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Inflammation is a critical immune response to various stimuli but can lead to diseases when uncontrolled.
Commonly used anti-inflammatory drugs usually associated with side effects, natural products such as
curcumin (CUR) have emerged as a promising alternative but suffer from low bioavailability. This study
introduces a novel nanocarrier, amphiphilic hyperbranched polyprodrug (P(ACPP-co-CURMA)-b-
POEGMA, PACE), designed to enhance the anti-inflammatory activity of CUR. PACE micelles, formed from
a hydrophobic hyperbranched polyprodrug core and hydrophilic POEGMA corona, demonstrated remark-
able stability, even upon dilution, and efficiently released CUR in response to the reductive intracellular
environment. These micelles were biocompatible and effectively internalized by macrophages. In both
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in vitro and in vivo studies, PACE micelles demonstrated significant anti-inflammatory activity, reducing
ROS levels, down-regulating pro-inflammatory cytokines, and alleviating inflammation. This work high-
lights the potential of PACE micelles as a promising platform for targeted and responsive anti-inflamma-
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Introduction

Inflammation constitutes a crucial defensive immune
response elicited in response to a variety of extraneous stimuli,
such as chemical irritants, pathogens, physical trauma, radi-
ation, and burns. During the initial phase of inflammation,
specialized immune cells are recruited to the site of infection
or injury, subsequently releasing localized inflammatory
mediators. This orchestrated response aims to clear the causa-
tive factors and facilitate tissue repair.'” However, when
inflammation becomes excessive or persists unabated, it can
result in the accumulation of activated inflammatory cells in
the connective tissues surrounding blood vessels. This chronic
inflammation can lead to tissue damage and contribute to the
development of various diseases including rheumatoid arthri-
tis, inflammatory bowel diseases, atherosclerosis, asthma, and

“College of Biological Science and Engineering, Fuzhou University, Fuzhou, Fujian
350108, China. E-mail: huangda@fzu.edu.cn, wengzq@jfzu.edu.cn

bMinistry of Education Key Laboratory for Analytical Science of Food Safety and
Biology, Fujian Provincial Key Laboratory of Analysis and Detection for Food Safety,
College of Chemistry, Fuzhou University, Fuzhou, Fujian 350108, China

T Electronic supplementary information (ESI) available: Materials and character-
izations, synthesis of monomers, GPC traces of polymers, redox-responsive
degradation of PACE. See DOI: https://doi.org/10.1039/d3py01071f

5208 | Polym. Chem., 2023, 14, 5208-5217

tory therapy, with implications for treating inflammatory disorders.

cystic fibrosis.* ® Therefore, the timely implementation of anti-
inflammatory therapies holds significant promise in the treat-
ment and management of these ailments.

Clinically, the treatment of inflammatory diseases com-
monly relies on drugs including glucocorticoids (e.g., hydro-
cortisone, prednisone, prednisolone) and non-steroidal anti-
inflammatory drugs (e.g., paracetamol, indomethacin, diclofe-
nac, ibuprofen).” Despite their efficacy against various dis-
eases, these medications are often accompanied by undesir-
able side effects, including cardiovascular toxicity and gastro-
intestinal damage.®® Hence, there has been a growing interest
in natural polyphenols as a novel class of anti-inflammatory
agents due to their excellent biocompatibility. Numerous
studies have documented the ability of polyphenols to exert
anti-inflammatory effects by scavenging reactive oxygen
species (ROS), modulating the activity of enzymes involved in
inflammatory responses, and regulating the production of
inflammatory mediators and cytokines, such as tumor necrosis
factor-a (TNF-a), interleukin 1f (IL-1p), and prostaglandin E2
(PGE2)."°"* Among these natural polyphenols, curcumin
(CUR), derived from turmeric, stands out as a “Nature’s
panacea” due to its multifaceted pharmacological properties,
including antioxidative, anti-inflammatory, anti-angiogenic,
and anti-cancer activities."*"® CUR has demonstrated anti-
inflammatory efficacy in the treatment of various inflammatory
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diseases, including Alzheimer’s disease, Parkinson’s disease,
multiple sclerosis, colitis, and rheumatoid arthritis.’®™®
Importantly, as a naturally derived food product, CUR is rela-
tively safe even at high doses of up to 12 grams per day in
humans.'®?° However, despite its immense potential, the
clinical application of CUR has been significantly hampered
by its poor water solubility and limited bioavailability.*!
Addressing these limitations could substantially enhance
CUR’s anti-inflammatory activity and its potential as an anti-
inflammatory agent.

