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ABSTRACT

Hypothesis: We describe the possibility of using the same block copolymer carriers prepared by PISA for
in situ drug encapsulation or drug conjugation.

Experiments: Block  copolymers  containing  poly((ethylene  glycol)  methacrylate)-co-poly
(pentafluorophenyl methacrylate)-b-poly(hydroxypropyl methacrylate) (P((PEGMA-co-PFBMA)-b-
PHPMA)) were synthesized at 10 wt% using PISA. The first approach involved in situ Doxorubicin
(DOX) loading during PISA, while the second exhibited surface functionalization of PISA-made vesicles

Kejl/word.S: ion-induced self. bi with dual drug therapies, N-acetyl cysteine (NAC) and DOX using para-fluoro-thiol reaction (PFTR) and
g?lg:;enzmon_m teced sefassembly carbodiimide chemistry, respectively. Cytotoxicity, cell uptake, and cell apoptosis were assessed on
Block copolymers MDA-MB-231 cell lines.

Drug-loaded nanoparticles Findings: P((PEGMA-co-PFBMA)-b-PHPMA) nanocarriers were prepared, showing size and shape trans-
Polymer-drug conjugates formations from spheres, cylinders to raspberry-forming vesicles. DOX was readily loaded into NPs dur-

ing PISA with relatively high encapsulation efficiency of 70 %, whereas the plain PISA-made vesicles could
be functionalized with NAC and DOX at high yields. DOX-free NPs showed biocompatibility, whilst DOX-
conjugated NPs imparted a concentration-dependent cytotoxicity, as well as an enhanced cell uptake

Abbreviations: PISA, polymerization-induced self-assembly; NP, nanoparticle; P((PEGMA-co-PFBMA)-b-PHPMA), poly((ethylene glycol) methacrylate)-co-poly
(pentafluorophenyl methacrylate)-b-poly(hydroxypropyl methacrylate); E, PEGMA; F, PFBMA; H, HPMA; DOX, doxorubicin; NAC, N-acetyl cysteine; PFTR, para-fluoro-
thiol reaction.
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compared to free DOX. The results demonstrated that the same PISA-derived self-assemblies enabled
either in situ drug encapsulation, or post-polymerization surface engineering with useful functionalities
upon tuning the macro-CTA block, thus holding promises for future drug delivery and biomedical

applications.

1. Introduction

In response to more complex and challenging biomedical appli-
cations, it is becoming increasingly important to design highly
functional polymer materials whose macromolecular architectures
and colloidal properties should be well controlled and character-
ized, but without laborious and costly synthetic procedures. One
possible solution is to employ amphiphilic diblock copolymers that
can self-assemble in aqueous media to generate drug delivery
vehicles, while their block chemistries and inherent physicochem-
ical properties can be readily tuned to engineer NPs precisely tai-
lored to specific biomedical applications. [1,2] Block copolymer
assemblies can be typically prepared using conventional formula-
tion methods such as nanoprecipitation or thin-film hydration,
though these techniques can limit multiple purification steps and
avoid the additional use of toxic surfactants, many challenges still
exist that hamper its scope for commercial perspectives. For exam-
ple, very low polymer concentrations are used (<1 wt-%), the self-
assembly takes place following some post-polymerization proce-
dures, and obtaining higher order morphologies is empirically dif-
ficult. It is thereby critical to generate processes that are
compatible with future industrialization using efficacious, eco-
nomic, and environmentally friendly synthetic routes. In this
regard, polymerization-induced self-assembly approach (PISA)
has increasingly emerged that facilitates both polymerization and
in situ self-assembly straightforward in one pot, while obtaining
NPs at remarkably high concentrations (a current maximum of
50 wt%) with several sizes and morphologies (spheres, cylinders
and vesicles) being accessible. [3-5] PISA typically involves the
chain extension of a living solvophilic polymer precursor named
macro-chain transfer agent (macro-CTA), with a monomer, form-
ing amphiphilic block copolymer particles, either through disper-
sion or emulsion methods in polar (water, ethanol) or nonpolar
solvents (n-alkanes). [6] PISA-prepared NPs are mostly obtained
by reversible addition-fragmentation transfer (RAFT) living poly-
merization techniques due to their solvent and monomer versatil-
ities, [7] especially PISA via RAFT emulsion in water is an
environmentally friendly approach.

Despite a myriad of research advances on PISA for drug delivery
and biomaterials sciences, there have been relatively a few reports
to date on a PISA-developed system that is versatile to both drug
encapsulation and conjugation. The current work therefore focuses
on exploiting the possibility of (i) in situ physical drug encapsula-
tion during PISA; (ii) tuning the external hydrophilic macro-CTA
block for post-PISA dual drug conjugations aiming at enhancing
therapeutic effects. To this end, drug encapsulation experiment
will be carried out using DOX. On the other hand, NAC and DOX,
in turn will be conjugated onto PISA-made NPs using para-fluoro-
thiol and carbodiimide reaction, as the combination use of NAC and
DOX was reported to reduce chemotherapy-induced resistance and
aggressiveness in triple-negative breast cancer (TNBC) [8] and can
attenuate the harshness of DOX-caused cardiotoxicity. [9] To facil-
itate drug conjugations into polymer NPs, it is necessary to inte-
grate functional moieties in the macro-CTA that can enable the
interactions of outer hydrophilic layer with drug molecules at high
yields. One possible strategy is to use a fluorine-bearing polymer

block in the macro-CTA, e.g. poly(2,3,4,5,6-pentafluorobenzyl
methacrylate) (PFBMA) as its para-fluorines can be readily substi-
tuted by amines, thiols and carbonylthiolates. [10-14] Finally, cell
viability and cell uptake will be assessed on MDA-MB-231 cell
lines.

2. Materials and methods

Experimental materials and characterization are described in
detail in Supporting Information (SI).

