Received: 14 December 2023

Revised: 17 January 2024

W) Check for updates

Accepted: 18 January 2024

DOI: 10.1002/pol.20230941

RESEARCH ARTICLE

JOURNAL OF
POLYMER SCIENCE

WILEY

Facile synthesis of rapamycin-loaded PEG-b-PLA
nanoparticles and their application in immunotherapy

Yudong Li’ |
Jianhong Wang' |

Antoni Llopis-Lorente’

Jari F. Scheerstra’
Hanglong Wu' |

| YuechiLiu' | Annelies C. Wauters"** |
Tania Patifio’ |

Jan C. M. van Hest" | LoaiK. E. A. Abdelmohsen®

1Bio-Orgamic Chemistry, Institute for Complex Molecular Systems, Eindhoven University of Technology, Eindhoven, The Netherlands

*Department of Tumor Immunology, Radboud Institute for Molecular Life Sciences, Radboud University Medical Center, Nijmegen, The Netherlands

*Division of Immunotherapy, Oncode Institute, Radboud University Medical Center, Nijmegen, The Netherlands

Correspondence

Loai K. E. A. Abdelmohsen, Jan C. M. van
Hest, and Antoni Llopis-Lorente, Bio-
Organic Chemistry, Institute for Complex
Molecular Systems, Eindhoven University
of Technology, P.O. Box 513, 5600 MB,
Eindhoven, The Netherlands.

Email: Lk.e.a.abdelmohsen@tue.nl; j.c.m.
v.hest@tue.nl; anllolo2@upvnet.upv.es

Present address

Antoni Llopis-Lorente, Institute of
Molecular Recognition and Technological
Development (IDM); CIBER de
Bioingenieria, Biomateriales y
Nanomedicina (CIBER-BBN), Universitat
Politécnica de Valencia, Valencia, Spain.

Funding information
European Commission, Grant/Award
Number: 694120

Abstract

Poly(ethylene glycol)-block-poly(lactide) (PEG-b-PLA) micro- and nanoparti-
cles (NPs) have been intensively investigated for applications in biomedicine,
due to their inherent biocompatibility and biodegradability, which allows them
to be used as sustained release systems. Current methods for preparing PEG-b-
PLA NPs typically require two different steps that include polymer synthesis
and NP assembly, with the necessary intermediate polymer purification and
the use of a variety of organic solvents in the process. In order to facilitate the
biomedical application of PEG-b-PLA NPs, it is of great interest to develop a
strategy to formulate the NPs in a simplified manner. Here, we report a
straightforward method to construct PEG-b-PLA NPs through a sequential
two-step process without intermediate work-up, which involves synthesizing
solvent that is, N,N-
dimethylformamide (DMF), followed by addition of water to the polymer solu-

the polymer in a water-miscible organic
tion. In this way, large NPs (~600 nm) were prepared. We comprehensively
characterized the NPs using turbidity studies, dynamic light scattering (DLS),
scanning electron microscopy (SEM), and transmission electron microscopy
(TEM) techniques. We further demonstrated the ability of the NPs to encapsu-
late drugs, exemplified in the immunotherapeutic agent rapamycin, with rela-
tively high encapsulation efficiency. In vitro drug release tests showed that
rapamycin-encapsulating NPs had comparable sustained-release profiles at dif-
ferent pH conditions, highlighting the broad application window of our NP
platform. Moreover, in vitro T cell suppression assays revealed that rapamycin-
loaded NPs exhibited similar inhibitory performance to free rapamycin on
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1 | INTRODUCTION

Polymeric micro- and nanoparticles (NPs) are an impor-
tant class of nanomedicines, because of their structural
properties, which can be easily customized and replicated
on demand—especially when compared to their lipid
counterparts. The development of polymeric NPs in
terms of their architectures and functions, including
shape, size, surface modification, and cargo encapsula-
tion, has advanced rapidly over the past decades." In
turn, they have been utilized in a variety of biomedical
applications, including diagnosis and treatment of dis-
eases.” In this regard, poly(ethylene glycol)-block-poly
(lactide) (PEG-b-PLA)-based NPs are of particular inter-
est due to their biocompatibility and biodegradability.*
Although there have been numerous studies on the prep-
aration of different kinds of PEG-b-PLA NPs, for
instance, nanospheres, micelles and vesicles, there are
key challenges remaining, such as obtaining control over
particle nanostructure, size, and morphology; and
improving the preparation efficiency.

