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Single-chain polymer nanoparticles (SCNPs) have garnered significant attention due to their ability to mimic the
folding behavior of proteins and their potential in applications such as drug delivery, catalysis, and sensing.
Herein, we present a novel approach for preparation of SCNPs using a photo-induced inverse electron-demand
Diels-Alder (photo-IEDDA) reaction. The base polymer, P(MMA-co-HEMA), synthesized via reversible addition-
fragmentation chain transfer (RAFT) polymerization, was functionalized with dihydrotetrazine (dHTz) and
norbornene (Nb) moieties through esterification over HEMA units. Upon irradiation of a dilute solution of the
modified polymer, P(MMA-co-HEMA)-M—PPA—dHTz/Nb, in the presence of a photosensitizer, dihydrotetrazine
groups were in situ converted to reactive tetrazine moieties, enabling intramolecular crosslinking via the photo-
IEDDA reaction. This process yielded sub-10 nm SCNPs with high precision and control. The integration of light-
triggered reactivity with efficient click chemistry highlights the potential of this method for the scalable pro-
duction of well-defined SCNPs with tailored properties for advanced applications in nanotechnology and ma-

terials science.

1. Introduction

Single-chain polymer nanoparticles (SCNPs) are well-defined poly-
mer nanoparticles that mimic the organization and folding of proteins
[1,2]. SCNPs refer to nanoscale structures that arise from the unique
folding of a single polymer chain through cross-linking. A fundamental
characteristic of SCNPs is their large surface-to-volume ratio, attributed
to their small size. This feature makes SCNPs prominent materials in
various applications, including chemical catalysis [3,4], sensors [5-7],
and drug delivery [8,9].

The folding of SCNPs depends on the intramolecular physical in-
teractions that are also observed in protein folding. However, in polymer
folding, diverse covalent, dynamic covalent, and non-covalent cross-
linking methods are employed [10-12]. These include radical coupling
[13], photo-induced cycloaddition [14,15], metal ligation [16], click
chemistry [17], nuecleophilic substitution [18,19], Michael Addition
reactions [20-22], and supramolecular interactions [23,24]. Among
these reactions, click chemistry offers several advantages, such as
forming covalent bonds efficiently under mild conditions without
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generating by-products.

A notable example of the click reactions is inverse electron-demand
Diels-Alder (IEDDA) reaction, a [4 + 2] cycloaddion between an
electron-rich dienophile and an electron-poor conjugate diene, namely
tetrazine. Due to its bioorthogonal nature, fast kinetics, and high effi-
ciency, the IEDDA reaction has been extensively used in various bio-
applications [25-27] and material chemistry [28,29]. O'Reilly and
coworkers employed this reaction in the preparation of SCNPs [30]. In
their study, polymers bearing norbornene moieties as side chains were
collapsed and crosslinked using a bis-tetrazine functional crosslinker.
Since tetrazines are highly reactive and react immediately with nor-
bornene, the biz-tetrazine crosslinker was added slowly to a dilute so-
lution of norbornene-functional polymer. Remote control over the
initiation of such reactions can provide significant advantages, such as
achieving high yields and selectivity. Light-induced click reactions
combine the benefits of both click chemistry and light-trigered processes
[31]. For example, the temporal and spatial control of click reactions
enables the fabrication of well-defined and well-controlled materials in
high yields and selectivity [32]. Recently, a photo-induced inverse
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electron-demand Diels-Alder (photo-IEDDA) reaction has been devel-
oped by our group and others [33-35]. In this reaction, dihydrotetrazine
(dHTz) molecules, which are initially inactive in IEDDA reaction, can be
photochemically converted to active tetrazine (Tz) molecules upon
irradiation in the presene of a photosensitizer.