Recent research has unveiled a passive targeting effect in
inflammatory tissues, akin to the enhanced permeation and
retention effect observed in tumor tissues. Inflammatory
tissues exhibit increased vascular permeability due to the loss
of intercellular junctions between endothelial cells, triggered
by hypoxia. Furthermore, the presence of various immune cell
subsets, including neutrophils, monocytes/macrophages,
T-cells, and dendritic cells, contributes to abnormal angio-
genesis, further enhancing vascular permeability.>*>* This dis-
tinctive characteristic allows macromolecular agents and nano-
particles to selectively accumulate in inflammatory tissues
through leaky vessels. Consequently, the development of nano-
medicines holds considerable promise for the treatment of
inflammatory diseases. Moreover, the microenvironment of
inflammatory tissues exhibits specific pathophysiological fea-
tures, including lower pH values, elevated redox potential, and
overexpression of enzymes (e.g., neutrophil elastase,
myeloperoxidase).”>”” In this context, stimuli-responsive
nanocarriers, such as liposomes, polymeric micelles, and vesi-
cles, have been designed for the delivery of anti-inflammatory
agents.” For instance, Liu et al. reported redox-responsive poly-
mersomes that release indomethacin in response to inflam-
mation, significantly ameliorating inflammatory responses
induced by lipopolysaccharide (LPS) in macrophages.””
Nevertheless, most of these nanocarriers are constructed via self-
assembly of amphiphilic polymers, potentially suffering from
instability upon dilution iz vivo. In contrast, unimolecular
micelles, composed of a highly branched hydrophobic core and a
hydrophilic shell, have attracted attention due to their exceptional
stability.”*3? It is noteworthy that unimolecular micelles can be
easily synthesized to incorporate multiple payloads through
reversible addition-fragmentation chain transfer (RAFT) polymer-
ization of different monomers, utilizing a multifunctional chain
transfer agent in one or two steps.** > Importantly, unimolecular
micelles fabricated by this strategy load drugs by chemical conju-
gation via cleavable linkers. Compared to physical encapsulation,
the conjugation approach mitigates the possibility of burst
release and offers better control over drug release, because conju-
gated drugs can only be released once the linkers are cleaved in
response to specific stimuli. Despite their potential, unimolecular
micelles have yet to be explored as vehicles for the delivery of
anti-inflammatory agents.

In this study, we present the development of redox-respon-
sive unimolecular micelles based on hyperbranched polycurcu-
min amphiphiles (P(ACPP-co-CURMA)-b-POEGMA, PACE) as

innovative =~ macromolecular  anti-inflammatory = agents
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Scheme 1 Schematic Illustration of the preparation of PACE unimole-
cular micelles, their redox-responsive drug release and anti-inflamma-
tory effect.

(Scheme 1). Initially, we designed and prepared a polymeriz-
able CUR-based prodrug monomer containing a disulfide
linker (CURMA). Then RAFT polymerization of the prodrug
monomers with a multifunctional chain transfer agent (ACPP)
yielded the hydrophobic hyperbranched polycurcumin core
(P(ACPP-co-CUMA), PAC) of the wunimolecular micelles.
Subsequently, a hydrophilic shell poly(oligo(ethylene glycol)
methacrylate) (POEGMA) was formed through polymerization
of OEGMA on the surface of the hydrophobic core. This
unique covalently interconnected amphiphilic core-shell struc-
ture existed as unimolecular micelles in aqueous solutions,
maintaining their integrity even under conditions of dilution.
The stability, redox-responsive cleavage and release of CUR,
cellular uptake and cytocompatibility of the unimolecular
micelles were investigated. Furthermore, anti-inflammatory
activity of the unimolecular micelles was evaluated in LPS-
treated RAW264.7 macrophages and zebrafish models.

