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Cyclic polymers are a class of polymers that feature endless topology, and the synthesis of cyclic poly-
mers has attracted the attention of many researchers. Herein, cyclic polymers were efficiently constructed
by self-folding cyclization technique at high concentrations. Linear poly((oligo(ethylene glycol)acrylate)-
co-(dodecyl acrylate)) (P(OEGA-co-DDA)) precursors with different ratios of hydrophilic and hydrophobic
moieties were synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization us-
ing a bifunctional chain transfer agent with two anthryl end groups. The amphiphilic linear precursors
underwent the self-folding process to generate polymeric nanoparticles in water. By irradiating the aque-
ous solution of the nanoparticles with 365nm UV light, cyclic polymers were synthesized successfully
via coupling of anthryl groups. The effects of the ratios of hydrophilic and hydrophobic moieties in linear
P(OEGA-co-DDA) copolymers and polymer concentration on the purity of the obtained cyclic polymers
were explored in detail via 'H nuclear magnetic resonance ('H NMR), dynamic light scattering (DLS),
UV-visible (vis) analysis, three-detection size exclusion chromatography (TD-SEC) and transmission elec-
tron microscopy (TEM). It was found that by adjusting the content of the hydrophilic segments in linear
precursors, single chain polymeric nanoparticles (SCPNs) can be generated at high polymer concentra-
tions. Therefore, cyclic polymers with high purity can be constructed efficiently. This method overcomes
the limitation of traditional ring-closure method, which is typically conducted in highly dilute conditions,

providing an efficient method for the scalable preparation of cyclic polymers.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cyclic polymers have unique properties compared with their
linear analogues due to their “endless” topology, such as smaller
radius of gyration and hydrodynamic volume, lower viscosity, and
higher glass transition temperature [1-4]. Given that, cyclic poly-
mers have been successfully applied to numerous fields includ-
ing gene transfection [5,6], drug delivery [7,8], surface modifica-
tion [9,10] and so on [11-14]. Currently, two main methods can be
utilized to synthesize cyclic polymers: ring-closure [15] and ring-
expansion methods [16,17]. Ring-expansion method can be used to
generate cyclic polymers by inserting cyclic monomers into a cyclic
catalyst/initiator repeatedly. Cyclic polymers with high molecu-
lar weights (>1x 10%g/mol) can be obtained at high monomer
concentrations by ring-expansion method [18-20]. However, this
method often lacks control over molecular weights and polydis-
persities of cyclic polymers [21]. Meanwhile, the formidable syn-
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thetic challenge of cyclic catalysts and specific monomers limit its
extensive application [22]. Ring-closure method can be applied to
construct cyclic polymers by cyclizing a linear polymer via an end-
group coupling reaction. Combined that with living polymeriza-
tion, cyclic polymers with controlled molecular weights and nar-
row polydispersities can be prepared precisely [23,24]. Neverthe-
less, in order to suppress the intermolecular coupling reaction,
ring-closure method is usually conducted under highly dilute con-
ditions (<107 mol/L) [15]. Simultaneously, according to Jacobson-
Stockmayer theory, the probability of cyclization reaction decreases
with the increase of chain length of linear polymers [25]. Thus, ac-
cess to high-molecular-weight (>25,000 g/mol) cyclic polymers at
high concentrations by ring-closure method is still a challenge.

In nature, biomacromolecules such as DNA, proteins and en-
zymes can form a high-level structure by the self-folding process.
Recently, single chain folding technique has been employed to cre-
ate single chain polymeric nanoparticles (SCPNs) in water from the
amphiphilic random copolymers with hydrophobic and hydrophilic
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pendants [26-29]. For example, Sawamoto et al. applied random
copolymers bearing hydrophilic poly(ethylene glycol) (PEG) and
hydrophobic alkyl pendants to form unimer micelles carrying hy-
drophobic cores covered by hydrophilic pendants [30,31]. It was
found that the self-folding process was influenced by the content
of hydrophilic units in polymer chains. The amphiphilic copoly-
mers tended to form SCPNs instead of multi-chain micelles with
the increase of the hydrophilic unit contents in copolymers. There-
fore, by adjusting the content of the hydrophilic units, pure SCPNs
can be efficiently obtained.

