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ABSTRACT: Developing safe and @ent delivery vehicles for
chemotherapeutic drugs has been a long-standing demanding.
Amino acid-based polymers are promising candidates to address
this challenge due to their elkent biocompatibility and 0
biodegradation. Herein, a series of wetlede amphiphilic

block copolymers were prepared by PET-RAFT polymerization

of N-acryloyl amino acid monomers. By altering monomer types

and the block ratio of the copolymers, the copolymers self-
assembled into nanostructures with various morphologigas[’,Lc )
including spheres, rod-likders, and lamellae via hydrophoﬁr %~ 326%
and hydrogen bonding interactions. Signtly, the nanopatrticles

(NPs) assembled from amphiphilic block copolymersNpoly(
acryloyl-valind)-poly(N-acryloyl-aspartic acid) (B\RD) displayed an appealing cargo loadicgeecy (21.832.6%) for a
broad range of drugs (paclitaxel, doxorubicin (DOX), cisplatin, etc.) due to strong interactions. The DOX-BBINPFV-

R1 Hydrophobic groups
R2 Hydrophilic groups

HB Hydrogen bond

Hy Hydrophobic interaction

exhibited rapid cellular uptake (within 1 min) and a great therapeutic performance. These drug delivery systems provide new ins

for regulating the controlled morphologies and improving ¢ieney of drug delivery.

1. INTRODUCTION main chains (polypeptides) through ring-opening polymer-

Drug delivery systems (DDS) are highly desired in th&ation of -amino acitN-carboxyanhydride (NCA),**and
development of nanomediciieA plethora of dierent on the §|de chains by converting amino acids mtq polymer-
loading strategies have been exploited in recent decadggble vinyl monomers and subsequently polymerizing them
such as network cross-linkingesoporous inorganic nano- Using reversible deactivation radical polymeriZétioor
particled, drug-polymer conjugafesirug drug conjugate other viable methodS.

nanomedicinésand sequential nanoprecipitation technélogy. As of now, remarkable progress has been made in synthetic
However, despite enormous researmtiseby scientists from amino acids-based main chain polymers (polypeptides) that
various disciplines and substantial investments from indumld promises for drug, or gene delf/efy, owing to its

tries® only a limited number of nanomedicines have beeimherent biocompatibility and biomimetic feafiirésDe-
approved by the U.S. Food and Drug Administration (FDAming et af? have investigated the self-assembly behavior of
for clinical use$. The major obstacles to hinder the clinical poly(-lysine)b-poly(-leucine) polypeptides. Priyadarsi et
translation of nanomedicines are drug Ioadingo(usually belaw?® > designed and synthesized leucine-based copolymers
10 wt%), controlled release, safety, and sb“oBesides, for the production of various nanoobjects through self-
there are still few common strategies for loadiegedt ~ assembly. These pioneering works have demonstrated the
drugs. Thus, a universal nanoparticle carrier system with h@éfbability of amino acid-based amphiphilic block copolymers

drug loading and controllable drug release abilities will be BCPs) in the preparation of nanosized parfftiesontrast
demanding platform for circumventing many of the issues th(at ’

plague nanotherapeuticy’ )
Amino acids, as the building block units of proteins, argceived: September 6, 2021

valuable and versatile units for constructing drug deliveRpVised: September 24, 2021

material$>'® Since 1990s, Endo and Mori have been

dedicated to developing amino acid-based polymers for diverse

applications’ *° Amino acid moieties have been incorporated

into polymer chains at two drent locations, in the polymer
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Scheme 1. Schematic Illustration of the Synthetic Route of Homopolymers and Diblock Copolymer by PET-RAFT
Polymerization and Their Assembled Morphologies and Cargo Loading Ability Depending on the Strong HB Interaction in
Hydrophilic Fraction

