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ABSTRACT: Amphiphilic block copolymers with weak polyelectrolyte blocks can assemble
stimulus-responsive nanostructures and interfaces. Applications of these materials in drug
delivery, biomimetics, and sensing largely rely on the well-understood swelling of polyelectrolyte
chains upon deprotonation, often induced by changes in pH or ionic strength. This deprotonation
can also tune interfacial interactions between the polyelectrolyte blocks and surrounding solution,
an effect which is less studied than morphological swelling of polyelectrolytes but can be just as
critical for intended function. Here, we investigate whether the pH-driven morphological response
of polyelectrolyte-bearing nanostructures also affects the interactions of these nanostructures with
molecules in solution, using of micelles of a short-chain polybutadiene-block-poly(acrylic acid)
(pBd-pAA) as a model system. We introduce a Forster resonance energy transfer (FRET) approach
to probe interactions between micelles and fluorescent molecular solutes as a function of solution
pH. As expected, the pAA corona of these pBd-pAA micelles increases in thickness monotonically
as a function of pH. However, FRET efficiency, which provides a metric of the spatial proximity
of fluorescently labeled micelles and freely diffusing fluorophores, exhibits complex
nonmonotonic behavior as a function of pH, indicating that the average separation of micelles and
acceptor fluorophores is not strictly correlated with micelle swelling. Dialysis experiments
quantify the affinity of fluorophores for micelles as a function of pH, confirming that changes in
FRET are driven almost entirely by pH-dependent affinity of the pAA block for the investigated
molecular fluorophores, not simply by shape change of the pAA corona. This study provides key
insights into the interfacial interactions between weak polyelectrolyte-bearing nanostructures and

molecular solutes, of importance for the development of their stimulus-responsive applications.



INTRODUCTION: Amphiphilic block copolymers (ABCs) are versatile building blocks for
responsive nanomaterials. Well-known for assembling a plethora of structures, from solution-
phase micelles, vesicles, and tubes! to complex films,? the morphology of an ABC nanostructure
is controlled by copolymer block chemistries and lengths as well as environmental factors such as
temperature, solvent composition, and pH. Nanostructures and interfaces formed from stimulus-
responsive ABCs can themselves respond to a diverse range of stimuli,®> such as temperature,*
pH,>¢ light,” and biomolecular analytes.® Predictive design of stimulus-responsive ABC
nanomaterials not only requires understanding of stimulus-induced changes in polymer
morphology but also if and how such morphological changes tune the interactions of these
nanostructures with their local environment.

This study focuses on micelles of a short-chain ABC, polybutadiene-block-poly(acrylic
acid) (pBd-pAA). Short-chain (low molecular weight) ABCs are of particular interest for their
ability to assemble biomimetic polymer membranes,”'? hybrid lipid/polymer bilayers,!" and
complex membrane-bound architectures.!>"'4 Because integration of stimulus response into these
biomimetic materials is highly promising for applications such as controlled release, a
comprehensive understanding of the behavior of such stimulus-responsive short-chain ABC
nanostructures is necessary.

The hydrophilic block of the ABC studied here is pAA, a weak polyelectrolyte that is well-
known for pH-dependent and ionic strength-dependent swelling.!>-17 Below its pKa, when
carboxyl groups of pAA are protonated, the polymer chain adopts a compact, globular structure.
Upon deprotonation, pAA transitions to an extended coil structure in its charged and fully solvated
state.'®! The pH dependence of pAA-containing ABCs has been harnessed for responsive

materials such as nanoporous films with pH-tuned porosity,?° color-switching plasmonic films,?!



and polymersomes with pH-tuned shape change?? and/or controlled release.? Each of these
applications capitalizes on morphological change of pAA driven by its weak polyelectrolyte
behavior. (We note that there is interesting controversy over the effect of pAA chain length on the
pH response of solution-phase pAA at low molecular weights;!82425 because the present study
concerns pAA incorporated into an ABC micelle, we do not comment further on this controversy.)
While much attention has been paid to the shape change of pAA-incorporating nanostructures
resulting from electrostatic repulsion of pAA chains, pAA deprotonation may also alter the
interfacial interactions of pAA-bearing colloids with other molecules in solution, meaning that
shape change in pAA-incorporating nanostructures would not be an inert process which simply
alters morphology alone. pAA has well-established propensity to complex with other
macromolecules, especially due to hydrogen bonding in its neutral state.?6-2% Such charge-driven
interactions between pAA and molecular solutes could affect applications of pAA to control cargo
release? or gate the flow of small molecules or macromolecules,?® meaning that solution pH or
ion composition could have a nontrivial effect on the functional response of pAA-based
nanomaterials.