The self-folding process can shorten the distance between the
ends of the same polymer chain and significantly prevent inter-
molecular reactions, thus the entropic penalty of end-group cou-
pling induced by long polymer chain can be reduced. Recently,
we proposed a unique self-folding cyclization technique to pro-
duce well-defined cyclic polymers. The technique involves the
use of linear P(OEGA-co-DDA) precursors with a molar ratio of
7:3 between oligo(ethylene glycol) acrylate (OEGA) and dodecyl
acrylate (DDA) units [32]. Cyclic polymers with high molecular
weights (>10° g/mol) were prepared at relatively high concentra-
tions (40 mg/mL) in aqueous solution by this approach.

Currently, one of the most critical issues for the large-scale
preparation of cyclic polymers by ring-closure method is how to
prepare pure cyclic polymers at high concentrations. Most ring-
closure strategies need to be performed at low concentrations,
which greatly raises the production costs of cyclic polymers. Based
on our previous work [32], we wonder if the self-folding cy-
clization technique can be used to prepare cyclic polymers at
higher concentrations by adjusting the ratios of hydrophilic and
hydrophobic units in linear amphiphilic random copolymers. As
shown in Fig. 1, linear P(OEGA-co-DDA) precursors with two an-
thryl end groups and different contents of OEGA units were pre-
pared by RAFT polymerization. Subsequently, linear P(OEGA-co-
DDA) copolymers underwent the self-folding process to generate
SCPNs. By irradiating the SCPNs with UV light (365 nm), cyclization
was achieved via a Diels-Alder (D-A) reaction between anthryl
end groups, and cyclic polymers can be obtained efficiently with-
out a tedious purification procedure. We investigated the effects of
the polymer concentrations and the ratios of hydrophilic and hy-
drophobic moieties on the purity of the obtained cyclic polymers,
and prepared cyclic polymers with high purity at high polymer
concentrations (up to 90 mg/mL) by adjusting the ratios of the hy-
drophilic and hydrophobic units in linear precursors. This approach
is of great significance for large-batch production of well-defined
cyclic polymers with high molecular weights (>10° g/mol).

In order to investigate the effects of the hydrophilic unit con-
tents on the purity of the obtained cyclic polymers, linear ran-
dom copolymers poly((oligo(ethylene glycol) acrylate)-co-(dodecyl
acrylate)) (P(OEGA-co-DDA)) were prepared. A bifunctional chain
transfer agent (BCTA) with two anthryl groups was synthesized
(Scheme S1 in Supporting information), and its structure was con-
firmed by the 'H and >C NMR spectra in Figs. ST and S2 (Sup-
porting information). Subsequently, linear P(OEGA-co-DDA) copoly-
mers with different molar ratios of [OEGA]/[DDA] were synthesized
via RAFT copolymerization of OEGA (M, =482 g/mol) and DDA in
toluene (the feed molar ratios of [OEGA]/[DDA]/[BCTA] were set
as 750/250/1, 800/200/1, 900/100/1, and the corresponding lin-
ear copolymers were denoted as L1, L2 and L3, respectively). The
TH NMR spectra of the resultant copolymers are shown in Fig.
S3 (Supporting information), several anthryl proton peaks at 7.4-
8.5ppm (peaks s, r, q) and peaks at approximately 7.2 ppm (peaks
a, b) belonging to phenyl protons of the BCTA segment were ob-
served, as well as the characteristic resonances of —-OCH; of OEGA
(peak n) and -CH,CH3; of DDA (peak h) at 3.4ppm and 0.8 ppm,
respectively. By comparing the integral area of the signal of methyl
protons in OEGA (peak n) with that in DDA (peak h), the contents
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of OEGA units in linear P(OEGA-co-DDA) copolymers were deter-
mined to be 72% (L1), 77% (L2) and 88% (L3), respectively. The
UV-vis spectra of linear P(OEGA-co-DDA) copolymers are shown in
supporting information (blue curves in Figs. S16-S18 in Support-
ing information), from which the characteristic absorbance band at
365 nm ascribed to the w-m* transition of the anthryl groups can
be observed.