Experimental section
Synthesis of PAC

PAC was synthesized via RAFT polymerization of ACPP and
CURMA as shown in Scheme 2. Briefly, CURMA (259 mg,
0.42 mmol), ACPP (19.64 mg, 0.042 mmol), and AIBN (1.37 mg,
0.0084 mmol) were charged into a round-bottom flask containing
1 mL of a mixed solvent consisting of DMSO and 1,4-dioxane
(1:1, v/v). The mixture was subjected to three freeze-pump-thaw
cycles to remove oxygen and was then placed in an oil bath ther-
mostated at 90 °C to initiate polymerization. After 30 hours, the
reaction was quenched by immersion in an ice-water bath. The
resulting crude product was precipitated in excess diethyl ether
for three times. The final product, a yellow solid powder, was
obtained after vacuum drying (217 mg, yield: 78%).

Synthesis of PACE

PACE was synthesized by RAFT polymerization of OEGMA
using PAC as macroinitiators. PAC (50 mg), OEGMA (250 mg,
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Scheme 2 Synthetic route of the PACE amphiphilic hyperbranched polymer.

1.05 mmol), and AIBN (1.94 mg, 0.012 mmol) were placed in a
round-bottom flask containing 1.5 mL of DMSO. After three
freeze-pump-thaw cycles to eliminate oxygen, the flask was
immersed in an oil bath maintained at 90 °C to initiate the
polymerization. After 30 hours, the reaction was quenched in
an ice-water bath. The crude product was precipitated in
excess diethyl ether for three times, yielding a highly viscous
jelly (191 mg, yield: 64%).

Preparation of PACE unimolecular micelles

Unimolecular micelles composed of PACE were prepared using
a solvent exchange method. Initially, PACE was dissolved in
DMSO at a concentration of 20.0 mg mL™". The solution was
subsequently dialyzed against deionized water using a dialysis
membrane with a molecular weight cutoff (MWCO) of 3500
Da. The dialysis buffer was refreshed every 4 hours. The result-
ing PACE unimolecular micelles solution was concentrated or
diluted as needed for further experiments.

Stability of PACE unimolecular micelles

Stability of the PACE unimolecular micelles was investigated
by monitoring their size distributions by dynamic light scatter-
ing (DLS). Initially, the size distribution of PACE unimolecular
micelles with a concentration of 1 mg mL™' was measured
using a zetasizer. Then the solution was diluted to 0.5, 0.25,
0.1, 0.01 mg mL™" in sequence, and their size distributions
were measured. To assess their responsiveness to redox, PACE
unimolecular micelles with a concentration of 1 mg mL ™" was
incubated with 10 mM dithiothreitol (DTT) for 12 and
24 hours, followed by measurements of size distributions. At
the end of the degradation experiment, the degradation pro-
ducts were observed by transmission electron microscopy
(TEM) to verify their morphology and analyzed by high per-
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formance liquid chromatography (HPLC) to affirm if intact
CUR was released from the PACE unimolecular micelles.

In vitro release of CUR from PACE unimolecular micelles

To measure drug loading content (DLC) of CUR, PACE was dis-
solved in DMSO at a concentration of 1 mg mL™". Then UV
absorbance of the solution at 420 nm (CUR) was measured,
and the concentration of CUR was calculated using a standard
curve. DLC was determined using the formula: DLC = (mass of
CUR/mass of PACE) x 100%

The release of CUR from PACE unimolecular micelles was
performed in phosphate-buffered saline (PBS) with varying
DTT concentrations at 37 °C. A specified amount of PACE solu-
tion (1 mg mL™") was placed inside a dialysis tubing (MWCO =
3500 Da) and immersed in 20 mL of pH 7.4 PBS medium con-
taining different concentrations of DTT (10 pM and 10 mM) at
37 °C with shaking. At pre-determined time intervals, 2 mL of
external medium was sampled and replaced with 2 mL of fresh
medium. The CUR concentrations in the medium were deter-
mined by measuring UV absorbance at 420 nm using a micro-
plate reader.