The current methods for preparing PEG-b-PLA NPs
generally require two main steps, that is, polymer synthe-
sis and particle assembly (and corresponding intermedi-
ate work-up steps). These two steps are traditionally not
integrated, not only because polymer purification is
needed after synthesis, but also because the solvents
required for the two steps are often different. For exam-
ple, dichloromethane (DCM) is a commonly used solvent
in the organocatalytic ring-opening polymerization of
lactide.®”® However, DCM is not a preferred solvent for
particle formation by self-assembly of amphiphilic poly-
mers induced by solvent switching, because of its immis-
cibility with water. Nevertheless, utilizing DCM, PEG-b-
PLA particles can be generated by emulsion and subse-
quent evaporation—yet, the resulting particles are typi-
cally larger than 1 pm in diameter,'®'* which restrains
their use in the biomedical field. Therefore, water-
miscible solvents, such as N,N-dimethylformamide
(DMF),"? acetone,'* tetrahydrofuran (THF) and dioxane,’

CD8™" cells at all rapamycin concentrations and on CD4" cells at high and
intermediate rapamycin concentrations, while the performance of the NPs was
superior on CD4" at low rapamycin concentration. Overall, this work provides
a route for the scalable synthesis of biocompatible PEG-b-PLA NPs, which can
be extended to other polymeric NPs, with potential in biomedical applications

such as immunotherapy.

immunotherapy, nanoparticles, PEG-b-PLA, self-assembly

are more popular choices for self-assembly of such
amphiphilic polymers, and the particle size can be tuned
in the range of a few to hundreds of nanometers, which
is considered to be necessary for applications such as
drug delivery.

One approach to improve current limitations and
explore the continuous preparation of polymeric NPs
directly from their starting materials is to use only one
solvent for polymer synthesis and particle assembly. In
this context, polymerization-induced self-assembly
(PISA) has been developed. PISA is an effective and ver-
satile technique to synthesize polymeric NPs while allow-
ing encapsulation of cargos during the process. The
advantages of this technique include facile control over
the morphology and size of NPs, as well as high loading
efficiency.'>'® Despite many efforts along this direction
to prepare polyester-based NPs, the difficulties remain
due to lack of proper monomer/polymer/solvent combi-
nations, and only a few cases have been reported so
far.'”'® By a combination of ring-opening PISA with
crystallization-driven self-assembly (CDSA), named
ROPI-CDSA, PEG-b-PLA nanostructures with various
morphologies were achieved from a PEG-based initiator
and lactide."”” However, such methodology is relatively
time-consuming due to the slow rate of the self-assembly
step, which typically requires several hours or even days.
Alternatively, solvent-switched self-assembly of the poly-
mer directly after synthesis could pave the way for high-
throughput preparation of PEG-b-PLA NPs. This can be
achieved by adding water to the organic solvent used for
polymer synthesis. However, such a system requires elab-
orate design, especially the choice of organic solvent, as it
has an impact on both polymer synthesis and particle
assembly steps, such as monomer conversion and micro-
phase separation behavior of the solution.

Rapamycin, also known as sirolimus, is a hydropho-
bic immunosuppressive drug that inhibits or prevents
organ transplant rejection and has been used in clinical
trials since the end of the last century.'®*° However,
rapamycin has poor water solubility, limited
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PEG-b-PLA synthesis in DMF

FIGURE 1

Self-assembly by direct water addition

PEG-PLA NPs

Dialysis

Schematic of the continuous process for the preparation of PEG-b-PLA nanoparticles (NPs). First, PEG-b-PLA block

copolymer was synthesized in dry N,N-dimethylformamide (DMF). After that, the PEG-b-PLA solution was further diluted with DMF, and
then water was slowly dropped into the solution to induce the self-assembly of the polymer, thereby forming PEG-b-PLA NPs. Finally,
dialysis was performed to remove DMF, catalyst, and unreacted monomers. For the preparation of rapamycin-loaded NPs, rapamycin was

added during the diluting step with DMF. After dialysis, residual rapamycin was removed by centrifugation.
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FIGURE 2

Characterization of PEG-b-PLA nanoparticles (NPs). (A) Normalized turbidity measurements of PEG-b-PLA block

copolymer in DMF upon water addition (Cy,: 0-50 vol%). 29 vol% was chosen as Cy, for particle formation followed by dialysis: dynamic light
scattering (DLS) data showing both (B) intensity profile indicating D), distribution and (C) correlogram of NPs; representative microscopy
images of NPs acquired by (D) SEM, (E) dry-transmission electron microscopy (TEM), and (F) cryo-TEM.

bioavailability as well as high repeat-dose toxicity,*" mak-
ing it difficult to be administered systemically in its free
form. Therefore, the use of rapamycin-loaded carriers
that can provide a sustained release of the drug repre-
sents a solution to these problems, whilst providing syn-
ergistically enhanced therapeutic benefits.****

