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ABSTRACT: A large repertoire of nanocarrier {(NC) technologies
exists, each with highly specified advantages in terms of
targetability, stability, and immunological inertness. The character-
ization of such NC properties within physiological conditions is
essential for the development of optimized drug delivery systems.
One method that is well established for reducing premature
elimination by avoiding protein adsorption on NCs is surface
functionalization with poly(ethylene glycol) (PEG), aptly called
PEGylation. However, recent studies revealed that some PEGylated
NCs have a delayed immune response, indicating the occurrence of
protein-NC interactions. Obvious protein-NC interactions, espe-
cially in micellar systems, may have been overiooked as many early studies relied on techniques less sensitive to molecular level
interactions. More sensitive techniques have been developed, but a major challenge is the direct measurement of interactions, which
must be done in situ, as micelle assemblies are dynamic. Here, we report the use of pulsed-interleaved excitation fluorescence cross-
correlation spectroscopy (PIE-FCCS) to interrogate the interactions between two PEG-based micelle models and serum albumin
protein to compare protein adsorption differences based on linear or cyclic PEG architectures. First, by measuring micelle diffusion
in isolated and mixed solutions, we confirmed the thermal stability of diblock and triblock copolymer micelle assemblies. Further, we
measured the co-diffusion of micelles and serum proteins, the magnitudes of which increased with concentration and continued
incubation, The results demonstrate that PIE-FCCS is capable of measuring direct interactions between fluorescently labeled NC
and serum proteins, even at concentrations S00 times lower than those observed physiologically. This capability showcases the
potential utility of PIE-FCCS in the characterization of drug delivery systems in biomimetic conditions.
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# INTRODUCTION used to predict immunological responses in future composi-
tions of PEGylated polymers and micelles.'”'? These
observations are evidence for direct protein—micelle inter-
actions and suggest that quantitative studies are needed to
measure the affinity and kinetics of the possibly weak, and
therefore difficult to detect, interactions in vitro and in situ. By
doing this, connections can be made between protein—micelle
interactions that occur before the anti-PEG antibody induction
and the corresponding degree of ABC after its induction.
Currently, the most common way to detect anti-PEG antibody

Poly(ethylene glycol)’s (PEG’s) antifouling property has
revolutionized the drug delivery field, where it is widely
accepted that PEGylation increases the blood circulation time
of hydrophobic therapeutics.'™" The general mechanism by
which PEGylation achieves this increased circulation time is by
avoiding protein adsorption and the ensuing endogenous
defense mechanisms. Consequently, PEG is now commonly
described as imparting a “stealth” characteristic to protein and
drug delivery devices. However, this descriptor is misleading.

Studies have found that colloidal PEGylated drug delivery production involves in vivo administration of therapeutics and
systems can be rapidly eliminated upon subsequent doses, the subsequent serum analysis of stimulated antibodies using

kn th ’ enzyme-linked immunosorbent assays (ELISAs). A major
o e R advantage of ELISA is its sensitivity and ability to directly

on, which has been attributed to an immune response

mediated by complement activation,”''* and the production

of anti-PEG antibodies.'”'*”'" A number of groups have Received: December 30, 2022
reported that the extent of the immune response depends on Revised:  May 6, 2023

slight changes in molecular weight,” hydrophobic polymer Published: May 24, 2023
blocks,'" and even the hydrophobicity of payloads.'® However,
after studying a range of different PEGylated micelles,
Yokoyama et al. did not find a consistent trend that can be

© 2023 American Chemical Society https://dol.org/10.1021/acs. blomac.2c01538

7 ACS Publications 2479 Blomacromolecules 2023, 24, 2479-2488



Biomacromolecules

pubs.acs.org/Biomac

measure binding. However, a limitation of ELISA is that it
cannot detect in situ micelle—protein interactions. The limiting
factor occurs during the ELISA protocol, which requires the
washing of the wells to remove any unbound species from the
detection surface. The washes would certainly drive the
micelles below the critical micelle concentration (CMC),
thereby disrupting the micelle structure, It is possible to anchor
the polymeric component of a PEGylated micelle; however,
the chemical environment of the anchors artificially affects
binding with anti-PEG antibodies.”” This raises questions
about the conclusion that anti-PEG antibodies recognize not
only the PEG main chain but also the interface between the
PEG and the hydrophobic blocks in the polymer.'® Other
techniques utilizing localized surface plasmon resonance and
the detection of equilibrium fluctuations have been em-
ployed.mI However, these techniques still rely on surface
immobilization and therefore have the same limitations as
ELISA.

To address the limitations inherent in ELISA and other
assays that require surface immobilization, other studies have
employed softer methods for measuring micelle stability and
interactions in the presence of serum proteins. Studies using
classic ensemble methods, such as UV=vis, have investigated
PEGylated micelle stability in the presence of bovine serum
albumin (BSA) by monitoring turbidity changes; however, this
is a qualitative technique that requires enough binding to
induce micelle aggregation.”’ Additional work partially bridges
the gap between ensemble and single-molecule studies by
incorporating dynamic light scattering (DLS) in their
exploration of the micelle—BSA interactions.*** While these
findings have provided some insight into the types of micelles
that aggregate in the presence of BSA, they are still limited in
the level of resolution by which they can probe weak and
specific interactions that are low in concentration.