Herein, a novel approach utilizing the photo-IEDDA reaction for the
fabrication of intramolecularly crosslinked SCNPs was developed.
Firstly, P(MMA-co-HEMA) was synthesized by reversible addition-
fragmentation chain transfer (RAFT) polymerization and modified
with 4-0x0-4-((6-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)pyridin-3yl)
amino) butanoic acid (PPA-dHTz-COOH) and an acid derivative of
norbornene (Nb) through esterification. The resulting modified poly-
mer, P(MMA-co-HEMA)-M—PPA—dHTz/Nb, was subsequently
employed for SCNP formation via a photo-IEDDA reaction. In this pro-
cess, dihydrotetrazine groups on the polymer were in situ converted into
reactive tetrazine moieties by irradiating a dilute polymer solution in the
presence of a photosensitizer. The irradition successfully induced
crosslinking, resulting in the formation of polymer nanoparticles with
sub-10 nm sizes.

2. Experimental section
2.1. Materials

5-Amino-2-pyridine carbonitrile (Sigma-Aldrich, 96 %), 2-pyridine
carbonitrile (Sigma, 99 %), hydrazine monohydrate (Sigma-Aldrich,
98 %), succinic anhydride (Sigma-Aldrich), methyl methacrylate (MMA)
(Sigma, 99 %), 2-hydroxyethyl methacrylate (HEMA) (Sigma Aldrich,
98 %), azobisisobutyronitrile (AIBN) (Sigma Aldrich, 98 %), 4-cyano-4-
[(dodecylthiosulfanylthiocarbonyl) sulfanyl]lpentanoic acid (CTA) (97
%, HPLC, Sigma Aldrich), bicyclo[2.2.1]hept-5-ene-2-carboxylic acid
(norbornene carboxylic acid) (95 %, Oxchem), N,N'-1,3-dicyclohex-
ylcarbodiimide (DCC) (Aldrich), 4-(dimethylamino)pyridine (DMAP)
(Sigma, >98 %), methylene blue (Sigma-Aldrich), and other chemicals
were used as purchased. Tetrahydrofuran (THF) (Merck) was refluxed
over metallic sodium and dried before use.

2.2. Instrumentation

An Agilent VNMRS 500 Nuclear Magnetic Resonance (NMR) spec-
trometer was used for 'H NMR analyses at room temperature in
deuterated solvents with Si(CH3); as an internal standard. UV-Vis
spectroscopy analyses were performed on a Peak Instruments C-7000UV
spectrophotometer with 1 cm path length cuvette. Fourier Transform
Infrared (FT-IR) spectra were recorded on an Agilent Technologies Cary
630 FT-IR instrument. Photooxidation of dihydrotetrazines was carried
out with a red laser (CNI Laser, Model No: FC-680-2 W; A ~ 680 nm).
Molecular masses of the polymers were determined by size exclusion
chromatography (SEC) instrument, Viscotek GPCmax Autosampler sys-
tem consisting of a pump, three ViscoGEL columns (G2000HHR,
G3000HHR, and G4000HHR), and a Viscotek differential refractive
index detector. Tetrahydrofuran was used as the eluent at a flow rate of
1.0 mL min~!. Number average molecular masses were determined
using linear polystyrene standards. Differential Scanning Calorimetry
(DSC) measurements were performed on a TA Instruments Discovery
DSC 250 with a heating rate rate of 10 °C min~! under nitrogen atmo-
sphere. Particle size distributions were determined using dynamic light
scattering (DLS) in THF dispersions using a Malvern NanoZSP instru-
ment. Single-chain polymer nanoparticles (SCNPs) were imaged on a
Thermo Scientific Quattro ESEM scanning electron microscope using a
scanning transmission electron microscopy (STEM) detector under high
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vacuum (30 kV) and the digital images of SCNPs were captured to
analyze their morphology.

2.3. Synthesis of 6-(6-(pyridin-2-yD-1,4-dihydro-1,2,4,5-tetrazin-3-yD
pyridin-3-amine (PPA-dHTz)

2-Pyridinecarbonitrile (2.00 g, 19.2 mmol, 1 eq.), 5-amino-2-pyridi-
necarbonitrile (1.14 g, 9.6 mmol, 0.5 eq.), and sulphur (0.60 g) were
dissolved in ethanol (9 mL) under nitrogen gas purge. Hydrazine mon-
ohydrate (5 mL, 103.2 mmol, 5.4 eq.) was added dropwise with the aid
of a syringe to the flask in an ice bath (0 °C). The reaction mixture was
stirred at room temperature for 2 h. Then, the color changed to orange,
and the reaction mixture was heated to 90 °C and refluxed for 2 h. After
two hours, the reaction mixture was brought back to room temperature
and stirred overnight. Subsequently, the mixture was cooled to 0 °C and
the solid crude product was filtered, washed with cold ethanol (3 x 15
mL), and dried under vacuum. The crude product (PPA-dHTz) was pu-
rified by column chromatography (chloroform/ethanol, 15/1) (998 mg,
41 % yield) [36].