2.1. Synthesis of poly((ethylene glycol) methacrylate)-co-poly
(pentafluorophenyl methacrylate) macro-CTA (P(PEGMA-co-PFBMA))

PFBMA was synthesized as described in section 3.1 in SI. The
19F_containing copolymer P(PEGMA475-co-PFBMA) was synthe-
sized using RAFT polymerization in the presence of CEPA-F CTA
(see procedures in section 3.2 in SI) and AIBN initiator in dioxane.
It was aimed to investigate the impacts of hydrophilic blocks on
final PISA-made particle sizes, thereby different chain lengths of
the hydrophilic macro-CTA were prepared by (i) varying the ratios
of PEGMAA475 to PFBMA in the co-polymerization in which PFBMA
accounted for 10 wt% and 20 wt¥%; (ii) varying different degrees of
polymerization (DP) of both methacrylate-based reactive agents
PEGMA475 and PFBMA to CTA or changing the ratio of
[PEGMA475:PFBMA] to CTA, thus, DPs of [PEGMA475 and PFBMA]
to CEPA-F CTA were as follows: 40:1; 80:1; 120:1; 150:1. Different
AIBN concentrations and temperatures were also investigated as
they are critical to the polymerization reactions. All the studied
conditions are described in Table SI1. Initially, adequate amounts
of PEGMA475, PFBMA, CEPA-F CTA, AIBN and dioxane were added
into a Schlenk tube containing a magnetic stirrer. The solution was
degassed using freeze-pumpthaw cycles (3 times) and then heated
to 70 or 80 °C in an oil bath under stirring. Samples were taken
periodically every 45 min with deoxygenated syringes and exam-
ined under 'H NMR, '°F NMR (CDCl;) and SEC (DMF, PMMA stan-
dard) to calculate the conversion and assess the polymerization
kinetics. In the end, the polymerization was quenched by rapid
cooling upon immersion of the flask in a liquid N, bath. The solu-
tion was purified by dialysis (deionized water, Mw = 3500 g mol 1)
for 48 h then freeze-dried to afford the yellow oil product.

The monomer conversion at a given polymerization time was
determined by comparing the area of the polymer peaks to that
of the remaining monomer peaks, for example comparing the
peaks of ethylene groups in PEGMA and the peaks of pentafluo-
rophenyl ester groups in PFBMA. Subsequently, the monomer con-
version, the initial [M]y:[CTA], ratio were used to calculate the
theoretical DP.

PEGMA and PFBMA were shorted as E and F, respectively. We
conducted the kinetics at each DP and investigated the influences
of AIBN and temperatures on the polymerization to choose the
most linear and controllable kinetics. Figure SI3 presents 5 Kkinetics
(kinetics of EggF,4 was shown in the main text) showing the high-
est control over the polymerization of PEGMA and PFBMA with



CTA. Table SI2 summarizes these 6 copolymers and their corre-
sponding reaction parameters.

2.2. Polymerization-Induced Self-Assembly (PISA) of P(PEGMA-co-
PFBMA) macro-CTA and hydroxypropyl methacrylate (HPMA)

HPMA, macro-CTA and V-50 were placed in a vial and dissolved
in deionized H,O at the ratio of [HPMA]:[P(PEGMA475-co-PFBM
A)]:[V-50] = 300:1:0.2 . The vial was sealed with rubber septum
and purged with argon for 30 min. After degassing, the reaction
was performed in a preheated oil bath at 52 °C for 6 h. The poly-
merization was quenched by cooling the mixture rapidly and expo-
sure to air. Samples were withdrawn every 15 min using
deoxygenated syringes to study the reaction kinetics, examined
under 'H, 'F NMR (DMSO), SEC (PMMA standard, DMF), DLS,
and TEM.

2.3. In situ drug loading

Preparation of stock solutions of DOX: To a glass vial, DOX-HCI
red powder was mixed with TEA (1:8 mol eq) in DCM (1 mg mL™!)
to improve the hydrophobicity of DOX, stirred and placed in the
dark for 4 h until a complete solution then the vial was evaporated
to remove DCM. The E;4F;9 macro-CTA was chain-extended with
HPMA at 10 wt% solid contents in dioxane, using V-50 initiator at
52 °C. The mixture of DOX and E;4F;9 was prepared at multiple
feed weight ratios (DOX/block copolymer fwr%): 0.1, 0.2, 0.3, 0.5,
0.7, which in turn resulting in numerous reaction compositions
as follows: [HPMA]/[E74F10]/[DOX]/[V-50] = 300/1/0.1/0.4,
300/1/0.3/0.4, 300/1/0.4/0.4, 300/1/0.7/0.4, 300/1/1/0.4. In a
10 mL glass vial, E74F19 (100 mg, 2.46 pmol) was dissolved in
1.95 mL of deionized water. DOX (1 mg) after evaporation of
DCM was dispersed and mixed well in a HPLC vial containing
HPMA (107 mg, 740 pmol). The solution of DOX and HPMA was
then added dropwise to the above 10 mL vial. Finally, V-50 (134
ug, 0.49 pmol) was added to the previous solution. The vial was
sealed and degassed under argon in an ice/water bath for 30 min.
The polymerization was conducted at 52 °C for 6 h. The resulting
drug-loaded NPs were recovered by dialysis (MWCO 3500 g mol ',
deionized water) for 48 h to remove free drug. The purified DOX-
encapsulated NPs were lyophilized and the obtained solid was dis-
solved in DMSO to quantify the loaded DOX by comparing the UV
absorbance at 485 nm of this sample to a standard calibration
curve of DOX in DMSO. The drug loading (DL %) and encapsulation
efficiency (EE %) was calculated as:

Amountofloadeddrug
* 100
TotalNPamount

Drugloading(DL%) =

Amountofloadeddrug +100%
()

Encapsulationefficiency (EE%) = Initialdrugamount

2.4. Post-PISA drug conjugation

2.4.1. Para-Fluoro-Thiol reaction (PFIR) of P((PEGMA-co-PFBMA )-b-
PHPMA) NPs with NAC

The reaction was conducted with adjustments following a pro-
tocol proposed by Turgut et al. [13] The reaction was attempted at
different ratios of pentafluorophenyl (PFP) unit to NAC molecules,
including 1:10, 1:30, 1:50, 1:60, 1:80, 1:120. At the ratio of 1:60,
for example, 0.179 g (1.1 mmol) NAC and 0.178 g (2.29x10~> mmol,
4 mL) Eg,F19-H3p0 NP solution were mixed in a vial, adjusted to pH
13 by 9.5 mL NaOH 0.4 M solution, and stirred for 15 min at room
temperature until complete dissolution, then sealed with a rubber
septum. Thiols are most likely to undergo oxidation to form disul-
fide bonds upon exposure to ambient conditions, thus the reaction

were conducted in degassed media by purging with Argon for
30 min. The solution was placed in a pre-heated oil bath at
50 °C. After 72 h, excess of NAC was purified by dialysis (deionized
water, 3500 g mol™!) for 48 h. The final solution was examined
under 'H, '°F NMR (D,0), SEC (PMMA standard, DMF), DLS and
TEM.