The fluorescent analogue of DLS, fluorescence correlation
spectroscopy (FCS), has proven to be sensitive to subtle
changes in nanocarrier {NC) systems under different
conditions.**™** FCS is unique in its ability to correlate
photon emissions with single-molecule sensitivity as they
migrate through a femtoliter confocal excitation volume,
ultimately enabling the detection of discrete size and
population variations.”® Protein-NC interactions have been
studied using FCS by detecting changes in diffusion and
therefore size,” but a disadvantage of using this technique is
the inability to distinguish self-aggregation, which can lead to
false positive results. This disadvantage can be overcome with
fluorescence cross-correlation spectroscopy (FCCS), which
simultaneously measures diffusivity and local concentrations of
the protein and NC populations as well as the population of
bound, co-diffusing species.”” Recent work has demonstrated
the capabilities of FCCS to characterize single-molecule level
interactions between metal—organic framework (MOF) nano-
particles and strongly binding serum proteins.** In this study,
we used FCCS to directly measure the interactions between
micellar NCs with diblock and triblock {m)PEG-polycapro-
lactone {PCL) topologies and a nonspecific serum protein,
BSA. This appreach enables the quantification of weak
protein—micelle interactions and sets the stage to optimize
the effects of micellar architecture on micelle structural stability
on serum protein binding, a critical aspect of NC design.

2480

M MATERIALS AND METHODS

Materials. Materials used as received included acetone (Sigma-
Aldrich, 99.5%), BSA-FITC (fluorescein isothiocyanate) {A23015,
Therma Fisher Scientific), Nile Red (Santa Cruz Biotech), PCLy-
PEG,-PCL, (Sigma-Aldrich), and tin(II) 2-ethylhexanoate (Sigma-
Aldrich, 94%). £-Caprolactone (Acros Organics, 99%} was distilled
from CaH, under reduced pressure. mPEGy (Aldrich) was
azeotropically dried using toluene. 10X Phosphate-buffered saline
(PBS, Lonza) was diluted to 1x PBS using MilliQ ultrapure water,
and, if necessary, pH was adjusted to 7.4 with 3 M HCl and/or 0.5 M
NaOH. Toluene {EMD, 99.5%) was dried by distillation from sodium
benzophenone ketyl under N,. Dialysis was performed using bags
with a nominal molecular weight cut-off of 3500 Da (Fisher). All
solutions were filtered through 0,22 ym hydrophilic poly(vinylidene
difluoride) {PVDEF) filters {Aura MT).

Polymerization of e-Caprolactone. £-Caprolactone was poly-
merized under bulk conditions by adding tin{1I) 2-ethylhexanoate (22
mg, 54 pmol), mPEG,, macroinitiator (0.54 g 0.11 mmol), and &-
caprolactone monomer (1.9 g, 16 mmol) to a Schlenk tube inside a
nitrogen-filled dry box*® The Schlenk tube was capped with a glass
stopper, removed from the dry box, and heated to 110 °C while
stitring for 30 min. The polymerization was stopped by quenching the
Schlenk tube in liquid N, and opening it to the atmosphere. mPEG-
PCL polymer was purified by diluting the polymerization mixture in
CH,CI, (7 mL) and precipitating it in hexanes (70 mL) twice to yield
a powdery white solid (1.2 g $50%). Monomer conversion was
determined to be 47% by 'H NMR spectroscopy of an aliquot before
precipitation. GPC,,: M, = 13.1 kDa, B = 1.20. 'H NMR (300 MHz):
6 1.38 (m, -CH,CH,;CH,0C=0-), 1.65 (m,
—CH,CH,CH,CH,0C=0-), 231 (t, —OC=0CH,~), 3.38 (s,
CH;0-), 3.65 (s, —OCH,CH,— and —=CH,OH, 448H), and 4.06 (t,
—CH,0C=0-).

Assembly of mPEG-PCL Micelles. Micelles were assembled
using a combination of cosolvent evaporation and dialysis methods.™
These methods were combined because, during model assembly
studies, acetone persisted after solvent evaporation assisted by rotary
evaporation. Acetone was detected by 'H NMR spectroscopy after
attempted solvent removal via rotary evaporation but was not
detected after dialysis was performed instead of rotary evaporation. A
typical assembly consisted of dissolving mPEG-PCL (10.5 mg, 0.802
pmol) in acetone (860 uL) and a 100 uM acetone solution of Nile
Red (NR) (140 uL}. This solution was added dropwise to 1X PBS
(50 mL) and stirred uncovered under ambient temperature and
pressure for 1 h. The solution was transferred to a dialysis bag and
dialyzed against approximately 400 mL of 1X PBS. The solvent was
exchanged 3X over 1.5 h with 1x PBS and was left in 1 PBS while
stirring overnight after the final exchange. The resulting solution
volume was measured and determined to be 6.4 mL, yielding a micelle
concentration of 1.25 yM. The concentration was adjusted with an
additional 1X PBS to obtain a final micelle concentration of 0.25
0.06 pM. The solution was filtered using 0.22 gym hydrophilic PVDF
filters before DLS, FCS, and pulsed-interleaved excitation FCCS$
(PIE-FCCS) characterization.