To explore the roles of morphological change versus degree of protonation in tuning
properties of pAA-based nanomaterials, we study the interactions of pBd-pAA micelles with small
molecules and macromolecules in buffered aqueous solution as a function of pH. To monitor the
interfacial interactions of micelles with solute molecules, we harness the process of Forster
resonance energy transfer (FRET), whereby energy from an excited “donor” fluorophore
nonradiatively transfers to an “acceptor” fluorophore.?® Efficiency of this process, Ergrgr, scales
strongly with nanoscale separation of donor and acceptor (Equation 1), making FRET a commonly

used indicator of nanoscale proximity in biology,’®3! biosensing technologies,>*33 and



fundamental studies of solution-phase polymers.>* We incorporate a low concentration of
amphiphilic donor fluorophores into pBd-pAA micelles and monitor E grgr between micelles and
free acceptor fluorophores in solution, including unfunctionalized acceptor fluorophores and
acceptor-labeled macromolecules. Dynamic light scattering and small angle neutron scattering
experiments confirm that pBd-pAA micelle radius increases monotonically as pH increases, with
maximal rate of expansion near the expected pKa of pAA. However, E g7 exhibits nonmonotonic
behavior as a function of pH, in contrast to what is expected if increasing pH correlates with
increasing distance between the micelle-associated donor and solution-suspended acceptors due to
steric repulsion between fluorophores and pAA chains. To probe whether this complex behavior
arises from pH-tuned affinity of pAA with the fluorophore solutes, we compare Eppgr to the
relative affinity of acceptor fluorophores for pBd-pAA micelles by measuring the “membrane
interaction factor” (MIF) as introduced by Hughes, et al.> Trends of MIF and Erppr with pH
agree well for both small molecule acceptor fluorophores and fluorophore-labeled
macromolecules. These results support that swelling of surface-bound or nanostructure-bound
weak polyelectrolyte interfaces cannot a priori be assumed to act as passive shape change
elements. Rather, other pH-dependent interactions of pAA with solute molecules may play a

nonnegligible role in interactions between solution phase and pAA domain.

EXPERIMENTAL METHODS: Materials: Poly(1,4-butadiene)-block-poly(acrylic acid) (pBd-
pAA) with 1.0 kDa pBd and 2.2 kDa pAA and a polydispersity index of 1.3 was purchased from
Polymer Source Inc. B-BODIPY FL CI12-HPC ((2-(4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-
Diaza-s-Indacene-3-Dodecanoyl)-1-Hexadecanoyl-sn-Glycero-3-Phosphocholine), Alexa Fluor

594 C5 maleimide, and 10 kDa Dextran labeled with Alexa Fluor 594 were purchased from



ThermoFisher Scientific. 2 kDa polyethylene glycol (PEG) labeled with Alexa Fluor 594 was
purchased from Nanocs. Chemical structures for pBd-pAA, B-BODIPY FL C12-HPC, and Alexa
Fluor 594 are given in Scheme 1. Water infusion was performed in molecular biology reagent-
grade water (Sigma Aldrich). Scattering and spectroscopy experiments were performed in
phosphate/citrate buffer at varying pH values (see Table S1 in Supporting Information), prepared
using trisodium citrate dihydrate and disodium hydrogen phosphate in molecular biology reagent-
grade water at 0.9 M total ionic strength. This buffer was chosen to ensure sufficient buffer
capacity3® within the target pH range, with the expected variation in pH an order of magnitude
below measurement precision for the charged species concentrations of the pAA at the minimally
buffered pH. Low-retention pipette tips were used to prepare all samples for highly accurate

volume control.
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Scheme S1: Chemical structures of poly(1,4-butadiene)-block-poly(acrylic acid) (pBd-pAA),
BODIPY FL donor fluorophore conjugated to C12-HPC lipid, and Alexa Fluor 594 acceptor
fluorophore.’’

Micelle self-assembly: pBd-pAA and BODIPY-HPC were separately dissolved in THF, and a 500
pL solution of 5 mM pBd-pAA and 12.5 uM BODIPY-HPC in THF was then mixed in a
scintillation vial. The uncapped solution was stirred at 700 rpm with a flea-sized stirbar during
infusion with 2.5 mL of water at a rate of 2 mL/hr, while protecting from light. After water

infusion, the solution was allowed to stir overnight to allow THF to evaporate from solution, after



which no THF vapors were detectable. Note: this process was carried out in a fume hood at room
temperature to ensure chemical safety. (Dynamic light scattering (DLS) showed that micelles
formed by gentle rotary evaporation immediately after water infusion possess diameters equal to
the passive evaporation method. However, because micelles prepared by rotary evaporation
occasionally aggregated significantly, we use only micelles by the passive evaporation method for
the studies here.) Solutions were returned to 2.5 mL total volume by addition of water and filtered
three times using a 0.2 um syringe filter. Micelles formed without BODIPY-HPC were formed
using the same process but with no BODIPY-HPC added.

