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ABSTRACT 

 Hypothesis: Hydrophobic ion pairing (HIP), a solubility engineering technique in which 

ionic hydrophilic molecules are paired with a hydrophobic counterion, is an attractive strategy for 

encapsulating ionic water-soluble species into nanocarriers (NC). Drug release from NCs 

containing HIP complexes is sensitive to ionic strength, pH, and drug:counterion charge ratio, but 

the exact mechanism for this was unknown, as was the underlying microstructure inside the NC. 

We hypothesize that HIP complexes arrange into liquid crystalline structures in NC cores and that 

these structures are responsible for salt- and pH-dependent release. 

 Experiment: A model hydrophobic ion pair from the cationic antimicrobial peptide 

polymyxin B sulfate and the anionic counterion sodium oleate is encapsulated into ~100nm NCs 

formed using Flash NanoPrecipitation (FNP) and stabilized with an amphiphilic diblock 

copolymer, poly(caprolactone)-b-poly(ethylene glycol). Internal structures are observed by 

synchrotron small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM) 

following NC formulation and are found to vary with polymyxin:oleate charge ratio. In vitro drug 

release is also measured at two pHs and two charge ratios. 

Findings: For a formulation containing a four-fold charge excess of oleate relative to 

polymyxin, internal structures rearranged from a lamellar phase into an inverse hexagonal phase. 

The hexagonal phase formation corresponds to a greatly reduced rate of polymyxin release, 

suggesting that the polymyxin was incorporated into the center of hexagonally-packed rods. When 

release tests are repeated using phosphate-buffered saline (PBS) at pH 2.0 to ensure protonation 

of the oleic acid, all internal structures are eliminated and release occurs much faster than at neutral 

pH, regardless of charge ratio. These findings shed light on the mechanism behind stimulus-

responsive drug release from systems containing hydrophobic ion pairs and enable the rational 



design of controlled-release formulations by manipulating the formation and dynamics of liquid 

crystalline phases inside NCs. 

  



INTRODUCTION 

 Hydrophobic ion pairing is the process of forming water-insoluble species from charged 

hydrophilic molecules by ionically complexing them with oppositely-charged hydrophobic counterions, 

which are most commonly monovalent or divalent and with a molecular weight under 500 Daltons (Da)1,2. 

The technique has gained prominence as a means of encapsulating charged small molecule and 

peptide/protein therapeutics into nanocarriers, which are otherwise difficult to encapsulate at high loadings 

and with high encapsulation efficiencies. Encapsulating a hydrophobic ion pair can be accomplished using 

a range of possible techniques developed for formulating poorly water-soluble drugs into nanocarriers – 

e.g. nanoprecipitation3,4 or emulsification5,6,7,8.  

 The literature describing HIP for drug delivery has largely focused on using the technique to 

complex and then encapsulate charged hydrophilic therapeutics1. Multiple studies have demonstrated the 

ability to modulate the release rate of a complexed/encapsulated drug by changing the hydrophobic 

counterion9,10,11,12,5 or the drug:counterion charge ratio11,13,14. These NCs, containing hydrophobic ion pairs, 

display stimulus-responsive drug release based on ionic interactions mediated by salts15,16,5,17,18,19 and 

pH20,21,14,19,22,23,5,24,25. The ability to design stimulus-responsive delivery systems is one of the most attractive 

features of these systems, but the internal microstructure and physical chemistry of drug:counterion cores 

that is responsible for stimulus-responsive release had not been investigated. 

  Controlling the delivery and release profile of highly charged, hydrophilic peptides remains a 

challenge which can potentially address multidrug resistant (MDR) microbial infections, and nanomedicine 

is increasingly looked to for a solution. We previously developed a nanocarrier system for controlling the 

delivery of the highly cationic peptide antibiotic polymyxin11. The polymyxin was ion paired with a range 

of hydrophobic anionic counterions to probe the impact of counterion structure on release kinetics. Release 

varied strongly with both the counterion concentration and the drug:counterion charge ratio. We 

hypothesized in that study that this was due to the presence of liquid crystalline counterion phases forming 

from the combination of drug and counterion in or around the nanocarrier cores. In this work, we 

demonstrate that liquid crystalline ordering is indeed present in nanocarriers prepared using the 



polymyxin:oleate ion pair (Figure 1) and that the ordering responds dynamically to ionic strength and pH. 

We prepared nanocarriers using two different drug: counterion charge ratios and characterized the internal 

structure of the NCs using synchrotron small-angle X-ray scattering (SAXS) and electron microscopy. We 

also measured drug release from the carriers and show that incorporation of polymyxin into liquid crystals 

of different phases produces different drug release rates. 

 

Figure 1: The structures of chemicals used in NC formulations. Polymyxin B sulfate (A) is a cyclic peptide 

with five lysine groups and an apolar 8-carbon tail. Sodium oleate (B) is the sodium salt of the fatty acid 

oleic acid and has a carboxylic acid head group and a nonpolar 18-carbon tail. Poly(caprolactone)-b-

poly(ethylene glycol) (C) is an amphiphilic block copolymer used to impart steric stability on NCs by 

installing a dense PEG brush on the surface. Complexes made of cationic peptide and hydrophobic 

counterion arrange into liquid crystalline structures in the NC core. Liquid crystal phase varies with charge 

ratio and environment and controls drug release from NCs. 