2.4.2. Coupling of DOX into NAC-linked NPs using EDC/NHS activation
reaction

DOX was subsequently conjugated on the NPs through interact-
ing with NAC moieties based on two-step protocol. [15] The first
step involved activating the carboxylic groups of NAC by NHS-
carbodiimide chemistry. Briefly, 4.1 mg P((PEGMA47574-co-
PFBMA]Q)-b-PHPMA300) (E74F19-H300) NP (048 },lmol, 0.0137 mg/
mL) was dispersed in 3 mL of deionized water containing
0.92 mg EDC (4.8 umol) and 1.1 mg NHS (9.59 umol) under moder-
ate stirring at ambient temperature for 3 h. The molar ratio of NP:
EDC:NHS was kept at 1:10:20. Later, DOX (0.278 mg, 0.48 umol)
was added to the above solution at the ratios of NP:DOX at 1:1
and 1:5, and incubated for 12 h under moderate stirring. The solu-
tion was then purified by dialysis (deionized water, 3500 g mol )
for 48 h to remove free DOX. Sample was freeze-dried for 24 h and
the amount of DOX conjugated on NP surface was quantified by
dissolving the obtained solid in a known volume of DMSO and
comparing this solution with the calibration curve of DOX in UV
measurement at 485 nm in DMSO.

2.5. Cell culture experiments

2.5.1. In vitro cell viability

Cell viability was studied using AlamarBlue assay for NPs and
NPs-NAC as well as MTT assay for free DOX and DOX-coupled
NPs. Briefly, human triple negative breast cancer cell line (MDA-
MB-231) were harvested by trypsin via physical scraping. Cells
were washed with PBS, resuspended in a DMEM medium supple-
mented with 10 % of fetal calf serum (complete DMEM), and
seeded into a 96-well plate at a concentration of 1 x 5000 cells
per well in 100 pL of the complete DMEM medium. The cells were
then incubated for 24 h prior to analysis. For a typical test, the cells
were incubated for 72 h in a fresh complete DMEM medium con-
taining samples at designed concentrations: 31.3-1000 pg mL™!
for NPs and NP-NAC (equivalent NP concentration) or 0.022 -
3.9 pg mL~! for DOX, DOX-loaded NPs, and NP-NAC-DOX (equiva-
lent DOX concentration). Three parallel wells were set for each
concentration. After incubation, AlamarBlue reagent (10 pL,
5 mg mL~!) or MTT (20 pL, 5 mg mL™!) was added into each well.
After an additional incubation for 4 h, the fluorescent intensity of
AlamarBlue assay was measured at Ex/Em 560/590 nm and the
absorbance of MTT assay was measured at 595 nm.

2.5.2. Cell uptake studies

MDA-MB-231 cells were cultured on micro slide 24-well cham-
bers (Ibidi, Germany) at a density of 1 x 50000 cells per well for
24 h in DMEM supplemented with 10 % fetal calf serum. Cells were
then exposed to DOX and NP-NAC-DOX at a DOX concentration of
0.35 ug mL~!in the dark at 37 °C and 5 % CO, for 5 h and 72 h. Cells
were then fixed with 4 % formaldehyde (in PBS) for 10 min and
washed with PBS (three times). Cells were then treated with PBS-
Triton 0.1 % for 10 min and washed with PBS (three times). Later,
cells were incubated with diamidino-2-phenylindole (DAPI) nuclei
stain at the concentration of 1 ug mL~! for 15 min in the dark at RT
and washed with PBS (three times). Cells were imaged with a Zeiss
LSM 900 Confocal Laser Scanning Microscope. Image ] Software
was utilized for image processing.



2.5.3. Apoptosis assay by Incycute® live-cell analysis

Annexin V dye (Ex. Max 593 nm/Ex. Min 614 nm) was dissolved
in 100 uL of PBS as stock solution. 100 uL of MDA-MB-231 cells
were cultured on each well in a 96-well plate at a density of
1 x 5000 cells per well for 24 h in DMEM supplemented with 10
% fetal calf serum. The cell plate was removed from the incubator
and aspirate off the culture medium. Cells were incubated with
free DOX and NP-NAC-DOX at the same DOX concentration of
0.35 pug mL~". The untreated cells were used as a control. Annexin
V dye was added to each well for a final dilution of 1:200. The cell
plate was placed into the Incucyte® Live-cell Analysis System to
monitor apoptosis using green fluorescence channel for DOX and
red channel for Annexin V dye. Each well was scanned every 2 h
within 72 h. Data was analyzed using the integrated IncuCyte soft-
ware version 2021A.