'H NMR (500 MHz, DMSO-ds, & (ppm)) 8.70 (s, 1H), 8.64 (s, 1H),
8.62 (s, 1H), 7.95 (d, 1H), 7.92 (d, 2H), 7.65 (d, 1H), 7.50 (s, 1H), 6.99
(dd, 1H), 5.87 (s, 2H).

2.4. Synthesis of 4-oxo-4-((6-(6-(pyridin-2-yl)-1,4-dihydro-1,2,4,5-tet-
razin-3-yl) pyridin-3-yl) amino) butanoic acid (PPA-dHTz-COOH)

PPA-dHTz (200 mg, 0.79 mmol), succinic anhydride (400 mg, 4.00
mmol), and dried THF (8 mL) were added to a Schlenk tube under N,
atmosphere. The reaction was continued under constant stirring for 24 h
at 70 °C. Then, the mixture was cooled in an ice bath. The precipitate
was filtered and sequentially washed with THF (2 mL) and ethyl acetate
(3x3 mL). The crude product was dried under vacuum (279 mg, yield:
>99 %) [37].

'H NMR (500 MHz, DMSO-ds, § (ppm)) 12.18 (br, 1H), 10.44 (s, 1H),
8.93 (s, 1H), 8.87 (s, 1H), 8.81 (d, 1H), 8.63 (d, 1H), 8.13 (dd, 1H), 7.95
(m, 3H), 7.52 (ddd, 1H), 2.62 (t, 2H), 2.54 (t, 2H).

13C NMR (100 MHz, DMSO-dg, & (ppm)): 174.32, 171.54, 149.04,
147.74,146.8,146.53,141.82,139.17,137.84,137.71,126.96, 125.75,
121.86, 121.4, 31.58, 29.25.

2.5. Synthesis of poly(methyl metacrylate-co-2-hydroxyethyl
methacrylate) [P(MMA-co-HEMA)]

The synthesis of random copolymer poly(methyl metacrylate-co-2-
hydroxyethyl methacrylate) [P(MMA-co-HEMA)] was accomplished by
using the ratio of reagents [MMA]:[HEMA]:[CTA]:[AIBN] =
220:95:1:0.3. MMA (2.5 mL, 23.4 x 103 mol), HEMA (1.22 mL, 10.1 x
103 mol) and CTA (43 mg, 1.06 x 10 mol) were dissolved in dried THF
(14 mL) in a Schlenk tube. After addition of AIBN (5.2 mg, 3.2 x 10°°
mol), the reaction tube was closed and tightly sealed. Then the reaction
solution was degassed by three cycles of freeze-vacuum-thaw and the
tube was saturated with nitrogen gas. The tube was immersed in a
preheated (70 °C) silicon oil and the reaction solution was stirred
continuously at 70 °C overnight. Aftewards, the tube content was cooled
and exposed to air to quench the polymerization. The resultant polymer
was precipitated twice in diethyl ether. Light-yellow polymer was
filtered. The pure polymer had a gravimetric monomer conversion rate
of 48 % and theoritical molecular mass of 16,550 g/mol. Molecular mass
was determined as M, = 19,980 g/mol (M,,/M,, = 1.32) by SEC (eluent
THF) (Scheme S3) [38].
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2.6. Synthesis of P(MMA-co-HEMA)-M—PPA—dHTz