Light scattering: Static light scattering (SLS) and DLS were performed on a Zetasizer Nano ZS
(Malvern Instruments) equipped with a 633 nm laser. For SLS, various dilutions of micelles
without BODIPY-HPC were mixed in volumetric flasks, and quartz cuvettes were washed three
times with each micelle solution prior to sample measurement. Using various concentrations of
pBD-pAA micelles in water, dn/dC was measured to be 0.15 + 0.03 g/mL using an Abbe-3L
refractometer (Bausch & Lomb). For DLS, a 500 puL sample solution of 0.2 mM pBD-pAA
micelles in phosphate/citrate buffer was mixed in single-use PMMA cuvettes. Samples were
prepared at pH values from pH 3 to pH 7 in half integer steps.

Fluorescence spectroscopy: Sample solutions of 500 uL of 0.2 mM pBD-pAA micelles, with
BODIPY-HPC were prepared with and without acceptor fluorophores in single-use PMMA
cuvettes in pH-controlled phosphate/citrate buffer. Samples were prepared at pH values from pH
3 to pH 7 in half integer steps. UV-Vis absorption spectra for each sample were obtained on a Cary
60001 spectrometer. Fluorescence emission spectra for all samples were collected by 450 nm
excitation using a PTI fluorimeter. FRET efficiency Erger was determined at each pH value using

Eq. 2, with intensity in the presence and absence of acceptor (/p and /p 4, respectively) represented



by integrated intensity of the donor spectrum from 500 nm to 570 nm (this range excludes any
appreciable emission from A594).

MIF experiments: pPBD-pAA micelles were prepared with BODIPY-HPC as described above. 100
uL of 0.2 mM pBD-pAA micelles and acceptor fluorophore in pH controlled phosphate/citrate
buffer was placed in ThermoFisher Scientific 10 kDa MWCO MINI Dialysis Units. Dialysis units
were suspended in 1400 pL of acceptor fluorophore of the same concentration as the micelle-
containing sample, sealed with parafilm, and incubated in the dark at 4 °C on a rotation table at
0.01 RCF for ~72 hours. After incubation, 50 uL of the solution within the dialysis unit and 50 uL
of solution outside the dialysis unit were each mixed via pipetting with 450 uL of phosphate/citrate
buffer in single-use PMMA cuvettes. Samples were prepared at pH values from pH 3 to pH 7 in
half integer steps. Emission spectra for each sample were recorded at two excitation wavelengths,
450 nm and 580 nm. Spectra at 450 nm were used to confirm that micelles remained inside the
dialysis units via the intensity of the BODIPY FL. Spectra at 580 nm were used to determine the
emission intensity of the acceptor fluorophore for MIF calculations. All emission spectra were
recorded on a PTI fluorimeter.

Small angle neutron scattering (SANS): SANS3® was performed using the CG-3 Bio-SANS
instrument®*® on pBd-pAA micelles at 0.27 mass % in 100% D20, at pH 3 and pH 6 (Figure S4).
Measurement and data analysis followed approaches as in our preceding work, described
elsewhere.!® A core-shell sphere model accounting for polydispersity was used to analyze SANS

data, with details provided in Supporting Information.

RESULTS AND DISCUSSION: Micelles of pBd-pAA with molecular weights (MWs) of 1 kDa

pBd and 2.2 kDa pAA (approximately corresponding to pBd;s-pAAs;) were prepared by slow



infusion of ultrapure water into a stirred solution of pBd-pAA dissolved in tetrahydrofuran (THF),
followed by passive evaporation of residual THF under constant stirring at room temperature
(details in Experimental Methods). Micelles were measured to have a MW of 980 + 30 kDa by
static light scattering (SLS), corresponding to an aggregation number of 306 = 9 polymers per
micelle (Figure S2).

To test the effect of pH on micelle size, a series of micelle solutions were prepared by
dilution in phosphate-citrate buffers of controlled pH. The buffer was designed to ensure that no
change in solution pH is expected to within measurement error for micelle solutions over the entire
pH range studied here (details in Materials and Methods.) DLS shows that micelle radius increases
about 40% as buffer pH increases from 3 to 7 (Figure 1), with maximal rate of increase near pH
4.5, which is the expected pKa of linear pAA that is free in solution.!® pH-dependent responses of
weak polyelectrolytes are known to be influenced by steric effects, such as confinement to a
nanoparticle surface or structural constraints on nonlinear polymers.**-4? Consistent with these past
studies, we find that micelle radius increases over a larger pH range than is observed for solvated
linear pAA chains alone.*