the self-assembly behavior of BCPs with amino acithe varieties of amino acid-based monomers and hydrophilic/
substituents in the side chains are underexplored, whiblydrophobic block ratios. Interestingly, the assembled NPs
possess high-density pendent functional groups, providingram amphiphilic poli-acryloyl-valind}poly(N-acryloyl-
plethora of chelating or binding sites for diverse chemaspartic acid) (PWPD) exhibit a high loading capacity for
therapeutic drugs through a variety of noncovalent intemany types of cargos in that the strong intermolecular
actions, such as aromatic stacking, hydrogen bondirgydrogen bonding (HB) and hydrophilic’/hydrophobic inter-
electrostatic and hydrophobic interacfioiis. actions. Moreover, in vitro cytotoxicity studies against mouse
In our previous repotf, we have established a robust broblast cell line (L929) and the human hepatoma carcinoma
photoinduced electron/energy transfer-reversible additioncell line (HepG2) revealed these PAA NPs had excellent
fragmentation chain transfer (PET-RAFT) polymerization t®iocompatibility. Most sigeantly, the doxorubicin (DOX)-
precisely control the block sequences and low polydispers@aded PWb-PD NPs (DOX@NPs) showed very fast
without protecting the acid functionalitieN-@icryloyl-amino  endocytosis (within 1 min) and excellent killing performance
acid monomers. Herein, we use this synthetic technique teward cancer cells.
prepare a series of pdlyécryloyl amino acid) (PAA)
polymers with desired block sequences/lengths and side EXPERIMENTAL SECTION
functiqnali_ties and subsequ_ently study their self'assembl}MateriaIs. All amino acids (97%), common solvents, and the
behavior in aqueous solutiorsclieme )1 A range of  mentioned cargos in the manuscript were purchased from Sigma-
morphologies of PAA nanoparticles (NPs) including spheregidrich (U.S.A.) and J&K Scienti L929, HepG2 cells were
rod-like, ber, and lamellae have been obtained by changimgirchased from Cell Resource Center, IBMS, CAMS/PUMC, Beijing,
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China. Cell culture media and detection reagents were purchaddd\W 3500 Da) and dialyzed in 20 mL of PBS witaréint pH (5.4,
from Gibco BRL (Gaithersburg, MD, U.S.A.) and Dojindo (Japan).6.0, 7.4) under slow stirring at 180 rpm. A total of 1.0 mL of the

Characterizations.*H/ *3C NMR spectra were recorded on a 400 solution was taken away from the system and replaced with 1.0 mL of
NMR spectrometer (Bruker AVANEESwitzerland). The number fresh PBS solution after a predetermined time. The absorbance
(M,) and weightI{,) average molecular weight and molecular maséntensity of the samples was recorded byldVand the amount of
distribution () were determined using a Gel Permeation DOX released was calculated accordingly.

Chromatography (GPC, Waters, U.S.A). \iBible (UV vis) In Vitro Cytotoxicity Test. Cytotoxicity of the blank NPs and
spectra was carried out on a Wi spectrometer (U-4100, Hitachi, DOX@NPs against L929 cells and HepG2 cells was assayed by Cell
Japan). The hydrodynamic diamem)) @nd polydispersity index Counting Kit-8 (CCK8). Typically,"510%/mL of cells were seeded

(PDI) of the nanostructures dissolved in water was determined oni a sterile 96-well plate and incubated atC37or 24 h. Then,
dynamic light scattering (DLS) instrument (ZetaSizer NanoZS9@i erent concentrations of blank NPs and DOX@NPs in culture
Malvern, U.K.). Transmission electron microscopy (TEM, HT-7700medium were added and further incubated for 24 and 48 h. Next, a
Hitachi, Japan) and scanning electron microscopy (SEM, JSM-780QF;K-8 test kit was coincubated for another 1 h. The absorbance of
JEOL, Japan) were used to observe the morphologies efch solution was measured at 450 nm using Spectramax M5
nanostructures. The surface elements of the samples were determpsttrophotometer (Molecular Devices, Sunnyvale, CA). The cell
by energy-dispersive spectroscopy (EDS, S-4700, Hitachi, Japan)viability was calculated according to the absorbance.

Synthesis of Amphiphilic Polymers. Concisely, all monomers, Cellular Uptake. Confocal laser scanning microscopy (CLSM)
N-acryloyl-valine (V)N-acryloyl-aspartic acid (DN-acryloyl- was used to investigate the cellular uptake and intracellular release
phenylalanine (FIN-acryloyl-serine (S), aNdacryloyl-valine methyl  behaviors of DOX@NPs. The HepG2 cells were seeded in a culture
ester (V-OMe) were synthesized according to the procedure reportdith and allowed to adhere for 24 h. The medium was then replaced
by our group*® Then the synthetic route of amphiphilic block with free DOXHCI or DOX@NPs solutions with a drug
copolymer was performed through PET-RAFT technique accordimgncentration of 2g mL?, and then cells were monitored at
our previous studyS¢heme )*° In a typical procedure (e.g., di erent time points. After being incubated for 4 h, the cells were
polymerization of PV) of PET-RAFT polymerization technique, Mvashed with PBS and stained with th@-8thoxypenenyl)-5-(4-

(1.0 g, 5.84 mmol), 2-(dodecylthiocarbonothioylthio)-2-methylpromethyl-1-piperazinyl)-bibenzimidazole (Hoechst 33342) after
pionic acid (DDMAT; 42.5 mg, 0.11 mmol), tris[2-(pyridin-2- xing by 4% paraformaldehyde. Fluorescence images of cells were
yl)phenylliridium (Ir(ppy); 0.019 mg, 2.92 10 > mmol), and 4 mL observed using CLSM.