 

  



MATERIALS AND METHODS 

MATERIALS 

 Polymyxin B (PMB) sulfate was purchased from CalBioChem (San Diego, CA, USA). Sodium 

oleate (NaOL) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as a counterion in 

hydrophobic ion pairing. Polycaprolactone-b-poly(ethylene glycol) (PCL5k-b-PEG5k) was purchased from 

PolymerSource (Montreal, Quebec, Canada) and used as a NC stabilizing agent. Hydroxypropyl 

methylcellulose acetate succinate (HPMCAS) was a gift from Dow Chemical and used as a NC stabilizing 

agent. Bicinchoninic acid assay reagents were purchased from Thermo Scientific (Waltham, MA, USA) 

and used to quantify peptide concentration. Corning 96 well, clear, circular flat bottom, half-area 

microplates were used for the BCA assays. Amicon 30kDa centrifugal ultrafilters (EMD Millipore, 

Billerica, MA, USA) were used to separate NCs from unencapsulated peptide. Tetrahydrofuran (THF) 

(HPLC grade, 99.9%) and methanol (HPLC grade, 99.9% purity) were purchased from Fisher Chemical 

(Loughborough, Leicestershire, UK). Water was MilliQ grade. 

NANOCARRIER FORMULATION AND CHARACTERIZATION 

NCs were formed by Flash NanoPrecipitation using a confined impinging jet (CIJ) mixer. Two 

formulations with different polymyxin B:oleate charge ratios, namely 1:1 and 1:4 PMB:OL, were studied 

in this work. For the former formulation, NaOL was dissolved in methanol at 11.7 mg/mL; PCL-b-PEG 

was dissolved in THF at 10 mg/mL. Equal volumes of these two solutions were mixed to yield a 50/50 (v/v) 

THF/MeOH mixture containing 5 mg/mL PCL-b-PEG and 5.85 mg/mL NaOL. PMB sulfate was dissolved 

in water at a concentration of 5 mg/mL. These concentrations of PMB and NaOL correspond to a 1:1 

PMB:OL charge ratio, or a 1:5 PMB:OL molar ratio, at pH 7 (that is, assuming all oleates are ionized). 

When the two solutions were rapidly micromixed in a CIJ mixer, in situ hydrophobic ion pairing took place 

between anionic oleate ions and polymyxin’s cationic lysine groups; the resulting complex assembled by 

diffusion-limited aggregation and was stabilized by the adsorption of PCL-b-PEG, yielding NCs with 

narrow polydispersity and a neutral charge owing to the dense PEG brush installed on the surface. The NCs 

were then immediately further diluted in 8 mL of water to prevent Ostwald ripening over time. In the latter 



formulation, the organic feed stream contained 23.4 mg/mL NaOL, corresponding to a 1:4 PMB:OL charge 

ratio, or a 1:20 PMB:OL molar ratio, at neutral pH. Following FNP, NC size was measured using dynamic 

light scattering (Malvern Zetasizer Nano, Malvern Instruments). NCs were diluted tenfold in water prior to 

measurement to reduce multiple scattering. Measurements were performed in triplicate. 

Encapsulation efficiency was determined by separating dispersed NCs from free polymyxin B. This 

was accomplished by centrifuging 1 mL of the NC suspension at 14,000g for 20 min on a primed 30k 

MWCO Amicon filter. Filters were primed by first performing the same centrifugation using 1 mL of 0.2 

mg/mL aqueous Tween 20. Priming was done to mitigate polymyxin B binding to the filter. PMB lost to 

the primed filter was quantified and found to be less than 5% across the concentration range of interest. In 

the NC separation, liquid containing unencapsulated polymyxin flowed through the filter and was collected 

and measured using the bicinchoninic acid (BCA) assay. BCA reagent (0.12 mL) was added to 0.03 mL of 

sample and incubated at 37°C for 30 min. Reduction of Cu2+ by peptide bonds in the sample evolved a 

purple colour proportional to the concentration of peptide. Absorbance at 562 nm was measured using a 

Perkin Elmer EnSpire Multimode Plate Reader and correlated to peptide concentration using a standard 

curve. The concentration of polymyxin in the unseparated NC suspension was also measured. 

Measurements were performed in triplicate. Encapsulation efficiency was calculated using the following 

equation: % EE = 100 (1 −
𝑐polymyxin in flowthrough fraction

𝑐polymyxin in unseparated fraction
) 

BULK HYDROPHOBIC ION PAIR PREPARATION 

Bulk hydrophobic ion pairs were prepared in water at 5 mg/mL polymyxin B sulfate and either 5.85 

mg/mL (1:1 PMB:OL) or 23.4 mg/mL (1:4 PMB:OL) sodium oleate by pipetting together 0.5 mL of a 

solution containing 10 mg/mL polymyxin B sulfate in water with 0.5 mL of a solution containing 11.7 

mg/mL (1:1 PMB:OL) or 46.8 mg/mL (1:4 PMB:OL) sodium oleate in water. The mixed solution became 

turbid as hydrophobic ion paired complexes formed and precipitated. A second set of samples were 

prepared in this way and, following mixing, 0.1 mL of 10x phosphate-buffered saline (PBS) was added to 

1 mL of sample to yield a 1x PBS environment. 



