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ABSTRACT: Targeted nanoparticles often require conjugating target-
ing ligands to polyethylene glycol (PEG) chains of a nanoparticle’s dense
protecting corona. “Click” chemistries are commonly employed for their
bioorthogonality, with strain-promoted azide—alkyne cycloadditions
(SPAAC) increasingly chosen to avoid cytotoxic copper catalysts.
However, conjugation becomes compromised if reactive PEG chain ends
cannot encounter their reaction counterparts. We use fluorescence to
probe the location of Nile Red, methylpyrene, and butylpyrene, dyes
with comparable hydrophobicities to SPAAC alkynes (logP = 3.2—5.7),
tethered to PEG chains on 100 nm NPs. Using fluorescence peak shifts,
we find that Nile Red resides 43% of the time in the Sk PEG corona and
57% at the more hydrophobic nanoparticle core. Increasing the PEG
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MW to 67k doubles the corona dye fraction to 86% (14% core). More hydrophobic methylpyrene and butylpyrene, monitored
with I1/I3 ratios, reside 1% in the corona (99% core). These results explain difficulties with using SPAAC reactions for

conjugating large ligands to nanoparticles with PEG coronae.

Most nanoparticle (NP) constructs for biomedical
applications have polyethylene glycol (PEG) coatings
due to the coating’s ability to decrease nonspecific protein
adsorption to the NP, increase circulation time, and prevent
opsonization by the reticuloendothelial system (RES)." These
NPs may be modified, or “targeted,” to interact with receptors
on cells, tissues, or organs. Optimally, targeted NPs have dense
surface PEG layers to prevent RES clearance, with specific
targeting ligands presented on their surfaces to bind to
receptors. Often, the targeting ligands are reacted onto the
ends of PEG chains after NP synthesis. If the targeting ligand is
large, antibodies (MW ~ 150k), single chain antibody
fragments (MW ~ 10—15k), or proteins, the steric interactions
between the ligand and the PEG brush layer may significantly
decrease the conjugation reaction kinetics relative to small
molecule ligands. This arises from the inability of larger ligands
to interact with the PEG chain ends, which are distributed
throughout the PEG brush layer.?

A variety of conjugation reactions have been used to connect
PEG chains to ligands. Of particular interest are “click” (azide—
alkyne Huisgen cycloaddition) reactions, most commonly
copper(I)-catalyzed azide—alkyne cycloaddition (CuAAC),
that has grown in use dramatically due to the reaction’s
bioorthogonality and high regioselectivity in aqueous media.>
Some concern over the cytotoxicity of the copper(I) catalyst
has led to the development of copper-free “click” chemistries
for in vivo applications.* Strain-promoted azide—alkyne cyclo-
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addition (SPAAC) is a common example of copper-free “click”,
which uses ring-strain to activate the alkyne. SPAAC alkynes
include dibenzocyclooctynes (DBCO), bicyclo-[6.1.0]-nonyne
(BCN), and difluorinated cyclooctyne 2 (DIFO2),® which are
commercially available. These are relatively hydrophobic with
octanol—water partition coefficients (logPs) as shown in Table
1 (molecular structures in the Supporting Information).

In our experience, using SPAAC alkynes on Sk PEG chains in
dense brush layers to couple 14k antibody fragments onto our
polymeric NPs for targeting has been problematic. To the
authors’ knowledge there are no examples of successful protein
conjugation using SPAAC alkynes to the surface of PEG-
protected polymer nanoparticles. Since the mechanism for
SPAAC requires the interaction between cycloalkyne and
azide,® we hypothesize that a bias in the distribution of these
hydrophobic functional end groups toward the hydrophobic
core, and away from the NP corona—water interface, causes a
drop in the reaction efficiency relative to the reaction in free
solution. The problem is demonstrated graphically in Figure 1,
for the three cases of ligand conjugation: neutral PEG end-small
ligand, neutral PEG end-large ligand, and hydrophobic PEG
end-large ligand. For the first two cases (Figure 1A,B), we plot
the distributions of chain ends, as presented by Milner et al,’
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Table 1. Comparison of Octanol—Water Partition
Coefficients (logPs)” of Functional End Groups”

end group log P
alkyne 0.3
azide 0.9
DBCO® 2.9
BCN“ 3.0
Nile Red (NR) 32
DIFO2* 4.3
methylpyrene (PyM) 44
butylpyrene (PyB) 57