of dimethyl sulfoxide (DMSO) were added to a glass vial. After Flow Cytometry Study. HepG2 cells were coincubated with free
degassing for 20 min under,zhinosphere, the reaction mixture was DOX-HCI or DOX@NPs (2 g mL 1) for 1 and 4 h. The cells were
placed under blue light at room temperature for 4 h and then wasllected and resuspended in 1 mL of PBS. Endocytosis of free DOX
quenched and pudd in a dialysis bag (MWCO 1000 Da) against HCI or DOX@NPs was quari by the ow cytometer (BD
ethanol (EtOH). For the block copolymer (e.g., polymerization oFACSAriaSORP).

PV{H-PD), the polymerization procedure was the same as that of PV
synthesis, but PV was used as the macro-RAFT agent to instead, of
DDMAT. The length of the PD segment was tunable by varying the" RESULTS AND DISCUSSION

monomer feed ratio. All protocols were showilie SlLast, the Synthesis of Amphiphilic Block Copolymers. The

polymer was dried under vacuum to get a yellow solid. Yield: 85“?nthetic route of PAA copolymers is illustrategtireme

For GPC analysis, the methylated sample was prepared for the GPCy ino acid-based acrylate monomers, V, D, F, V-OMe, and
measurements. ' » V, D, F, ,

Preparation of Nanostructures and Cargo-Loaded NPs. S, were FSt Succeszézulll)l/ prlggarEd foIIowmg the protqcols n
Polymer assemblies were prepared by nanoprecipitation from DM&Y! Prévious report:™ “H/ NMR and high-resolution
into deionized water and then dialyzed (MWCO 3500 Da dialysis
bag) for 48 h to remove organic solvent. For the construction ofable 1. Characterization Data for All Polymers Used in
cargo-loaded NPsist, doxorubicin hydrochloride (D®ICI) has This Study
been neutralized by trimethylamine (TEA) to get hydrophobic DOX. .

Then, these cargos, coumarin 6 (C6), curcumin (CUR), paclitaxi hydrophilic _ . u
(PTX), and DOX were dissolved in DMSO, andPD was added fractio  conversich ~ M," M,

0, 0, e
to this series of solution and further self-assemble as outlined abc. _. sample ) 0) (kDa) - (kDa)
These concentrated aggregates were further diluted for DLS, SENTYa 0 90 65 61 131
and TEM studies and then frozen, lyophilized, and storétCat 4 ~ PVarb-PDis 30 80 8.7 91 125
The cargos loading quanttion by UVvis at 458 nm (C6), 425 PVs-b-PD,, 45 82 111 114 1.28
nm (CUR), 227 nm (PTX), and 480 nm (DOX). Brently, PVs-b-PD;g 53 85 128 13.7 131
cisplatinl(CDDP)-Ioaded NPs were prepared according to the typicapy,,-b-PD, 64 86 17.7 181 1.39
method: Simply, CDDP was reacted with silver nitrate (O P\4-b-PDyg 68 86 210 209 145
get CDDP solution, which was then added dropwise irttePBV- P 0 o1 6.3 6.6 141
aqueous solution under ultrasonic oscillation. The mixed solution walgF2 b-PD, 16 85 79 76 131
stirred for 72 h and then dialyzed (MWCO 3500 Da dialysis bag) for_ *® ‘ ’ ’
48 h to remove unbounded CDDP. The loading guatitin of PRagb-PDig 41 94 98 105 135
CDDP was detected by a color reaction between CDD®- and PPsP-PDso 69 86 176 194 162
phenylenediamine (OPDA). The drug loading content (DLC, wt %) PV-OMag 0 86 8.3 77 129
and drug loading eiency (DLE, wt %) were calculated following the PV-OMagh-PDy, 31 85 162 132 151
formula below: PV-OMgyh-PDis; 80 80 382 421 156
PV-OMgyh-PS, 45 83 149 136 142
DLC(wt%)= (wt of loaded cargo/total wt of polymer and loaded cargo) pv-OMgsb-PSs; 80 89 366 349 1.62
x 100%
DLE(wWt%)= (wt of loaded cargo/wt of cargo in feed) 100% 3The numbers in the subscript indicate the degrees of polymerization

calculated by GP®Molar percentages of hydrophilic fraction in the
In Vitro Drug Release StudiesThe drug release of the DOX@ amphciphilic diblock copolymefsetermined byH NMR spectros-
NPs was investigated using a typical dialysis method. A total of 5.0 augpy.“Measured by GPC that is calibrated by polystyrene standards.
of DOX@NPs dissolved in 5.0 mL of PBS was put into a dialysis b&dolecular mass distribution)(determined by GPC.
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Figure 1.(A) *H NMR spectrum of Pyymacro-CTA (red line) and BM-PD,, copolymers (blue line; 400 MHz, DM&Eas solvent). (B)