Assembly of PCL-PEG-PCL Micelles. Micelles were assembled
using the same method as the mPEG-PCL micelles, except for
concentration variations. A typical example involved dissolving PCL-
PEG-PCL (5.4 mg, 0.27 pumol} in acetone (1860 xL) and a 100 M
acetone solution of NR (140 uL). The solution was then added
dropwise to 1X PBS (5.0 mL) and stirred uncovered under ambient
temperature and pressure for 4 h. The solution was transferred to a
dialysis bag and dialyzed against approximately 400 mL of 1xX PBS
solution to remove a trace amount of acetone, The solvent was
exchanged 3X over 1.5 h with 1 PBS solution. The dialysis bag was
left in 1X PBS while stirring overnight after the final exchange. The
resulting solution volume was measured and determined to be 6.2 mL,
yielding a micelle concentration of 0.871 M. The concentration was
adjusted with an additional 1X PBS to obtain a final micelle
concentration of 0.25 % 0.06 uM. The solution was filtered using 0.22
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Figure 1. FCS characterization of isolated species in 1X PBS. {A) General diagram of the instrument setup and optical paths used for FCS
measurements. (B} ACFs of sample data {dashed) and corresponding model fits (solid lines) of monomeric BSA (green), mPP (red), and PPP
(violet) species. Average diffusion coefficients (C) and hydrodynamic radii {D) of monomers. Error bars show the standard deviation calculated for

each sample. (E) Hydrodynamic radii populations of mPP (red) and PPP (violet) micelle samples from DLS experiments.

pum hydrophilic PVDF filters before DLS, FCS, and PIE-FCCS
characterization.

DLS of Micelles. The sizes of mPEG-PCL and PCL-PEG-PCL
micelles were measured directly after filtration, at the original
concentration, under ambient temperature and pressure, by DLS
using a Malvern Zetasizer Nano-Z590.

Incubation of Micelles with BSA-FITC. Solutions of micelles
alone and BSA alone were incubated at 37 “C in a temperature-
controlled incubator and used as controls. To measure deviations
from the controls, solutions with a mixture of micelles and BSA were
also incubated at 37 °“C. Concentrations were adjusted to be
comparable with filtered 1x PBS,

Fluorescence Fluctuation Spectroscopy. Samples of BSA-
FITC and micelle=NR solutions were either isolated or mixed at
desired concentrations in Lo-Bind Eppendorf tubes (Eppendorf) and
incubated at 37 "C in a temperature-controlled oven. After designated
incubation times, sample aliquots were dispensed into a cleaned 96-
well plate. This was then mounted onto our customized inverted
microscope (Eclipse Ti, Nikon, Tokyo, Japan) for PIE-FCCS
experiments, as previously described.*'* The optical path is depicted
in Figure 1A, Using dichroic mirrors and clean-up filters (LLO1-488
12.5, Semrock, Rochester, NY/LL02-561-12.5, Semrock, Rochester,
NY), we isolated excitation beams of 488 and 561 nm from a pulsed,
supercontinuum fiber laser {SuperK NKT Photonics, Birkered,
Denmark). These beams were temporally separated by 50 ns by
coupling them into identical 3 and 18 m single mode optical fibers,
respectively. Upon exiting the fibers, the signals were adjusted to 4
HW using continuously variable neutral density filters (NDC-25C4M,
NDC-25C-2M, Thorlabs, Newton, NJ), before being spatially
overlapped using a dichroic mirror (LMO01-503.25, Semrock,
Rochester, NY), and then directed into the posterior of the
microscope. The excitation laser was directed into the optical path
of the microscope with a laser filter cube (zt488/561 rpc and zet488/
561 m, Chroma Technology, Bellows Falls, VT} and focused on the
sample with a 100 oil-immersed objective (NA 1.49, Nikon, Tokyo,
Japan). Emission from the sample was collected with the same
objective and directed through a confocal detection assembly with a
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50 pm pinhole. The fluorescence signal was spectrally separated with
a dichroic mirror {FF560-FDi01-25 x 36, Semrock, Rochester, NY).
The red (621 + 34 nm) or green (520 + 22 nm} emission signals
were isolated with single bandpass filters (FF01-621/69-25, Semrock,
Rochester, NY/FF01-520/44-25, Semrock, Rochester, NY). Individ-
ual photons were detected with two identical single-photon avalanche
diodes (SPAD, Micro Photon Devices, Bolzano, Italy) and recorded
with a four-channel routed time-correlated single-photon counting
(TCSPC) device {PicoHarp 300, PicoQuant, Berlin, Germany).