“Calculated via Molinspiration software by Cheminformatics. Available
from http://molinspiration.com. "Structures in the Supporting
Information. “Dibenzocyclooctyne. “Bicyclo-[6.1.0]-nonyne. °
Difluorinated cyclooctyne.

from simulations of self-avoiding walks of chains in a brush
layer. Since our NPs are around 100 nm in diameter and our
PEG brush layers have thicknesses around 10—20 nm,® we
represent these PEG brushes on flat plates since particle sizes
are much larger than brush thickness. For smaller polymeric
micelles, curvature might make a quantitative, but not
qualitative, difference to this picture. These end groups have

no specific interaction with the surface, and we denote these as
“neutral ends.” Small ligands, such as small molecule dyes, can
permeate the PEG layer, attain a constant concentration
throughout the layer, and allow the conjugation to proceed
without any additional resistance. Large ligands, such as
proteins, have to push into the PEG layer to react with the
functional chain end. Additional work (osmotic pressure
multiplied by the displaced volume of the PEG layer) needed
to displace the PEG corona decreases the protein concentration
in the brush and decreases the probability of the reaction
between the chain end and the reactive moiety on the ligand
(Figure 1B).

Figure 1C shows the third case, where a large ligand is to be
conjugated with a hydrophobic PEG end, such as in protein
conjugation to NPs with SPAAC cycloalkynes. Since the
hydrophobic end group biases the chain end toward the NP
core, the probability of the chain end and the ligand interacting
is decreased greatly. Consequently, the reaction efficiency
would be dramatically reduced. This is consistent with our
observations.

To test this hypothesis, we designed experiments to probe
the microenvironment of the PEG chain ends corresponding to
chains with SPAAC reactants with varying degrees of
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Figure 1. Graphical representation of ligands reacting with functional chain ends in a PEG layer. (A) Conjugation of a neutral chain end (that does
not bias the chain end toward the NP core or surface, as described by Milner et al.”) with a small ligand that can permeate the PEG layer. The
concentration of small ligands (green squares) is uniform, leading to reaction independent of the functional chain end’s location (red circles) within
the PEG layer. (B) Conjugation of a neutral chain end with a large ligand (i.e., protein). Steric repulsion diminishes the concentration of the ligand in
the brush layer resulting in a decreased conjugation efficiency (green squares, represent the click group on the targeting protein) and the functional
chain end, resulting in a small decrease in conjugation efficiency. (C) Conjugation of a hydrophobic chain end with a large ligand. The chain end
distribution is biased toward the NP core. Hence, the joint probability of the reactive chain end and the large ligand interacting is significantly

diminished, compromising the conjugation efficiency.
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hydrophobicity. Two hydrophobic fluorescent dyes were
conjugated to the PEG ends on 100 nm NPs: Nile Red
(NR) and pyrene (Py). Both of these dyes have environ-
mentally sensitive fluorescent emission spectra that allow for
their use as environmental indicators.” NPs were assembled via
Flash NanoPrecipitation (FNP) using a two-inlet confined
impinging jet (CIJ) mixer, as described by Han et al.'® (Full
details of dye conjugation and NP synthesis are in the
Supporting Information.) The ratio of the fluorescent PEG to
hydroxy-terminated PEG was chosen to be dilute enough to
avoid self-quenching the dyes. Differences in fluorescence allow
for the discrimination of dye location between three potential
environments in/on polymeric nanoparticles, as depicted in
Figure 2: at the PS core (A), in the PEG corona (B), or at the
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Figure 2. Three potential dye environments: (A) polystyrene NP core
(black circle), (B) PEG corona (blue lines), and (C) corona—aqueous
interface. The red hexagon represents the end-group modification on
PS—PEG (green line) whose local environment is to be probed. (D)
Normalized Nile Red emission spectra of 1 yg/mL dye in toluene (PS
core-like, light blue line), ethanol (PEG corona-like, purple line) and 1
mg/mL Sk Nile Red-functionalized poly(ethylene glycol) in water
(green line).

aqueous interface outside the corona (C). We determined the
effect of PEG MW on the surface presentation of dye in PS—
PEG NPs by conducting experiments with PS—PEG PEG
blocks of 5.5k, 16.6k, 25k, 36k, and 67k with a constant 3.6k PS
block.