We confirmed the change in micelle radius by SANS. SANS shows an effective radius
increase of 38% between pH 3 and 6, caused almost entirely by expansion of the pAA micelle
corona, while the pBd core remains largely unchanged (Table 1). Thus, it is reasonable to conclude
that pH-dependent swelling of pBd-pAA micelles is due to pAA expansion upon deprotonation,
with increasing repulsion of individual pAA chains in the micelle corona as they acquire net
negative charge.'®!® We note that zeta potential measurements were prohibited by extreme

aggregation of our samples during measurement. This instability may result, in part, from pBd’s



low glass transition temperature, T, enabling facile rearrangement of micelles under external

stimulus.
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Figure 1: Average radius of pBD-pAA micelles in phosphate-citrate buffer of varying pH, as
measured by DLS. Reported values and standard deviations are for the intensity distribution (see
Figure S3 for volume distribution) and are averaged from eight separate trials.

pH Core radius | Shell thickness | Effective radius | Polydispersity
(nm) (nm) (nm) index

pH6 | 6.33+0.01 8.4+0.1 14.8+0.1 0.14+0.01

pH3 | 6.04+0.03 4.7+0.1 10.7+0.1 0.20+0.01

Table 1: Small angle neutron scattering studies of pBD-pAA micelles (0.27% weight/weight in
pH-controlled H,O) as a function of pH. Raw data provided in Figure S4.

We next studied the pH-tuned interactions of these micelles with molecular solutes.
Specifically, we employed FRET between donor fluorophores embedded within the micelles and
acceptor fluorophores free in solution. Forster theory describes FRET efficiency, Errgr, as a
function of the separation of donor and acceptor molecules, 74344

Errpr(r) = 1/[1+ (r/Ro)°] (1)

Ry is the separation of donor and acceptor at which Errgr(Rg) = 0.5 and is a function of donor
fluorescence quantum yield, acceptor extinction coefficient, spectral overlap of donor and

acceptor, and relative angular orientation of donor and acceptor (see Supporting Information). For

ideal pairs of donor and acceptor fluorophores, typical values of R are 5-8 nm.3! Egzpr may be



determined by steady-state fluorimetry from fluorescence intensity of the donor fluorophores in
the absence of the acceptor, I, and the presence of the acceptor, Ip4:

Eprer(r) =1—1Ipa/Ip )

Equation (2) is valid when all donors are paired with acceptors.?’

Donor fluorophores are embedded within micelles using a phosphocholine lipid with a
BODIPY FL chromophore attached via a Cy,-fatty acyl chain (BODIPY FL-HPC). BODIPY FL
is favorable for its high extinction coefficient and quantum yield, stability, and low tendency to
aggregate. BODIPY-HPC can be embedded at low mole fractions within the hydrophobic core of
low MW poly(ethylene oxide)-pBd micelles without altering micelle structure.®'® BODIPY-HCP
was added to THF-dissolved pBd-pAA at 0.25% mol/mol ratio of BODIPY:pBd-pAA, followed
by water infusion to induce micelle assembly. To avoid self-quenching of multiple BODIPY FL
fluorophores, this 0.25% mol/mol ratio was chosen to ensure that, on average, micelles contain
less than one BODIPY-HPC. (Using the SLS-determined aggregation number of the pBD-pAA
micelles, each micelle contains ~0.8 BODIPY-HPC on average.)

Fluorescence emission spectra of BODIPY FL-containing micelles show that BODIPY FL
spectral shape is constant for buffer pH from 3 to 7. Increased pH causes a slight 8 + 3% increase
in peak BODIPY FL emission intensity (Figure S5), perhaps due to subtle rearrangement of the
polymer in the local vicinity of the fluorophore. We account for this small change in BODIPY FL
fluorescence intensity by using a separate control sample at each pH condition for measurement
of I (donor intensity in the absence of acceptor fluorophore, as in Eq. 1 for Erggr).

We selected Alexa Fluor 594 (A594) as a FRET acceptor.3” Emission spectra of A594 and
BODIPY FL have minimal overlap, reducing donor and acceptor crosstalk, yet maintain sufficient

spectral overlap of donor emission with acceptor excitation as needed for FRET (Figure 2a). The