Cellular uptake assay

All cell lines were obtained from the China Center for Type
Culture Collection (Wuhan, China). RAW 264.7 macrophages
were cultured in DMEM supplemented with 10% FBS and
1 wt% penicillin/streptomycin at 37 °C in a 5% CO, incubator.
Subsequently, the cells were seeded onto glass-bottomed
culture dishes at a density of 6 x 10* cells per well in 1 mL of
medium. After 24 hours, the culture medium was replaced
with 1 mL of fresh medium containing PACE, equivalent to
25 pug mL™" CUR. Following 1, 2, and 4 hours of incubation,
the culture medium was aspirated, and the cells were gently

This journal is © The Royal Society of Chemistry 2023
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washed three times with cold PBS (2 mL, pH 7.4). The cells
were then fixed using paraformaldehyde for 10 minutes.
Following fixation, the cells were treated with 1.00 pg mL™"
DAPI for 15 minutes to label the cell nuclei. Finally, the cells
were washed three times with PBS and mounted on the culture
dish for observation using confocal laser scanning microscopy
(CLSM) with a FITC filter (excitation at 488 nm) to monitor the
localization of PACE micelles within RAW 264.7 macrophages.

Cytotoxicity assay

The relative cytotoxicity of free CUR and PACE against RAW
264.7 macrophages or Human Skin Fibroblast (HSF) cells was
assessed by CCK-8 assay. Cells were seeded into 96-well plates
at a density of 5 x 10% cells per well in 200 pL medium. After
24 hours of incubation, the culture medium was removed, and
the cells were treated with 200 pL of medium containing serial
dilutions of free CUR and PACE. Following 48 hours of incu-
bation, the culture medium was aspirated, and 100 pL of fresh
medium and 10 pL of CCK-8 were added to each well. After an
additional 2 hours of incubation, the absorbance at 450 nm
was measured using a microplate reader. The relative cell via-
bility was calculated by comparing the absorbance of the
treated wells to that of the wells without treatment.

Intracellular ROS imaging within RAW 264.7 macrophages

The intracellular ROS imaging assay was performed with slight
modifications according to reported procedures.”’ RAW
264.7 macrophages were seeded onto glass-bottomed culture
dishes at a density of 6 x 10" cells per well in 1 mL of medium
and were divided into four groups. Following a 24-hour incu-
bation period, the culture media were refreshed with fresh
media. Among the four groups, three sets of cells were exposed
to LPS at a concentration of 100 ng ml™' for a duration of
12 hours, while one set of cells was left untreated to serve as
the control group. Following this, the three sets of LPS-treated
cells were co-cultured with different treatments: PBS, free CUR,
and PACE (equivalent to 100 pg mL™" CUR), respectively. After
24 hours of incubation, cells were treated with DCFH-DA and
DAPI for 30 minutes to label ROS and nuclei, respectively.
Subsequently, cells were observed using CLSM. The green fluo-
rescence of ROS-activated 2',7'-dichlorofluorescein (DCF) was
observed with excitation of 488 nm and emission of 520 +
20 nm. The blue fluorescence of DAPI within cell nuclei was
observed using a 405 nm laser with an emission channel set to
450 = 20 nm.

Measurement of pro-inflammatory cytokines in RAW
264.7 macrophages

RAW 264.7 macrophages were seeded into 96-well plates at a
density of 1 x 10* cells per well in 200 pL of medium and were
divided into four groups. After 24 hours, the culture medium
was replaced with fresh medium. Three sets of cells were
treated with LPS (100 ng ml™") and subsequently exposed to
PBS, free CUR, or PACE (equivalent to 100 ug mL™' CUR) for
24 hours, while one set of cells remained untreated as the
control. After 24 hours, the levels of TNF-a, IL-1f, and PGE2 in

This journal is © The Royal Society of Chemistry 2023
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the culture media were determined using ELISA Kkits following
the manufacturer’s instructions.

