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ABSTRACT: The relative hydrophilicity at the interface of a nanoparticle was measured utilizing electron paramagnetic resonance
(EPR) spectroscopy. The supramolecular structure was assembled from spin-labeled peptide amphiphiles (PA) derived from N-carboxy
anhydrides (NCA). Cyanuric chloride, or 2,4,6-trichloro-1,3,5-triazine (TCT), was used as a modular platform to synthesize the spin
labeled, lipid-mimetic macroinitiator used for the ring opening polymerization of ybenzyl-L-glutamic acid NCA to produce polygluta-
mate-b-dodecanethiol,. Through static and dynamic light scattering, as well as transmission electron microscopy, PAs with DP of 50 and
17 were shown to assemble into stable nanoparticles with an average hydrodynamic radius of 117 and 84 nm, respectively. Continuous
wave EPR spectroscopy revealed that the mobility parameter (h.;/ho) and 2A,, of the nitroxide radical increased with increasing pH, in
concert with the deprotonation of the PE side chains and associated helix-coil transition. These results are consistent with an increase
in the relative hydration and polarity at the nanoparticle interface, which would be dependent on the secondary structure of the poly-

peptide. This research suggests that a pH stimulus could be used to facilitate water diffusion through the membrane.

Peptide amphiphiles (PA) are an important class of biomole-
cules with a variety of applications such as in tissue engineering,
regenerative medicine, and drug delivery.'” In general, a PA is
composed of a hydrophobic lipid covalently linked to an oligo-
or polypeptide head group. The polypeptide can be designed to
have a specific secondary structure (e. g. random coil, ahelix, 3
sheet), as well as possess stimuli responsiveness and bioactivity.
Depending on the length and identity of the lipid/polypeptide,
it is possible to direct aqueous self-assembly towards the for-
mation of spherical micelles,® ribbons,” cylinders,® or vesi-
cles.”™® These nanostructures can be effective drug delivery
tools that display a variety of antigens from tailor-made PAs,
and can internalize within tumor cells."

Although PAs can be tailor-made through solid phase pep-
tide synthesis, this is a time-consuming process that is limited
to short polypeptide lengths and low yields. When specificity is
not crucial, it is beneficial to synthesize polypeptides via the
ring opening polymerization (ROP) of N-carboxy anhydrides
(NCA®s). This facile process can be used to polymerize a variety
of amino acid NCA derivatives, such as glutamic acid (pK, =
4.15) and lysine (pK, = 10.67), in high yield and with high mo-
lecular weight."™" For example, Naik et al. and Ray et al. syn-
thesized PAs with an AB; structural motif that self-assembled
into vesicles.”'® For the case of PAs containing polyglutamate
(PE) side chains, these ionized at high pH, which led to a tran-
sition in secondary structure from an ahelix to extended coil.
This ahelix to coil transition is expected to lead to a 0.22 nm
increase in radius per monomer unit,"* which corresponds to a
3.5 nm increase in radius for a polymer with DP = 16. However,
they observed a dramatically enhanced pH response, whereby

there was a 30 nm increase in hydrodynamic radius that was

independent of concentration, with no change in aggregation
number across the pH range. It was hypothesized that this en-
hanced pH response was a result of changing interfacial chain
density. It would follow that there would be an associated thin-
ning of the vesicle membrane and associated increase in hydro-
philicity at the membrane interface.

Scheme 1. Synthesis of the lipid mimetic, EPR spin labeled
macro-initiator for ROP of NCAs.

Probing non-covalent interactions, such as membrane hydra-
tion, and the local environment of complex nanostructures,
can be realized through the utility of continuous wave electron
paramagnetic resonance (CW EPR) spectroscopy.'® Nitroxide
radicals are employed as stable paramagnetic probes that can be
covalently linked to proteins, polymers, and nanoparticles.'”*
CW EPR can readily be used as a qualitative and quantitative
tool to obtain information about the local environment up to

ca. 2 nm.” Although current research elucidates the dynamics



and interactions between water and supramolecular nanostruc-

18212425 e describe here the effects of an external stimu-

tures,
lus on interfacial hydration. It is conceivable that a rigid poly-
peptide in an ahelix conformation would reduce the diffusion
of water molecules to the hydrophobic surface of the nanostruc-
ture, while an ionized and flexible coil would increase polymer
chain interactions with water. For instance, it is well known
that poly(ethylene glycol) improves pharmacokinetics and acts
as a steric stabilizer to reduce adverse cellular interactions; how-
ever, it also reduces the bioactivity of the attached drug/pro-
% Through course-grained molecular dynamics simula-
tions, Srinivas et al. studied the activity of a transmembrane
channel protein embedded in a polymer vesicle.”” The authors
showed that increased length and rigidity of polymer chains in

tein.