AS594 derivative chosen (Materials and Methods) is water-soluble and pH-insensitive over a wide
pH range. Figure 2b shows calculated FRET efficiency, Epger, for BODIPY FL and A594 plotted
as a function of fluorophore separation (calculation using Eq. S1 in Supporting Information).
Because donor and acceptor are separated by a mixture of water (n = 1.333) and pAA (n = 1.5),
the exact refractive index of the separating medium is unknown. We report calculated values for
medium refractive index of both water and pAA, estimating Ry = 5.0 — 5.5 nm. Thus, the length
scale of greatest change in Epggr occurs for donor-acceptor separations comparable to the pAA
shell thickness determined by SANS, making A594 and BODIPY-FL a favorable FRET pair for
this study. Further, we confirmed that A594 is spectrally stable to pH changes, with a slight shift
in A594 absorbance spectrum from pH 3 to pH 7 resulting in an increase of calculated R, value by
4% (Figure S6). This small increase does not prohibit monitoring changes in separation between

donor and acceptor using Epggr.
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Figure 2: a) Normalized donor (green) and acceptor (red) excitation (dashed) and emission (solid)
spectra. b) FRET efficiency Egggr calculated for refractive indices of water (blue) and polymer
(black). €) Schematic (not to scale) of pPBD-pAA micelle containing BODIPY FL donor and A594
acceptor reporters. Micelles contain an average of 0.8 donor fluorophore (black and green) buried
in the hydrophobic polymer blocks (red). Acceptor molecules (orange spheres) are free in aqueous
solution surrounding the hydrophilic micelle corona (blue). At chosen concentrations, there are
approximately 2-3 acceptors per micelle.

Next, we test how pH-induced expansion of pAA alters the average separation between the

micelle-embedded BODIPY FL donor and freely solvated A594 acceptors. Fig. 2c illustrates



presumed positions of donor within the hydrophobic micelle core and acceptors diffusing freely in
solution. At the concentrations used here, there is an average of < 1 donor per micelle and 2-3
acceptors per micelle. The simplest assumption is that A594 molecules randomly distribute in
solution because no specific interaction between the A594 and pAA corona is expected at the
relatively mild pH values studied here. If acceptor fluorophores are excluded from the pAA corona
by steric hindrance as the corona swells, we expect an inverse correlation of Erzgr with micelle
radius. Note that the value of Erggr is measured in bulk solution, representing the average of all
FRET efficiencies of individual pairs of BODIPY-FL and A594.

Errer was measured for pH values from 3 to 7, using /p and Ip, determined by integrated
intensity of BODIPY FL fluorescence emission spectrum. A594 concentration was selected to
ensure Egppr values above 0.25 for highest sensitivity to changes in donor-acceptor separation,
corresponding to 1.4 uM A594 in a solution of 200 uM pBd-pAA; this corresponds to ~2 A594
molecules per micelle. Figure 3a shows that polydispersity index (PDI) of micelle solutions
remains low for all pH values, precluding any significant aggregation. Surprisingly, we found that
Egrer varied nonmonotonically with increasing pH (Figure 3b). The same behavior was observed
for a second acceptor dye, Alexa 647 (Figure S7). When acceptor fluorophores were instead
embedded within the micelle core, using Texas Red 1,2-Dihexadecanoyl-sn-Glycero-3-
Phosphoethanolamine (DHPE), Erggr remained constant to within experimental error across the
pH range tested (Figure S8), which is expected given the negligible change of the pBd micelle core
found by SANS and supporting that variation in Erggy for A594 arises from pH-dependent changes
to the pAA corona. However, Figure 3b is inconsistent with a model in which acceptor
fluorophores are randomly distributed in solution and are excluded from the swelling micelle

corona. Furthermore, while pAA has well-known propensity to form molecular complexes with



macromolecules, especially at low pH,?%?’# Figure 3a precludes any significant micelle
aggregation.

We consider two possible mechanisms for the nonmonotonicity of Erzgr with pH: either
(i) A594 is attracted to the deprotonated, charged pAA or (ii) A594 molecules passively diffuse
into the pAA corona as pAA chains elongate and the corona’s water content increases, thus
reducing average distance between BODIPY-FL and A594 fluorophores. To investigate the latter
case, we calculate the increase in pAA corona volume upon swelling at high pH (details in
Supporting Information Note 1). Using dimensions determined by SANS (Table 1, Figure S4) and
assuming that A594 concentration in the swollen pAA corona is equal to bulk A594 concentration
(i.e. no specific interactions exist between A594 and pAA), an additional 0.007 A594 molecules
is expected, on average, to enter the micelle corona upon swelling from pH 3 to pH 6. These
additional A594 would result in a negligible average increase in A594 proximity to BODIPY-FL,
which cannot alone explain the large ~40% increase in Epgpr from pH 5 to pH 6. Thus, it is
plausible that there exists a separate pH-dependent attraction between A594 and the deprotonated

pAA corona.
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Figure 3: a) Polydispersity index (PDI) and b) Erzgr as determined by Eq. 1 for solutions of 200
uM pBd-pAA (assembled into micelles with embedded BODIPY-FL) and 1.4 uM A594 in
phosphate-citrate buffer of varying pH. ¢) MIF for solutions of 200 uM pBd-pAA (assembled into
micelles with embedded BODIPY-FL) and 2 uM A594 in phosphate-citrate buffer of varying pH.
All data points and standard deviation error bars in graphs determined by triplicate experiments.