Three-detection size exclusion chromatography (TD-SEC)
equipped with multiangle laser light scattering (MALLS) detector
was utilized to characterize the molecular weights and polydis-
persities of P(OEGA-co-DDA) copolymers. As shown in Fig. 2, the
SEC-MALLS traces of linear copolymers revealed unimodal peaks
with narrow distribution, and the number-average molecular
weights (M;) were 176.3 kDa (L1, p=1.11), 148.5kDa (L2, b=1.13),
134.5kDa (L3, p=1.11), respectively. These results indicate that
well-defined linear P(OEGA-co-DDA) copolymers with anthryl end
groups were synthesized successfully.

According to the previous reports [33,34], amphiphilic copoly-
mers can self-fold in water to form SCPNs derived by the hy-
drophobic and hydrophilic interaction of the alkyl pendants, poly-
mer backbones and PEG pendants. In this work, we investi-
gated the self-folding behaviors of linear P(OEGA-co-DDA) random
copolymers, and the emphasis is the effects of polymer compo-
sition and concentration on the resulting polymeric nanoparticles
in water. L1, L2 and L3 were dissolved in pure water at different
concentrations. The self-folding process of P(OEGA-co-DDA) copoly-
mers (L1-L3) in water was investigated with 'H NMR, TEM and
DLS. Figs. S4-S6 (Supporting information) are the 'H NMR spectra
of L1-L3 in D,0 at room temperature, in which the proton signals
of hydrophobic backbone (peaks d, e, i, j) and dodecyl pendants
(peaks g, h) became broader and the integral ratio of peak “h” rel-
ative to peak “n” decreased obviously in D,O compared with that
in CDCl3, indicating the occurrence of self-folding [34].

In addition, TEM was utilized to investigate the morphologies
of the polymeric nanoparticles prepared via self-folding, and the
TEM images are shown in Figs. S7-S9 (Supporting information).
NP-L1-60 (the polymeric nanoparticles obtained via self-folding of
L1 at a concentration of 60 mg/mL) (Fig. S7a), NP-L2-60 (Fig. S8a)
and NP-L3-60 (Fig. S9a) were small spherical micelles with diam-
eters of 5-10nm, which corresponded to the size of the unimer
micelles reported by Sawamoto’s group [31], indicating the for-
mation of SCPNs for all samples at a concentration of 60 mg/mL.
When the concentration of the polymers further increased, larger
nanoparticles can be observed. For example, TEM images of NP-
L1-70 (Fig. S7b), NP-L2-100 (Fig. S8b) and NP-L3-100 (Fig. S9b)
showed the existence of nanoparticles with diameters of approxi-
mately 10-30 nm, possibly because of the formation of multichain
nanoparticles. The TEM results reveal that L2 and L3 which con-
tained higher hydrophilic unit contents compared to L1 produced
multichain nanoparticles by self-folding at higher concentrations.

Subsequently, the nanoparticles obtained at different polymer
concentrations were analyzed by DLS measurement, and the re-
sults are given in Figs. S10-S12 (Supporting information). NP-L1-
60, NP-L2-60 and NP-L3-60 had small hydrodynamic diameters
(Dp: ~10nm) (blue curves in Figs. S10a, S11a and S12a), though
NP-L1-70, NP-L2-100 and NP-L3-100 had larger hydrodynamic di-
ameters (Dy: 20-40nm) because of the presence of multichain
nanoparticles (blue curves in Figs. S10b, S11b and S12b). These re-
sults demonstrate that the composition and concentration of the
linear amphiphilic random copolymers had significant impacts on
the self-folding behavior. On the other hand, by controlling the
molar ratios of the OEGA and DDA units and the concentrations of
copolymers, SCPNs can be successfully obtained by the self-folding
process.