In vivo ROS imaging within zebrafish

Zebrafish larvae (7 days post fertilization) were cultured in 200 pL
of culture medium in 96-well plates at 28 °C and were divided
into four groups. After 24 hours of incubation, the culture
medium was replaced with fresh medium. Three sets of larvae
were incubated with LPS (20 pg ml™") and subsequently exposed
to PBS, free CUR, or PACE (equivalent to 100 pg mL™" CUR) for
24 hours, while one set of larvae remained untreated as the
control. After 24 hours, the zebrafish larvae were incubated with
20 ug mL~" DCFH-DA solution for 1 hour to probe ROS. Stained
larvae were then observed using a fluorescence microscope to
evaluate the ROS levels in vivo.

Statistical analysis

Data were presented as mean + standard deviation (SD).
Student’s ¢-test was performed to compare the statistical differ-
ence between two groups, while one-way ANOVA was used for
more groups. The star * indicates the level of statistical signifi-
cance p < 0.05. The star ** indicates the level of statistical sig-
nificance p < 0.01. The star *** indicates the level of statistical
significance p < 0.001. The plotting was performed using
GraphPad Prism 8 software.

Results and discussion
Synthesis of PACE

To obtain hyperbranched polymer via one-step radical
polymerization, the use of a multifunctional RAFT chain trans-
fer agent with a polymerizable functional group is essential, as
branching occurs during the RAFT chain transfer agent itself
gets involved in the polymerization. Hence, we firstly syn-
thesized a multifunctional RAFT chain transfer agent ACPP
and the polymerizable CUR prodrug CURMA using the syn-
thetic routes shown in Scheme S1.t The successful synthesis
of these compounds, along with all intermediate products,
was confirmed by the "H NMR spectra (Fig. $1-57).

Subsequently, we synthesized amphiphilic hyperbranched
polyprodrug PACE via a two-step RAFT polymerization process
(Scheme 2). Initially, we synthesized the hyperbranched hydro-
phobic core PAC by RAFT polymerization of CURMA and ACPP.
The "H NMR spectrum of PAC is shown in Fig. 1A. The mul-
tiple peaks between 6.7 to 7.7 ppm correspond to the charac-
teristic protons from the benzene ring in CUR moieties, with a
signal at 9.71 ppm corresponding to the characteristic protons
of hydroxyl in CUR moieties. The number-average molecular
weight (M,) and weight-average molecular weight (M,,) of PAC,
determined by GPC, are 18.1 kDa and 23.5 kDa respectively,
with a polydispersity of 1.30 (Fig. S6 and Table S17), confirm-
ing the successful synthesis of hyperbranched polyprodrug
PAC.

The second step involved the RAFT polymerization of
OEGMA on the surface of the PAC core to grow hydrophilic

Polym. Chem., 2023, 14, 5208-5217 | 5211
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Fig. 1 'H NMR spectra of (A) PAC and (B) PACE in DMSO-d.

corona chains. As shown in Fig. 1B, the appearance of new
resonance signals at 3.49 ppm attributed to POEGMA in the
"H NMR spectrum of PACE confirms the successful polymeriz-
ation. The M, and M, of PACE, determined by GPC, are
148.9 kDa and 189.2 kDa respectively, with a polydispersity of
1.271 (Fig. S6 and Table S17). These results confirm the suc-
cessful synthesis of amphiphilic hyperbranched polyprodrug
PACE.

The drug CUR content in PACE was determined to be
approximately 5.8 wt% based on the UV-Vis absorbance of
CUR using a calibration curve (Fig. S7t). Given that the CUR
was conjugated to the hydrophobic core of the hyperbranched
amphiphiles, the drug loading can be controlled by varying
the ratio of the hydrophobic core and hydrophilic corona.
However, this ratio should be balanced to ensure the colloidal
stability of the resulted unimolecular micelles. It’s worth men-
tioning that we tried to prepare PACE with higher CUR
content, but precipitate was observed during the dialysis due
to the aggregation of polymers. The results were in accordance
with previous reports that the unimolecular micelles based on
amphiphilic polyprodrug usually demonstrated drug loading
content of 5-20 wt% depending on the hydrophilicity of
drugs.**?*