3. Results and discussion

3.1. Synthesis of poly((ethylene glycol) methacrylate)-co-poly
(pentafluorophenyl methacrylate) macro-CTA (P(PEGMA-co-PFBMA))

PEGMA and PFBMA were co-polymerized using CEPA-F, a spe-
cially designed CTA bearing a fluorine moiety that facilitates
NMR signal assignments and conversion calculations. The RAFT
polymerization of PEGMA and PFBMA in dioxane using AIBN as ini-
tiator is depicted in (Fig. 1A). The effect of temperature, AIBN con-
centration, and [PEGMA]:[PFBMA] feed molar ratios on the
resultant polymers were examined to obtain the most controlled
parameters for the polymerization. All parameters and the corre-
sponding features for the synthesized polymers are presented in
Table SI1 and SI2. Fig. 1 displays the kinetic profile of PEGMA475,4-
co-PFBMA19 (abbreviated as E74F19). The polymerization rate of
E-4F19 increases linearly up to 135 min with approximately 80 %
conversion for both monomers, then tends to stabilize to around
90 % until 360 min (Fig. 1B). SEC traces of E74F;9 copolymers at var-
ious polymerization times are unimodal with M,,/M,, polydisper-
sity values from 1.20 to 1.22 and the relative molecular weights
gradually shifting to higher values over time. Molecular weights

and conversions do not evolve significantly after 135 min, thereby,
the reaction was quenched at 135 min to ensure that the obtained
polymers were in the most controllable architectures. The same
approach was applied to the other polymerizations, and by follow-
ing their kinetics the reactions were quenched when their respec-
tive conversions are stabilized. Table SI2 presents six polymers
along with their corresponding reaction parameters, which were
selected upon the most linear and controllable kinetics. It indicates
that polymers with low DPs such as DP 40 and 80 need a lower
AIBN concentration (0.1 eq.) and a lower temperature (70 °C) to
be fully activated (except for PEGMAg4-co-PFBMA;¢ at 80 °C). In
the meanwhile, more AIBN (0.2 eq.) and a higher temperature
(80 °C) are necessary to initiate reactions with high DPs such as
DP 120 and 150. Table SI3 summarizes the characteristics of six P
(PEGMA-co-PFBMA) polymers obtained by RAFT in dioxane under
various reaction conditions.

3.2. Polymerization-Induced Self-Assembly (PISA) of P(PEGMA-co-
PFBMA) macro-CTA and hydroxypropyl methacrylate (HPMA)

3.2.1. Effect of varying macro-CTA lengths on particle size

The synthesized macro-CTA was then chain-extended with the
HPMA monomer targeting a DP of 300 and using V-50 initiator at
52 °C in deionized water. In fact, previous literature has exten-
sively focused on investigating the effect of changing DP or
hydrophobicity on the particle size, [16-19] whereas very little
was known about how changing the water-soluble moieties can
exert an impact on the particle size. Therefore, the polymerization
of HPMA was carried out in a one-pot PISA approach using differ-
ent lengths of macro-CTAs while keeping the length of HPMA con-
stant to study the impact of amphiphilic balance on particle size.
Numerous macro-CTAs were used: the first group containing
PFBMA 10 wt¥% includes EsqFs and Eg,Fp; the second group con-
taining PFBMA 20 wt% includes E22F5, E4GF9, E74F19, and E94F23.
Table SI4 summarizes the results of these 6 block copolymer NPs
prepared by PISA and their characteristics. Fig. 2 exhibits that at
both PFBMA 10 wt% (Fig. 2A) and 20 wt% (Fig. 2B), despite keeping
HPMA constant and increasing the macro-CTA, the particle sizes

(A) Co-polymerisation of P(PEGMA475-co-PFBMA) macro-CTA
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Fig. 1. (A) Schematic diagram of the co-polymerization of P(PEGMA-co-PFBMA) macro-CTA DP120; Kinetic plots of RAFT polymerization of PEGMA with PFBMA in dioxane at
80 °C: (B) Semilogarithmic plots vs. time; (C) SEC chromatograms (DMF, PMMA standard). PEGMA was denoted as E, PFBMA was denoted as F.
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Fig. 2. Size and PDI of NPs prepared by PISA with HPMA using different macro-CTAs. (A) PFBMA 10 wt%, (B) PFBMA 20 wt%. Results are shown as the mean + standard

deviation of three replicates.

tend to decrease. For example, particles of E;,Fs-H3gg result in pre-
cipitation of over 2 pm and very large size distribution with PDI
0.9, however, higher macro-CTA of Eg4F23-H3p0 generates NPs of
60 nm and PDI 0.21. The mixture also became less turbid when
increasing the water-soluble blocks. This could be simply
explained that at the same hydrophobic lengths and lower
hydrophilicity, the mixture is likely to be more hydrophobic, form-
ing larger particles and precipitation. However, longer hydrophilic
segments with the same hydrophobic blocks cause the hydrophilic
to hydrophobic equilibrium to increase, more hydrophilic chains
are inserted to stabilize the hydrophobic block and decrease parti-
cle size. [20] Our observation is also supported by Yang et al.
whereby the particle size can be tuned by adjusting the ratio of
hydrophilic to hydrophobic block, with lower hydrophilicity lead-
ing to larger vesicles and smaller polymer shells. [21] That being
said, particle size could be readily tuned by adjusting the hydrophi-
lic blocks while remaining the hydrophobic blocks unchanged.
From Fig. 2 three block copolymers were selected for further exper-
iments, including Es>F10-H300, E74F19-H300, and Eg4F23-H300 as their
sizes are <100 nm with narrow size distributions that can facilitate
drug delivery in biological cell environment. [22,23]

3.2.2. PISA kinetics of E74H19 macro-CTA with HPMA

Next, the polymerization kinetics was implemented using
E;4H19 macro-CTA with HPMA at DP300 and 10 wt% of total solid
contents, with V-50 at 52 °C in H,0. At predetermined times, sam-
ples were extracted using deoxygenated syringes to obtain the
kinetic profiles of the PISA. The process was monitored by 'H
NMR, DLS, TEM and SEC as explained above; results are listed in
Fig. 3, as well as detailed information on monomer conversions,
DPs, molecular weights, and DLS measurements are summarized
in Table SI5. Monomer conversion is complete within 6 h. Fig. 3B
exhibits the monomer conversion (%) and semilogarithmic plot of
PISA process, showing two regimes: (i) a slow reaction rate up to
1 h: including the formation of spherical micelles at 0.5 h with 9
% conversion and DPyppa = 27 (TEM of Fig. 3F1), and these spher-
ical particles appear to elongate into cylinders at 0.75 h with 13 %
conversion and DPypya = 40 (Fig. 3F2), the conversion later
increases to 17 % with DPypya = 51 at 1 h when these cylinders
seem to assemble toward premature vesicles, (Fig. 3F3); (ii) the
second stage involves a gradually increasing conversion to 100 %
until 4 and 6 h when complete vesicles are ultimately formed. In
fact, the chain extension of macro-CTA agent with solvophobic
monomers usually begins with the formation of spherical micelles
with the smallest packing parameter p < 1/3, as the degree of poly-
merization (DP) increases, spheres are transformed to worm-like,