PIE-FCCS Data Analysis. Experiments with the diblock and
triblock micelles involved acquisition collections after incubating
samples at 37 °C in a temperature-controlled oven for 1, 6, 12, 24,
and 48 h. At each time, fluorescence fluctuation data were collected
for 4 solutions, containing either BSA, micelle, micelle-1X BSA, or
micelle-2x BSA. For each solution, TCSPC data were collected for
~20 min spread between 6 and 8 separate acquisitions, which were
subsequently divided into 1 s sub-acquisitions. From the partitioned
TCSPC data, the recorded photons were assigned to one of the two
excitation sources based on their arrival times. Red and green photons
detected within 40 ns following 561 and 488 nm excitation pulses
were stored in arrays of 1 ps bins designated as fluorescent signals
Fp(t) and Fg(t), respectively. Using a multiple-tau algorithm available
in the PIE analysis with MATLAB (PAM) script repository,”” we then
calculated autocorrelation {ACF) or cross-correlation (CCF)
functions using

_ (R)-8E(t + )
) = OB W

where i = j, being either R or G, for ACFs, i # j for CCF, 7 is lag time,
and §F(t) = F(t) — {F(t)) with brackets denoting the time average.
Aberrant correlation functions were removed based on divergence
from population standard deviations before averaging the remaining
sub-acquisitions, The final ACFs, Gg(z) for micelles and G (z) for
isolated BSA, were fit in MATLAB using a weighted nonlinear least-
squares algorithm to a single-component 3D diffusion with a blinking
model function

; 4
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G{(r) = G(0)-Gyp aig(7)- Gy (7) (2)
in which G(0) is the function amplitude, defined as

1
0= )

where (N;) equals the time-averaged number of fluorescent species

found in the excitation volume. The 3D diffusion component Gip g5
(1) is defined as

1 1
1+ = K
. L+ 4 5 (4}

where 7, is the average dwell time of species i diffusing through the
confocal excitation volume, with an eccentricity factor x found from
the wavelength-dependent axial (z,) and lateral {(,} radii of the
excitation volume. Lastly, the triplet blinking component, Gy, (7), is

Gap af (r) =

1— T+ T e/
1-T (s)

where T, is the fraction of fluorescent species, i, occupying a dark
triplet state, with a corresponding lifetime, 7. When fitting cross-
correlation data, Gy(t), the blinking component was eliminated as T
= 0. From the ACF fits, we use extracted dwell times to calculate
diffusion coefficients as D, = @2/ 41y ;. The means and errors of the
relevant output fit parameters for each acquisition were calculated,
weighted by the number of sub-acquisitions used to calculate each
final filtered acquisition. Using the experimentally measured diffusion
coefficient of isolated BSA (728 + 6.5 pm’/s), in good agreement
with literature values,* we were able to correct for small (+10 nm)
variations in @, from day to day.

When mixed with either micelle, the ACFs for BSA in solution were
instead fit to a two-component 3D Brownian diffusion model with
triplet blinking. The corresponding model equation is identical to that
of the single component, but with Gp 4{7) instead describing the
sum of two species with distinguishable dwell times written as

Gbunk(f) =

1 1

GJDM(T)=EI+; = 2 +(1_FI)
ot 1+ :D""‘;-I"K
1 1
1+ G
0,62 1+ P~ K (6)

where F, is the fraction of species with dwell times 7y, and the
remaining species diffusing with average dwell times, 7. The
overall average diffusion coefficients for such systems were then
calculated as follows.

2

@,

"~ 4(Frpe + (1 - B)rpr) {7)

Using the Stokes—Einstein equation, we then calculated the
corresponding hydrodynamic radii as
_ kT

6mDg (8)
where kp is Boltzmann's constant, n is the viscosity assumed to be
9.3255 X 107 kg/ms, and T is the temperature, taken as 296 K.
Finally, we used the amplitudes from the green channel ACFs and the
dual channel CCFs to generate a fractionally correlated metric, f,
which describes the relative degree of adsorption and co-diffusion of
spectrally distinct species, defined as follows.

= Gpg(0)

& Gg(0) (9

Dg

Ry

B RESULTS AND DISCUSSION

Synthesis and Characterization of mMPEGg-PCLg,.
mPEG with a reported number-average molecular weight
(M,) of 5.0 kDa was used as a macroinitiator in the ring-
opening polymerization {(ROP) of e-caprolactone with tin{II)
2-ethylhexanoate.’® The polymerization was terminated before
reaching 50% monomer conversion to decrease the probability
of transesterification side reactions. 'H NMR spectroscopy was
used to determine the monomer conversion and confirm the
expected polymer structure (Figure S1). Gel permeation
chromatography (GPC) with polystyrene standards was used
to determine the macromonomer and final polymer’s M, and
polydispersity (B). Prior to polymerization, the M, of the
mPEG macroinitiator was 7.01 kDa with P = 1.08. The final
mPEG-PCL polymer had an M, of 13.1 kDa with b = 1.20
(Figure 52). Therefore, the PCL chain length was determined
to be 6.1 kDa, hence the mPEG,-PCL, notation.