the corona reduced diffusion of water to the surface of the bi-
layer, thereby affecting the function of the protein. Further-
more, EPR experiments have shown that water dynamics di-
rectly affect protein folding and function within the protein
apoMb.?! We believe that increased hydration at the interface
of a vesicle bilayer has strong implications towards increased
activity of biomolecules, which could potentially be used as a
pH dependent gating mechanism for drug delivery.

To investigate the enhanced pH response observed by Ray et
al., we incorporated the nitroxide radical, 2,2,6,6-tetramethylpi-
peridine-1-oxyl (TEMPO), at the hydrophilic/hydrophobic in-
terface of a PA nanostructure. The benefit of our synthetic ap-
proach is the use of 2,4,6-trichloro-1,3,5-triazine (TCT) as a
platform for conjugation. Through chemoselective nucleo-
philic aromatic substitution, the three chlorine atoms on TCT
can be sequentially displaced with various functionalities
Scheme S1.2 TCT has been well studied over the decades as a
versatile molecule used as a modular platform for the synthesis

3132 and multifunc-

of biologically active agents,”*® dendrimers,
tional polymers.”*~** Current literature lacks a feasible synthetic
approach for PAs that can be performed without a peptide syn-
thesizer, and TCT is the ideal modular platform that fulfills this
need. In this study, TCT was utilized as a tri-substituted core
molecule for the synthesis of the lipid-mimetic, EPR spin la-
beled macroinitiator 4 (Scheme 1) that was used for the ROP
of ybenzyl-L-glutamic acid NCA (BLG-NCA) monomer. The
particular amino acid can be exchanged for any NCA deriva-
tive, while the spin-label is completely interchangeable with
other nitroxide radicals. The only limitation is that it must con-
tain a nucleophile for conjugation. After deprotection of the
polypeptide, we studied the aqueous self-assembly behavior and
pH responsive effects of the nanoparticles.

First, the lipid-mimetic intermediate 1 was synthesized by the
radical mediated thiol-yne reaction between I-dodecanethiol
and propargyl alcohol (Scheme 1). After purification, 1 was iso-
lated in 84 % vyield. Second, 2 was prepared by mixing 1 with a
slight excess of TCT and DIPEA, and was produced in 66 %
yield after purification. Third, 4-amino-TEMPO was reacted
with 2 at room temperature to produce the EPR spin labeled
intermediate 3 in 77 % vyield after purification. ESI mass spec-
trometry (ESI-MS) (Figure S4) identified both protiated and so-
diated ions related to 3 at m/z 743 and 765, respectively, as well
as two peaks at m/z 443 and 394. The sodiated adduct dis-
played an isotope pattern that suggests the presence of one
chlorine atom, thus confirming the successful formation of 3.
In terms of installing a primary amine for initiation of the NCA

ROP, it has been previously shown that the nucleophilicity of
a cyclic secondary amine is ca. 20 times more reactive than the
primary amine in aminomethylpiperidine.”®*” Due to this, ami-
noethylpiperazine was chosen to react with the monochlorotri-
azine 3, which yielded the final product 4 in 70 % yield. LC-
MS results identified six major ion contributors (Table S1),
which were isolated and fragmented for purity analysis. The
two ions at m/z 836 and 837 corresponded to the single and
double protonation states, while the ions at m/z 443 and 394
were confirmed to be fragments of m/z 836. Considering these
fragments were also present after 3 was ionized, the most likely
cause is either the decomposition of the nitroxide radical or
fragmentation at the 2-, 4-, or 6-position of the 1,3,5-triazine
ring.”** The combined sample percentage of these ions con-
tributed to 88.6 % sample purity.