To probe the existence of a pH-dependent interaction between A594 and pBd-pAA
micelles, we adapted an approach by Hughes, et al., to quantify fluorophore affinity for lipid

vesicles.? pBd-pAA micelles are placed into a dialysis cup with a 10 kDa MW cutoff (MWCO)



chosen to restrict micelles to within the dialysis cup while allowing A594 to freely diffuse across
the dialysis membrane. Solutions inside and outside the dialysis cup are prepared with equal
concentrations of A594 and incubated under gentle shaking for ~72 hours at 4°C (refrigeration
protects BODIPY-HCP from degradation; full details in Methods). If A594 has no specific affinity
for the micelles, the concentrations of A594 inside and outside the dialysis cup will remain equal.
However, if A594 does have an affinity for micelles, A594 will concentrate within the dialysis cup
over time. Hughes, et al., defined the Membrane Interaction Factor (MIF) to quantify relative
imbalance in fluorophore concentration in terms of fluorophore intensity inside the dialysis cup,

1;,, and outside the cup, 7,

MIF = % = ,I— -1 3)
To account for the possibility of incomplete fluorophore equilibration across the dialysis
membrane,> we also performed experiments in the absence of micelles for all acceptor
fluorophores studied here, finding MIF = 0 as expected for these fluorophores (Figure S9). Thus,
Equation 3 is used as stated.?> To improve sensitivity of measurements to slight changes in A594
concentration, we increased A594 concentration to 2 uM for MIF experiments. Solutions outside
of the dialysis cup were screened for residual BODIPY fluorescence, and the few leak-associated
samples were rejected from averages reported here.

Figure 3¢ shows average MIF values measured for solutions of pBd-pAA micelles and
A594 from pH 3 to pH 7. Comparison of Figures 3b and 3¢ shows marked similarities between
trends for MIF and Erggr: both quantities decrease with increasing pH until pH 4.5 to 5, followed
by an increase until pH 6 and a leveling off or decrease at and above pH 6.5. This strongly suggests

that the main driver of pH-dependent trend of Ezzgr is not morphological change in the micelle

corona but rather a deprotonation-driven attraction of pAA and A594 fluorophores. (Because MIF



varies as a function of pH, A594 concentration is not constant at all pH values; thus, Ergzr values
measured for MIF experiments are not directly comparable to one another and are not reported
here.)

We next explored whether bulkier macromolecules are excluded from the deprotonated
pAA corona due to increased steric hindrance. pH-dependent expansion of pAA has been used to
selectively open and close nanoscale pores within a membrane, suggesting the possibility of such
an effect.?’ Erpzrand MIF were measured in triplicate for fluorophore-labeled polyethylene glycol
(PEG) and dextran, using higher MWCO dialysis membranes of 20 kDa. While PEG was chosen
due to its inert nature, we found that even when no micelles were present, fluorophore-labeled
PEG dramatically concentrated within the dialysis membranes in a non-pH dependent manner,
preventing statistically significant measurement of MIF values when micelles were present. Thus,
we only report Erger and MIF for A594-labeled dextran, which did not possess the same
aggregation behavior as PEG (Figure S9). We found that Erzzr exhibited a sudden increase at pH
5.5, and this increase corresponded directly to an increase in MIF (Figure 4). This suggests that
for A594-labeled dextran, pH-specific attraction to pAA is also the main driving force of proximity
to the micelle core, rather than steric hindrance-induced changes due to swelling of the micelle
corona. Given the complexity of dextran macromolecules, such an attraction could be reasonably

expected.
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Figure 4: a) Erger and b) MIF measured for solutions of 200 uM pBd-pAA (in micelle form) and
2 uM A594-dextran. All data points and standard deviation error bars in graphs determined by
triplicate experiments.

This study shows that ABC nanostructures with pAA interfaces can have surprising and
complex affinity for molecular fluorophores, and this affinity plays a much more significant role
in controlling pA A-molecule interactions than steric effects from expansion of pAA blocks. Given
the complex behavior of weak polyelectrolytes and their coacervates,*® such behavior is not
unexpected. For example, turbidimetry of solutions of the protein bovine serum albumin (BSA)
and pAA shows nonmonotonic pH-dependent interactions between BSA and pAA, with onset of
BSA-pAA complexation at pH 3 and decomplexation at pH 4.5. This effect was attributed to
electrostatic interactions between BSA and pAA.* However, our studies here are performed at
much higher ionic strengths than the studies in Ref. 40, as our buffer system was chosen to screen

possible electrostatic attractions. This may preclude electrostatic interactions as the main source