Micelle Assembly, CMC, and Aggregation Number
Detel’mination. mPEGsk-PCL“ (mPP) and PCLSk'PEGmk'
PCL,, (PPP) micelles were assembled usinig the cosclvent
evaporation method, as previously described.*® However, trace
amounts of acetone were detected using 'H NMR spectros-
copy. To remove the remaining acetone, dialysis was necessary.
DLS was used to confirm the micelle size (Figure 1E) as well
as the CMC (Figure S3). The hydrodynamic radius (Ry)
values were measured to be 18.5 and 24.4 nm for mPP and
PPP, respectively, and the CMC of mPP was determined to be
2.12 uM or 27.8 ug/mL, which agrees with the literature
values.”? The aggregation number for mPP was measured
using SLS (Figure 84) and resulted in an aggregation number
of 100 polymers/micelle.

The PPP micelles were notably more difficult to form
without aggregates. Due to the nature of triblock ABA
copolymer micelle assemblies, dilute conditions were necessary
to encourage the two hydrophobic ends to incorporate into the
same micelle assembly as opposed to two different micelles,
which is the major cause of aggregation. While they were
prepared at half the concentration of the mPP micelles, they
displayed similar sizes, as confirmed by DLS (Figure 1E) and
transmission electron microscopy {TEM) (Figure $5). We,
therefore, assumed the aggregation number for PPP is 50, as
one triblock is equivalent to 2 diblocks (Scheme 1), which was
necessary to calculate the micelle concentrations. The polymer
concentration was maintained above 10 uM to ensure it did
not fall below the CMC during the experiment. This was
reasonable to assume, as ABA triblock copolymers have similar

Scheme 1. Ilustration of Polymer Micelles Formed by
mPEG-PCL (mPP) and PCL-PEG-PCL (PPP) in 1X PBS
and Used in This Study
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Figure 2. Micelle temperature stability with time. Representative, normalized sample ACFs of 342 nM solutions, containing NR-labeled mPP (A)
and PPP (B) micelles after 1 h (red) and 48 h (black) incubations at 37 °C. Insets show Ry, values cotresponding to respective | and 48 h FCS
measurements. Error bars show the standard deviations calculated for each sample.

CMCs to their diblock derivatives.*** Example calculations values, we were able to quantify the micelle and BSA

that relate polymer concentration to micelle concentration, as concentrations in isolated, 1%, and 2X mixtures, as reported

well ag the dilution sequence for FCS and PIE-FCCS studies, in Table S3. The translational mobility of each species was

can be found in the Supporting Information (Tables S1—S3). compared using the diffusion coefficients, which were
Characterization of Micelles with FCS and DLS. To calculated from the respective 7, values {Figure 1C).

study the possible effects of end-groups on protein—micelle The micelle mobilities were much lower than the BSA

interactions, we used two different block copolymers: mPP and mobilities, which was expected based on their relative sizes.

PPP. As illustrated in Scheme 1, the mPP micelles contain The diffusion coefficients of isolated mPP and PPP samples
alkoxy (methoxy) end groups, whereas the PPP folds into were 13.3 + 0.4 and 10.2 + 0.4 um’/s, respectively, making
hairpin-like loops when assembled into micelles, which them nearly 7 times slower than BSA (733 + 5.8 um’/s,
eliminates the methoxy end groups. The appropriate M, for Figure 1C). Using the Stokes—Einstein equation, we then
the copolymer blocks in mPP was chosen based on the calculated the average Ry for mPP and PPP to be 17.5 £ 0.5
molecular weights of previously assembled stable micelles.*® and 22.9 + 1.0 nm, respectively {Figure 1D). The R, calculated
The M, for the copolymer blocks in PPP was chosen to be for mPP agrees with other studies gerformed using the same
comparable to the mPP blocks when PPP is folded. Because block copolymer with similar M;s.”** The R, calculated for
the M, of the block copolymers is comparable when assembled PPP agrees with other studies performed using the same block