cylinders or fibers with increasing p from 1/3 < p < 1/2, accommo-
dating the increasing monomers, which are eventually transitioned
to bilayer structures like vesicles with p > 1/2, containing the high-
est number of monomers into the self-assembled NPs. [24,25]
Fig. 3 F2 and F3 indicate TEM images of very rigid cylindrical
micelles, very close to nanofibers. We suppose that the high rigid-
ity of cylinders is probably due to the almost doubled increase of
DPypma from 27 to 51 at 0.5 h and 1 h, respectively, explaining that
increasing hydrophobicity tends to stabilize the cylindrical forms
and make them less mobile, thereby forming a very rigid and
straight structure.

The lone macro-CTA E;4F;9 made up of hydrophilic PEGMA and
hydrophobic PFBMA could indeed, readily self-assemble into NPs
in water due to the fluorine atom’s high electronegativity and
PFBMA's low surface energies and high aqueous insolubility, pro-
ducing self-assemblies of 269 nm but very high PDI of 1, Figure SI5.
[26] Such large dispersity might be owing to the inadequate poly-
mer’ amphiphilic balance, with larger PEGMA vs. PFBMA. However,
the chain extension of such macro-CTA with HPMA through PISA
led to a structural reorganization of NPs to a newly equilibrated
hydrophilic-to-hydrophobic ratio, thus reducing particle sizes
and PDIs. Therefore, following the reaction with HPMA, NPs of
44 nm are initially formed at 0.5 h, whose sizes increase to
62 nm at 0.75 h, and eventually remain stable at 69 nm until the
monomer conversion reaches 100 % (Fig. 3D). DLS size distribution
profiles indicate that particle sizes increase when increasing DP of
HPMA while polydispersity indices decrease. The size distribution
(PDI) decreases from 0.18 to 0.02 as particle size increases from
44 nm to 69 nm, indicating that NPs become more homogenous
at the end of the polymerization process.

SEC chromatograms of E;4F;9 with HPMA show characteristic
peaks with polydispersity values in the 1.32 - 1.59 range, confirm-
ing the relative controllability of PISA (Fig. 3E). The particle size
and shape transformations are in accordance with the increasing
monomer conversions as well as the increasing NMR and SEC's
molecular weights (Fig. 3B, 3C), which falls in line with general
PISA behavior described in previous reports. [27-29] Consequently,
the polymerization of HPMA with fluorinated macro-CTA by PISA
could be used to synthesize E;4Fi9-H3qo vesicles of 69 nm and
PDI of 0.02.

3.3. In situ drug encapsulation

Initially, the hydrophilic form of DOX.HCI was entrapped into
NPs through PISA, however, obtaining a very low encapsulation
efficiency of 18 %. Therefore, by adapting from previous literature,
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Fig. 3. (A) Diagram of PISA of HPMA (HPMA abbreviated as H) and E74Hq9 macro-CTA at 52 °C, 10 wt% solids, and DP300; (B, C, D, E) Kinetics plots of the PISA process: (B)
Monomer conversion and semilogarithmic plots vs. time; (C) Number-average molecular weight M,, determined by 'H NMR (CDCls), SEC and dispersity vs. HPMA conversion
(%); (D) DLS spectra by normalized intensity (%); (E) SEC chromatograms (PMMA standard, DMF). (F) TEM at 0.5 h, 0.75 h, 1 h and 3.5 h during the PISA reaction.

DOX.HCI was treated with triethylamine (TEA) (DOX:TEA = 1:8) in
DCM to increase its hydrophobicity, thus enhancing its solubility in
water-miscible HPMA monomers to possibly increase the drug
loading. [30,31] DOX was simultaneously encapsulated during
the formation of NPs by PISA simply by mixing all the reactive
components, macro-CTA, drug, HPMA and initiator in one pot.
The loading was confirmed, by simply observing a visual color
change from transparent red in the initial solution to turbid red
after PISA which remains the same color following 48-h dialysis,
thus indicating the formation of NPs encapsulated with DOX

(Fig. 4). DOX was loaded into NPs at various feed weight ratios
(fwr%) (Table 1), showing relatively high encapsulation efficiency
(EE%) for a maximum of around 70 %. As the concentrations of
DOX increase their respective sizes increase, while zeta potentials
remain neutral. These results suggest that DOX could be readily
encapsulated during PISA in one pot, obtaining final vesicles at
high concentration of 10 wt%, small and homogeneous particle size
(<100 nm, PDI < 0.2), as well as acceptable encapsulation efficien-
cies, compared to previous reports. [30,31] Additionally, DOX was
indicated to remain its stability in harsh condition of PISA loading



PISA

Fig. 4. Visual color change from free DOX (clear red) to DOX-loaded NPs (turbid red) after PISA and TEM image of DOX-loaded NPs at fwr% of 0.3.

