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Single-chain polymeric nanoparticles (SCPNs) comprising a solva-
tochromic pyrazoline adduct show conformational and operational
stability in complex media and in cellular compartments; the con-
nectivity of the adduct is crucial in modulating interactions with the
surrounding media.

Folding single chains of amphiphilic heterograft copolymers
into single-chain polymeric nanoparticles (SCPNs) of defined size
and shape is a promising approach towards utilizing these syn-
thetic polymers in bio-applications such as (cell) imaging,'™® bio-
orthogonal catalysis,”"* and preservation of protein function.™
Two important factors regulate the successful application of SCPNs
in complex media. First, there is a need for high conformational
stability, wherein the SCPNs have the ability to retain size and
compartmentalized shape. Second, SCPNs need good functional
stability, whereby good performance over time is retained.
Achieving this is not trivial, as interactions with hydrophobic
proteins and peptides present in complex media affect stability
and reduce performance." This has been highlighted by signifi-
cant reductions in the activity of bio-orthogonal catalysts
embedded in SCPNs when used in complex media.'>**
Recently, we showed that SCPNs with high conformational
stability in complex media can be prepared by the introduction
of covalent cross-links via coumarin dimerization after folding
of the polymer chains via hydrophobic and hydrogen-bonding
interactions."® Since the fluorescence of the coumarin was lost
after dimerization, the solvatochromic dye Nile Red was sepa-
rately introduced to track the SCPNs in living cells and report
on the presence of dye—cell interactions through solvatochro-
mic shifts." We concluded that a covalent connectivity of the
Nile Red to the polymer was crucial to reduce interactions with
hydrophobic proteins in the cell culturing media. However, the
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need to covalently attach a fluorescent dye makes the synthesis
of SCPNs more demanding.

Here, we set out to develop SCPNs that have the crosslinking
and reporter function unified in one motif. We selected the
nitrile imine-mediated tetrazole-ene cycloaddition, NITEC,
which is a light-triggered, irreversible ‘“click” reaction that
proceeds at high reaction rates and without the need of a
catalyst."® The NITEC reaction was elegantly used by Barner-
Kowollik and co-workers to intramolecularly crosslink polymers
to SCPNs both in organic as well as in aqueous media."”™*°
Interestingly, the NITEC reaction affords a fluorescent pyrazo-
line adduct.>*** This adduct has been studied as a promising
fluorophore in protic solutions, and for its solvatochromic
properties.>®> We show in this work that the solvatochromic
properties of pyrazoline adduct can be transferred to provide a
reporter function for SCPNs in complex media and living cells.
Measuring the changes in the emission spectra resulting from
interactions between the adduct and the surrounding media
will permit to understand both the conformational as well as
functional stability of SCPNs in complex media and living cells.

Three different polymers P1-P3 were prepared via RAFT
copolymerization of hydrophobic and hydrophilic methacrylate
derivatives (Scheme 1): oligo(ethylene glycol) (0EG) modified
methacrylate to ensure water solubility, n-dodecyl (Dod) methacry-
late to drive the hydrophobic collapse of the polymer in water, and
methacrylates functionalized with either a furan-protected
maleimide (pMal) or a tetrazole (Tet) moiety that act as the
two precursors for the pyrazoline formation via the NITEC
reaction. As the adduct connectivity is an important factor
when considering SCPN interactions with surrounding media,
we designed polymer P1-P3 to possess different microstructures.
Apart from oEG and Dod grafts, P1 comprised both pMal and Tet
grafts, each about 4%. P2 had no additional grafts, and P3
comprised only pMal grafts (4%). The RAFT synthesis resulted
in polymers with incorporation ratios in good agreement with the
feed ratios, a degree of polymerization (DP) between 150 and 200,
and a relatively narrow molar mass dispersity (D around 1.3). The
synthesis and characterization are described in detail in the ESIT
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Scheme 1 Structures of P1-P3 prepared via RAFT copolymerization of different monomers (top). Irradiation of P1 gives pyrazoline crosslinks resulting in
P1-X (bottom left). Encapsulation of free pyrazoline adduct Pyr in P2 forms P2@Pyr (bottom middle). Irradiation of P3 with free tetrazole leads to P3-G

with pyrazoline dangling grafts (bottom right).