After self-folding, the cyclization process was performed by ir-
radiating the aqueous solution of the nanoparticles generated by
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Fig. 1. Schematic illustration of the preparation of cyclic P(OEGA-co-DDA) copolymers at high concentrations. (a) Synthetic route of cyclic P(OEGA-co-DDA) copolymers
via self-folding cyclization technique. (b) Illustration of the effect of the ratios of OEGA and DDA units in linear precursors on the purity of cyclic polymers prepared by

self-folding cyclization technique.

L1, L2 and L3 with 365 nm UV light for 4 h. Cyclic P(OEGA-co-DDA)
copolymers were obtained by freeze-drying. As shown in the 'H
NMR spectra of the resultant copolymers (Figs. S13-S15 in Sup-
porting information), the typical signals of anthryl protons at 7.4-
8.5ppm almost disappeared. Meanwhile, new signals at 6.8 ppm

(peaks ¢/, r’), and 5.5 ppm (peak s’) of the anthracene dimer were
observed, indicating the occurrence of photo-dimerization reac-
tion of anthryl groups. UV-vis spectroscopy was also utilized to
investigate the light-triggered dimerization reaction between an-
thryl groups, and the results are shown in Figs. S16-S18. Com-
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Fig. 2. SEC measurements of linear P(OEGA-co-DDA) precursors and cyclic P(OEGA-co-DDA) copolymers using THF as the eluent. The SEC-MALLS traces of L1 (a), L2 (b) and

L3 (c) before and after cyclization at different polymer concentrations.

Table 1
Characterization of P(OEGA-co-DDA) copolymers.

Entry Samples? NMR DP® gecajppa) SEC Topological structure
M,© (kDa) My (kDa) Mp¢ (kDa) pe
1 L1 632/243 176.3 195.4 157.7 1.11 Linear
2 C11(40 mg/mu) 632/243 161.0 182.3 143.1 1.13 Monocyclic
3 C12(50 mg/mL) 632/243 172.0 204.0 151.0 1.19 Monocyclic
4 C13(60 mg/mL) 632/243 181.4 2131 157.6 1.18 Monocyclic
5 C14(70 mg/mL) 632/243 204.9 491.0 165.2 2.40 Monocyclic + cyclic oligomer
6 L2 659/202 148.5 168.1 133.7 1.13 Linear
7 C21(40 mg/mu) 659/202 173.7 200.3 154.9 1.15 Monocyclic
8 C22(50 mg/mL) 659/202 165.6 180.2 152.8 1.09 Monocyclic
9 C23(60 mg/mL) 659/202 155.6 163.5 142.9 1.05 Monocyclic
10 C24(70 mgjmu) 659/202 171.7 187.0 159.1 1.09 Monocyclic
11 C25(30 mg/mL) 659/202 174.2 188.5 160.1 1.10 Monocyclic
12 C26(90 mg/mL) 659/202 162.2 179.0 147.0 1.10 Monocyclic
13 C27(100 mg/mL) 659/202 181.0 227.6 163.0 135 Monocyclic + cyclic oligomer
14 L3 464/62 134.5 148.7 118.9 1.11 Linear
15 C31(60 mg/mL) 464/62 133.7 139.2 119.9 1.04 Monocyclic
16 C32(70 mg/mu) 464/62 137.0 146.7 119.9 1.07 Monocyclic
17 C33(30 mg/mL) 464/62 134.7 146.8 114.6 1.09 Monocyclic
18 C34(90 mg/mL) 464/62 129.7 151.9 108.2 1.17 Monocyclic
19 C35(100 mg/mL) 464/62 140.1 192.0 118.9 1.37 Monocyclic + cyclic oligomer

2 L stands for linear P(OEGA-co-DDA), C stands for cyclic P(OEGA-co-DDA), for example, C1149 mg/m1) Means cyclic polymer obtained by L1 at a concentration of 40 mg/mL.

b Degree of polymerization (DP) is calculated based on "H NMR spectroscopy.