Dihydrotetrazine side groups were introduced onto the polymeric
backbones by esterification reaction between the hydroxyl groups on P
(MMA-co-HEMA) and PPA-dHTz-COOH (Scheme S4). In a 50 mL two-
necked flask under a nitrogen atmosphere, PPA-dHTz-COOH (73 mg,
0.206 mmol) was dissolved in dried THF (7 mL) before the flask was
immersed into ice-water bath. Under magnetic stirring, DCC (85 mg,
0.412 mmol) and DMAP (5 mg, 0.041 mmol) in THF (2 mL) was added
into the mixture within 5 min at 0 °C. After stirring for two hours, P
(MMA-co-HEMA) (150 mg, 7.51 x 10 mol) in THF (5 mL) was added
into the mixture. The reaction continued overnight in a 50 °C oil bath.
The solvent was concentrated using a rotatory evaporator and was
precipitated in water and hexane sequentially. The modified polymer
was obtained as dark yellow/brown solid by centrifugation and dried
under vacuum overnight.

2.7. Synthesis of P(MMA-co-HEMA)-M—PPA—dHTz/Nb

In a 50-mL two-necked flask under a nitrogen atmosphere, Nb-COOH
(28.5 mg, 0.206 mmol) was dissolved in dried THF (5 mL) before the
flask was immersed into ice-water bath. Under magnetic stirring, DCC
(85.2 mg, 0.413 mmol) and DMAP (5.1 mg, 0.042 mmol) in THF (2 mL)
was added into the mixture within 5 min at 0 °C. After stirring for two
hours, P(MMA-co-HEMA)-PPA-dHTz (150 mg) in THF (10 mL) was
added into the mixture (Scheme S5). The reaction was continued over-
night in a 50 °C oil bath. The solvent was concentrated using a rotatory
evaporator and the modified polymer was precipitated in hexane. The
crude product was obtained by centrifugation and dried under vacuum
overnight.

2.8. Photooxidation reaction of PPA-dHTz-COOH

The photooxidation reaction of the PPA-dHTz-COOH molecule was
carried out using a red laser (A: 680 nm, light intensity: 60 %, light
intesnsity: 0.3 W/cm?). Initially, a solution containing PPA-dHTz-COOH
(21 pM) and methylene blue (8 uM) in ethanol was prepared. This so-
lution was placed in a UV cuvette and irradiated with the red laser to
induce the oxidation of PPA-dHTz-COOH to PPA-Tz-COOH. The prog-
ress of this oxidation reaction was monitored at specific intervals by
recording absorbance values at 290 and 325 nm [37].

2.9. Preparation of single-chain polymer nanoparticles (SCNPs)

P(MMA-co-HEMA)-M—PPA—dHTz/Nb (50 mg) was dissolved in
ethanol (100 mL or 250 mL) containing Methylene Blue (8 pM). Sub-
sequently, the solution was irradiated using a red laser (A: 680 nm, light
intensity: 60 %, light intensisty: 0.3 W/cm?) for 2 h at room temperature
(~25 °C), and the oxidation of the dihydrotetrazine moiety on the
polymer was monitored with UV-Vis spectroscopy. At the end of the
irradiation period, the reaction mixture was stirred overnight in the dark
at room temperature (~25 °C) or 80 °C to assure accomplishment of the
IEDDA reaction. After that, the solution was concentrated by evapo-
rating excess solvent and the resultant SCNP was precipitated in water.
Finally, the SCNP was filtered, washed three times with water, and dried
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under vacuum. Three different conditions were used in SCNP formation
(see Table 2).