Table 1
Characteristics of DOX-loaded NPs during PISA.
DOX/NP fwr%* Conv. (%)° DP¢ DL (%) EE (%) Dy (nm) PDI ZP (mV)
0 NA NA NA NA 68.9 £ 3.1 0.04 £ 0.01 -1.11£08
0.1 97 291 0.06 £ 0.01 66.5+8.7 64.2 £2.7 0.08 + 0.05 -332+£17
0.2 96 288 0.11 £ 0.02 69.6 6.4 63.9£5.0 0.09 + 0.08 -0.67£23
03 84 252 0.19 £ 0.05 67.8+2.0 80.4 £10.0 0.09 + 0.03 034+27
05 90 270 0.32 £ 0.04 66.1£4.1 96.3 £6.7 0.08 £ 0.04 127 £2.5
0.7 89 267 0.43 £ 0.04 643149 102.8 £ 5.7 0.07 £ 0.06 0.81+1.9
¢ Initial feed weight ratio % of DOX to NP;
b Calculated from 'H NMR;
¢ DP = Conversion (%) x initial DP 300
reaction at 52 °C for 6 h, as the DOX-loaded NPs exhibit the same
UV absorbance spectrum as free DOX.HCl and DOX.TEA (Figure SI6). (A) ‘
This result is in line with recent reports on the stability of DOX F F ) 'm
from PISA-inspired in situ DOX loading, at even higher temperature ‘
of 70 °C by Malmstrom and co-workers. [30,31] R F p \ \
] . [ |
3.4. Post-PISA drug conjugation OF Fm “ “ b ‘\

In addition to the in-situ drug encapsulation, we attempted to (| ‘H‘ \
further exploit post-PISA surface functionalization using chemis- . { “ “ J |
tries associated with the external hydrophilic macro-CTA. This sec- — e R -
ond part will be particularly discussing the particle surface s e MU YR U e o S
conjugation with NAC and DOX in water. (B) Chemical shift (ppm)

3.4.1. Para-Fluoro-Thiol reaction (PFTR) of P((PEGMA-co-PFBMA )-b- E F lo)
PHPMA) NPs with NAC jm

In the next step of the synthetic design, N-acetylcysteine (NAC) R S OH | o
was added as its thiol group can react with para-fluorine atoms of . \n,NH |
the polymer-attached pentafluorophenyl (PFP) rings using para- OF m o I ‘

Fluoro-Thiol Reaction (PFTR). Three out of the above six block ‘ “

copolymer NPs having the smallest particle sizes selected from | ‘

Fig. 2, were coupled with NAC via PFTR, namely EgyF;o-Hsqo, ‘l‘ I

E74F19-H300, and Eg4F23-H300. A procedure published in the litera- I [

ture was used systematically. [13] In our study, Eg>Fi9-H300 and J A

NAC were mixed at several ratios, with one PFP unit corresponding 2 G g

to 10, 30, 50, 60, 80 or 120 NAC molecules, respectively, to deter- -—— S ———————

mine optimal conditions for full conversion.

Providing that the reaction environment is oxygen-free to pre-
vent the formation of oxidized disulfide groups, the thiol nucle-
ophile in NAC is expected to attack and substitute the electron-
deficient carbon at the para position of the pentafluorophenyl moi-
ety. The PFP segment of Eg,F;9-H3qg bears ortho, meta, and para flu-
orine atoms whose signals are displayed as three distinct chemical
shifts in '°F NMR (Fig. 5A). A successful incorporation is obtained
when the peak at the ortho position (141 ppm) is maintained while
the para one (152 ppm) disappears, and the meta one (161 ppm)
moves towards a higher chemical shift (134 ppm). At ratios of
1:10 and 1:30, the para fluorine signal was still present. Increasing
to 1:50, 1:60, and 1:80, the para fluorine was completely removed,

Chemical shift (ppm)

Fig. 5. '9F NMR spectrum of E,4F9-H3oo (D-0) (A) before and (B) after NAC
conjugation. R: NP.

the signal for the ortho fluorine remained at the same position and
the meta one moved to 134 ppm, indicating that NAC was fully
linked to the para position of PFP motifs of block copolymer. Thus,
we assumed that a higher ratio of PFP unit to NAC might be
expected to increase the reaction kinetics and improve the yields.
Nonetheless, when increasing to the ratio of 1:120, the spectrum
still showed the initial peaks for all three types of fluorine at the



same chemical shifts as compared with those in the initial block
copolymer. This failure results most probably from the impossibil-
ity to maintain the high required pH when using large excesses of
acidic reagents such as NAC. Indeed, one important aspect to the
success of a PFTR between NAC and a PFP motif is the pH of aque-
ous media as the reactive species corresponding to NAC evolve
with the pH from a neutral NAC to a monoanion, as a result of
the transformation of the carboxylic acid to a carboxylate, and
finally to a dianion based on the further removal of a proton on
the thiol. Thereby, a solution with a pH value higher than pKa of
the NAC thiol (9.52) is needed to facilitate the reaction by replacing
the initial thiol with a much more nucleophilic thiolate. [32] A ratio
of 1 PFP unit to 60 equivalents of NAC was hence applied to E;4F;o-
Hsgp and Eg4F;3-Hsgp that showed quantitative NAC integration
into the particles. Fig. 5 exhibits 'F NMR (D,0) spectrum of
E74F19-H3p0 conjugated with NAC at a ratio of 1:60.

NAC conjugation was also confirmed by zeta potential (ZP)
measurements at neutral pH (Fig. 6E). While Eg,F;0-Hzgg NPs with
no external charges have a ZP of —0.75 mV, NAC-coupled Eg,F1o-
Hsg0 particles impart a ZP of —10.20 mV, indicating that the parti-
cle surface is negatively charged attributed to the carboxyl groups
(COO0-) grafted onto the polymeric vehicles. Similarly, the initial,
neutral E;4F19-H3gp NPs have a ZP of —0.96 mV, which decreases
to —19.90 mV after NAC insertion.
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Particle sizes after NAC insertion slightly increase for EgyFqo-
Hsgp from 71.8 to 77.9 nm, while more significant increases could
be measured from 68.9 to 96.7 nm for E;4F19-H3q0 and from 61.8 to
119 nm for Eg4F»3-Hsgo. This could be explained that E;4F9-Hsqg
and Eg4F23-H300 contain almost a doubled PFBMA content than
such in EgyFi9-H3po, Which enables increasing NAC conjugation,
making the resultant external hydrophilic layer denser and thicker,
so increasing their ultimate DLS sizes.

In the next few investigations leading to the biological assess-
ments, only NAC-bonded E;4F;9-H3qo particles were investigated
due to the higher numbers of NAC units (19 per chains at full con-
version compared to 10 units/chain in Eg,F;9-H3g0) as the pharma-
cological effects would be expected to be higher for those particles.
As importantly, particles could be prepared in that case with an
optimal size range of approximately 100 nm and a relatively nar-
row distribution (PDI of 0.24) that facilitates cell internalization,
[33,34] as well as with a ZP of —19 mV that provides an inter-
particle electrostatic repulsion large enough to enable the stability
and long-term storage of NPs in water.