Molecular weight distributions of PV homopolymer agebfPD,, copolymersmi= 0, 13, 24, 35, 55, 68) at eient polymerization ratios. GPC

analysis (THF used as eluent) was used to determine the molecular weight and dispersity of the polymers. Polystyrene standards were us
calibration.

mass spectroscopy were employed toroothe chemical average diameter of 350 nRig(ire 2). DLS Figure Sy
structure of all monomersidures S1S3. The copolymers  showed similar results that tibg of the spherical
were precisely synthesized via PET-RAFT polymerizatiomnostructure was approximately 400 nm with a narrow
technique. Taking F%PD as an example,¥M, = 6.5 kg distribution (0.19Table S Interestingly, various morphol-
mol !, =1.31Table ) macromolecular chain transfer agent ogies of assembled nanostructures including sphere, rod-like,
(macro-CTA) was synthesized in DMSO via PET-RAFT ber, lamellae were obtained while increasing the fractions of
polymerization using DDMAT as a CTA and Ir(ppg)the second block PDF{gure B F). When the PD fraction was
initiator>? Its degree of polymerization (DP) was determined30%, the copolymers (R¥-PD,) exhibited a spherical
by 'H NMR and GPC. As shownfiigure A, by comparing  nanostructure with an average diameter of 280 iymre
the integrals of characteristic methylene prétns the 2B), which is smaller than that of;PWanostructure. These
hydrocarbon tail of DDMAT and methyl prottaisn valine nanostructures had rough edges and connected to each other
monomer repeating units, the DP of PV was calculated to be form a necklace-like aggregafteésu(e B). As the PD
31, which was consistent with that calculated from the GP@action increased further to 45% {PWMPD,,), the sizes of
determined molecular weighitable ). Then, copolymer the necklace-like spherical nanostructure decreased to
PV;-0-PD, (the subscriptm denotes the DP of the D approximately 180 nnFigure £); but at the same time,
monomer) was synthesized witledgnt fractions of PD (30 most of the spheres interconnected with each other and
70 mol %) and characterized*syNMR (Figure A) and transformed to rods with320 nm widths and 1.3 m
GPC (igure B). The GPC traces of these resulting lengths. While increasing PD fractions (53%bMRD;5), the
copolymers exhibited a shift from low molecular weightéxtended polymer chains may intertwine with each other to
(macro-CTA PY) to high molecular weight, coming the form nanobers with an averafg of 30 nm and a length
successfully synthesis of diblock copolymers. We furthexceeding several micrometéigufe D). When PD fraction
characterized the composition of these polymers throughas more than 60% (64% for,%PDy;, 68% for PYy-b-
EDS Figure S} Increasing the proportion of the hydrophilic PDgg), copolymers graduallyatsitioned to microscale
block PD, the atomic percentage of the entire polymer has the@mellar structure={gure E,F).
same trend relative to the theoretical value, which further PAA has multiple functional groups, such as carboxyl, amino,
proves the successful polymerization tffF¥-Additionally,  and alkyl groups, which will govern its self-assembly through
the other three diblock copolymers, poigéryloyl-phenyl-  hydrophilic/hydrophobic and HB interactiéh&*® A
alanine)s-poly(N-acryloyl-aspartic acid) (BRD), poly(- plausible explanation for the EPND assembling process
acryloyl-valine methyl esteipoly(N-acryloyl-aspartic acid) was illustrated iBcheme .2Initially, when dialyzing against
(PV-OMeb-PD), and poly{-acryloyl-valine methyl estier)-  water, hydrophobic moieties (alkyl groups and isopropyl
poly(N-acryloyl-serine) (PV-OrheRS), were also synthesized groups) in PY, were driven to aggregate and form
using the same protocols. All copolymers were characterizechggirophobic domains by a force balance involving the
'H NMR and GPC Table landFigures S5 and J38howing repulsive interactions of the corona chains, the interfacial
high conversions (785%) and a narrow molecular mass energy between the core and the solvent, and the deformation
distribution (, 1.25 1.65). of the core-forming blocks in the caBeleme & **° The
Self-Assembly Behavior of P\Vb-PD. The self-assembly copolymers possess lots of carboxyl groups and amide groups,
behavior of P¥-PD was rst investigated. The self-assemblywhich could form stable hexacycle-like HB interactions against
was carried out in a mixed solvent system, DMSO/water. Theater:>*’ These interactions ect the hydrophilic repulsion
solution gradually turned turbid and ultimately milky-whiteof the shell segments and dominate the assembling behavior of
SEM and TEM analysis showed that the macro-CETA PVPVH-PD (Scheme 12 d). The spherical nanostructure,
homopolymer formed a spherical nanostructure with atherefore, was compressed into a smaller size, accompanied
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Figure 2.Morphologies of self-assembled nanostructureg-#fFF¥, in an aqueous solution. SEM image§ &tale bars = In) and TEM
images (a f, scale bars = 200 nm) corresponding to the copolymens wh(A), 13 (B), 24 (C), 35 (D), 55 (E), and 68 (F), respectively.