into the micelles, we expect the micelle sizes to be comparable. copolymer and PCL/PEG ratio.>**! The R, calculated for BSA
We first characterized the micelles and BSA prior to mixing was 3.2 + 0.2 nm, in good agreement with previous literature
using FCS, which can quantify the diffusion dynamics of a values,*******3 and indicates that isolated BSA samples existed
broad spectrum of sizes, ranging from fluorescent dyes (~1 primarily as monomeric species in these ~200 nM
nm) to micelles (10-30 nm) and liposomes (100—300 experimental concentrations. Additionally, we compared the
nm).*’?* BSA conjugated to FITC is commercially available R, values of the micelles derived from FCS measurements to
and has a peak emission at 525 nm. NR {peak emission at 633 those from DLS measurements taken using aliquots from the
nm) was chosen as a fluorescent probe for the micellar same bulk micelle samples at room temperature. The DLS
solutions because it self-associates in the hydrophobic core of number data reported peak R, values of 18.5 and 24.4 nm for
the micelles and is more fluorescent in that environment than mPP and PPP, respectively (Figure 1E), which agree very well
in an aqueous solution.”® Separate samples of FITC-labeled with the Ry values from FCS.
BSA and NR-labeled micelles were prepared at concentrations We also tested the stability of both micelle types at
of 0.34 M for BSA and 025 + 0.06 4M for mPP and PPP. physiologically relevant temperatures for extended periods of
Example calculations can be found in Table S2. Aliquots of time. Such stability is essential for NCs to be considered
micelle and BSA stock solutions were combined in 1:1 and 1:2 potential candidates for drug delivery. We acquired FCS data
ratios of micelle/BSA (Table 52), which we refer to as 1X and for both micelle constructs after incubating isolated samples at
2% BSA mixtures, respectively. Additionally, BSA stock 37 °C for both 1 and 48 h time points. Upon fitting the
solutions were diluted by half in 1X PBS prior to measure- resulting ACFs, we observed consistent diffusion coefficients
ments. Following preparation, the samples were incubated at (Figure 2) for both micelle types over 48 h. This translates to

37 °C for time lengths of 1, 6, 12, 24, and 48 h. After each stable R, profiles for both micelle structures, being 16.4 £ 0.6
incubation period, 100 yL aliquots were taken from all samples nm for mPP (Figure 2A inset) and 24.9 + 1.3 nm for PPP
and analyzed using single-color FCS. Data was recorded on an (Figure 2B inset) after 48 h of incubation. The results agree

instrument setup shown in Figure 14, yielding the ACFs with previous studies showing robust stabilities of other

shown in Figure IB. As described in the Materials and PEGylated NC types. ™%

Methods section, the ACFs were fit to a 3D diffusion model Probing PEG-Based Micelle Interactions with BSA

with triplet relaxation to determine 1p, N, and T. Using the fit Using PIE-FCCS. After characterizing the micelles and BSA in
2483

a0
Biomacromolecules 2023, 24, 2479-2488



Biomacromolecules

pubs.acs.org/Biomac

A. B.
1.0
: - alone
L ighlemPP so}
. .
k (%]
" Pl
& E 40
| = 3
| 34 Fa
f 30} 5 'I'
|
QL e o Ay 25La M i i . M
C 102 101 10° 10t 10 D 0 10 20 30 40 50
1.0 kg 55
- alone
== 1hr
—aghr]*PPP 50.'_}_
s -I--I-
. 1 ]
(5 | o~
G | £ Wl T
A +
| 2 35[
]
1 o
0 bbusiaisisii CTRrr R bk AL At b 0 ST 255 a. i N N S— .
02 101 10° 10/ 107 0 10 20 30 40 50
T {ms} hours

Figure 3. Time-dependent BSA co-diffusion in 1X PBS. Normalized FCS correlograms of mPP (A) and PPP (B) micelle exposed BSA,
respectively. The diffusion of BSA, represented here as a population-weighted average of slow and fast species, decreases when mixed with mPP
(cyan) or PPP (magenta) after 1 h incubation at 37 °C, indicating the presence of BSA—micelle species. Obstruction of BSA diffusion appears time-
dependent, as seen by BSA correlograms after 37 °C incubation for 48 h with mPP (dark green) and PPP (purple}. These observations are
quantitatively supported by fraction-weighted averages of BSA diffusion when mixed with mPP (B) and PPP (D) after 1, 6, 12, 24, and 48 h

incubation times. Error bars show the standard deviations.

isolation, we next investigated the interactions between them
using two-color PIE-FCCS.*" This technique correlates
fluorescence fluctuations from both detectors as ACFs, giving
diffusion and local concentration metrics for both species. In
addition to the information provided by the ACFs, PIE-FCCS
also produces CCF that is sensitive to correlated intensity
fluctuations related to co-diffusion of the two labeled species,
NR micelles and FITC-labeled BSA. PIE and TCSPC enable
the removal of photons from direct excitation of NR with 488
nm light or spectral bleed-through from the FITC into the red
detector.’’ This data collection scheme avoids false-positive
cross-correlation, In this way, PIE-FCCS is a rigorous indicator
of the correlated diffusion of micelles and BSA and thus serves
as a sensitive gauge of BSA—micelle interactions.

We prepared stock solutions of 1:1 and 1:2 ratios of micelle/
BSA in 1X PBS, as described in the previous section. PIE-
FCCS data were recorded for each sample at the same time
points as for the single-color data above: 1, 6, 12, 24, and 48 h.
After 1 h, the decay times of BSA in the micelle mixture
decreased significantly compared to BSA alone (Figure 3A,C).
We fit the ACFs corresponding to BSA with a two-component
diffusion model and plotted the population-weighted average
diffusion coefficients in Figure 3B,D. Experimental diffusion
coefficients for the fast and slow BSA components,
representing free and micelle-bound BSA molecules, respec-
tively, were relatively unchanged over time. The fast diffusion
coefficients remained around 80 um?/s for both mPP (

S6A) and PPP ( - ) mixtures, and both BSA
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concentrations, which is in good agreement with the diffusion
measurements for BSA in unmixed solutions. The diffusion
coefficients of the slow component species also remained
consistent over time for both sets of BSA concentrations. The
slow component BSA in the mPP experiments gave diffusion
coefficients of around 12 ym’/s {Figure S6B), while those
found for the PPP mixtures remained around 9 pm?/s (Figure
57B) for all incubation times. These differences in diffusion
coefficients between micelle types of 3 gm’/s are in good
agreement with diffusion measurements taken for the isolated
micelle samples.