In this study, we demonstrate an approach to sequen-
tially synthesize amphiphilic copolymers and directly
induce their assembly, without the need of polymer puri-
fication or switching of solvents, eliminating unnecessary

time-consuming additional steps. To this end, PEG-b-PLA
block copolymer was synthesized in dry DMF instead of
the commonly used solvent, dry DCM. Thereafter, the
PEG-b-PLA solution was further diluted with DMF, and
then water was slowly dropped into the solution to induce
the self-assembly of the polymer, which led to the forma-
tion of PEG-b-PLA NPs. Finally, dialysis was performed to
remove DMF, catalyst, and unreacted monomers
(Figure 1). This resulted in a NP solution, which was sub-
sequently characterized by dynamic light scattering
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(DLS), scanning electron microscopy (SEM), and trans-
mission electron microscopy (dry-TEM and cryo-TEM)
techniques (Figure 2). The NPs had an average size of
ca. 600 nm, and polydispersity index (PDI) below 0.1. Fur-
thermore, the potential drug delivery capacity of PEG-b-
PLA NPs was investigated by encapsulating rapamycin
and demonstrating its release. In vitro drug release tests
showed that rapamycin-loaded NPs exhibited comparable
sustained-release profiles at different pH conditions,
which could be elucidated by the similarity in the degra-
dation behavior of the NP matrix during release. In addi-
tion, in vitro T cell suppression assays showed that
rapamycin-loaded NPs did not impair the inhibitory per-
formance on CD8" cells at all rapamycin concentrations
compared to free rapamycin. As for the inhibition on
CD4" cells, the loaded NPs also showed similar perfor-
mance to free rapamycin at high and medium rapamycin
concentrations, while they even exhibited better perfor-
mance at low rapamycin concentration.

2 | EXPERIMENTAL SECTION

2.1 | Materials

All materials were used as received without further puri-
fication unless otherwise indicated. a-methoxy-w-hydroxy
polyethylene glycol (mPEG, average M,, 1 kDa, 95%) was
purchased from Biopharma PEG Scientific (Biochempeg
Scientific). N,N-dimethylformamide (DMF), tetrahydrofu-
ran (THF) and dioxane were obtained from Biosolve
Chimie. Rapamycin (98%) was supplied by Adooq
Bioscience. 3,6-dimethyl-1,4-dioxane-2,5-dione (b,L-lac-
tide, 99%), 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU,
98%) and all other chemicals were obtained from Sigma-
Aldrich unless otherwise stated. Dialysis membranes
(MWCO: 3.5 and 12-14 kDa, Spectra/Pro®) were used for
polymer and NP purification, respectively. Water used in
this work was ultrapure Milli-Q (Millipore) water
(18.2 MQ cm).

2.2 | Instruments
221 | Nuclear magnetic resonance
spectroscopy

Proton nuclear magnetic resonance (1H—NMR) measure-
ments were conducted on a Bruker Avance 400 MHz
Ultrashield spectrometer equipped with a Bruker Sam-
pleCase autosampler, using CDCl; as the solvent and
TMS as the internal standard. The obtained spectra were
analyzed using MestReNova NMR analysis software.

2.2.2 | Gel permeation chromatography

The molecular weights and dispersity (D) of the copoly-
mers were characterized by using a Prominence-I gel per-
meation chromatography (GPC) system (Shimadzu)
equipped with a PL gel 5 pm mixed D (Polymer Laborato-
ries) and differential refractive index (RI) and ultraviolet
(UV) detectors. THF was used as the eluent with a flow
rate of 1 mL per minute. Polystyrene standards (Polymer
Laboratories) were used for calibration. GPC chromato-
grams for polymer analysis were obtained from the RI
detector, and GPC chromatograms for rapamycin analy-
sis were obtained from the UV detector.

2.2.3 | DLS and zeta potential ()
measurements

The hydrodynamic diameter (Dj), polydispersity index
(PDI), and zeta potential () of the NPs were measured
using a Malvern Instruments Zetasizer (model Nano ZSP)
equipped with a 633 nm He-Ne laser and an avalanche
photodiode detector at 25°C, using a ZEN0040 type dis-
posable cuvette cell (100 pL. sample volume). Zetasizer
software was used to process and analyze the data.

2.2.4 | Ultraviolet-visible spectroscopy
Ultraviolet-visible (UV-Vis) spectra were recorded with
a Cary 3500 Multicell UV-Vis spectrophotometer
(Agilent Technologies) using a quartz cuvette (1 mL sam-
ple volume).

2.2.5 | Fluorescence spectroscopy
Fluorescence intensity measurements were performed on
a Spark multimode microplate reader (Tecan).

2.2.6 | Scanning electron microscopy
Particle morphology was assessed by scanning electron
microscopy (SEM) (FEI Quanta 200 3D FEG).