by the strengthened HB interaction and hydrophilic repulsiothereby reducing the free energy of the interface, so that the
while increasing PD fractions. Moreover, this behavior alemergy of the system was reduced and becamé®sthele.
might be related to the change of the micellesatures. balance of these two €ient forces leads to the formation of
According to the packing parameter theory exfible various morphologies. As PD increases, the corona volume
amphiphilic copolymer assenfibline core-forming PV was fraction increases, resulting in the reduction of curved
a short volume fraction, which drove the copolymers to forimterfaces. The polymer chains, therefore, have to adopt new
aggregates in a low interfacial energy situation. Increasing Pangements to reduce their stretching, leading to a
block lengths of the AYPD copolymer induced higher morphological transition from sphereshers and further
repulsion, which favors a decrease in the radius of curvatlmeellae.

and contributed to the formation of smaller nanostructures E ects of Hydrophobic Interaction on the Self-
(Scheme &b). Simultaneously, the spherical nanostructure &ssembly of PAAs.To further elucidate the nanostructure
forced to connect together, gradually transfering tobeds,  formation, a hydrophobic monomer F was selected to
and lamella because of a strong HB interaction and theynthesize the hydrophobic block, as iéteblock (Phksb-
minimization of interfacial energ@cfieme &d). The PD,) attributed that the phenyl group in F is more
aggregates tend to form lower surface energy morpholognydrophobic than isopropyl in V. The self-assembled
With the increase of the hydrophilic PD polymer chain, th@anostructure presented a sphere morphology for homopol-
assembled morphology of the copolymeb-PV-changes ymer Pk and underwent a change from spheréoéo for

from a spherical structure to a rod-like structure. The rod-likiiblock copolymers, which may be related to the introduction
structure is conducive to increasing the spsgiface area, of aromatics leading to a strengthened hydrophobic interaction
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Scheme 2. Morphological Transitions of Self-Assembled AmphiphiljgtPRD,, Copolymer§

%a, b) Assembly of Pi¥PD molecules into spheres. (c) Transformation of the aggregation into a rod. (d) Transformation of the rod-like into
lamellae. Schematic diagram not to scale.

Figure 3.Morphology studies of assembled nanostructures-bffA®,. SEM images (a, scale bars = In) and TEM images (ad , scale
bars = 200 nm) corresponding tgfFHPD,,, withm= 0 (A), 5 (B), 18 (C), and 59 (D), respectively. The blue arrows exhibited the roughness of
the surface of nanostructures.

and stacking® °* As shown inFigure 2, the Pk Additionally, we reasoned thdter elongation happens
homopolymer self-assembled into spheres wittl@ nm through the nanostructure fusion process because the integral
diameter. Several high-density cores were observed in #pherical nanostructure could be clearly discovered on the
nanostructure interiors, which might stem from the stable  surface of the bers>* The ber morphology might be
stacking. Increasing the PD length (16%bFFD;), the mediated through a secondary assembly process. Fist, PF
spherical nanostructure was connected to each other abhdPD; assembled as a spherical nanostructure because of the
spliced into an irregulaber (Figure B), suggesting that the strong hydrophobic interaction. Second;gkarl necklate
stacking parameters of copolymertPD; increased with  nanostructure formed over the adhesive collisions of the
the introduction of PE¥ DLS measurements exhibited a spherical nanostructure by HB interaction and then evolved to
similar result Kigure Sy In other words, the interfacial a worm-like nanostructure because of the interfacial ¥€nsion.
attraction between hydrophobic blocks rather than th&urther increasing the PD fraction to 41%BPD,g), the
hydrophilic repulsion between hydrophilic blocks wasssembledbers became more uniform and thinfégure
dominant in Pfb-PDy assemble system. Therefore, the3C). The outline of the micelles could hardly be observed on
boundary area of each copolymer in the microstructurthe surface of thebers. When the PD fraction was increased
decreased, resulting in an increased stacking patameteio 69% (PEsb-PDy), the enhanced HB interaction
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Figure 4 Morphology studies of assembled nanostructures of PRHOHEX = D/S). SEM images (al, scale bars = In) and TEM images
(a d, scale bars =200 nm) corresponding to PV;@&MrD,, withm= 32 (A) and 157 (B), and PV-Old-PS, withm= 34 (C) and 157
(D), respectively.