IN VITRO DRUG RELEASE 

The release of polymyxin from NCs was determined by dialyzing 5 mL of the NC suspension 

against 500 mL of 1x PBS (pH 7.3) or 1x acidic PBS (pH adjusted to 2.0 with 12M HCl) using a 6-8k 

MWCO dialysis membrane. Aliquots were taken from inside the dialysis membrane over time and the 

polymyxin concentration in each aliquot was measured using the BCA assay. Release fraction was 

calculated accounting for encapsulation efficiency using the following equation: % release =

𝑐polymyxin in aliquot−𝑐polymyxin in flowthrough fraction from EE measurement

𝑐polymyxin in unseparated fraction from EE measurement 
. 

SMALL-ANGLE X-RAY SCATTERING (SAXS) 

SAXS measurements were performed at the Small and Wide Angle X-ray Scattering 

(SAXS/WAXS) beamline of the Australian Synchrotron26, part of ANSTO. For NC formulations, the 

autoloader environment developed at the Australian Synchrotron was used for all measurements at the 

ambient temperature of the SAXS/WAXS experimental hutch, which is typically 27°C. Samples of each of 

the two NC formulations were prepared in water, 1x PBS at pH 7.3, and 1x PBS at pH 2.0 by dialysis and 

dilution and allowed to equilibrate for three days. Aliquots (100 μL) were loaded into 96-well plates and 

covered with a silicone mat to prevent evaporation. The samples were drawn one at a time into a quartz 

capillary held stationary in the X-ray beam, and up to 13 scattering measurements were performed as the 

solution was drawn into and then ejected from the capillary back into the sample well. The capillary was 

then washed with water and 2% Helmanex detergent solution. The capillary was filled with water, and the 

background scattering from the water-filled capillary was recorded to monitor capillary contamination due 

to beam damage prior to the next sample being measured. Scattering was recorded for 1 sec at a 

sample−detector distance of 2038 mm with a photon energy of 11.5 keV (wavelength λ = 1.078 Å) which 

yielded a detectable q range of (0.007 < q < 0.664) Å-1. 2D scattering patterns recorded on a Pilatus 2M 

detector were radially integrated into 1D plots of scattered X-ray intensity I(q) versus q [scattering vector 

q = (4π/λ)sinθ where 2θ is the scattering angle] using the in-house developed software package 

ScatterBrain. The scattering profiles were put on an absolute scale with units of cm−1 using the scattering 



from water as a standard. Background scattering from PBS buffer in the capillary was subtracted from the 

measured data on each PMB:OL sample. 

Bulk hydrophobic ion pairs were allowed to equilibrate for three days prior to measurement. Lower 

viscosity samples were pipetted into glass capillaries loaded into a capillary holding rack mounted in the 

beam path, and higher viscosity samples were sandwiched in holes in a copper sample holder which were 

sealed with an upper and lower layer of Kapton tape, which was then mounted in the beam path. Scattering 

was recorded for 1 sec at a sample−detector distance of 1693.12 mm with a photon energy of 13 keV 

(wavelength λ = 0.95372 Å) giving a q range of (0.011 < q < 1.161) Å-1. Scattering patterns were integrated 

as described above without background subtraction as the diameters (scattering volumes) of the individual 

capillaries used with the free-standing capillary holder were not all the same. 

ELECTRON MICROSCOPY 

Samples of the 1:4 PMB:OL formulation were prepared in Milli-Q water, 1x PBS at pH 7.3, and 

1x PBS at pH 2.0 by dialysis following FNP. The latter two conditions were allowed to equilibrate for three 

days. Samples were then washed by repeated dilution with water and concentration over a 100kDa MWCO 

Amicon filter (EMD Millipore, Burlington, MA) to remove salts prior to placement on the TEM grids. To 

prepare samples for electron microscopy, 5 μL of the NC suspension was pipetted onto a carbon-coated 

copper TEM grid (Ted Pella, 200 mesh flat carbon grid) cooled to -80 °C over dry ice and then lyophilized 

at -20 °C and 150 mTorr for 60 min. The grids were then stained for 60 s in a custom, sealable PMMA 

chamber containing a magnetically-stirred ruthenium tetroxide generator bath composed of 15 mg RuO4 

and 250 mg NaIO4 in 10 mL of deionized water. Brightfield TEM imaging was performed on a Talos F200X 

S/TEM instrument with 200 kV accelerating voltage. 