B ANALYSIS OF SPECTRAL SHIFTS WITH NILE RED

Emission spectra of NR was measured in toluene, ethanol, and
water to represent the PS core (Figure 2A), PEG corona
(Figure 2B), and the aqueous environment at the outer
boundary of the PEG corona (Figure 2C), respectively. Figure
2D shows the normalized emission spectra of NR in these
solvents excited at 514 nm. Toluene and ethanol are chosen as
approximations of the core and corona, respectively, due to
their similarity to styrene and ethylene glycol, and are expected
to yield similar NR fluorescence to their NP analogues (as
demonstrated in Figure 3). The appropriateness of these
approximations are discussed in the Supporting Information
(SI-VII). Nile Red-functionalized (5k) PEG (PEG-NR) is
used instead of pure NR in water due to the dye’s low aqueous
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Figure 3. Normalized emission spectra of 0.1 wt % NR-tethered NPs
synthesized with 1.8k PS and PS—PEG copolymer stabilizer of 3.6k PS
MW and PEG MWs of 5.5k (black open square), 16.6k (red open
circle), 25k (blue open triangle), 36k (green open diamond), and 67k
(pink open pentagon). The dotted lines show comparison normalized
spectra for NR in toluene (light blue closed square) and ethanol
(purple closed circle), representing the core and corona NP
environments. Increasing the PS=PEG PEG MW increases the ratio
of dye in the corona vs the core.

solubility. The large differences between the maximum
emission wavelengths of NR in these environments, 95 nm
between toluene and water and 64 nm between toluene and
ethanol, allow for the discrimination of dye environment by
emission spectra deconvolution. Solvation also affects NR’s
fluorescence intensity; the intensity is 10% lower in ethanol
relative to toluene (Figure SS). Normalized fluorescence data
are presented to facilitate the determination of NR environ-
ment. Non-normalized data are in the Supporting Information
(Figure S6).

Increasing the molecular weight of the PEG block of the PS—
PEG copolymer decreases the NR concentration in the “core-
like” environment, while the corona-like population increases,
as shown in Figure 3. NR-tethered PEG does not emit a
noticeable peak at 664 nm, indicating only a negligible amount
of dye in the aqueous phase. Instead, most of the dye resides in
the PEG corona and the PS core. At greater PEG block
molecular weights, the corona volume increases; hence, if the
NR is partitioning between the core and corona, more NR is
solubilized in the corona. Fluorescence shows that a greater
fraction of NR resides in the corona with increased the PEG
block MW.

We can quantitatively analyze the probability of finding the
functionalized chain end by deconvoluting the emission spectra
using the peaks from each of the NP environments, core,
corona, and corona—aqueous interface. We approximate the
response as a linear superposition:

Iconv = acoreItol + acoronaIEtOH + aaqueoustater

where I, is the convolved fluorescence spectra, I, Igom,
Iaew are spectra representing the NP core, corona, and
corona—aqueous interface, as in Figure 3, and a,y., dcorony and
Gyqueous 3r€ constants that we use to weight the relative
contributions of the core, corona, and corona—aqueous
interface spectra. Optimal fitting parameters for maximizing
R? between the normalized model and experimental spectra
were determined. The relative amount of NR in each
environment is obtained from the weighting coefficients
(detailed in the Supporting Information).

Figure 4 shows the relative concentration of NR in each
environment as the PEG block Mw increases. For all NPs,
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Figure 4. Percentage of NR fluorescing in the PS core (green square),
PEG corona (red circle), and corona-aqueous interface (blue triangle)
vs the PEG block MW. As the PEG block MW increases, a greater
proportion of NR is found in the corona. The fluorescence
corresponding to dye in the aqueous environment is insignificant.