2.2.7 | Transmission electron microscopy

Dry-transmission electron microscopy (TEM) images
were recorded on a FEI Tecnai 20 (type Sphera) at
200 kV. Samples for dry-TEM were prepared by dropping
20 pL of samples (ca. 2.3 mg/mL) onto a carbon-coated
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copper grid. The samples were dried at room
temperature.

2.2.8 | Cryogenic transmission electron
microscopy

Cryogenic transmission electron microscopy (cryo-TEM)
experiments were performed on the TU/e CryoTitan
(Thermo Fisher Scientific) equipped with a field emission
gun and autoloader and operated at 300 kV acceleration
voltage in low-dose bright-field TEM mode. Samples for
cryo-TEM were prepared by glow discharging the grids
(Quantifoil Cu grid with R 2/2 holey carbon films, Quan-
tifoil Micro Tools GmbH, part of the SPT Life Sciences
group) in a Cressington 208 carbon coater for 40 s. Then,
3 pL of samples (ca. 2.3 mg/mL) was pipetted on the grid
and blotted in a Vitrobot MARK IV at room temperature
and 100% humidity. The grid was blotted for 3 s (offset
—3) and directly plunged and vitrified in liquid ethane.
Cryo-TEM images were acquired in zero loss energy fil-
tering mode (Gatan GIF 2002, 20 eV energy slit) with a
CCD camera (Gatan model 794). Processing of all elec-
tron microscope images was performed with Fiji 2.7.0
software (ImageJ2).**

229 | Gaschromatography with flame
ionization detection

Gas  chromatography  with  flame  ionization
detection (GC-FID) measurements were performed on a
Shimadzu GC-2010 system equipped with an autosam-
pler with a Zebron ZB-FFAP GC Column of
30 m x 0.25 mm x 0.25 pm and using the following tem-
perature program: 130°C|10 min.

2.2.10 | pH meter

FiveEasy Plus FP20 pH Meter (Mettler Toledo) was used

to monitor the pH.

2211 | Freeze-dryer

Lyophilization was performed on an Alpha 2-4 LSCbasic

freeze-dryer (Christ).

2.2.12 | Centrifuge

Centrifugation was carried out on a Eppendof 5424R
microcentrifuge.

oS - WILEY- L2
2.3 | Methods
2.3.1 | Synthesis and characterization of

PEG-b-PLA block copolymer

The synthesis of PEG-b-PLA was performed according to
a previously reported procedure with several modifica-
tions.® To synthesize copolymer with composition of
PEG,,-b-PLA;s, 97 mg (0.1 mmol) of mPEG,, and
650 mg (4.5 mmol, 45 equiv.) of p,L-lactide were first
weighed in a 250-mL round-bottom flask. Subsequently,
dry toluene (ca. 50 mL) was added to the flask and the
solvent was evaporated to dry the contents before poly-
merization. The dried reagents were then re-dissolved in
dry DMF (5.62 mL, [monomer] = 0.8 M) and DBU was
added (0.5 equiv. with respect to [initiator]; 0.05 mmol)
under argon. The reaction proceeded with magnetic stir-
ring at room temperature. The progress of the reaction
was monitored by "H-NMR spectroscopy until the mono-
mer conversion exceeded 95%. In a typical reaction, it
reached this point within 4 h. After that, the solution was
taken out and the polymer concentration was calculated
according to the following equation:

WmpEG + W L-lactide X MOnNomer conversion

Concpgg-b-pLA =
Vafter reaction

(1)

with Concprg_p_pra the concentration of PEG-b-PLA
block copolymer in DMF after the reaction, Wpgg the
weight of the mPEG, Wp 1 _1actide the weight of p,L-lactide,
Vafterreaction the volume of the solution after the
reaction (typically ca. 6.2 mL).

To characterize the synthesized polymer, 300 pL of
the solution was directly transferred to a prehydrated
dialysis tube (MWCO: 3.5 kDa). Dialysis was performed
against precooled water at 4°C for 24 h with frequent
water changes. After dialysis, the solution was lyophi-
lized to yield a white powder (yield = 76%). The synthe-
sized copolymer was characterized using 'H NMR
spectroscopy and GPC to determine copolymer composi-
tion and polydispersity, respectively. "H-NMR (CDCl,,
400 MHz, 6 in ppm): 5.28-5.10 ppm (m, PLA CH),
3.64 ppm (s, PEG backbone CH,), 3.38 ppm (s, PEG
CH;0), 1.65-1.45 ppm (m, PLA CHj).