Figure 5.Chemical structures of investigated cargo loaded into NPs: C6, CUR, PTX, DOX, and CDDP.

Table 2. Characterization of DLC and DLE for All Cargo- involvement of these interactions was not established

Loaded NPs Used in This Study completely, the assemble behaviors di-AEF-indicated

that increased hydrophobic interaction andstacking could

c6 1532 0.104 S 0.0 strengthen the interfacial attraction between hydrophobic
: : : : blocks that maintained the spherical appearance. But, the

cargo size (d, nm) PDI DLC (%) DLE (%)

CUR 154.2 0.115 24.2 80.0 . : . ;
interaction was diult to overcome nanostructure aggregation

PTX 143.5 0.095 26.4 72.0 . : L

DOX 2552 0.178 326 976 induced by HB bonding.The addition of carboxyl groups

CDDP 198.1 0158 312 78.2 drives copolymers to assemble iriers because of the

interfacial tension.

E ects of the HB Interaction on the Self-Assembly of
dominated the assemble behaviors and might directly force tRAAs. Carboxylic acid hydrogen bonding between the
formation of bers Figure ®). Thus, the surface obers neighboring nanostructures could drive the nanostructures to
becomes relatively smooth (blue arrowsginre 3. Though form higher order morphologiésTherefore, the ect of
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Figure 6.Characterization of DOX@NPs based on copolymgeb-PW,,. (A) TEM and DLS characterization of blank NPs and DOX@NPs.
Scale bars = 200 nm. (B) In vitro cumulative drug releasesppb DOX@NPs under drent pH values (mean SD,n = 3). (C) The

cytotoxicity of blank NPs against HepG2 cells. (D) CLSM was utilized to real-time monitoring the cellular uptake behaviors of HepG2 cells trea
with free DOXHCI and DOX@NPs. The DOX concentration wagL 1, scale bar = 2am. (E) Flow cytometry and (F) statistics of cellular

uptake of DOX after treating with free DI@X and DOX@NPs for 1 h. Data were expressed as rB€efinom three independent experiments.

The p value was determined by two-way ANOVA anatysis< 0.001.

carboxylic acid groups on the assembling behaviors was furthgrOMeb-PS copolymers. These results provided convincing
investigated. V-OMe with the carboxylic acid being converteyidence that the HB interaction of carboxyl groups rather
into an ester was used as the hydrophobic monomer insteadiudin the hydrophilic/hydrophobic interaction dominates the
the monomer F. The synthetic PV-OMe was a hydrophobiassembly behavior of PAA copolymers. Increasing the amount
polymer and could not form a stable nanostructure by itsedf carboxyl groups drove the copolymers to form a nanoscale
(Figure SB Interestingly, the copolymer PV-Ob4eb ber and even lamellar structures. When the DP of the
formed uniform nanoscaleers rather than spheres, regardlesswydrophobic segment is set a30, while that of the

of the PD fraction (44% or 80Ptgures A,B andS§. These hydrophilic segment is set a@b (the fraction was50%),
results may be attributed to the interfacial attraction oft was easy to get a PAA copolymer with a sphere
hydrophobic blocks being dominant in the PV-BNB- nanostructure.

assemble system; carboxyl groups in PD segments reinforce th@argo Loading. The existence of side carboxyl groups is
intermolecular connection by the enhanced HB interactiosjgni cant for improving the drug-loading cap3tien, we

which is in favor ofber formation. Accordingly, PS was examined the potentiality of 2WPD,; assembled NPs as
chosen as the hydrophilic segment, in which the content of thehicles for cargo delivery. Five representative cargos were
carboxyl group in the hydrophilic segment could be reducechosen according to the number of HB donors/receptors
As shown irrigure €, the obtained copolymers (PV-QiMe  (Figure %. C6 is a hydrophobic dye with limited HB receptors.
b-PS, PS fraction was 45%) were assembled into a vesidte loading mainly depends on the hydrophobic interaction
nanostructure with a500 nm diameter. Increasing the with the carrier P)b-PD;;° The DLS measurement
proportion of PS to 80% (PV-OMbE-PSs), the sphere  revealed that the size of the C6-loaded NPs (C6@NPs) was
became larger but still maintained the vesicular morphologpout 153 nm with a narrow distribution (0.T@4Je 3. The
(Figure D). These results indicated that the stackingdrug loading into NPs concentration was measured by UV
parameter of PV-OMePS (1/2 1) was higher than that of vis; then, the DLC and DLE, calculated by formulas, were
PV-OMeb-PD (1/3 1/2), which was mainly caused by the 21.8% and 70.0%, respectivEfple 2. With the increase of
decrease the hydrophilic repulsion of PS setiehne PD HB donors/receptors, DLC and DLE of the cargo-loaded NPs
possessing dual-carboxyl groups and amide group in one undireased accordingly. Then it was loaded into NPs according
could easily form complex intra/intermolecular HB interto the same method. The DOX@NPs reached up to 32.6% and
actions? In contrast, PS possesses a hydroxyl group, whi&7.6% because of the abundant hydroxyl groups and amino
was a strong HB donor that couldt form a stable six- groups of DOX that contribute sigaintly to the HB
membered ring intramolecular HB with the carboxyl groumteraction between drug and polymer matrices. CDDP is a
(Figure %.°° Attenuated intermolecular HB interaction, water-soluble drug, which usually posseseesntlikinds of
therefore, reduced interference for the assembly behaviorHB donors or receptor&iure %. Especially, CDDP could