Preparation and characterization of PACE unimolecular
micelles

As an amphiphilic polymer, PACE was expected to exist as
unimolecular micelles in aqueous solutions by utilizing the
hyperbranched PAC as the hydrophobic core and POEGMA
multi-arms as the hydrophilic shell. However, the possibility of
PACE forming multimolecular aggregates in aqueous solutions
also existed. Therefore, we investigated the behavior of PACE
in water using the conventional cosolvent approach (water and
THF). The PACE was initially dissolved in THF (1.0 mg mL™"),
a solvent suitable for both PAC core and POEGMA shell. This

5212 | Polym. Chem., 2023, 14, 5208-5217

ensured that intermolecular aggregation of PACE could be
ruled out. In Fig. 24, the size of PACE in THF was approxi-
mately 43.82 nm (PDI = 0.228). Interestingly, the average hydro-
dynamic size of PACE in water measured by DLS was approxi-
mately 37.8 nm, with a uniform size distribution (PDI = 0.183),
almost identical to that in THF. The slight decrease in size in
water may be attributed to the hydrophobic PAC core contract-
ing in the aqueous environment. TEM images indicated that
PACE exhibited a monodisperse spherical morphology with an
average diameter of approximately 28 nm, consistent with the
DLS results (Fig. 2B). The zeta potential of PACE unimolecular
micelles was measured at —14.8 + 1.3 mV. The slightly negative
surface charge of the PACE unimolecular micelles aligns with
previous reports,*** and can likely be ascribed to the absorp-
tion of negatively charged ions by the hydrated POEGMA
corona. Notably, this negative surface charge, in conjunction
with the hydrated POEGMA shell, are conducive to the col-
loidal stability of the micelles. These results suggest that PACE
exists as structurally stable unimolecular micelles in aqueous
solutions.

To confirm the exceptional stability of PACE unimolecular
micelles upon dilution, we examined the concentration-depen-
dent size of PACE by DLS. As shown in Fig. 2C and D, the par-
ticle size of PACE micelles remained almost constant as the
aqueous solution was sequentially diluted from 1 to 0.5, 0.25,
0.1, and 0.01 mg mL™", further highlighting their structural
stability. These results demonstrate that the hyperbranched
polyprodrug PACE unimolecular micelles possess excellent
stability, likely attributed to their covalently interconnected
core-shell structure.

In vitro redox-responsive degradation and drug release

The ability of nanoparticles to rapidly degrade and release pay-
loads in response to the special environment at the lesion site
is crucial for targeted drug delivery, as the accumulation of

This journal is © The Royal Society of Chemistry 2023
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Fig. 2

(A) Size distributions of PACE unimolecular micelles in water and THF. (B) TEM images of PACE unimolecular micelles. (C) Size distributions

and (D) summarizations of sizes and PDIs of PACE unimolecular micelles in water at varying concentrations. (E) The variations of size distributions of
PACE unimolecular micelles in response to 10 mM DTT over time. (F) Cumulative release profiles of CUR from PACE micelles after incubation with

10 puM and 10 mM DTT.

nanoparticles in the body and nonspecific drug release can
lead to severe side effects.® With disulfide bonds susceptible to
cleavage in response to a redox milieu in the structure of PAC,
the micelles could disintegrate in a highly reductive environ-
ment. Firstly, to study the redox-responsive degradation of
PACE micelles, we treated the micelles with 10 mM DTT,
which simulates the highly reductive environment in the cyto-
plasm. We measured the size of the micelles using DLS at
specified time points. As shown in Fig. 2E, the size of the
micelles gradually decreased from 41.24 nm to 10.39 nm
within 24 hours. TEM image of the degradation products also
displayed small fragments with sizes varying from a few nano-
meters to about 20 nm (Fig. S8t). These results indicated that
PACE micelles could disintegrate due to the cleavage of di-
sulfide bonds in a highly reductive environment.