2.3.2 | Investigation of PEG-b-PLA self-
assembly by turbidity studies

After determining the polymer concentration according
to Equation (1), the solution of PEG-b-PLA was first
diluted with DMF to a concentration of 10 mg/mL. Next,
different volumes of water were added to 1 mL of the
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polymer solution at a constant rate (1 mL/h) via a syringe
pump under stirring at 700 rpm. When the time reached
10, 15, 20, 25, 30, 35, 40, 45, 50, 60 min (corresponding to
volumetric water content of 14%, 20%, 25%, 29%, 33%,
37%, 40%, 43%, 45%, and 50%), the pump was manually
stopped and the dispersion was stirred for several addi-
tional minutes. Subsequently, the turbidities were
recorded by a UV-Vis spectrophotometer at a wavelength
of 500 nm. DMF was used as the reference for all the
measurements. Similarly, the turbidity studies with THF
and dioxane as organic solvents were conducted.

2.3.3 | Preparation and characterization of
PEG-b-PLA NPs

After determining the polymer concentration according
to Equation (1), a few microliters of the synthesized block
copolymer solution were taken out and diluted with
DMF to a 1 mL solution with a concentration of 10 mg/
mL. Next, water was added into the solution at a constant
rate (1 mL/h) via a syringe pump under stirring at
700 rpm. When the time reached 25 min (corresponding
to volumetric water content of 29%), the pump was man-
ually stopped, and the dispersion was stirred for several
additional minutes.

The obtained cloudy solution was directly transferred
to a prehydrated dialysis tube (MWCO: 12-14 kDa). Dial-
ysis was performed against precooled water at 4°C for
24 h with frequent water changes. After dialysis, the
resulting solution was taken from the dialysis tube and
stored in a glass vial at 4°C. The NPs were characterized
using DLS, SEM, dry-TEM, and cryo-TEM techniques.

2.34 | Preparation and characterization of
PEG-b-PLA polymersomes

To demonstrate that the morphology of solid PEG-b-PLA
NPs is distinct from that of vesicles, PEG-b-PLA polymer-
somes were prepared as a control. The polymersomes
were fabricated according to previous literature proce-
dures.® Briefly, 10 mg of PEG-b-PLA was dissolved in
1 mL of organic solvent—a mixture of THF and dioxane
(4:1 v/v). Next, water was added into the solution at a
constant rate (1 mL/h) via a syringe pump under stirring
at 700 rpm. When the time reached 60 min (correspond-
ing to volumetric water content of 50%), the pump was
manually stopped, and the dispersion was stirred for sev-
eral additional minutes.

The obtained cloudy solution was directly transferred
to a prehydrated dialysis tube (MWCO: 12-14 kDa). Dialy-
sis was performed against precooled water at 4°C for 24 h
with frequent water changes. After dialysis, the resulting

solution was taken from the dialysis tube and stored in a
glass vial at 4°C. The polymersomes were characterized
using DLS, SEM, and Cryo-TEM techniques.

2.3.5 | Rapamycin encapsulation and
in vitro release

Rapamycin-loaded PEG-b-PLA NPs were prepared in a
similar manner to the unloaded NPs, except that rapamy-
cin (2 wt% with respect to Concpgg_b-pLa) Was added
prior to self-assembly. After dialysis, residual rapamycin
was removed by centrifugation. To determine the rapa-
mycin release behavior, the rapamycin-loaded NPs were
buffer exchanged from water to phosphate-buffered
saline (PBS) buffer at different pH values (pH 7.4/pH 6.5/
pH5.0) before release. For the release experiments,
900 pL of each solution was transferred into a 1.5mL
microcentrifuge tube. The tubes were put on a Thermo-
shaker for a 120 hour test period (37°C, 500 rpm). At each
designated time interval, 400 uL of supernatant was
removed, and the tube was replenished with 400 pL of
fresh PBS buffer (pH 7.4/pH 6.5/pH 5.0). The experiments
were performed in triplicate (N =3). For the analysis of
rapamycin release that is, the rapamycin content in the
supernatant, details can be found below.

2.3.6 | Analysis of rapamycin content
GPC was used to determine the rapamycin content in all
samples. A calibration curve was prepared by injecting
different volumes of a rapamycin stock solution (10 pg/
mL in THF) (Figure S14a). For the analysis of rapamycin
content in each supernatant sample, samples (400 pL
each) were first lyophilized and redissolved in 600 pL
THEF, followed by vortexing. The solution was centrifuged
for 5 min to pellet the PBS salts. Then, 550 pL solution
was carefully taken from the sample and loaded in a GPC
vial. Measurements were performed twice by injecting
20 pL each time. Acquired data were analyzed using LC
solutions software, by determining the area of the UV sig-
nal peak of rapamycin (absorption at 278 nm) for both
standards and samples, allowing accurate determination
of the rapamycin content.