3.4.2. Conjugation of DOX onto E4F;9-H3gp particle surface using EDC/
NHS activation reaction

DOX was grafted onto the particle surface by conjugating the
NAC with DOX using a two-step carbodiimide activation chem-
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Fig. 6. (A) lllustration of particle surface functionalization with NAC and DOX; (B) TEM images of plain NP, NP-NAC and NP-NAC-DOX; (C) Normalized intensity DLS size of
plain NP, NP-NAC, NP-NAC-DOX (NP-NAC:DOX = 1:5); (D) SANS spectra of NP, NP-NAC and NP-NAC-DOX fitted by raspberry-like model; (E) Zeta potential (mV). (F)
[llustration of particle diameter (Dsans) and thickness layer (TL) by SANS. Results are shown as the mean * standard deviation of three replicates.



istry. [15] Figure SI8 displays the fluorescence spectra for different
particle compositions: from the vesicle alone, to E;4Fi9-Hs3oo-
NAC;9-DOX particles at molar ratio of 1:5, and free DOX.HCI was
provided for comparison. As expected, NPs-NAC did not emit any
light by fluorescence while NPs-NAC-DOX had a maximum emis-
sion corresponding to free DOX at 595 nm, confirming that DOX
was incorporated on the particle surface. DOX integrated onto NP
surface was quantified by comparing with the prepared calibration
curve of DOX in DMSO (Figure SI7), resulting in the DOX concentra-
tion of 31 ug mL™! and 153 pg mL! at the initial NP:DOX ratio of
1:1 and 1:5, respectively.

The particles remain the structures of vesicles despite the two
functionalization steps, as confirmed by TEM in (Fig. 6B). The
incorporation of DOX was also confirmed by the change of ZPs
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and sizes. Indeed, NPs-NAC had ZP of —19 mV, after coupling with
DOX, ZP of NPs-NAC-DOX increased to —14 mV, showing that sev-
eral carboxylic acid groups of NAC molecules were replaced by
DOX, thus ZP values became less negative. In addition to the ZP dif-
ference, DLS measurements indicate that particle diameters
increase after coupling with NAC, from 65 nm in plain NPs to
100 nm in NPs-NAC but decrease to 75 nm after DOX conjugation
(Fig. 6C). The decrease in size of NPs-NAC-DOX is probably attrib-
uted to the addition of hydrophobicity of DOX onto the particle
surface, and due to the hydrophobic effects, NPs are likely to shrink
and reduce in sizes.

The stability of DOX-loaded NPs and NPs-NAC-DOX polymer-
drug conjugates in the presence of bovine serum albumin (BSA)
0.2 wt% at 37 °C were undertaken by measuring their sizes over
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Fig. 7. (A) Cell viability of NPs and NP-NAC incubated with MDA-MB-231 cells (NP equivalent concentrations) for 72 h using MTT assay. (B) MDA-MB-231 cells upon
incubation with free doxorubicin (free DOX.HCl), DOX-loaded NPs and DOX-conjugated NPs (NP-NAC-DOX) (DOX equivalent concentrations) after 72 h using AlamarBlue
assay, curves fitted by non-linear regression [inhibitor]:response equation (three parameters) in GraphPad Prism 8.0.1. Results are shown as the mean * standard deviation
from two individual experiments with three replicates for each experiment (thus sample number N = (1 experiment, 3 wells) * 2 = 6).
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Fig. 8. Cellular uptake assessed by confocal microscopy in 2D monolayer of MDA-MB-231 cells with NPs-NAC-DOX after 5 h incubation. Nuclei stained with DAPI (Ex 350 nm/
Em 470 nm), NPs-NAC-DOX (Ex 480 nm/Em 590 nm), Merged image from the superimposition of DAPI and DOX; Scale bar 20 pm. Results are shown as the mean + standard

deviation of three replicates from one experiment (sample number N = 3).
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72 h (Figure SI10). The incubation with BSA did not change particle
size as compared to NPs without BSA in both groups of NPs, hence
highlighting the high stability of the designed NPs against possible
protein attachment and precipitation in plasma media.

3.4.3. Summary for in situ drug loading and post-PISA drug
conjugation

Taken together, the PISA chain extension of E;4F;9 macro-CTA
with HPMA monomer allows formation of drug-loaded NPs or
PISA-made polymer-drug conjugates. However, to facilitate the
particle characterization as well as calculation of drug release
and cell culture experiments, polymer-drug conjugates will be fur-
ther utilized due to their high grafted DOX concentration of
153 pg mL~!, equivalent to 7.69 pg of conjugated DOX per 1 mg
NP, as compared to 80 pg mL~! of DOX concentration in DOX-
loaded NPs, equivalent to 3.8 ug of loaded DOX per 1 mg NP. There-
fore, E74F19-H300 plain NPs, and post-PISA functionalized NPs such
as E74F]9-H300-NAC]9, and E74F19-H300-NAC19-DOX were selected
for further characterizations and assessments. From now on
E74F19-H300, E74F19-H300-NACy9, and E74Fq9-H300-NAC;9-DOX were
referred to as NP, NP-NAC, and NP-NAC-DOX.

3.5. Small-angle neutron scattering (SANS)

SANS spectra of NP, NP-NAC and NP-NAC-DOX are presented in
(Fig. 6D). Based upon TEM images, SANS spectra were fitted by a
raspberry-like model by SAS view software. SANS confirms that
the obtained particles are monodisperse with high stability and
in the form of raspberry-shaped vesicles, as their curves fall perfec-
tively in line with their corresponding fits by this model (Fig-
ure SI11). Overall, particle sizes from SANS are smaller than
those measured by DLS. This is attributed to the different mecha-
nisms of size measurement between these 2 techniques. DLS mea-
sures the average hydrodynamic diameters including the water
layers associated on particle surfaces. [35] Nevertheless, SANS
assesses the static colloidal structure by measuring the internal
core size distribution of particles and excluding the external hydro-
philic conjugation layer, hence giving smaller size values than
those of DLS. [35] Furthermore, the functionalization of NAC and
NAC + DOX decreases slightly particle core sizes compared to the
lone NPs probably because the conjugation layers may compress
the particle cores thus reducing their sizes.