(Section 2.2). All polymers readily dissolve in water and form
nanoparticles with a small, defined size, with hydrodynamic radii
Ry between 6 and 8 nm as determined by dynamic light scatter-
ing (DLS) (see ESL T Section 2.3).

P1, including both pMal and Tet, was crosslinked in water at
dilute conditions (cp, = 1 mg mL ') using irradiation with
UV-light (4 = 340 nm, irradiance = 4 mW cm™?). This affords
predominantly intramolecularly formed pyrazoline adducts (P1-
X) as verified by DLS measurements (Scheme 1, bottom left, see
ESLt Section 2.3). The polymer concentration was kept low to
suppress intermolecular cross-linking. P2 is used for the physi-
cal encapsulation of free pyrazoline adduct (Pyr) resulting in
P2@Pyr. Pyr was synthesized separately, see Scheme 1 bottom
middle, and we determined a fluorescence quantum yield @,
of 0.128 (see ESIt Section 2.4-2.6 for details). P3 contains pMal
but no Tet grafts. Addition of free tetrazole and subsequent
UV-light irradiation in water resulted in the formation of pyrazoline
grafts connected to the polymer backbone via the maleimide moiety
as dangling chains (P3-G) (Scheme 1, bottom right).

We first evaluated the solvatochromic behaviour of free Pyr
(Scheme 1 and Fig. $26, ESIT) in solvents that differ in polarity.
A bathochromic shift in the emission maxima from 500 nm in
apolar p-xylene to 550 nm in polar acetic acid is observed (see
ESL T Section 2.5). This large shift indicates that Pyr can be used
as a reporter to probe the polarity of its microenvironment
when incorporated in SCPNs. Next, we probed the formation of
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the pyrazoline adduct in water for P1 and P3 using absorbance
and fluorescence spectroscopy. Fig. 1A shows the absorbance
spectrum over time during the NITEC reaction on P1. The
decrease in absorbance around 300 nm corresponds to the
disappearance of the tetrazole and the new bands appearing
around 250 and 410 nm correspond to successful pyrazoline
formation (see ESIL,t Section 2.6). The conversion of the pre-
cursors into pyrazoline as a function of time was calculated via
the feed ratios and the pyrazoline extinction coefficient (see
ESLt section 2.7) and is quantified in Fig. 1B, reaching 56%
conversion after 105 minutes. For P1, 105 minutes was the
optimum irradiation time, resulting in P1-X with, on average,
4.3 crosslinks per chain. Longer irradiation times lead to a net
decrease in the amount of pyrazoline as the pyrazoline absor-
bance peak starts to decrease again, possibly due to photoox-
idation of the adduct.>* Formation of pyrazoline adducts in P3
proceeded similarly to P1, reaching a maximum pyrazoline
concentration for P3-G after five hours irradiation at 66%
conversion before a decrease of the pyrazoline absorption sets
in. This corresponds to 5.4 grafts per chain. The absorbance
and fluorescence spectra showed no significant changes after
storing the polymer solutions for three months at ambient
conditions, indicating that there is no dye degradation over
time (see ESI,T Section 2.8). This highlights the excellent long-
term stability of the pyrazoline adducts embedded in the
amphiphilic polymers in water.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (A) Evolution of absorbance spectra during photoirradiation of P1 in water. c,o = 1 mg mL~*. (B) Conversion of pMal into pyrazoline adduct over
time. The dashed line is added to guide the eye. (C) Volume distribution of hydrodynamic radii (Ry) of P1 before (P1) and after photoirradiation (P1-X) as

measured by DLS. cpor = 1 mg mL™%.