While the diffusion coefficients for each component showed
little time dependence, the population fractions changed in a
systematic way consistent with the trends in Figure 3. In the
mPP micelle experiments, we found the slow component
population fractions for the 1X BSA mixture to be 0.323 +
0.025, 0.426 + 0.008, 0.478 + 0.023, 0.446 + 0.022, and 0.502
+ 0.027 for incubation times 1, 6, 12, 24, and 48 h,
respectively, while fractions for the fast components decreased
to 0.677 + 0.025, 0.574 + 0.008, 0.522 + 0.023, 0.554 &
0.022, and 0.498 + 0.027 (Figure $6). These correlated trends
in the fast and slow component populations suggest that BSA
interacts directly with mPP micelles. Similar trends were
observed for the triblock experiments, with slow component
fractions of 0230 + 0.022, 0.266 + 0.040, 0.308 + 0.024,
0.326 + 0025 and 0.293 + 0.016, and fast population
fractions of 0770 + 0.022, 0.734 + 0.040, 0.692 + 0.024,
0.674 + 0.025, and 0.707 % 0.016 (Figure 57). The changes

httpsy/doi.crg/10.1021/acs.blomac.2c01538
Biomacromolecules 3023, 24, 2479-2488



Biomacromolecules

pubs.

acs.org/Biomac

A.

B.

0.4 ey - - Tt 0.4 ryey T - =
a=1hr =1 hr
o6 hr — & hr
=12 hr ‘ =12 hr

0.3 - -—24hr] 03 =24 hr |
== 48 hr =48 hr

10°

il g

5 b 10t 10t
T (ms) T (ms)
C. D.
03, 1 mPP: n BSA 03, 1 PPP: n BSA
02} == o2 -I-
-
- -+
01} =fm + == 01 -I-I- .} + -+
==
I == I
Fez- = 1x w=2x =+ T =2X
°=5 10 20 30 a0 o %o 10 20 30 40 50
hours hours

Figure 4. FCCS resolution of protein—micelle adsorption in 1X PBS. Cross-correlation functions of NR-mPP and FITC-BSA mixed at molar ratios
of 1:1 (A) and 1:2 (B) for incubation times of 1, 6, 12, 24, and 48 h at 37 °C, Corresponding fraction correlated, f;, averages for mole ratios of 1
(orange and blue) and 2x (violet and green) BSA mixed with mPP (C) and PPP (D). Error bars show the standard deviation calculated for each

sample.

observed for the 2X BSA mixtures were statistically
indistinguishable from those listed for the IX mixture and
can be found in Table S4. The ACF data allowed us to quantify
the relative populations of slow and fast diffusing BSA-
containing species suggesting a time-dependent association
between BSA and micelles. To directly measure the interaction
between BSA and micelle species over time, we next turned to
the CCFs measured by PIE-FCCS.

The CCFs from the PIE-FCCS data are shown in Figure
4A,B. The CCFs have significant positive amplitudes,
indicating co-diffusion and thus direct binding of BSA to
PPP and mPP micelles. To compare the CCF amplitudes, we
calculated a figure of merit, f;, which is the ratio of the CCF
amplitude to the ACF amplitude for BSA. Ranging from 0 to 1,
the magnitude of f, is proportional to the fraction of BSA
bound to micelles. Results from mPP experiments show that
after 1 h of incubation, f; is 0.014 + 0.004 for a 1:1 ratio of
BSA to micelles and 0.05 + 0.01 for a 2:1 ratio of BSA to
micelles. After 48 h of incubation, the fraction of bound BSA
increases to 0.108 + 0.005 and 0.21 + 0.01, respectively
(Figure 4C). This indicates weak binding of the protein to
micelles. This conclusion is consistent with the observation
that the diffusion coefficients and R, values of BSA never reach
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those of the micelles even after 48 h of incubation, which also
suggests incomplete binding.

For PPP-containing mixtures, at time points 1 and 48 h, the
f; values increase from 0.050 + 0.009 to 0.11 + 0.01, and 0.11
+ 001 to 025 + 0.02 for BSA mole ratios of 1 and 2,
respectively (Figure 4D). The endpoint f; values were nearly
identical for mPP and PPP for the 1X BSA mixtures. For the
2x BSA mixtures, the endpoint f; value for PPP was higher
than that for mPP (0.25 vs 0.21). Additionally, the PPP
mixtures reached a maximum fg after 10 h of incubation,
indicating faster binding.