of the pAA-fluorophore interaction we observe, with ionic strength-insensitive Van der Waals
interactions*’ possibly dominating the observed behavior. While a full determination of the exact
mechanisms for the pH-driven attractions we observe are outside of the scope of this study, our
results show that care should be taken to ensure that these types of pH-dependent interactions of
weak polyelectrolyte interfaces with molecular solutes are not misinterpreted for ABC-biological
interfaces or biomimetic applications. Furthermore, molecular fluorophores and fluorophore-
conjugated macromolecules are ubiquitous in the biosciences. Thus, as low-molecular weight
ABCs continue to find applications as lipid mimics for formation of biomimetic membranes and
architectures,”!!23 it will be increasingly important to understand the interfacial interactions of
such ABC membranes with fluorophores, and in particular for membranes which incorporate weak

polyelectrolytes.

CONCLUSIONS: We report a fluorescence-based experimental method to probe the molecular
interactions of short-chain ABC micelles with pAA hydrophilic blocks and solute fluorophores.
While DLS and SANS show that the micelle’s pAA corona swells with increasing solution pH,
FRET experiments show that this expansion does not simply drive solute fluorophores further from
the micelle core. Rather, by a series of dialysis experiments, we find that FRET efficiency is
correlated strongly with the pH-dependent molecular affinity of the micelle’s pAA interface for
both small molecule fluorophores and their macromolecular conjugates. The presented study
provides a sensitive method to screen for possible solution-dependent interfacial interactions of
ABC nanostructures and fluorophore-labeled molecules and emphasizes that weak polyelectrolyte

blocks are not inert shape-changing agents but that their degree of protonation can drive complex



interactions with surrounding solutes. This study also demonstrates the utility of combining FRET

and MIF measurements for elucidating interfacial interactions.

Supporting Information Description: The Supporting Information is available free of charge at
[to be assigned].
e Data and model details for light scattering and SANS experiments to determine micelle
molecular weight and dimensions
e Equations for FRET length, buffer composition table, and calculation of micelle corona
expansion volume
e pH dependence of fluorescence spectra of donor alone and acceptor alone, FRET efficiency
as a function of pH for additional acceptor dyes, and MIF factors for acceptor dyes in

absence of micelles
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Determination of micelle molecular weight (MW) by static light scattering (SLS)
SLS measurements were performed on a Zetasizer Nano ZS using a 633 nm laser. The following
relationship was used to extract the molecular weight:?

KC 1

Ry = (W + 2A2C> (S1)
K is a physical constant dependent on solvent refractive index, incident light wavelength, and
differential refractive index, dn/dC. C is micelle concentration. Ry is the excess Raleigh ratio. 4,

is the second virial coefficient.

dn/dC = 0.15 +- 0.03 g/mL
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Figure S1: Refractive index as a function of pBD-pAA concentration. The differential refractive
index, dn/dC, is determined by linear least-squares fitting. Error bars represent the finest
degradations on the Abbe-3L refractometer.
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Figure S2: Experimentally measured KC/Rq as a function of micelle concentration, as measured
by SLS (black markers) on a Zetasizer Nano ZS with fixed backscatter angle of 173°. Linear least
squares fit to data (red line) is used to extract the micelle MW.
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Figure S3: Radius of pBD-pAA micelles, as determined by dynamic light scattering (DLS). Radii
are determined from the volume distribution. To convert from intensity distribution to volume
distribution, the refractive index of the micelles was approximated by the average refractive index
of pBd and pAA weighted by MW. The reader should note that the refractive index of pAA is likely
to decrease with pH as hydration increases, making conversion to volume distribution less
accurate for particles with sizes comparable to the wavelength of light. Because the pBd-pAA
micelles are much smaller in diameter than the 633 nm laser light used here, the conversion of
intensity distribution to volume distribution using Mie theory will be only negligibly impacted by
any variations in micelle refractive index.



Small Angle Neutron Scattering (SANS): A core-shell sphere model accounting for
polydispersity was used to analyze SANS data. The scattering intensity from dilute vesicles

using a poly-core-shell model is given by:

2 . . 2
B S
i=1 i

where A is the scaling factor, bkg the g-independent background, V;, d; and p, the volume,

thickness and scattering length density respectively, of core and shells. The subscripts i=1,2

represent the core and shell regime respectively. j{(x) is the first order Bessel function. The size-
distribution (polydispersity) of micelles is accounted for in the model using the Schulz distribution

function for the core thickness (or radius):3

z+] GXP{[ZC;_ ljd}
S(d):(z+l] pE m

d F(z+1)

m

where d is the mean radius of the polydisperse core, z= —1, and PDI is the

2
(PD])
polydispersity index. Using the n” moment of size distribution,

<d”>: d <Z+n)!

