

The irradiation of the hydrophilic or hydrophobic parts of the micelles structure enabled us to obtain the map of
drug micelles interactions within minutes. This is particularly important at low ratios of drug to surfactant
concentrations (resulting in low signal to noise) or spectral crowding that makes application of standard 2D
NOESY techniques challenging. As this method was applied here for the first time, several practical aspects
needed to be addressed. Firstly, the surfactant concentration required to obtain distinct STD NMR signals was
much higher compared to the protein concentration when probing protein-ligand interactions (where 10-50 uM
of protein was normally used).’” Furthermore, to probe protein-ligand interactions by STD NMR, a
[protein]:[ligand] ratio of 1:50 to 1:20 was generally used,*” while the molar ratio between surfactant and the
drug in the investigated formulations (where STD signal detected) was larger than 1 (see ESI, Table $12-S13, S15-
S17). This, however, did not indicate an excess of the receptor with respect to the ligand, as a receptor was a
supramolecular assembly formed in the solution in situ by a large number of aggregated molecules. Based on the
available reports one can assume that 27 Tween 80 molecules can form a stable micelle, therefore corrected
[micelle]:[drug] ratio (7.6 mM Tween 80 to 13.1 mM FLU, Table S13) was not 1:1.7, but 1:46 once the aggregation
number was taken into account. Therefore the true [surfactant]:[drug] (followed by [micelle]:[drug]) ratio in
micellar formulations was close to the value used to probe protein-drug interactions (i.e. 1:50).

The size of the surfactant moieties and their packing density play an important role in the saturation transfer to
the drug. Among investigated surfactants, Pluronic® F-127 (ca. 12.6 kD) have the highest molecular weight that
resembles a small protein in size. Therefore, STD signals were already observed in FLU formulations with
Pluronic® F-127 at ca. 4.0 mM surfactant concentration, whereas higher concentration were needed in case of
the Tweens, namely 7.6 mM for Tween 80 and 24 mM for Tween 20 (ESI, Table S11-513 and Figure S41-S43). In
case of dynamic assemblies formed by low molecular weight SLS (288 g/mol) the saturation transfer to
hydrophilic FLU was not detected across investigated formulations.

STD signals in IMC series were observed only after saturation of SLS methylene protons at 1.2 ppm (signal 2 at
Figure 1a, ESI, Table S18). This agrees well with the preferable localization of IMC within the micelle core. These
proton sites experienced the largest A and cross-peaks in *H-'H NOESY spectra indicated their proximity to drug
protons (ESI, Figure S29d and Figure S36b). The lack of the saturation transfer from the hydrophilic part of SLS
can be explained by repulsion between the negatively charged sulphate groups and IMC carboxylate, in
agreement with MD simulations. Furthermore, STD signals were detected for IMC series in some cases even
below the CMC values of neat surfactants (ESI, Table S15-S17 and Figure S44-S46) while in FLU containing
materials much higher drug concentrations had to be reached for STD signal to be detectable. As indicated by
Sharp et al.,>3 the presence of molecules with hydrophobic properties stimulated formation of micelles resulting
in lowering CMC that is known as hydrophobic effect.*> We also observed such effect during surface tension
measurements of FLU surfactant solutions during micellization (ESI, Section 6). It could have even greater effect
in series loaded with hydrophobic IMC as its solubility increased substantially even at low surfactant
concentrations. The effect of temperature on application of DEEP-STD NMR is discussed in ESI (ESI, Section 7).
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CONCLUSIONS

In this work, structure, assembly and interactions underlying partitioning of small molecule guests
within micelles were investigated by NMR spectroscopy supported by complementary analytical techniques and
MD simulations. Eight model micellar systems composed of structurally distinct surfactants (ionic, nonionic, block
polymer) with different aggregation properties (CMC values, aggregation numbers) and two small molecule drugs
(FLU and IMC) differing in their partition coefficient were used as models to understand the molecular processes
that drive drug partitioning within micellar systems.

The NMR data supported by atomistic MD simulations of micelles interacting with the small molecule
drugs indicate that the frequently adopted core-shell model does not hold true for polymeric micelles composed
of polyoxyethylene derivatives, used often in pharmaceutical drug delivery. In the case of Pluronic® F 127 and
Tween 20 block surfactants compact micellar assemblies were formed. The repulsion between hydrophilic and
hydrophobic moieties in those surfactants does not induce a layered segregation of micelles, offering a surface
composed of both hydrophilic and hydrophobic domains. These differed from the structure formed by low
molecular weight surfactant such as SLS. Correlation of 2D NOESY and multifrequency DEEP-STD NMR at
different drug-surfactant ratios with solubility data provided mechanistic insights into formation of drug-micelles
aggregates enabling us to elucidate whether the drug was preferably located in an agqueous or micellar phase.
Efficient drug micellar solubilization was observed for IMC that has a higher logP than FLU. For both drugs, the
solubilization ability of surfactants was in the following order SLS > Tween 80 > Tween 20 > Pluronic® F-127.

We propose that this methodology can be a valuable tool in fast screening of drug-micelle interactions.
Mapping drug-surfactant interactions using 1D, 2D and multifrequency DEEP-STD NMR combined with
complementary analytical techniques provides a molecular level understanding of the transient host-guest
interactions in soft materials. The proposed methodology can be translated to other soft nanomaterials (e.g.
nanovesicles and liposomes) to accelerate the knowledge-based design of advanced nanosized drug delivery
systems and partitioning processes taking place in biological systems.
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