  



RESULTS  

NANOCARRIER FORMULATION AND CHARACTERIZATION 

 Monodisperse polymyxin + oleate NCs stabilized by poly(caprolactone)-b-poly(ethylene glycol) 

(PCL5k-b-PEG5k) were formed by FNP with in situ hydrophobic ion pairing at both 1:1 and 1:4 

polymyxin(PMB):oleate(OL) charge ratios. Specifically, the 1:1 PMB:OL formulation contains five oleate 

molecules (close to one negative charge each at neutral pH) per polymyxin (five positive charges each, at 

neutral pH). The charge ratio is subject to change with respect to pH since carboxylic acid group of the 

oleate is protonated at low pH and the lysine residues of polymyxin are deprotonated at high pH27,28. Our 

naming convention herein is to refer to each of the two formulations by its initial charge ratio upon 

formation (FNP was performed at a neutral pH here) and note when conditions such as low pH affect the 

charge ratio. The NCs were stabilized by inclusion of poly(caprolactone)-b-poly(ethylene glycol) (PCL5k-

b-PEG5k) as an amphiphilic polymeric stabilizer. A control formulation prepared without OL yielded PCL-

PEG micelles less than 50nm in diameter and with a PDI > 0.3, indicating no PMB encapsulation (data not 

shown). 

The 1:1 PMB:OL formulation resulted in NCs with a size distribution centered on 130 ± 15 nm as 

mean diameter with a polydispersity index (PDI) of 0.07 ± 0.02 (averaged across four different 

preparations). The 1:4 PMB:OL formulation resulted in a mean particle size of 110 ± 4 nm in diameter with 

a PDI of 0.06 ± 0.02 (averaged across five different preparations). Encapsulation efficiencies (EEs) of PMB 

for the two formulations were calculated to be 98 ± 1% for the 1:1 PMB:OL formulation and 86 ± 2% for 

the 1:4 PMB:OL formulation. The lower encapsulation efficiency reported in the 1:4 PMB:OL case is in 

line with the results reported previously11 and may be due to the formation of a small micelle population 

from excess oleate that could incorporate PMB and may not be associated with the larger NCs that are 

formed. This may also explain the slightly smaller z-average NC size for this formulation. Size and EE 

results are summarized in Figure 2. 

 



 

Figure 2: Dependence of NC size distribution on polymyxin:oleate ratio determined using dynamic light 

scattering. Inset into the legend are the Z-average NC diameter, polydispersity index, and polymyxin B 

encapsulation efficiencies for each formulation. 

 

NANOCARRIER INTERNAL STRUCTURE 

The internal structure of the two NC formulations was measured by SAXS in water, PBS pH 7.3, 

and PBS pH 2.0 (Figure 3, graphs A and B). In some cases, only a single diffraction peak was evident from 

the scattering profiles, which indicated the presence of ordered liquid crystalline phases, but that is 

insufficient for unambiguous phase identification. Consequently, to help identify the liquid crystalline 

phases of the structures seen in the NCs, concentrated samples of bulk hydrophobic ion pair (HIP) at a 1:1 

PMB:OL and 1:4 PMB:OL ratio were also prepared in water and in PBS pH 7.3. The SAXS profiles of 

these concentrated samples were also acquired (Figure 3, graphs C and D). The results of the SAXS 

measurements are summarized in Figure 3 and Table 1, and lattice parameters are included for ease of 

comparison. The lattice parameters shown in Table 1 were calculated according to the following equations: 



𝑎 =
2𝜋

𝑞
 for lamellar phases and 𝑎 =

4𝜋

𝑞√3
 for hexagonal phases29. The features seen by microscopy in Figure 

4 A-D appear to fall within the same order of magnitude as the calculated lattice parameters. 

 

Figure 3: Dependence of structure formation on NC composition and environment measured using SAXS. 

The top panels are dispersed dilute NCs prepared by FNP, and the bottom panels are bulk ion paired material 

to boost scattering intensity. The profiles for the 1:1 PMB:OL composition are Panels (A) and (C) and those 

for the 1:4 PMB:OL composition are in Panels (B) and backgrounds were subtracted from NC profiles (A 

and B) prior to plotting. The broad peak at q = 0.4 Å-1 is from Kapton tape used to hold samples in place. 

Profiles are offset in intensity for clarity. In the 1:1 PMB:OL NC case, initial ordering was seen in water, 

which was unchanged in PBS at pH 7.3 and eliminated in PBS at pH 2.0. In the 1:4 PMB:OL case, initial 

ordering was seen in water, but rearrangement into an inverse hexagonal phase occurred in PBS at pH 7.3. 

As with 1:1 PMB:OL NCs, no structure was seen in PBS at pH 2.0.  



Table 1. Summary of peak locations and calculated lattice parameters (single determinations) for the 

SAXS profiles in Figure 3. 

 

Profile and corresponding 
Fig. 3 graph 

Peaks and phase ID Lattice parameter 

1:1 PMB:OL NCs, PBS pH 7.3  (A)  Unidentified: [0.150 Å-1] – likely indicates 

lamellar, correlates with primary peak in HIP (C)  

Lamellar: 4.2 nm 

1:1 PMB:OL NCs, water  (A)  Unmatched: [0.149 Å-1] – possibly indicates 

lamellar, agreeing with primary peak in HIP (C) 

Lamellar: 4.2 nm 

1:1 PMB:OL bulk HIP, PBS 

pH 7.3  

(C)  Lamellar 1: [0.153 Å-1], [0.310 Å-1], [0.463 Å-1] 

 Unmatched: [0.220 Å-1]  