Gaqueous 1 approximately zero for all PEG MWs, suggesting that
the tethered NR infrequently samples the corona—aqueous
interface relative to the core and corona. As the PEG block MW
increases from 5.5k to 67k, the percent of NR in the corona
doubles from 43% to 86%.

B ANALYSIS OF POLARITY PARAMETER WITH
PYRENE

A second fluorescence technique to assess the location of the
functionalized PEG chain end is based on the ratio of Py’s
primary and tertiary fluorescence peaks (I;/I;, the polarity
parameter), which decreases as the hydrophobicity of the dye’s
local environment increases.”>"' For this, 1-pyrenemethanol
and 1l-pyrenebutanol were conjugated to PS—PEG to create
functional chain ends with logPs of 4.4 and 5.7, respectively
(details of synthesis in the Supporting Information). These two
end groups, with NR, span the hydrophobicities covered by the
strained alkynes used for SPAAC in Table 1.

Figure 5 shows the polarity parameter for 0.01 mg/mL
solutions of the Py derivatives in binary mixtures of ethanol and
toluene. The polarity parameters of the Py derivatives tethered
on PEG chains on the NP surfaces are also shown on the figure.
With 100% toluene representing the polarity of the core and
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Figure S. Polarity parameters (I,/1;) of 0.01 mg/mL 1-pyrenemetha-
nol (green square) and 1-pyrenebutanol (red circle) in solutions of
ethanol in toluene, compared to the polarity parameters of 0.1 wt %
methylpyrene-tethered NPs (green star, polarity parameter of 1.48)
and butylpyrene-tethered NPs (red star, polarity parameter of 3.17) in
water. NPs were composed of 1.8k PS core and 3.6k-b-16.6k PS—PEG
as the stabilizing block copolymer. The NP measurements indicate the
more hydrophobic butylpyrene terminal group (logP = 5.7) only
samples the core, and the less hydrophobic methylpyrene (logP = 4.4)
samples the corona only 0.83% of the time.
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100% ethanol representing the polarity of the corona, we find
that the pyrene end groups are predominantly in the core.
Methylpyrene (PyM) is found only 0.83% in the corona, found
by interpolating between 0 and 5% ethanol in toluene. The
more hydrophobic butylpyrene (PyB) is found essentially
completely in the core. The lower polarity parameter of PyB-
tethered NPs stems from specific interactions between
polystyrene in the core and the dye generates a more
hydrophobic environment than toluene (discussed further in
the Supporting Information). When compared to the NR-
tethered NP, for which 50% of the end groups are in the
corona, we observe that increasing the hydrophobicity of the
end group, such as the Py derivatives, decreases the proportion
of the end group in the corona and increases the end group’s
population in the core.

By using NR and Py derivatives as fluorescent probes to
determine local environments, we were able to determine that
hydrophobic end groups on PEG chains sample the hydro-
phobic core of the nanoparticles. The fraction of the groups in
the corona depends on the hydrophobicity of the terminal
group and the molecular weight of the PEG chains comprising
the brush. For groups with the hydrophobicity of the strained
alkynes currently used in copper-free click reactions (such as
for SPAAC), the fraction of chain ends in the corona would be
predicted to vary from 50% for NR with the hydrophobicity of
DBCO, to 0.83% for PyM with the hydrophobicity of DIFO2.
The fraction of chain ends in the corona also increases with the
PEG block MW from 43%, for a 5.5k PEG block, to 86%, for a
67k PEG block.

These results help to explain the difficulties encountered
when using SPAAC to conjugate proteins and antibodies with
ring-strained alkyne-functionalized PS—PEG NPs. This would
also explain why the reactivity toward small molecule
fluorophores is less sensitive to the polarity of the terminal
PEG group because these small molecules can permeate the
PEG corona. These results might also indicate that placing
SPAAC alkynes on the ligand and the azide on the PEG chains
may be a better strategy to conjugate proteins and antibodies
onto NPs than the reverse. Currently we are conducting those
experiments to quantify the effects of alkyne and azide
“polarity” on conjugation efficiency.

B ASSOCIATED CONTENT
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Additional information regarding the calculation of log Ps;
synthesis of the dye-tethered copolymers; NP synthesis and
formulation; material characterization; deconvolution methods;
and details and further comments on fluorescence data. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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