CUR was attached to the hyperbranched PAC via disulfide
bonds, which can be cleaved via glutathione (GSH)-mediated
disulfide bond exchange, leading to the subsequent release of
intact CUR through a self-immolative = mechanism
(Scheme S27). Firstly, to verify if the PACE micelles can release
pristine CUR in response to reductive stimulus, we analyzed
the degradation products of PACE after 24 hours of incubation
with 10 mM DTT by HPLC. As shown in Fig. S9,T a peak with
the same retention time as free CUR was observed in the chro-
matogram of the degradation products, affirming that pristine
CUR was released from the PACE unimolecular micelles.

Subsequently, to investigate the redox-responsive release be-
havior of PACE unimolecular micelles, in vitro release experi-
ments were performed in PBS with 10 pM DTT (simulating
physiological conditions, such as bloodstream and the extra-

This journal is © The Royal Society of Chemistry 2023

cellular matrix) and 10 mM DTT (simulating the intracellular
inflammatory environment) at 37 °C, respectively. As shown in
Fig. 2F, CUR was slowly released from PACE micelles in the
presence of 10 pM DTT, with only approximately 33% of CUR
released within 48 hours. In contrast, approximately 65% of
CUR was rapidly released from PACE micelles treated with
10 mM DTT within 12 hours. These results suggest that a
higher concentration of DTT (representing a highly reductive
environment) is more likely to break the disulfide bonds,
resulting in a faster release of CUR from the micelles. It was
reported that the inflammatory tissues exhibit elevated intra-
cellular redox potential.”” Therefore, the PACE micelles hold
potential for use as a targeted macromolecular anti-inflamma-
tory agent as they are relatively stable under physiological con-
ditions but rapidly degrade and release CUR in an inflamma-
tory environment.

Cellular uptake and cytotoxicity against macrophages

To confirm whether PACE unimolecular micelles can be inter-
nalized by immune cells at inflammatory sites, we visualized
the cellular uptake of PACE micelles by RAW 264.7 macro-
phages using CLSM. As CUR exhibits intrinsic green fluo-
rescence, we directly imaged the micelles without additional
dye labeling. After predetermined incubation times, cell nuclei
were stained with DAPI, and the cells were observed by CLSM.
As shown in Fig. 3A, after 1 hour of culture with the micelles,
green fluorescence from the micelles was clearly observed in
the cytoplasm, indicating internalization via endocytosis. With
increased incubation time, the green fluorescence became
stronger and slowly diffused from the cytoplasm to the

Polym. Chem., 2023, 14, 5208-5217 | 5213
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nucleus, suggesting increased cellular uptake of the micelles.
These results confirm that PACE micelles can be effectively
internalized by macrophages.

To evaluate the biocompatibility of PACE unimolecular
micelles, we assessed the cytotoxicity of free CUR and PACE
against RAW 264.7 macrophages and HSF cells using a CCK-8
assay. As shown in Fig. 3B and C after treatment with free CUR or
PACE micelles at concentrations ranging from 5 to 100 pg mL™"
for 48 hours, cell viability remained above 80%. This indicates
that the formation of PACE micelles did not compromise the
excellent biocompatibility of CUR, and PACE micelles were non-
toxic to cells even at an equivalent CUR concentration of 100 pg
mL ™. The cytocompatibility of PACE micelles is excellent.

In vitro evaluation of anti-inflammatory effect of PACE
micelles

In the previous sections, we confirmed that the PACE unimole-
cular micelles degrade and release CUR in a redox-responsive
manner and can be internalized by macrophages without
inducing cytotoxicity. In the following part, anti-inflammatory
effect of the PACE unimolecular micelles was further evalu-
ated. It was reported that the oxidation stress is positively
related to inflammation levels in inflammatory cells,**"®
hence anti-inflammatory effect of the PACE unimolecular
micelles was firstly investigated by observing the ROS level in
LPS-treated RAW264.7 macrophages. As shown in Fig. 4A and
B, the ROS levels in LPS-treated RAW 264.7 macrophages sig-
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nificantly increased, indicating severe inflammation induced
by LPS. Furthermore, incubation of LPS-treated cells with
PACE micelles and free CUR both led to a significant decrease
in fluorescence intensity compared to LPS-treated cells.
Notably, the fluorescence intensity in cells treated with PACE
micelles was lower than in CUR-treated cells. These results
suggest that PACE micelles efficiently alleviate inflammation,
possibly through the release of CUR mediated by intracellular
elevated redox stress.