¢ My, M, and polydispersity (P) are determined by SEC-RI with THF as eluent (monodisperse polystyrene as standard).

d The absolute molecular weights (M,,) of polymers are determined by SEC-MALLS.

pared to the UV-vis spectra of linear P(OEGA-co-DDA) copoly-
mers, the characteristic absorbance band of the anthryl group at
365 nm disappeared after irradiation. These results demonstrated
that the anthryl end groups of linear precursors were transformed
into anthracene dimers. The sizes of the nanoparticles after ir-
radiation were analyzed by DLS (Figs. S10-S12), and no signifi-
cant changes were observed compared to those before irradiation,
which indicated that the light-triggered dimerization reaction oc-
curred mainly within nanoparticles rather than between nanopar-
ticles.

To further investigate the cyclic topology and purity of the re-
sultant polymers, TD-SEC analysis and TEM were employed. Con-
sidering that cyclic polymer has a smaller hydrodynamic volume
than its linear counterpart, the SEC equipped with differential re-
fractive index detector (SEC-RI) is usually used to characterize
cyclic polymers. Generally, the SEC-RI trace of polymer shifts to the
lower molecular weight direction after cyclization [35-37]. How-
ever, in the current work, the peak shift of the cyclic polymers
was imperceptible, probably because that the long side chains con-
nected to the polymer backbone resulted in little conformational
difference between the cyclic polymer and its linear precursor [38].
The summary of the molecular weight data of linear and cyclic
polymers is listed in Table 1. All samples revealed monomodal evo-
lution of SEC-RI traces (Figs. S19-S21 in Supporting information)

with relatively low molecular weight distributions. Taking into ac-
count that the MALLS detector is more sensitive to the high molec-
ular weight fraction than the differential refractive index detector
[39], SEC-MALLS was further employed to investigate the purity
of cyclic polymers. As shown in Fig. 2, the SEC-MALLS traces of
the resultant cyclic polymers obtained from L1 at concentrations
of 40mg/mL (ca. 2.3 x 10~*mol/L for L1) (the corresponding poly-
mer was denoted as C11), 50mg/mL (ca. 2.8 x 10~4mol/L for L1)
(C12), 60 mg/mL (ca. 3.4 x 10~*mol/L for L1) (C13) all revealed uni-
modal peaks with narrow distributions. However, when the con-
centration of L1 increased to 70mg/mL (ca. 4.0 x 10~* mol/L for
L1) (C14), a bimodal curve with a broad distribution was observed,
which indicated the occurrence of intermolecular reaction due to
the presence of multi-chain nanoparticles. The peak at 23.84 min
(Peak 1 in Fig. 3a) was attributed to cyclic oligomer (intermolec-
ular reaction product), and the peak at 30.42min (Peak 2 in Fig.
3a) was attributed to monocyclic polymer (intramolecular reaction
product). By analyzing the deconvolution of the SEC-MALLS trace
of the products (Fig. 3a), the contents of the monocyclic polymer
and cyclic oligomer can be calculated as 56.29% and 43.71%, re-
spectively. For L2 and L3, it should be emphasized that high-purity
monocyclic polymers can be obtained even when the polymer con-
centration was up to 90 mg/mL (ca. 6.1 x 10~ mol/L for L2, 6.7 x
10~*mol/L for L3) (the corresponding polymers were denoted as
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Fig. 3. Deconvolution of SEC-MALLS traces for cyclic polymers through the fitting of each peak. (a) Fitting result of deconvoluted peaks of SEC trace for C14. Cumulative
curve of C14: blue, Peak 1: black, Peak 2: red. (b) Fitting result of deconvoluted peaks of SEC trace for C27. Cumulative curve of C27: green, Peak 1, Peak 2, Peak 3: blue. (c)
Fitting result of deconvoluted peaks of SEC trace for C35. Cumulative curve of C35: orange, Peak 1: green, Peak 2: purple.
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Fig. 4. TEM images of cyclic polymers obtained from linear precursors at different polymer concentrations. (a-c) HRTEM images of monocyclic polymers observed from C14,
C27 and C35, respectively. TEM images of cyclic polymers (d) C14, (e) C27, (f) C35. Inset: images of cyclic oligomers observed from C14, C27 and C35.