3. Results and discusion

A novel approach relying on light-induced inverse electron demand
Diels-Alder (photo-IEDDA) reaction was developed for the preparation
of SCNPs. Principally, a dihydrotetrazine molecule is oxidized photo-
chemically in situ yielding a tetrazine molecule which subsequently
undergoes IEDDA reaction with a partner molecule such as norbornene
[34] and trans-cyclooctenes [33,37,39]. In the current work, this light-
induced rapid and efficient reaction was adopted for fabrication of
SCNPs utilizing a single polymer chain bearing both dihydrotetrazine
and its partner molecule, norbornene. The precursor dihydrotetrazine
with a carboxylic acid functionality (PPA-dHTz-COOH) was prepared
over two steps. Firstly, PPA-dHTz was synthesized by following previous
reports, and then reacted with succinic anhydride to get a caboxylic acid
handle [37]. The 1H NMR spectra of PPA-dHTz and PPA-dHTz-COOH
given in Fig. S1 and S2 exhibit all typical peaks and support the syn-
thesis of the corresponding molecules. The aromatic peaks at 8.62,
7.96-7.88, 7.64, 7.51 and 6.98 ppm perfectly fit the structure of the
PPA-dHTz. Proton peaks ascribed to the secondary and the terminal
amine were observed at 8.89 and 8.64 ppm, and 5.87 ppm, respectively.
In addition to corresponding aromatic and secondary amine peaks, new
aliphatic peaks (2.55-2.70 ppm) atributed to succinic acid moiety
appeared in the 'H NMR spectrum of PPA-dHTz-COOH (Fig. S2). In
addition, primary amine proton peaks disapperead and a new secondary
amine proton peak and carboxylic acid proton peak were observed at
10.44 ppm and 12.20 ppm, repectively. 13C NMR spectrum of PPA-
dHTz-COOH (Fig. S3) also confirms the structure since the peak corre-
sponding to the amide carbonyl carbon at 174 ppm and the peak cor-
responding to the carboxylic acid carbonyl carbon at 171 ppm fit the
structure perfectly.

The precursor polymer, P(MMA-co-HEMA), was synthesized via
RAFT polymerization and chemical structure of the polymer was
confirmed by 'H NMR spectroscopy (Fig. S4). While peaks correspond-
ing to protons of the methyl ester of the MMA unit are observed at 3.66
ppm (peak c), protons of the methylene groups adjacent to the hydroxyl
(—OH) group in the HEMA unit were observed at 3.85 (peak b) and 4.12
ppm (peak a). The ratio of the integral areas of peaks “a” and “b” to the
integral area of peak “c” was used to determine the copolymerization
ratio of MMA and HEMA units. The number of repeating units was
determined using the gravimetric conversion and NMR data, and using
SEC and NMR data (Table 1). The molecular mass of P(MMA-co-HEMA)
was determined to be 19,980 g/mol (Mp skc) with a PDI of 1.32 by SEC
analysis (with THF as the eluent). On the other hand, the theoretical
molecular mass (M, theoretical) Was calculated as 16,550 g/mol.

P(MMA-co-HEMA) was then modified with PPA-dHTz-COOH and
norbornene carboxylic acid (Nb-COOH) via esterification over hydroxyl
groups of the HEMA units in sequential two post-polymerization modi-
fications. After the modification with PPA-dHTz-COOH, the NMR
spectrum of the polymer, P(MMA-co-HEMA)-dHTz, exhibited typical
proton peaks of the dihydrotetrazine groups in the range of 6.98-8.70
ppm. In addition, distinguishable signals due to methylene protons of
succinyl ester which were observed at 2.85 ppm and 2.82 ppm allowed

Table 1
Molecular mass and repating units of P(MMA-co-HEMA).
Polymer Number of MMA unit Number of HEMA unit M, M, M,,, PDI
feed by NMR and by SEC and feed by NMR and by SEC and theoretical(KDa) sec(kDa) sec(kDa)
conversion NMR conversion NMR
P(MMA-co- 220 105.6 127 95 66.5 55 16.55 19.98 26.40 1.32
HEMA)

- Polydispersity index (PDI) (M,,/M,) was obtained from SEC analysis.
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Table 2

Properties of the precursor polymer and the resultant SCNPs. The SCNPs were
obtained by irradiation with a red laser (A: 680 nm, light intensisty: 0.3 W/cm?)
for 2 h at room temperature (~25 °C) followed by stirring overnight at room
temperature (~25 °C) or 80 °C stirring in the dark.

Polymeric Post-irradiation C M, (g/ PDI°
Nanoparticle temperature (mg/ mol)“

cy’ mL)"
Precursor polymer — — 20,130 1.54
SCNP-1 25 0.5 18,880 1.73
SCNP-2 80 0.5 14,050 1.42
SCNP-3 80 0.2 13,920 1.44

@ In all cases, irradiations were performed at 25 °C. After irradition, the dark
reactions were conducted at the specified temperature.

b Concentration of the preccursor polymers used in SCNP formation.