(z+1>n z!

b

the core volume via 3@ moment of size distribution is evaluated as:

P _Am g _dr_dy (#43)! and,(2+3)(+2)
<> 3<d> 3 (z+1)3 z! 3 (z+1)2

Polydispersity is not implemented on the shell thickness.
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Figure S4: Small angle neutron scattering intensity as a function of scattering vector magnitude
g. Data points shown with statistical error bars (counting statistics in intensity and FWHM

resolution in q); solid lines are fits with the core-shell sphere model.



Determination of FRET length

The characteristic FRET length, Ry, is defined as follows:

9In10 Qg2

6 _
Ro= 12875N, n4

JFp()-€ea(d)- 2*-d2 (S1)

Where N, is Avogadro’s number, Q, is the quantum yield of the donor, n is the medium refractive
index, k is a factor dependent on relative orientations of donor and acceptor fluorophores (here k2
= 2/3, corresponding to the assumption that fluorophores are free to rotate and are thus
isotropically distributed), Fp (1) is the emission spectrum of the donor normalized to [ Fp (1) - dA

=1, and €4(4) is the molar extinction coefficient.
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Figure S5: Dependence of BODIPY fluorescence emission on pH. Fluorescence emission
from pBd-pAA micelles containing BODIPY-HPC and in the absence of any acceptor dye.
Changes in pH induce a slight change in the intensity but not spectral shape of the fluorescence
emission, with fluorescence emission increased by 8 + 3% at high pH values compared to the
fluorescence emission at low pH (average and standard deviation determined by triplicate
experiments).
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Figure S6: Left: Fluorescence intensity of 2 uM Alexa 594 (A594) in phosphate-citrate buffer at
varying pH, as annotated by color specified in figure legend. Right: Calculated FRET length, Ry,
for a BODIPY donor and A594 acceptor as a function of pH, using the experimentally measured
absorbance spectra in the left graph. As specified in the main text, because the medium
separating donor and acceptor is composed of both water and pAA, calculations are presented
for both refractive indices in the legend. The slight pH-induced shifts in A594 result in a shift of
about 0.2 nmin R,.

Note 1: Calculation of micelle corona expansion volume
We calculate the volume expansion of the pAA-pBd micelle from pH 3 to pH 6. For micelle pBd

core radius r; and pAA shell thickness S;, the change in volume is given by:
4
AV = 27[(rz + $2)° — (r1 + $1)°]

Subscript i =1 represents pH 3, and i =2 represents pH 6. Using dimensions determined by SANS
(Table 1 main text), AV = 8,200 nm3. Because the change in pAA corona is much greater than the
change in the pBd core for increased pH, we estimate that AV corresponds to the change in pAA

corona volume upon deprotonation and swelling of the pAA with additional waters.

Next, we estimate the increase in the number of A594 acceptors which would be expected to
occupy this 8,200 nm? volume increase if A594 are uniformly distributed throughout solution and
solvated pAA chains. The concentration of A594 in Figure 3 of the main text was 1.4 uM,
corresponding to 8.4 x 107 A594 molecules/nm-3. Thus, within the 8,200 nm? of increased water
content of the pAA micelle corona, we expect (8.4 x 107 nm=3)*(8,200 nm3) = 0.007 A594

molecules per micelle.
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Figure S7: a) Raw emission spectra and b) calculated Errer for solutions of micelles with
BODIPY-HCP donors and AlexaFluor 633 acceptors, using a universal buffer system with
expanded pH range as compared to the phosphate/citrate buffer system used for the main studies
here.
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Figure S8: Errcr values for pBd-pAA micelles with donors and acceptors embedded within the
micelle: BODIPY-HCP donors and Texas Red DHPE acceptors. Average and standard deviation
(black dots and brackets) are based on triplicate experiments, with individual values shown in red,
green, and blue diamonds. Axis range is set to same magnitude as Figure 3b of main text to
enable direct comparison.
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Figure S9: MIF as a function of pH for A594 and A594-dextran in the absence of pBd-pAA
micelles, showing that MIF is approximately zero for all cases studied.

Na,HPO, (g/100 mL) Sodium Citrate (g/100 mL) pH
0.87 3.51 3.0
1.29 3.08 3.5
1.64 2.71 4.0
1.94 2.40 4.5
2.19 2.14 5.0
2.42 1.91 5.5
2.73 1.58 6.0
3.02 1.28 6.5
3.71 0.57 7.0

Table S1: Phosphate-Citrate Buffer Composition. Buffer composition table for phosphate-
citrate buffer used in scattering and spectroscopy experiments. Disodium hydrogen phosphate
and trisodium citrate dihydrate were utilized as the phosphate and citrate sources respectively.
Indicated masses of each reagent were combined with molecular biology reagent-grade water for

100mL buffer solution.
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