Lamellar: 4.1 nm 

1:1 PMB:OL bulk HIP, water  (C)  Lamellar 1: [0.153 Å-1], [0.309 Å-1], [0.462 Å-1], 

[0.615 Å-1] 

 Lamellar 2: [0.142 Å-1], [0.288 Å-1] 

 Unmatched: [0.220 Å-1]  

Lamellar 1: 4.1 nm 

Lamellar 2: 4.4 nm 

1:4 PMB:OL NCs, PBS pH 7.3  (B)  Inverse hexagonal: [0.145 Å-1], [0.251 Å-1], 

[0.292 Å-1] 

Inv. hex: 5.0 nm 

1:4 PMB:OL NCs, water  (B)  Unmatched: [0.166 Å-1] Unclear; if lamellar, 3.8 nm 

1:4 PMB:OL bulk HIP, PBS 

pH 7.3  

(D)  Lamellar 1: [0.139 Å-1], [0.279 Å-1], [0.416 Å-1], 

[0.557 Å-1], [0.695 Å-1] 

 Lamellar 2: [0.159 Å-1], [0.318 Å-1], [0.475 Å-1], 

[0.635 Å-1] 

Lamellar 1: 4.5 nm 

Lamellar 2: 3.9 nm 

1:4 PMB:OL bulk HIP, water  (D)  Unmatched: [0.155 Å-1] Unclear; if lamellar, 4.1 nm 

NANOCARRIER MORPHOLOGY 

Morphology of the NCs stored under different conditions for three days was determined using TEM 

in an effort to visualize internal structures to support the link between structure and drug release. TEM 

images of ruthenium-stained NCs are shown in Figure 4.  



 

Figure 4: TEM images of ruthenium-stained NCs (1:1 PMB:OL NCs (A, B) and 1:4 PMB:OL NCs (C, D, 

E)) exposed to various conditions over three days. In water (A and C) and PBS pH 7.3 (B and D), droplet-

like internal structures are visible. In PBS pH 2.0 (E), no internal structuring is seen. 

 

IN VITRO DRUG RELEASE 

The in vitro release of PMB from the two formulations was measured in 1x PBS (150 mM, pH 7.3) 

and acidic 1x PBS (150 mM, pH adjusted to 2.0 using 12 M HCl). Results are shown in Figure 5 and 

discussed below. In brief, faster release is seen from the 1:1 PMB:OL NCs than the 1:4 PMB:OL NCs at 

both pH 7.3 and pH 2.0. In the 1:4 PMB:OL case, a plateau in drug release is observed at both pHs; the 

mechanisms for this are discussed in detail below. Figure S3 records similar plateauing behavior for an 

experiment where the pH of the release medium was shifted after 3 days of exposure to PBS pH 7.3. 



 

Figure 5: In vitro release of polymyxin in PBS at pH 7.3 and 2.0 for 1:1 PMB:OL NCs (A) and 1:4 PMB:OL 

NCs (B). At pH 7.3, the 1:1 PMB:OL NC formulation releases polymyxin significantly faster than the 1:4 

PMB:OL NC formulation, in which a release plateau around 15% is seen. At pH 2.0, both formulations 

release their polymyxin more quickly because oleic acid is protonated and unionized at this pH. Mean 

standard deviation ±3. 

 

 

 

 

DISCUSSION 

 

 Liquid crystalline phase identification, 1:1 PMB:OL 

Liquid crystalline ordering was observed for both the 1:1 and 1:4 PMB:OL NC formulations in 

water, which corresponds to the ionic strength and pH experienced during NC formation. A single peak is 

visible in the dilute formulations and its position with respect to q-value varies with charge ratio; the peak 

apparent for the 1:1 PMB:OL is centered at q = 0.149 Å-1, while in the case of the 1:4 PMB:OL the peak is 

broader and is centered at q = 0.166 Å-1, indicating a smaller lattice parameter than the 1:1 PMB:OL case 

(blue lines, Figure 3 A and B). Neither of these peaks was seen in the scattering pattern of neat polymyxin 

sulfate or sodium oleate under these conditions and therefore indicates that internal structures are formed 

specifically by the combination of PMB and OL within the NCs30,33.  

Bulk hydrophobic ion pairs were also prepared and measured. The 1:1 PMB:OL bulk HIP in water 

(blue line, Figure 3 C) contained two lamellar phases with their first diffraction peaks at q = 0.142 Å-1 and 



q = 0.153 Å-1, as well as a weak peak at q = 0.220 Å-1 whose phase could not be identified. Peaks in the 

concentrated HIP samples correlate closely to those in the dilute NC samples, suggesting that the internal 

liquid crystal phase in the 1:1 PMB:OL NCs is lamellar.  

For the 1:1 PMB:OL formulation, no major differences in phase structure were apparent when 

exposed to water or PBS pH 7.3 as either the NCs or the bulk HIP. The second lamellar peak seen in the 

bulk HIP in water was not seen in PBS pH 7.3, but the major lamellar phase with its first diffraction peak 

at q = 0.153 Å-1 and the weak peak at q = 0.220 Å-1 were again observed. Likewise in the NCs, a single 

peak centered at q = 0.150 Å-1 was observed, compared to the peak at q = 0.149 Å-1 in water. We therefore 

conclude that the 1:1 PMB:OL NCs contain an internal lamellar liquid crystal in both water and PBS pH 

7.3. 