H https://doi.org/10.1021/acs.biomac.1c01164
BiomacromoleculeXXXX, XXX, XXXXX


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01164/suppl_file/bm1c01164_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01164/suppl_file/bm1c01164_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01164?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01164?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01164?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01164?fig=fig6&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules pubs.acs.org/Biomac

Figure 7.In vitro evaluation of intracellular uptake of DOXuayescence. (A) CLSM was utilized to visualize the cellular uptake behaviors of
HepG2 cells treated with free DBEI and DOX@NPs for 4 h. The DOX concentration wasrL L. The nuclear (blue) was stained with
Hoechst 33342. Scale bar = 25 (B) Flow cytometry and (C) statistics of cellular uptake of DOX after treating with fld€EIOXDOX@

NPs for 4 h. Data were expressed as m&&nfrom three independent experiments. (D) The antitumor activity of fre¢d@d@xd DOX@

NPs against HepG2 cells for 24 and 48 h. The results were expressefl &Dnfeart); Thep value was determined by two-way ANOVA
analysis*™ p < 0.01.

also form a stable conjugation with carboxylate functional In Vitro Study on PAA-Based DDSDOX was chosen as
groups of PAAL Therefore, its DLC and DLE in B-PDj; a representative drug to explore the properties of the PAA-

NPs maintained at 31.2% and 78.2%, respectively. Thé)sae%d DDS (Py¢b-PDy3 NPs). AS. shown in the TEM images
° ° P y nd DLS resultd={gure @), the size of spherical DOX@NPs

results indicated that PAA-based DDS possessed an exce* Moased from around 101 to 255 nm before and after drug
drug loading capacity; drent types of cargo molecules could encapsulation, caming that DOX was loaded into NPs
be encapsulated viaefient interactions. successfully. The zeta potentials of blank NPs and DOX@NPs
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in water were found to be40 and 37 mV, respectively molar ratio of hydrophilic/hydrophobic blocks and amino
(Figure SP Figure 8 shows the DOX release peoof acid-based monomer types, the morphologies of the PAA
DOX@NPs in PBS bers at pH 5.4, 6.0, and 7Hgure 8). copolymers could be modulated from spheres to rodéke,
About 45 55% DOX was released after a 12 h incubation, arahd lamellae. In-depth studies revealed that the HB interaction
the release ratio at pH 5.4 was slightly higher than that at pdf carboxyl groups dominated the assembly behavior of PAA
6.0 and 7.4. Meanwhile, blank NPs exhibited goodopolymers, while the interfacial attraction between hydro-
cytocompatibility after being incubated with HepG2 cellphobic blocks and the hydrophilic repulsion between hydro-
and L929 cells for 24 and 48 h, respectitayies 6 and philic blocks also made a sigant contribution. PAA NPs
S10. Even though the concentration was up to §0L %, could be used as great DDSs, encapsulating many types of
cell viability was higher than 85% after a 48 h incubation. cargos with high DLC (2B2%) and a narrow distribution

To explore the cellular internalizediency of DOX@NPs, (0.1 0.2). Importantly, PAA-based DDSs exhibited a great
HepG2 cells that coincubate with DOX@NPs or free- DOXpotentiality in drug delivery because of its high drug loading
HCI were observed at drent time points (1, 5, 10, and 30 capacity, good biocompatibility, fast endocytosis, and non-
min) by CLSM. The reduorescence of DOX enabled the diminishing therapeutic ext. Based on these promising
visualization of the cellSigure ®). After a 1 min incubation, results, it is reasonable to foresee that these PAA-based NPs
the DOX uorescence was clearly visible in the cytoplasm e¢&n be used as potential DDSs for disease treatment.
the cells in the DOX@NPs group; increasing incubation time
resulted in signtantly enhanceduorescence intensity. ASSOCIATED CONTENT
Instead, there was raraorescence in the free DEIXI *  Supporting Information