The polymerization of NCAs can be initiated by a variety of
nucleophiles and bases. There are two mechanisms of ROP,
which are dependent on the strength of bases present in solu-
tion. For our purposes, it was important that macroinitiator 4
possess high initiation efficiency for NCA polymerization, with
no appreciable side-reactions from the nitroxide radical and re-
sidual impurities. Nitroxide radicals are known to be stable at
room temperature, yet become effective radical trapping agents
at elevated temperatures.” Therefore, we did not foresee ad-
verse side-reactions caused by the nitroxide radical.

Macroinitiator 4 was used to initiate ROP of BLG-NCA to
synthesize polyglutamate with a DP of 50 (PEs) or 17 (PE;).
Aliquots were periodically taken from the reaction solution
and analyzed by gel permeation chromatography (GPC) for mo-
lecular weight analysis (Table S4-6), and Fourier-transform in-
frared (FTIR) spectroscopy was used to determine monomer
conversion. The polymerization of PE;; followed pseudo first-
order kinetics as shown by the linear trend of In(Mo/M) versus
time (Figure S16). The GPC traces plotted on the inset of the
figure provide a good visualization of increasing molecular
weight with polymerization time. More importantly, the poly-
mer elution curve remained unimodal throughout the polymer-
ization, thereby indicating that only macroinitiator 4 initiated
polymerization of the NCA.

In Figure S16, the number average molecular weight (M,)
and molar mass dispersity (B for the synthesis of PE;; were plot-
ted as a function of monomer conversion. The linear increase
in M, with conversion and a near constant dispersity further
support control of the polymerization kinetics. The polymer
had a final M, and Pof 4,610 g/mol (which corresponds to a
DP of 17) and 1.13, respectively. To better understand the ki-
netics of the polymerization, monomer conversion was moni-
tored using FTIR spectroscopy. It was observed that 46 % of
the monomer was consumed after 2.5 min (Figure S16). As the
polymerization progressed, the consumption of monomer was
linearly correlated to polymerization time, and then plateaued
after ca. 91 % monomer consumption.



Figure 1. Static and dynamic light scattering data of the radius of
gyration (R,, m), hydrodynamic radius (R, ®), and p(A) plotted as
a function of pH for a 0.1 wt% solution made from polymers with

a DP of (A) 50 and (B) 17.

The radius of gyration (R,) and hydrodynamic radius (R;,) of
the deprotected block polymer assemblies were determined us-
ing static and dynamic light scattering. Samples were prepared
at 0.05, 0.1, 0.25, and 0.5 wt% concentration from pH 5-10.
Precipitation occurred below pH 5, thus this range was ex-
cluded from further experiments and characterization. As
shown in Figure 1A, the size of the assemblies formed from
PEso was invariant with pH, possessing an average Ry, Ry, and p
of 116 nm, 117 nm, and 0.99 respectively. The radii of these
nanoparticles were also shown to be invariant at 0.25 wt%. At
the low concentration (0.05 wt%) the Ry, increased by 12 nm
with increasing pH. At ten times that concentration (0.5 wt%),
the Ry, fluctuated indiscriminately from the pH of the solution,
yet showed an overall increase in size by c.a. 20 nm (Figure S17).
With the exception of the most concentrated sample, the size
of the assemblies showed only slight fluctuations in size. Similar
results were found for the assemblies formed from PE;, which
possessed an average Ry, Ry, and p of 102 nm, 84 nm, and 1.2
respectively (Figure 1B). These results suggest that the nanopar-
ticles were stable over the studied pH range. We did not explic-
itly see a size increase from the ahelix to coil transition with
increasing pH, but circular dichroism showed that there was
still appreciable helical character at pH 5 (Figure S20). Proto-
nation of the tertiary amine in the piperazine may also have a

potential effect on the pH response. Light scattering measure-
ments were in agreement with the size of the nanoparticles de-
termined by transmission electron microscopy (Figure S21).