The encapsulation efficiency (EE) of rapamycin in
PEG-b-PLA NPs was calculated according to the follow-
ing equation:

EE (%) _ Wencapsulated rapamycin % 100% (2)
Winitially added rapamycin

with Wencapsulated rapamycin the weight of loaded rapamycin
in PEG-b-PLA NPs, Winitial added rapamycin the weight of
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initially added rapamycin with PEG-b-PLA block
copolymer.

The loading capacity (LC) of rapamycin in PEG-b-
PLA NPs was calculated according to the following
equation:

W encapsulated rapamycin
LC (m, = 3
( g/g) W PEG—b—PLA in NPs ( )

with Wencapsulated rapamycin the weight (mg) of loaded rapa-
mycin in PEG-b-PLA NPs, W PEG—b—PLA in NPs the weight
(g) of PEG-b-PLA block copolymer in NPs.

2.3.7 | Analysis of polymer concentration
GPC was used to determine the polymer concentration
in all samples. A calibration curve was prepared by
injecting different volumes of a polymer stock solution
(10 mg/mL in THF) (Figure S14b). For the analysis of
polymer content in each sample, 300 pL of the sample
was first lyophilized and redissolved in 600 pL THF fol-
lowed by vortexing. The solution was centrifuged for
5 min to pellet the PBS salts. Then, 550 pL solution was
carefully taken from the sample and loaded in a GPC
vial. Measurements were performed twice by injecting
20 pL each time. Acquired data were analyzed using LC
solutions software, by determining the area of the RI
signal peak of the polymer for both standards and sam-
ples, allowing accurate determination of the polymer
concentration.

2.3.8 | Peripheral blood lymphocyte isolation
Peripheral blood mononuclear cells (PBMCs) were iso-
lated from healthy donor-derived buffy coats (Sanquin)
by density gradient centrifugation (Lymphoprep;
STEMCELL Technologies). In advance, informed con-
sent was obtained from every individual blood donor.
Peripheral blood lymphocytes (PBLs) were enriched
from PBMCs by monocyte adherence for 1h at
37°C/5% CO, and subsequent collection of suspension
cells (i.e., PBLs).

2.3.9 | CellTrace violet staining

For cell proliferation tracking, PBLs were stained with
CellTrace Violet (CTV; Thermo Fisher Scientific). The
cells were diluted to 1 x 10° cells/mL in PBS supplemen-
ted with 1% fetal bovine serum (FBS), mixed with an
equal volume (1:1v/v) of 5pM CTV in PBS and
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incubated for 10 min at 37°C/5% CO,, before an equal
volume (1:1:1 v/v/v) of FBS was added. The cells were
then incubated for 30 min at 37°C/5% CO, and washed
twice with X-VIVO medium (Lonza Bioscience).

2.3.10 | Preparation and characterization of
sulfo-Cyanine5 (Cy5)-labeled rapamycin-loaded
PEG-b-PLA NPs

To study the interaction behavior of rapamycin-loaded
NPs with PBLs, NPs were labeled with a fluorescent
dye Cy5. In short, rapamycin-loaded N;-PEG-b-PLA
NPs were prepared in a similar manner to rapamycin-
loaded PEG-b-PLA NPs, except that a combination of
PEG-b-PLA (95 wt%) and Ns;-PEG-b-PLA (5 wt%) was
used for self-assembly. Here, the addition of the azide
group allows the attachment of DBCO-dye to the NPs
via a strain-promoted azide-alkyne cycloaddition
(SPAAC) reaction. After dialysis and removal of resid-
ual rapamycin, 200 pL solution (polymer
concentration = 2.3 mg/mL) was transferred into a
1.5 mL microcentrifuge tube and diluted to 900 pL with
water. Finally, an aqueous solution of Cy5-DBCO
(300 pL, 9 pM) was added. The tube was put on a Ther-
moshaker for 2h (30°C, 300 rpm), followed by over-
night incubation at room temperature on a tube
rotator. After conjugation, the NPs were purified using
extensive centrifugation.

The final dye concentration on the NP surface was
determined using a microplate reader. For these mea-
surements, samples were loaded in a Thermo Fisher Sci-
entific Nunclon 384 Flat Black plate. To calculate the
concentration of conjugated Cy5, a calibration curve of
fluorescence intensity versus Cy5 concentration was
used. All samples and standards were measured in tripli-
cate, with a final volume of 50 pL per well. Cy5 was
excited at 635 nm, and emission was detected at 685 nm
(bandwidth 20 nm, respectively). The final dye concen-
tration on the NP surface was calculated to be 0.33 uM.
Similarly, Cy5-labeled unloaded N;-PEG-b-PLA NPs were
prepared.