¢ Molecular mass (M,) and polydispersity index (PDI) were determined by
SEC.

calculation of functionalization efficiency. On the basis of NMR calcu-
lations, 27 mol% of hydroxyl groups of HEMA units were converted into
dihydrotetrazine groups after the postmodification.

In the second step, Nb-COOH was grafted to P(MMA-co-HEMA)-
M—PPA—dHTz via esterification between Nb-COOH and the remaining
hydroxyl groups of the HEMA units. In addition to all other proton
signals observed in the NMR spectrum of P(MMA-co-HEMA)-
M—-PPA—dHTz, typical norbornene olefinic proton peaks appeared
around 5.92-6.22 ppm supporting successful grafting of the norbornene
functionalities in the NMR spectrum of P(MMA-co-HEMA)-
M—-PPA—dHTz/Nb (Fig. 1). Based on the NMR calculations, the con-
versions of hydroxyl groups to Nb and dHTz were determined to be 35.8
mol% and 23.4 mol%, respectively. Accordingly, approximately 19.7
and 12.9 of the 55 HEMA units were conjugated with Nb and dHTz
groups, respectively.
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The chemical structures of the polymers and PPA-dHTz-COOH were
also confirmed by FT-IR spectroscopy as shown in Fig. 2. The band at
3302 and 1677 cm ™! were perfectly attributed to amine and amide
carbonyl groups of PPA-dHTz-COOH, respectively. In addition, broad
band observed from 3400 to 2000 cm ™! was ascribed to carboxylic acid
of PPA-dHTz-COOH. P(MMA-co-HEMA)-M—PPA—dHTz and P(MMA-co-
HEMA)-M—PPA—dHTz/Nb exhibited bands around 3500 cm ' and
3300 cm™! due to amines of dihydrotetrazine groups and hydroxyl
groups of the HEMA units, correspondingly. The carbonyl stretching
band of amide and ester groups of the polymers were observed at 1677
em ™! and 1726 em™!, respectively.

Dihydrotetrazines are unreactive against olefins, but 1,2,4,5-tetra-
zines readily undergo IEDDA reaction with certain olefins such as
trans-cyclooctene and norbornene [33,35]. This feature allows prepa-
ration of polymers containing both norbornene and dihydrotetrazine
groups at the same time. In the current approach, the dihydrotetrazine
groups are photochemically oxidized in situ to form tetrazines, which
subsequently undergo an IEDDA reaction with norbornenes on the same
polymer chain. A model reaction was designed to monitor the photo-
chemical oxidation of PPA-dHTz-COOH prior to its implementation in
SCNP fabrication. Photooxidation was monitored using UV-Vis spec-
troscopy upon irradiation of PPA-dHTz-COOH (21 uM) with a red laser
(laser (A: 680 nm, laser power: 60 %, light intensity: 0.3 W/cm?) in the
presence of a photosensitizer, namely Methylene Blue (8 uM), in
ethanol. Upon irradiation, the absorbance band of dihydrotetrazine at
290 nm decreased, while a new band at 325 nm, attributed to the for-
mation of tetrazine, appeared (Fig. 3-A) [35]. Change in the ratio of the
absorbances at these wavelengths (Agg0/Ases) indicates that the
photooxidation of dihydrotetrazine to tetrazine occurred very rapidly,
within almost 70 s (Fig. 3-B). This rapid photochemical conversion was
also reported previously by our group and others [33-35,39].

P(MMA-co-HEMA)-M—PPA—-dHTz/Nb was utilized in SCNP forma-
tion through light-induced IEDDA (photo-IEDDA) reaction (Fig. 4). The
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Fig. 1. H NMR spectrum of P(MMA-co-HEMA)-M—PPA—dHTz/Nb (CDCl3).
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Fig. 2. FT-IR sepectra of PPA-dHTz-COOH, P(MMA-co-HEMA)-M—PPA—dHTz
and P(MMA-co-HEMA)-M—PPA—dHTz/Nb.