Figure 2. 100 G CW EPR spectra for 0.1 wt% solution of the pol-
ymer with a DP of (A) 50 and (B) 17. The peak-peak line widths
for the low (h.1), zero (ho), and high (h.) field transitions are re-
ported as averages from the pH range studied. Data are plotted as

intensity normalized to the ho transition. The arrow above the h;
transition demonstrates the magnitude of the change in peak split-
ting, commensurate with changes in 2A;, and hydrophilicity be-
tween pH 5-10.

A TEMPO moiety was utilized as the nitroxide spin label to
probe the changes in the local environment at the interface of the
nanostructure as the pH was modulated. Analysis of the CW EPR
line shapes provides information on the relative rotational diffu-
sion (i.e. mobility) of the nitroxide radical, and the splitting be-
tween transitions reflect fast motional averaging that reports on
the hydrophilicity of the environment. The intensity normalized
CW EPR spectra for both PE;7 and PEs are plotted in Figure 2. It
can be seen that the high field (h.;) transition possessed dampened
signal intensity and broader line widths compared to that of the
central (ho) and low field (h.;) transitions. Furthermore, the h, in-
tensity increased as the pH increased. This effect was more pro-

nounced in PEsq (26%) compared to PE;; (8%).



Figure 3. EPR data for 0.1 wt% solution of the polymer with a DP
of (A) 50 and (B) 17.

The spectra in Figure 2 are reflective of a TEMPO moiety
with restricted mobility in the nanoscale time regime.'” When
TEMPO is freely diffusing in solution, an isotropic line shape
is observed where each transition would have the same inten-
sity and width. Therefore, the reduced h; transition indicates
that TEMPO was incorporated into the aggregate, and that the
nitroxide radical possessed reduced rotational diffusion. This
was an expected result, considering that TCT acted as a tether
for three (macro)molecules connected at a single junction
point. TCT increased the overall rigidity of the PA and intro-
duced a kink into the molecular motif. It has been previously
reported that kinks can disrupt the formation of organogels,*
B -sheets,” and nanofibers.* Therefore, increased rigidity and

the introduction of a kink could have disrupted the mechanism
of the pH-enhanced response as previously reported by Ray et.
al.

The mobility and hydrophilicity parameters h.;/ho and 2A,,
respectively, are plotted in Figure 3. Both parameters increased
with increasing pH. These data indicate that the nitroxyl radi-
cal possessed a larger range of rotational motion at high pH,
which could manifest from either the total rate of motion
and/or angular fluctuations. Similar to previous differences
noted above, there is a more pronounced change in the h.;/ho
in PEsy compared to PE;;. These differences arise from a more
restricted mobility at pH 5 for PEso. A mobility parameter of 1
would correspond to a freely diffusing TEMPO molecule. The
hyperfine interaction in the nitroxide radical (i.e. the splitting
of the three transitions) is sensitive to the polarity of the envi-
ronment. This can be measured by the 2A;, (measured from
the zero of h.; to the zero of h., Figure S22-S23), where larger
values correlate with a greater hydrophilicity.**

The EPR findings are consistent with our original hypothe-
sis, where deprotonation of the PE side chains results in a de-
crease in interfacial curvature due to electrostatic repulsions be-
tween the y-acids on the side chains. Potentially, this would
lead to an environment that is more favorable for water diffu-
sion to the interface of the assembly and increased radical mo-
bility. Thus, with PE in the charged, coiled state, we believe that
water was able to diffuse more freely to the interface of the
nanostructure, thereby relieving conformational constraints
and increasing mobility of the nitroxide radical. The increase
in hydration at the surface of the membrane could potentially
be utilized as a gating mechanism for protein function, which
is dependent on the pH-responsive transition in polypeptide
secondary structure.

In summary, X-band CW EPR spectroscopy was used as a
local probe of mobility and polarity at the interface of self-as-
sembled, pH-responsive PAs. This underutilized probe demon-
strated that both probe mobility and local polarity increased
with increasing deprotonation of the peptide. These results al-
lude to a potential increase in local hydration at the interface,
but future studies are necessary to completely elucidate this re-
lationship. Increased hydration at the nanoparticle interface
could potentially be used as a pH dependent gating mechanism
for embedded proteins or other drug delivery applications. Fi-
nally, our synthetic strategy offers a modular approach for the
conjugation of spin labels and additional functional groups to

TCT.
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