group, and theuorescence was barely observed after 30 mifihe Supporting Information is available free of charge at
incubation. Quantitative analysisdy cytometryKigure & https://pubs.acs.org/doi/10.1021/acs.biomac.1c01164

and6F) showed that the intracellular DOX from DOX@NPs . o

was 3 times higher than that of the free DX after 1 h Synthesis and characterization of monomers, polymers
incubation. This was the strong evidence demonstrated that ~and assembled nanostructures, including the data of
the faster and higher internalization of DOX@NPs in contrast H/**C NMR, ESI-MS, EDS, GPC, DLS, and CCK8

to the free DOXICI. These results were mainly due to the (PDR
good biocompatibility of PAA-based DDS and their speci
binding with celf¥: AUTHOR INFORMATION

o e nGaeSponng Ao

’ pG2 cells were stain€ Guofeng Li State Key Laboratory of Orgamizganic
by Hoechst 33342 and exhibited a bluerescence. Com %sites Beijin yAdvanced ?/nnovatgi]on Cgenter for Soft
Considering the slow phagocytosis of free IBCIX the Mattgr Scieﬁce ajmcgJ Engineering, Beijing Laboratory of
incubation time was extended to 4 hFi§sire A shows, Biomedical Materials Bgei'in U%iversjit gof Chemicgl
HepG2 cells were lit up in both groups. Therescence Technoloav. Beiin i000J29g OCEinail-l 3?@
intensity of DOX@NPs was sigantly higher than that of mail buctge)au cnl 9 ' 19

free DOXHCI, which agreed with the aforementioned results Jiangtao Xu Cluster for Advanced Macromolecular Design

(Figure B,C). Interestingly, intracellular DOX distribution in and Australian Centre for NanoMedicine, School of Chemical

these two groups was atient. Free DOKCI was mainly , . .
; . I Engineering, UNSW Sydney, Sydney 2052, Australia;
located in the nucleus, while DOX@NPs were distributed orcid.org/0000-0002-9020- 70E8nailj. xu@

throughout the cells. This fact indicates free-BOXand unsw.edu au
DOX@NPs were internalized withedént pathways.Free Xing Wang  State Key Laboratory of Organizganic

DOXHCI entered into cells by free aion for its water- Composites, Beijing Advanced Innovation Center for Soft
soluble property. Besides, free BHOX penetrated into the posites, beljing ; .
Matter Science and Engineering, Beijing Laboratory of

cells Léllnselectively and, thus, resulted in the entrance in Biomedical Materials, Beijing University of Chemical
nuclef® Di erently, the DOX@NPs were internalized into Technology, Beijing 100029, Cinecid.org/0000-

cells mainly via the endocytosis process and thus localized in g i . .
endocytic compartments, such as endosomes and | sosomes.0002'9990'14795"“"’“l"""ngmg@ma”'bUCt'edu'Cn

DOX, then, released from micelles and entered into°Auclei. oythors
Additionally, the antitumor activity of the DOX@NPs \yen|j Feng State Key Laboratory of Orgamizganic

against HepG2 cells was investigatenlie D). As a well- Composites, Beijing Advanced Innovation Center for Soft

known cytotoxic drug, free DBICI was set as a positive Matter Science and Engineering, Beijing Laboratory of

control group. The half maximal inhibitory concentration  giomedical Materials, Beijing University of Chemical

(IC59 of DOX@NPs and free D@XCI was 0.1547 and Technology, Beijing 100029, China

0.1542 g mL * after coincubation for 24 hl respectively, while  zjxyan Huang Cluster for Advanced Macromolecular Design

DOX@NPs had a lowerdfnf 0.09 g mL tollvard HepG2 and Australian Centre for NanoMedicine, School of Chemical

cells than that of free D@ICI (0.11 g mL ") after 48 h Engineering, UNSW Sydney, Sydney 2052, Australia

mcgb_atlgn. Taken tqgether, the result indicates a non- xjzoxu Kang State Key Laboratory of Orgamizganic

diminishing therapeuticext of DOX@NPs. Composites, Beijing Advanced Innovation Center for Soft
Matter Science and Engineering, Beijing Laboratory of

4. CONCLUSIONS Biomedical Materials, Beijing University of Chemical

In summary, the PET-RAFT technique was used to precisely Technology, Beijing 100029, China

synthesized PAA copolymers, includingbi™,, PF-b- Dongdong Zhao State Key Laboratory of

PD,, PV-OMgh-PD,, and PV-OMeb-PS,. By adjusting the Organiclnorganic Composites, Beijing Advanced Innovation
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