C26 and C34, respectively), which is higher than previously re-
ported polymer concentration in ring-closure method [24,32,40]
for preparing monocyclic polymers. When the polymer concentra-
tion further increased to 100 mg/mL (ca. 6.7 x 10~*mol/L for L2,
7.4 x 10~4mol/L for L3), a shoulder peak appeared in the direction
of high molecular weight in the SEC-MALLS traces of cyclic poly-
mers obtained from L2 and L3 (C27 and C35). Horizontally, as esti-
mated by the deconvolution of the SEC-MALLS traces of the prod-
ucts after irradiation (Figs. 3b and c), the contents of monocyclic
polymer (Peak 3 in Fig. 3b and Peak 2 in Fig. 3c) were 73.07%
for C27 and 89.71% for C35. Higher percentage of monocyclic poly-
mers can be obtained from L3 compared to L2 at a concentration
of 100 mg/mL by intramolecular reaction, which was probably be-
cause that higher content of hydrophilic units could provide better
stabilization of SCPNs in aqueous solution, and higher proportion
of SCPNs were able to be generated from L3 than L2 at the same
polymer concentration.

Observation of the cyclic topology by high-resolution trans-
mission electron microscopy (HRTEM) would provide more direct
evidence for cyclization [41,42]. Generally, visualization of cyclic
polymers was achieved by grafting side chains onto the backbone
[43,44]. In this work, since the existence of OEGA and DDA pen-
dants greatly stretched the polymer backbone and improved the
mass density of the polymer backbone [45,46], the visualization

of cyclic P(OEGA-co-DDA) by TEM is promising. C14, C27 and C35
were chosen as representative examples for investigating the visu-
alization of cyclic polymers. As shown in Figs. 4a-c, polymers with
monocyclic structures could be observed. The average diameters
of these cyclic copolymer backbones were approximately 67 nm
for C14, 57 nm for C27, and 42 nm for C35, respectively. Based on
the bond length of C-C (0.154nm) [47], the theoretical diameters
corresponding to C14, C27 and C35 were calculated to be 70 nm,
69nm and 42 nm, respectively. In Figs. 4d-f, cyclic oligomers with
diameters of around 100nm were observed, and the diameters
were larger than the theoretical values of monocyclic polymers.
It might be caused by intermolecular coupling at high polymer
concentrations. This result is consistent with the appearance of
multiple peaks in the SEC-MALLS traces of cyclic P(OEGA-co-DDA)
copolymers obtained at high polymer concentrations in Fig. 2. The
visualization of cyclic polymers by HRTEM directly confirmed the
cyclic topology of the resultant polymers. The above results re-
veal that by adjusting the ratios of the hydrophilic and hydropho-
bic units in linear precursors, high-purity monocyclic polymers can
be successfully produced at higher concentrations up to 90 mg/mL
(6.7 x 10~4 mol/L for L3).

In this investigation, self-folding cyclization technique for
preparing cyclic polymers at higher concentrations by adjusting the
content of the hydrophilic units in linear copolymer chains has
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made satisfactory progress. Compared with the traditional ring-
closure method, this method allows preparing monocyclic poly-
mers at higher concentrations, but it still falls slightly short in
polymer concentration compared with the ring-expansion method.
Therefore, we will attempt to further improve the self-folding cy-
clization technique by molecule design, such as introduction of in-
tramolecular interactions in polymer chain to increase the polymer
concentration for obtaining pure monocyclic polymers.

In summary, we investigated the effects of the ratios of hy-
drophilic and hydrophobic moieties in linear P(OEGA-co-DDA)
copolymers and polymer concentration on the purity of the cyclic
polymers obtained by the self-folding cyclization technique. By ad-
justing the ratios of hydrophilic OEGA and hydrophobic DDA units
in anthracene-terminated linear precursors, SCPNs can be gener-
ated at high polymer concentrations. Monocyclic P(OEGA-co-DDA)
copolymers with relatively high molecular weights were produced
via irradiating the aqueous solution of the polymeric nanoparticles
with UV light. The polymer concentration in the self-folding cy-
clization technique for preparing high-purity monocyclic polymers
can reach as high as 90 mg/mL (6.7 x 10~4 mol/L for L3). This work
provides a promising method to achieve large-scale production of
cyclic polymers.
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