in situ oxidation of dihydrotetrazine grafted onto the polymer was
induced by a red laser in the presence of Methylene Blue, and monitored
with a UV-Vis spectrophotometer. The absorbance band of the polymer-
bound dihydrotetrazine observed at 290 nm decreased as a result of
oxidation, while a new absorbance band emerged at 325 nm (Fig. 5).
The observation of the similar spectral change in the oxidation of the
small molecule dihydrotetrazine derivative, PPA-dHTz-COOH (Fig. 3),
supports formation of the tetrazine molecule necessary for [IEDDA on the
polymer chain. The photooxidation of the small molecule dihydrote-
trazine (PPA-dHTz-COOH) was completed in approximately 70 s,
whereas the polymer-bound dihydrotetrazine required 96 min. To
compare the photooxidation kinetics of free dihydrotetrazine (PPA-
dHTz) and polymer-bound dihydrotetrazine, first-order decay plots for
both substrates were constructed from the spectral data (Figs. S7 and
S8). The ratio of the maximum absorbances of dihydrotetrazine (Agur;
@ A = 290 nm) and tetrazine (A, @ A = 325 nm) was plotted as a
function of irradiation time, yielding excellent fits to a first-order decay
model. The first-order rate constants were determined to be kppa.dutz =

A

European Polymer Journal 244 (2026) 114509

4.78 min~! and kpolymer-aurz = 0.17 min L. Accordingly, the small-
molecule dihydrotetrazine exhibited a 28-fold higher rate constant
than the polymer-bound analogue. This markedly faster photochemical
oxidation of the small molecule relative to its polymeric counterpart is
attributed to steric hindrance imposed by the macromolecular
architecture.

The IEDDA reaction between the in-situ-formed tetrazine and the
norbornene groups was confirmed. When comparing the 'H NMR
spectra of the SCNPs and the precursor polymer as shown in Fig. 6,
disappearance of the peaks ascribed to norbornene (5.92-6.22 ppm)
clearly supports the IEDDA reaction between in situ generated tetrazine
moieties and norbornenes. Change in the chemical shifts of the aromatic
protons confirms the reaction as we reported this change in a previous
study [33].

The crosslinking reactions under dilute conditions (0.2-0.5 mg/mL)
yield formation of SCNPs (Table 2) [40]. The molecular masses of the
precursor polymer and the SCNPs were determined using gel permeation
chromatography (SEC). The molecular masses (M,) of SCNPs are
generally lower compared to the precursor polymer, due to the decrease
in hydrodynamic volumes and their compact morphology [13]. The
molecular masses and SEC chromatograms of SCNPs obtained from the
same precursor polymer under different conditions (SCNP-1 at 25 °C and
SCNP-2 at 80 °C) or different polymer concentrations (SCNP-2 at 0.5
mg/mL and SCNP-3 at 0.2 mg/mL) are provided in Fig. 7. As can be seen,
all SCNPs had lower M, values compared to the precursor polymer as a
result of intramolecular crosslinking in dilute conditions. It is under-
stood that SCNPs obtained from reactions conducted at a higher tem-
perature (80 °C) had lower molecular mass, thereby indicating more
efficient intramolecular crosslinking. On the other hand, the effect of
polymer concentration on molecular mass is understood to be minimal.

To get further insight, the particle size analysis of the precursor
polymer and SCNPs was performed via dynamic light scattering (DLS)
measurements (Fig. 8-A and Fig. S9). The hydrodynamic radii of SCNP-1
and SCNP-2 were determined to be 6.01 nm and 7.37 nm, respectively;
while the radii of the corresponding precursor polymers were measured
as 7.23 nm and 9.69 nm, respectively. This result reveals that the
nanoparticles having a more compact morphology compared to the
polymer, supporting the findings obtained from SEC. Although SCNPs
exhibited sub-10 nm particle sizes through DLS measurements, scan-
ning/transmission electron microscopy (STEM) images display that

B

—0s
= MB —30s
1 ® ry Q —170s o o
1.0 ’ 100 s
£.]- —130s HO HO
0 4 NH NH
B —190 s 5
8 0.8 1 9 3 ——250s (o] X
g g2 =il s
'g 0.6 = . Z Methylene Blue _
2 ] &1 msE ® ® = -
g 9 T T T T T T N ‘ NH Red laser
0.4 0 60 120 180 240 300 h A (0.3 Wicm?)
] Time (s) NN Ethanol, 25 °C
0.2+ N7
0.0

250

L 4 ]
275 300

—T—
325

1 » L b L} o L » 1
350 375 400 425 450

Wavelength (nm)

Fig. 3. A) UV-Vis spectral change of a solution containing PPA-dHTz-COOH (21 pM) and Methylene Blue (8 uM), in ethanol upon irradiation with with a red laser
(Inset: Change in the ratio of absorbance values at 290 nm and 325 nm). B) Photooxidation of PPA-dHTz-COOH in the preesence of Methylene Blue.
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Fig. 7. SEC chromatograms of the precursor polymer and the SCNPs.