Inflammatory cells produce various pro-inflammatory cyto-
kines, including IL-18, TNF-a, and prostaglandin, which can
further intensify inflammatory responses if left uncontrolled.’
To further evaluate the anti-inflammatory activity of PACE
micelles, we measured the levels of TNF-a, IL-1p, and PGE2 in
LPS-treated RAW 264.7 macrophages after treatment with CUR or
PACE micelles at different concentrations. As shown in Fig. 4C,
the TNF-a levels in RAW 264.7 macrophages significantly
increased after LPS treatment compared to untreated cells.
However, incubation with free CUR or PACE micelles resulted in a
significant decrease in TNF-a levels, with higher concentrations
leading to greater reductions. Moreover, when comparing cells
treated with equivalent CUR concentration, TNF- levels in PACE
micelle-treated cells were significantly lower than in CUR-treated
cells, suggesting that PACE micelles exhibited superior anti-
inflammatory effects. Similar results were observed for IL-1p and
PGE2 measurements (Fig. 4D and E). These findings suggest that
PACE micelles can effectively reduce inflammatory levels by

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (A) CLSM images of zebrafishes after different treatments (green: ROS probed by DCFH-DA). (B) Normalized fluorescence intensities of green

channels quantified from CLSM results.
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down-regulating pro-inflammatory cytokines. The enhanced anti-
inflammatory activity of the PACE unimolecular micelles includ-
ing their ability to reduce ROS and downregulate the levels of pro-
inflammatory cytokines can be attributed to the increased bio-
availability of CUR, facilitated by its improved solubility in
aqueous solutions. While it is noteworthy that the degradation of
PACE might deplete cellular GSH, the PACE unimolecular
micelles still demonstrate superior ROS attenuation compared to
free CUR. This suggests that the enhanced bioavailability of CUR
adequately compensates for the consumption of endogenous
antioxidants.

In vivo evaluation of anti-inflammatory effect of PACE micelles

Encouraged by the in vitro results, we further assessed the
anti-inflammatory activity of PACE micelles in zebrafish by
monitoring ROS levels. Zebrafish, with strong similarities to
humans in genetic makeup, has been widely used in bio-
medical research due to the advantages of strong reproductive
ability, in vitro fertilization, ease of breeding, and high trans-
parency of embryos and larvae.>**° As shown in Fig. 5A, the
fluorescence intensity in zebrafish treated with LPS signifi-
increased, indicating an inflammatory response.
However, incubation of LPS-treated zebrafish with PACE
micelles and free CUR both resulted in a significant decrease
in fluorescence intensity. The fluorescence intensity in zebra-
fish treated with PACE micelles was even lower than in CUR-
treated zebrafish, as confirmed by quantitative analysis
(Fig. 5B). These results suggest that PACE micelles demon-
strated excellent anti-inflammatory activity in vivo.

cantly

Conclusions

In conclusion, our study successfully synthesized amphiphilic
hyperbranched polyprodrug PACE, designed to deliver the anti-
inflammatory agent CUR in a targeted and controlled manner.
PACE formed structurally stable unimolecular micelles, demon-
strated excellent stability upon dilution, and exhibited redox-
responsive degradation, releasing CUR efficiently in redox milieu.
These micelles were effectively internalized by macrophages
without inducing cytotoxicity, highlighting their biocompatibility.
Furthermore, PACE micelles displayed remarkable anti-inflamma-
tory properties, both in vitro and in vivo, as evidenced by the
reduction in ROS levels, down-regulation of pro-inflammatory
cytokines, and significant alleviation of inflammation.
Collectively, our findings support the potential utility of PACE
micelles as a promising platform for targeted and responsive
anti-inflammatory therapy, with implications for the treatment of
inflammatory disorders.
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