We note that PMB’s amphiphilic structure – its hydrophilic macrocycle and apolar tail – contribute 

to the HIP complex being able to form LC structures. Here we incorporate PMB into nanocarriers to slow 

the peptide’s release in the body, rather than to improve its antibiotic efficacy. Testing PMB’s ability to 

micellize and disrupt membranes following release from our NCs will be the subject of future work. It also 

remains to be seen whether and how other charged hydrophilic drugs will assemble into liquid crystalline 

structures in NCs, and how PMB assembles when paired with counterions other than oleate. Other 

counterions, such as docosahexaenoic acid, have been used to incorporate cationic peptides into 

cubosomes34, though in the cited case by covalent bonding rather than ion pairing. These are excellent 

candidates for pairing with PMB, and the resultant complex’s liquid crystalline phase behavior or lack 

thereof will be studied in future work. For a list of common anionic counterions used in HIP, see Ref. 1. 

Liquid crystalline phase identification, 1:4 PMB:OL 

The SAXS profile for the 1:4 PMB:OL NCs in water exhibited its first diffraction peak centered at 

q = 0.166 Å-1. The corresponding bulk HIP profile in water contained two peaks, a broad peak centered at 

approximately q = 0.125 Å-1 and a sharper peak at q = 0.155 Å-1. Neither corresponded particularly closely 

with those seen in the NC formulations and so the identity of the phase initially present in the NCs could 

not be identified exclusively. However, given the proximity of the broad diffraction peak in the dilute NC 



SAXS profile to that of the lamellar phase diffraction peaks in the other diffraction profiles, it is likely that 

the sharp diffraction corresponds to the presence of a well-ordered lamellar phase while the broad peak 

corresponds to a disordered lamellar phase. 

In PBS pH 7.3, the SAXS profile of the 1:4 PMB:OL NCs differed from the NC profile in water in 

two major ways. Firstly, two additional peaks were present at q = 0.251 Å-1 and 0.292 Å-1, indicating 

rearrangement from the initial structure into an inverse hexagonal phase with peak ratios 1:√3:√4 for the 

first three diffraction peaks (at q = 0.145 Å-1, 0.251 Å-1 and 0.292 Å-1) (Figure 3B). This inverse hexagonal 

phase was also observed in a 1:4 PMB:OL NC formulation where the stabilizer used was hydroxypropyl 

methylcellulose acetate succinate (HPMCAS) rather than PCL-b-PEG, suggesting that the rearrangement 

is insensitive to the polymer stabilizer chosen for FNP (Figure S1). The second major difference was a shift 

in the first diffraction peak position from q = 0.166 Å-1 in water to 0.145 Å-1 in PBS pH 7.3. The shift 

indicates that the inverse hexagonal phase is less closely packed than the initial structures, suggesting either 

that some polymyxin release is necessary before rearrangement could take place or that the presence of 

salts screens some of the charge-charge interactions. This is further discussed below. 

Effect of salt on LC lattice parameters 

One concept used to understand the geometric packing of amphiphiles is the critical packing 

parameter.31 The critical packing parameter (CPP) is defined as 𝐶𝑃𝑃 =
𝑉𝑇

𝐴𝐻𝐿𝑇
, where 𝑉𝑇 and 𝐿𝑇 are the 

volume and length of the hydrophobic tail (here, both constant) and 𝐴𝐻 is the area of the head group. In this 

system, salt screening is expected to reduce the effective size of the OL head group and increase the critical 

packing parameter (CPP) of the oleate anion, leading to the increase in lattice parameter in PBS pH 7.3 

compared to water. This is what is observed in the 1:4 PMB:OL NC case discussed above. Figure S2 

provides a representation of the effect of solution conditions on the state of the components and 

consequences for CPP. We note here that our measurements demonstrate the establishment of an inverse 

hexagonal phase after three days of exposure to PBS pH 7.3, but the exact time scale for this rearrangement 

remains to be studied. 



The effect of salt on the lattice parameter is significantly less prominent in the 1:1 PMB:OL case, 

where the main peak location remains the same in water and PBS pH 7.3 (Figure 3A). This difference 

between the 1:1 PMB:OL NC and 1:4 PMB:OL NC cases can be understood by considering the charged 

state of the oleate in each. In the 1:1 PMB:OL NC case, on average each OL headgroup is more tightly 

bound to its one respective PMB lysine than in the 1:4 case, where there are four OL for each PMB charge. 

In the 1:4 PMB:OL NC case, we expect a distribution of lysine-oleate ionic associations ranging from a 

lysine primarily interacting with a single oleate to a situation in which a lysine forms weaker Coulombic 

interactions with several oleates, whereas in the 1:1 PMB:OL NC case the former is more likely. This may 

also explain the broader peak width in the 1:4 PMB:OL NC case. We also expect that the weaker 

associations in the 1:4 PMB:OL NC case result in oleate head groups that are more susceptible to charge 

screening at high ionic strengths, and hence the shift in lattice. 