With P1-X and P3-G successfully prepared, we set out to
investigate the interactions of the different polymer systems at
high concentrations (¢po = 3 mg mL ™ ') with complex media. To
this end, the fluorescence spectra in water—without competing
interactions—were compared to those in a 10: 90 vol% mixture
of fetal bovine serum (FBS) and Dulbecco‘s modified eagle
medium (DMEM). Fig. 2 shows an identical shape of the
fluorescence spectra and no shift in the fluorescence maxima
(543 nm for P1-X, and 537 nm for P2@Pyr and P3-G) when
going from water to cell culture medium. It follows from these
observations that the pyrazoline remains trapped inside the
SCPNs and does not interact with the FBS proteins. This is
likely caused by the insolubility of the pyrazoline adduct in
water, see ESI, T Section 2.5 for details. As the systems are stable
in cell culture medium, P1-G, P2@Pyr and P3-G were incubated
with HeLa cells for 24 h with 10: 90 vol% FBS:DMEM solutions
(¢por = 3 mg mL™") in order to probe polymer—cell interactions.
After successful internalization of the 3 polymers in the HeLa
cells, confocal microscopy was used to visualize the cells and
determine the fluorescence spectrum of the pyrazoline adducts
(Fig. 3). Polymers P1-X and P3-G are internalized by cells, giving a
dots-like cluster, whereas the free pyrazoline adduct of P2@Pyr
seems to have been distributed homogeneously throughout the
cytoplasm. The fluorescence spectra reveal that P1-X, in which
the pyrazoline adduct acts as a cross-link, shows near identical
fluorescence spectra in FBS and HeLa cells, indicating the
absence of interactions. For P3-G, a blue-shift is observed in

HelLa cells, which means that pyrazoline as dangling unit instead
of as cross-link interacts with the cellular constituents. Finally,
the largest blue-shift in HeLa cells is observed for P2@Pyr,
indicating that the free pyrazoline adduct likely escapes from
the SCPN and interacts with hydrophobic constituents, hereby
showing the highest amount of interaction with the environment.
The results for P1-X highlight that solvatochromic pyrazoline
adducts act as stabilizing crosslinks for SCPN formation, and
replaces the need for attaching fluorescent tracking moieties
such as Nile Red. Analogous to what was observed for Nile
Red," covalently linking the pyrazoline to the polymer backbone
reduces interactions between the probe and its surroundings.
But, the type of connectivity between the polymer and the pyrazo-
line matters, since the cross-linked adduct shows less interaction.

In summary, the NITEC reaction is a promising approach to
include conformationally and functionally stabilizing fluores-
cent covalent cross-links in SCPNs. This method allows particle
tracking via fluorescence without the need to incorporate
additional fluorescent probes. Additionally, the fluorescence
of the pyrazoline adduct is stable for a long time and no shift in
the fluorescence maxima was observed in FBS:DMEM, corro-
borating both operational and conformational stability. In the
presence of HeLa cells, the connectivity of the pyrazoline probe
and the polymer is important as pyrazoline cross-links intro-
duce additional stability to the polymer particles compared to
dangling chains. Both approaches outperform free pyrazoline
incorporated into cells via hydrophobic interactions. As such,
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Fig. 2 Normalized fluorescence spectra of (A) P1-X, (B) P2@Pyr, and (C) P3-G in water and 10:90 vol% FBS:DMEM (c,o = 3 mg mL~, Cpyr.P1-X =

140 UM, Cpyr P2@PYF = 20 UM, Cpyr P3-G = 150 UM, /ey = 405 nm).
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Fig. 3 (A) Confocal microscopy images of P1-X, P2@Pyr, and P3-G in Hela cells after 24 h incubation and (B) the corresponding fluorescence spectra in

10:90 vol% FBS:DMEM and in Hela cells (cpo = 3 mg mL™, cpyr P1-X = 140 puM, c,.,P2@Pyr = 20 pM for P1, cp,,,P3-G = 150 puM, /ey = 405 nm).

the pyrazoline adduct reveals the influence of polymer archi-
tecture on cell interactions and gives guidelines for the future
design of conformationally and functionally stable SCPNs
for biological applications with excellent long-term stability.
This novel approach to SCPN formation permits to design
stable and traceable SCPNs that act as carriers for bio-
orthogonal catalysts in complex media, which is the topic of
future investigations.
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