2.3.11 | T cell suppression assay

To examine the effects of rapamycin-loaded NPs on the
suppression of T cell proliferation, 5 x 10> PBLs/well in
a 96-well U-bottom plate were stimulated with Dyna-
beads (1:2 cell/bead; Thermo Fisher Scientific) in the
presence of either free rapamycin, rapamycin-loaded
NPs or unloaded NPs. For the first two groups, three
different rapamycin concentrations (107>, 10>, and
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10~ ' uM) were used, respectively; for the unloaded NP
group, three different polymer concentrations were
used, and these concentrations corresponded to the
three polymer concentrations in the rapamycin-loaded
NP group, respectively. For each condition, PBLs from
four donors (N =4) were used. Subsequently, PBLs
were cultured in X-VIVO medium at 37°C/5% CO, for
90 h, and the proliferation of T cells were assessed with
flow cytometry.

2312 | Flow cytometry

For flow cytometric analysis, the following antibodies
were purchased from BioLegend: CD3-FITC (clone
OKT3), CD4-APC/Cy7 (clone RPA-T4), CD8-PerCP
(clone SK1). Dead cells were stained using the Zombie
Yellow Fixable Viability Kit (BioLegend) according to the
manufacturer's protocol. Staining was performed either
in PBS or PBS supplemented with 0.1% BSA, 0.05%
sodium azide, and 1 mM EDTA. Fluorescence was mea-
sured using a BD FACSymphony A3 Cell Analyzer
(BD Biosciences) and data was analyzed using FlowJo
10.9.0 software (Tree Star).

2.3.13 | Internalization of Cy5-labeled
rapamycin-loaded PEG-b-PLA NPs in PBLs

To support the internalization of NPs, PBLs were seeded
in a 96-well U-bottom plate (5 x 10° PBLs/well) and
incubated with Cy5-labeled rapamycin-loaded PEG-b-
PLA NPs (rapamycin concentration = 10" ' uM) at
37°C/5% CO, for 12 h. Subsequently, the cell membrane
was stained with BioTracker 490 Green Cytoplasmic
Membrane Dye for 20 min using the manufacturer’s pro-
tocol. Fluorescence images were acquired using confocal
laser scanning microscopy (CLSM; Leica TCS SP5X) for
live cell imaging.

2.3.14 | Statistical analysis

Data are presented as the mean + standard deviation
(SD). All p values were two-tailed, and p < 0.05 was con-
sidered significant. Data were analyzed by one-way
(pH as the factor determining rapamycin release) or two-
way (rapamycin concentration and delivery method as
the two factors determining T cell suppression) analysis
of variance (ANOVA). Multiplicity adjusted p-values
were calculated using the Tukey correction for multiple
comparison. Statistical tests were performed using Prism
10.0.1 software (GraphPad Software).

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of
PEG-b-PLA block copolymer

The synthesis of PEG-b-PLA block copolymer was per-
formed by a ring-opening polymerization reaction using
a-methoxy-w-hydroxy polyethylene glycol (mPEG,,) as
the initiator, p-lactide (45 equiv.) as the monomer, dry
DMF as the solvent and 1,8-diazabicyclo(5.4.0)undec-
7-ene (DBU) as the catalyst (Figure S1a). First, the mono-
mer concentration was optimized to achieve maximum
monomer conversion based on proton nuclear magnetic
resonance (H-NMR) measurements. When 0.3 and
0.5M were applied as the monomer concentration, the
monomer conversion only reached 56% and 76% after
16 h, respectively (Figure Slb,c). When the monomer
concentration was raised to 0.8 M, the conversion
increased significantly to 95% within 4 h (Figure S1d).
Compared to the previously reported synthesis of PEG-b-
PLA, with similar composition under the same condi-
tions, but in dry DCM,** the synthesis in dry DMF
required an increased monomer concentration and a pro-
longed reaction time to achieve a high monomer conver-
sion (>90%), demonstrating the negative impact of DMF
on the polymerization rate. A similar observation has
been previously reported, where the rate of the ring-
opening polymerization of e-caprolactone was found to
be delayed when DMF was used as the solvent, likely due
to interactions between DMF and the metal catalyst.*
Correspondingly, considering the mechanism of DBU-
catalyzed ring-opening polymerization of lactide in our
case,”’ a plausible explanation could be an undesired
interaction between DMF and DBU, as has been shown
before,”®** weakening the activation of the initiator, and
thus affecting the polymerization to some extent. Never-
theless, with a higher monomer concentration in our case
(0.8 M), the polymerization proceeded to a high conver-
sion even though it required a relatively long time.