To better understand the f; values, we used a probabilistic
model that considers the effects of micelle/BSA ratio
differences between experiments, in combination with a
mathematical framework presented previously in the group.**
We found that none of the f; values in Figure 4 were consistent
with micelle—BSA binding above 50%. Specifically, the mPP
and PPP were incubated for 48 h with 1X BSA had f; values
consistent with 22 and 19% binding, respectively. The
micelle—BSA population increased to 39 and 46% when
mPP and PPP were incubated for 48 h with 2x BSA,
respectively. These results support the conclusion that BSA

httpsy/dol.org/10.1021/acs.blomac.2c01538
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binds more strongly to PPP micelles compared to mPP
micelles.

B CONCLUSIONS

In this study, we characterized the stability and protein
adsorption of two PEG-based block copolymer micelles to
compare the effects of PEG architecture on BSA—micelle
interactions. Both micelles demonstrated reasonable stability,
as indicated by their consistent sizes through changes in
temperature, chemical environment, and time. FCS data
showed that BSA diffusion slows significantly when mixed
equimolarly with either micelle, with both demonstrating
similar time dependencies. However, similar mixtures contain-
ing double the original BSA concentrations showed diffusion
coefficients indistinguishable from those of the equimolar
samples. FCCS measurements indicated a time dependence of
the BSA—micelle interactions as well as a dependence on BSA
concentration, with PPP mixtures displaying slightly faster and
stronger BSA binding compared to mPP, These results
illustrate the utility of cross-correlation-based metrics for
studying binding affinities rather than purely FCS-based
measurements, as the latter can be complicated by the number
of differently sized fluorescent species in a measured system.

Many studies have shown the advantages of using FCS to
measure NC stabilities or reactivities when titrated with
various serum proteins.**>' While these studies provide
invaluable insights for non-PEGylated and solid NCs, the field
lacks studies for PEGylated micellar systems, which are
currently being explored for hydrophobic drug delivery.
Additionally, these studies often rely on exceptionally small
NCs and high protein concentrations to register discernible
changes in the NC hydrodynamic radii following incubation
with proteins. It should be noted that recent work has
employed PIE-FCCS to measure the effects of various polymer
coatings on protein binding to MOF nanoparticles (NPs),
demonstrating the ability to detect their relatively strong
interactions with globulin species.”® However, this method-
ology cannot be extended to the micellar system as there are
distinct differences in the composition of the solution. For
example, MOF NPs are homogenous as they are frozen
assemblies with the dyes locked inside the core. Micelles are in
a dynamic environment that will simultancously contain
micelles, free polymers, and free dye. Thus, there is a need
to develop a method by which dynamic assemblies can be
studied with PIE-FCCS.

This study suggests that single-color FCS can be used to
detect BSA interactions with PEGylated micelles, but it alone
does not provide enough information about the magnitudes of
such interactions to resolve binding affinity differences
between a linear and cyclic PEGylated micelle corona. Further,
the stoichiometric influences on binding affinities were
indiscernible from the FCS data alone when using BSA at
relatively low concentrations. PIE-FCCS, on the other hand,
does resolve the time dependence of micelle—BSA interactions
and distinguishes the effect of BSA stoichiometry on average
micelle—BSA aggregation. Qur approach was able to resolve
differences in binding based on the architecture of (m)PEG-
PCL-based micelles.

The results reported above were consistent with our
expectations that the difference in binding affinity between
the two architectures would be small and, therefore, have a
slight change in an already low concentration of co-diffusing
species. However, we did not expect that the cyclic PPP
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micelles would have a higher binding affinity for BSA. Because
the architecture of the mPP contains a methyl end group, we
anticipated that the methyl end groups would form hydro-
phobic pockets on the surface of the micelles, leading to more
nonspecific interactions with BSA. By cyclizing the PEG, we
essentially remove the methyl end groups, thereby avoiding the
expected hydrophobic pockets. One possible explanation for
the unexpected result is that the surface topology of the
cyclized PEG creates an electrostatic environment that has a
higher affinity for BSA as the end of a cyclized PEG resembles
that of a crown ether. In fact, cations have been used as
templates to encourage PEG folding in cyclization reactions.*
If the PEG remains chelated with the K* and Na* contained in
the 1X PBS, the resulting ions may cause charges to form on
the micelles surface, leading to interactions with the negatively
charged BSA at a pH of 7.4.

Further work is needed to resolve the surface binding
properties of the PEG-based micelles explored in this study.
Here, we demonstrated the value of PIE-FCCS to study
protein binding at low concentrations for a micelle system that
was thought to be “stealthy” and elude non-specific protein
interaction. Our approach made it possible to measure small
differences in binding affinity and discover an unexpected
difference in the surface environment of the micelles. Future
work could further reveal the binding affinity between
PEGylated micelles in the presence of other common serum
proteins involved in PEG immune responses, Quantitative
fluorescence assays, as presented here, could make it possible
to elucidate the mechanism of the ABC phenomenon and
determine why this immune response occurs with some
PEGylated systems but not others.
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