3.6. Cytotoxicity and cellular uptake of NPs

3.6.1. Cytotoxicity
The cytotoxicity was undertaken in human triple-negative
breast cancer cells MDA-MB-231 by evaluating the cell viability

of NPs and NP-NAC using MTT assay (Fig. 7A) as well as free
DOX, DOX-loaded NPs, and DOX-conjugated NPs using AlamarBlue
assay (Fig. 7B). Fig. 8A exhibits that plain NPs and NP-NAC show
over 80 % of cell viability, indicating that the DOX-free NPs are safe
and biocompatible for biomedical applications.

On the other hand, DOX-loaded and DOX-conjugated NPs dis-
play a comparable cell death with free DOX, possessing ICsq values
of 0.44 + 0.22, 0.21 = 0.13, and 0.561 + 0.37 pg mL™! (p < 0.05),
respectively, (Fig. 7B). Thus, the encapsulation of DOX or incorpo-
ration of DOX onto particle surface shows the toxicity and inhibit-
ing potency towards MDA-MB-231 cells.

3.6.2. Cell uptake

Due to the high conjugated DOX concentration (153 pg mL ')
compared to such of encapsulated DOX (80 pg mL~!), DOX-
conjugated NPs or NP-NAC-DOX were selected for further cell
uptake experiment. The confocal images in Fig. 8 indicate the pres-
ence of DOX fluorescence inside the MDA-MB-231 cell nuclei after
5 h of incubation with NP-coupled DOX, whereas very week signal
of free DOX in the cell nuclei, suggesting that the polymer-DOX
conjugates enhance the DOX retention in cancer cells. This is sim-
ply because free DOX is mostly penetrated through cell membrane
via passive diffusion, while polymer-drug conjugates, due to their
large sizes are typically internalized via endocytic mechanisms,
contributing to higher uptake as compared to free DOX. [36]

3.6.3. Cell apoptosis assay by Incucyte® live-cell analysis system

DOX is a chemotherapeutic agent well-known to impart apop-
tosis and tumor cell death. Therefore, we examined the apoptotic
activity of NP-NAC-DOX and free DOX in MDA-MB-231 cell lines
with the help of Incucyte® live-cell analysis system, allowing to
perform an automatic apoptosis assay at real time. Apoptotic cells
express phosphatidylserine (PS) on their surfaces; thus, Annexin V
red dye was used since it can bind to PS residues and enable the
detection of dying cells. Fig. 9 exhibits the automatic quantification
of Annexin V binding to apoptotic cells, indicating that DOX-
conjugated NPs and free DOX result in the same number of red
object count (per well) or the same number of Annexin-marked
apoptotic cells per well upon incubating with MDA-MB-231 cells
for 72 h, (Fig. 9A). NP-NAC-DOX is also associated with a signifi-
cantly higher number of red apoptotic cells after 72 h, as compared
to 0 h, as seen in Fig. 9B.

4. Conclusions

We have synthesized amphiphilic block co-polymers containing
poly((ethylene glycol) methacrylate)-co-poly(pentafluorophenyl
methacrylate)-b-poly(hydroxypropyl methacrylate) (P((PEGMA-



co-PFBMA)-b-PHPMA)) at 10 wt% by PISA. The block copolymer
simultaneously self-assembled into NPs during PISA process induc-
ing NPs of different sizes and shapes, transforming from spheres,
cylinders to vesicles. We demonstrated that the length of hydro-
philic blocks exerted an impact on final particle sizes and that
increasing hydrophilicity while remaining the hydrophobicity
made the obtained block copolymer NPs smaller. The ultimate
vesicles were in the form of raspberries confirmed by SANS spectra
and sized at 69 nm with PDI 0.02. DOX was directly loaded during
PISA with acceptable encapsulation efficiencies. By tuning the
macro-CTA block, the same PISA-made NPs could be incorporated
with NAC and DOX using PFTR and carbodiimide reaction at high
yields, respectively. The lone NPs and NP-conjugated NAC showed
no significant cytotoxicity towards MDA-MB-231 cell lines,
enabling their desirable safety and biocompatible profiles.
Nonetheless, the in situ DOX loading or post-PISA polymer-DOX
conjugates resulted in an incremental cell death with the increas-
ing concentrations, whose ICsq values were almost similar to such
of free DOX. The confocal microscopy indicated that polymer-DOX
conjugates are internalized into tumor cells imparting higher cell
uptake as compared to free DOX. NP-NAC-DOX caused a similar
number of apoptotic cells as free DOX at the same DOX concentra-
tion over 72 h of incubation in the Incucyte® live-cell analysis sys-
tem. Conclusively, we obtained a novel generation of block
copolymer NPs that were simultaneously produced in a one-pot
PISA technique at 10 wt%, enabling either in situ DOX loading by
physical entrapping or post-polymerization surface functionaliza-
tion of the obtained NPs with DOX, and possibly with targeting
ligands in the future application. We also illustrated that critical
reaction parameters of PISA, for example hydrophilicity/hydropho-
bicity ratio can be readily tuned to engineer NPs of favorable sizes,
shapes, and colloidal stability meeting the requirements of
biomedical applications. Based upon the versatility of PISA which
allows either direct drug encapsulation or post-PISA polymer-
drug conjugates, this study therefore, could potentially pave the
way for new possibilities of incorporating PISA into drug delivery
designs and biomaterials science. Further work might involve
investigating the synthesis of NPs by PISA at higher concentrations
of 20-30 wt% while attempting to encapsulate multimodal or mul-
titherapeutic molecules, as well as surface functionalize with
active ligands. It is also of importance to examine the synthesized
nanomaterials in other types of tumors and later in vivo
experiments.
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