SCNPs tend to have larger globular shapes (around 30 nm) (Fig. 8-B).
Solvent evaporation after casting on a copper grid might increase chance
of intermolecular interactions leading to polymer chain aggregation.
Thermal properties of the precursor polymer and SCNPs were
examined by differential scanning calorimetry (DSC) analyses to gain

more detailed information. When compared to the precursor polymer,
SCNPs showed higher glass transition temperature (Tg) values. Ty of the
precursor polymer was observed at approximately 72 °C, while due to
the reduction in chain flexibility resulting from intramolecular cross-
linking, the Ty values of SCNP-1 and SCNP-2 were determined to be
86 °C and 109 °C, respectively (Fig. 9) [13,41]. Moreover, the higher Ty
value of SCNP-2 compared to SCNP-1 can be explained by more effective
intramolecular crosslinking in SCNP-2.

Thermal properties of the precursor polymer and SCNPs were
examined by differential scanning calorimetry (DSC) analyses to gain
more detailed information. When compared to the precursor polymer,
SCNPs showed higher glass transition temperature (Tg) values. As shown
in Fig. 9, the precursor polymer exhibited a T; of approximately 72 °C.
Upon intramolecular crosslinking, both SCNP-1 and SCNP-2 displayed
significantly increased Ty values of 86 °C and 109 °C, respectively. This
pronounced increase in Tg can be directly attributed to the progressive
increase in intramolecular crosslinking, which effectively restricts
segmental motion of the polymer chains. Consequently, Ty increases
systematically as the degree of intramolecular crosslinking increases.
The higher T; of SCNP-2 compared to SCNP-1 indicates a more compact
and rigid SCNP structure, suggesting that SCNP-2 possesses a higher
intramolecular crosslinking. This observation is consistent with litera-
ture reports demonstrating that increasing crosslinking density within
polymer networks and nanostructures results in elevated T values due
to constrained molecular dynamics and reduced segmental motion
[13,41].
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4. Conclusion

Single-chain polymer nanoparticles (SCNPs) have attracted consid-
erable interest for their protein-mimicking folding behavior and their
versatility in drug delivery, catalysis, and sensing. In this work, we
introduce a novel strategy for SCNP fabrication relying on a photo-
induced inverse electron-demand Diels-Alder (photo-IEDDA) reaction.
In this approach, the components required for successful intramolecular
crosslinking were formed on the same polymer chain. One of these
components, namely dihydrotetrazine (dHTz), was kept in inactive form
for preventing uncontrolled crosslinking. In the SCNP formation, the
dHTz was activated on demand in the reaction medium by photo-
chemical conversion to the reactive tetrazine. Tetrazine derivatives are
well-known for their reactivity towards strained olefinic groups and
readily undergo conjugation reaction via Diels-Alder reaction. In the
work, a P(MMA-co-HEMA), was functionalized with a dHTz derivative
and a norbornene derivative through esterification of the HEMA units.
UV-Vis spectroscopy analysis showed that red light exposure of the
modified polymer, P(MMA-co-HEMA)-M—PPA—dHTz/Nb, in the pres-
ence of a photosensitizer led to in situ conversion of the dHTz groups to
the reactive tetrazines which subsequently underwent intramolecular
crosslinking with Nb groups on the same polymer chain. DLS analysis

and microscopic images exhibited the resultant SCNPs had less than10
nm size with excellent structural control. By coupling light-triggered
activation with the efficiency of click chemistry, this method enables
scalable access to well-defined SCNPs with tunable properties, paving
the way for advanced applications in nanotechnology and materials
science.
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