An excess of hydrophobic anion and exposure to an environment with 150 mM ionic strength led 

to the rearrangement into an inverse hexagonal phase seen in Figure 3. It is unknown whether intermediate 

salt concentrations between 0 and 150 mM induce the same rearrangement. It also remains to be seen 

whether the counterion’s hydrophobicity and/or geometry are other factors. In our previous study, several 

PMB:counterion 1:4 formulations were tested, but only oleate resulted in an arrested release profile that 

plateaued around 15%. The other counterions used had a lower logP (e.g. sodium dodecyl sulfate and 

sodium dodecyl benzenesulfonate) and once decomplexed in the high ionic strength environment may have 

partitioned into the bulk solution rather than remain associated with the NC core, as oleate appears to. 

Likewise, the behavior of the oleate in a release medium containing a hydrophobic sink may be different 

from the idealized case here, where the release medium only contains salts – this case is useful for isolating 

the effect of salts on liquid crystal phase behavior and rearrangement.  

Effect of LC phase on drug release, pH 7.3  

Drug release begins when NCs containing hydrophobic ion pairs are exposed to an environment 

with a significant ionic strength such as PBS. The presence of salts triggers drug release by two 

mechanisms: first, salt ions screen the ionic interactions between fatty acid head groups and lysine residues 



on the polymyxin molecules. Second, salt anions compete with the binding of the charged oleate with 

polymyxin causing unpairing of the counterion from the peptide. Following decomplexation, water-soluble 

polymyxin molecules are anticipated to diffuse from the NCs into the bulk solution, in the event that they 

do not re-complex with other fatty acids inside the NC en route. In deionized water, negligible drug release 

was observed (data not shown). 

Polymyxin release from the 1:4 PMB:OL formulation was significantly slower than the 1:1 

PMB:OL system and plateaued below 15% (Figure 5). This result was consistent with our previous study 

of this system, in which the 1:1 PMB:OL formulation eventually achieved 100% polymyxin release in PBS 

at pH 7.311. Increasing the number of hydrophobic counterions relative to the drug slows release by two 

main mechanisms: firstly, there is greater coverage of the surface area of the drug by hydrophobic oleate 

groups, excluding water and limiting salt access to the sites of charge interaction, making decomplexation 

more difficult. Secondly, any free polymyxin will be more likely to re-bind to unbound or partially-bound 

oleates during the course of partitioning out of the NC. However, neither of these mechanisms fully explains 

the incomplete release observed for the 1:4 PMB:OL formulation. We turn to the differences in LC structure 

between the 1:1 (lamellar in PBS pH 7.3) and 1:4 (inverse hexagonal in PBS pH 7.3) PMB:OL NC 

formulations for a mechanistic explanation for this phenomenon. 

The inverse hexagonal structure in the 1:4 PMB:OL NCs is expected to reflect the structure present 

during which the plateau in the release study was observed (Figure 5). The formation of such an inverse 

hexagonal phase incorporating polymyxin in the rod-like aqueous channels and with an outer oleate layer 

provides a mechanism for the incomplete release. Even if salts are able to screen the Coulombic association 

between polymyxin and oleate, free hydrophilic polymyxin is unlikely to diffuse through the ordered layer 

of closely-packed oleate tails and therefore cannot escape the inverse hexagonal phase into the bulk, 

limiting the number of pathways out of the NCs and greatly slowing release32. The same is not true of the 

lamellar ordering observed in the 1:1 PMB:OL NC case, and as expected, release is significantly more 

complete.  

Effect of LC phase on drug release, pH 2.0 



At pH 2.0, drug release for both systems was significantly faster than at pH 7.3 (Figure 5). At low 

pH, oleate ions are protonated to form free oleic acid, which may coalesce into oil droplets in the NC core. 

The combined effect of salt screening/competition and oleate protonation by acid speeds up decomplexation 

and release. Because oleates in the system become unionized, decomplexed polymyxins diffusing into the 

bulk will not encounter oppositely-charged counterions during partitioning, inhibiting this as a potential 

mechanism of slowing release. The incomplete release observed for the 1:4 PMB:OL sample at pH 2.0 is 

likely due to the unstructured oily oleic acid droplets mentioned above, which could trap polymyxin in the 

NC core similar to a water-in-oil emulsion. An interesting takeaway of this hypothesis is that inclusion of 

an uncharged unstructured oily co-core, e.g. oleate methyl ester, in the initial FNP formulation may be 

expected to form a miniature W/O emulsion in the NC core initially, inhibiting drug release to a greater 

extent than what is observed here. This remains to be tested. 

Correlation between liquid crystal structure and drug release was also evident at low pH 2.0, where 

neither NC formulation exhibited any liquid crystal ordering as shown by the absence of diffraction peaks 

in their SAXS profiles (Figure 3). This would be coincident with the rapid release of polymyxin in Figure 

5. When salt-driven decomplexation and acid-driven oleate protonation take place, the internal NC ordering 

was seen to be lost according to the SAXS measurements, which results in the more rapid release of 

polymyxin compared to at pH 7.3. Therefore, there is an apparent strong structural basis for differences in 

release at from the 1:4 PMB:OL formulation at pH 7.3 and pH 2.0. The former is due to rearrangement into 

an inverse hexagonal phase, and the latter (which is also observed in the 1:1 PMB:OL formulation) appears 

to be due to the formation of a water-in-oil emulsion of unstructured oleic acid droplets around remaining 

polymyxin in the NC core. 

Visualization of LC phases by TEM 

After 3 days in water, the cores of both NC formulations appeared to contain internal droplet-like 

structures by TEM (Figure 4 A and C). These droplets are bright on the inside and have a dark border, 

suggesting they are polymyxin surrounded by stained oleate, which would be preferentially stained by 

ruthenium. As the hydrophobic complexes precipitate during FNP, it is likely that the growing nuclei self-



assemble so as to minimize oleate exposure to water and expose polymyxin B. As more complexes add to 

the growing nucleus, pockets of polymyxin surrounded by oleate are formed; these may be the droplets 

seen in Figure 4A and C. Molecular dynamics simulations may be useful in exploring these internal 

morphologies during assembly. 

When exposed to PBS pH 7.3 for three days, internal droplet-like structures were seen for both 

formulations (Figure 4 B and D), and in PBS pH 2.0 (Figure 4E) no internal structures were visible. Taken 

together, these images support the SAXS measurements that ordered structures internal to the NCs are 

present in the system in water and PBS pH 7.3, but not in PBS pH 2.0. The structured domains are too small 

to be resolved further by this technique, so SAXS was used to more completely characterize the formation 

and dynamics of the ordered structures.  

Implications for controlled release 

The existence and dynamics of liquid crystal phases in delivery vehicles have significant 

implications on nanocarrier stability and drug release. Controlling or directing what phases are formed – 

for example, by altering the charge ratio of drug to counterion – will be a powerful tool in designing systems 

with stimulus-responsive release, such as nanocarriers that release their payload upon endocytosis into a 

low-pH endosome. It is also likely that the effect is not limited to the polymyxin:oleate system, and that 

other liquid crystalline phases could be formed by varying the counterion chemistry (e.g. head group or tail 

length) or hydrophilic ionic drug used. 

Comparison with other systems and future outlook 

Two significant differences between the NCs studied here and those in the related field of 

lipoplexes are worth noting. One is the nature of the hydrophilic ionic species being complexed and 

encapsulated. Aside from the difference in molecular weight class between nucleic acids and peptides like 

PMB, the latter have less regular spatial charge distributions than the repeating acid groups of a nucleic 

acid polymer backbone.36 The liquid crystal structures of ionically complexed PMB found here are therefore 

physically distinct from those found in lipoplexes. The second difference is the loading of the NCs studied 

here, which are 70-85% PMB:OL by mass. Rather than incorporating a charged molecule into a pre-formed 



vehicle that already has internal liquid crystalline structure, in this approach all liquid crystalline character 

arises entirely from the drug:counterion payload, which accounts for 70-85% of the vehicle’s mass. 

PMB is used here as a cationic peptide that could benefit from nanoencapsulation into a delivery 

vehicle for sustained release. Encapsulation here is not intended to improve the peptide’s efficacy as an 

antibiotic, but to delay its clearance in the body and to package it into a delivery vehicle with other useful 

characteristics such as mucodiffusivity.35 A potential therapeutic application of such a formulation would 

be pulmonary delivery for the treatment of submucosal Pseudomonas aeruginosa infections in cystic 

fibrosis patients. The formulation’s potency in such a system is beyond the scope of this current work and 

will be studied in the future. 

 

CONCLUSIONS 

The results presented here offer a mechanistic explanation for charge-ratio-dependent sensitivity 

of the polymyxin:oleate hydrophobic ion pairs to pH and salts. First, we found that liquid crystalline phases 

are formed in the cores of NCs produced by Flash NanoPrecipitation with in situ hydrophobic ion pairing 

between a charged drug and hydrophobic counterion. Second, we found that the lattice parameter of the 

liquid crystals varies with drug:counterion charge ratio and that their phase behavior varies with pH. Third, 

we demonstrate that drug release depends on these liquid crystal phases and their dynamics. The findings 

explain the mechanism behind one of HIP’s most valuable characteristics: the ability to tune drug release 

by varying counterion chemistry and drug:counterion charge ratio 9,10,12,5,13,14. In future work, we aim to 

focus on manipulating these structures to speed up or slow down release in different environments. 

Questions that remain to be answered include: do these structures form with other combinations of charged 

hydrophilic drugs (small molecules, other peptides, proteins) and counterions? What liquid crystalline 

phases can be formed, and how do they affect drug release? Does the presence of other hydrophobic species 

in the NC core alongside the HIP complex affect the phases and release behavior, and how? What if 

combinations of counterions are used? What if the HIP complex is prepared prior to FNP, instead of in situ? 

Are there any nanoconfinement effects that lead to a difference between the structures in NC cores and 



those in the bulk, and if so, can NCs be concentrated prior to measuring so that phases may be identified 

without preparing the concentrated bulk analogue? The answers to these and other questions will develop 

our knowledge of how to manipulate these internal structures to rationally design stimulus-responsive 

nanocarrier systems or systems with specific drug release kinetics, a desirable goal for the field.  
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