To investigate the quality of the synthesized polymer,
the PEG-b-PLA solution was first dialyzed against water
to remove all organic solvent and then lyophilized over-
night. The degree of polymerization, as calculated by 'H
NMR spectroscopy, using the methylene protons of
mPEG,, and the methine protons of PLA, was
43 (Figure S2a; hydrophilic PEG weight fraction
f=14%). No minor peaks corresponding to impurities
were observed. The GPC trace showed that the polymer
eluted after 15 min, with dispersity (P) of 1.2, indicating
that the block copolymer had a relatively narrow molecu-
lar weight distribution, highlighting that the ring-
opening polymerization process was well controlled
(Figure S2b). It can therefore be concluded that DMF as
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the solvent did not bring clear adverse effects other than
slowing the reaction rate down. Remarkably, this method
yielded pure PEG-b-PLA, allowing the time-consuming
polymer purification process to be skipped and self-
assembly to begin directly.

3.2 | Investigation of PEG-b-PLA self-
assembly and characterization of PEG-b-
PLA NPs

Having synthesized and characterized the PEG-b-PLA
block copolymer, we investigated the effect of water con-
tent (C,) on its self-assembly. After determining the poly-
mer concentration according to Equation (1), the
solution of PEG-b-PLA was first diluted with DMF to a
concentration of 10 mg/mL. Next, different volumes of
water were added to 1 mL of the polymer solution at a
constant rate (1 mL/h) via a syringe pump, respectively.
Correspondingly, a series of solution turbidities were
recorded (Figure 2A). Normally, for particle assembly via
a solvent switch method, that is, mixing water (a partial
non-solvent) and organic solution of amphiphilic poly-
mers, the curve of turbidity versus C,, only shows an
increase upon reaching the critical water content.*®"*?
Indeed, such behavior was observed when the self-
assembly of PEG-b-PLA copolymers was performed
under the same solvent switch conditions, when THF
and dioxane (4:1v/v) were used instead of DMF
(Figure S3). When DMF was used, however, three differ-
ent turbidity regimes were observed (Figure 2A): (i) a
rapid increase, starting from C,, of ca. 15vol% until
approximately 30 vol%, indicating progress in microphase
separation of the solution and self-assembly of the copol-
ymer;** (ii) a rather slow increase between C,, 30 and
40 vol%; (iii) a sudden drop in turbidity beyond C, 40 vol
%. Clearly, the change in turbidity upon increasing
water:DMF ratios, is distinct from a typical NP assembly
turbidity curve. Such an unusual drop is significant and
could not be a consequence of a dilution effect,*® but,
rather, can be a result of a morphological transition.*>*
These findings suggest conditions with water vol% rang-
ing from 20 to 40 vol% Cy,, at which particle formation
can be controlled. In particular, approximately 30 vol%
was found to be an ideal Cy, for reproducible PEG-b-PLA
NP formation; therefore, this parameter was chosen for
self-assembly in the following experiments.

Next, PEG-b-PLA NPs were prepared by self-
assembly, followed by dialysis against water to remove
DMF. The average hydrodynamic diameter (D;) of the
NPs was determined to be 611 + 10 nm (Figure 2B,C).
The PDI was below 0.1, indicating that the particles had
a narrow size distribution. Furthermore, using SEM, the

NPs were found to have a well-defined spherical mor-
phology (Figure 2D). It is worth mentioning that this
morphology is different from PEG-b-PLA polymersomes
prepared using the same polymer composition via
THF/dioxane/water  solvent mixture (4:1:5 v/v/v)
(Figure S4a). As a result of the drying effect,* the poly-
mersomes could not maintain their structure during
water evaporation, and collapsed on the silicon wafer,
resulting in a ‘typical’ ring-shaped structure. In contrast,
under the same conditions, our formed NPs maintained
their spherical structure, which strongly indicates that
their internal structure is solid rather than hollow.

To test this hypothesis, we used two complementary
TEM techniques, dry- and cryo-TEM microscopy, to fur-
ther characterize the NPs. Both dry-TEM and cryo-TEM
data (Figure 2E,F) confirmed that the formed PEG-b-PLA
NPs are solid, which is distinct from polymersomes
(Figure S4b). Although it is difficult to pinpoint the exact
internal structure from the TEM images, further analysis
of the intensity of a line profile across a NP (Figure S5)
showed that they do not possess an interior hollow struc-
ture, which is a typical feature of multi-compartment
micelles.*** Instead, they were similar to large com-
pound micelles reported previously.***°

Moreover, to examine possible morphological transi-
tions after the turbidity inflection point (Cy: 40 vol%),
43 and 50 vol% were chosen as Cy, for particle formation,
followed by dialysis—representative SEM images are
shown in Figure S6a,b, respectively. Compared to the
NPs with spherical shape and smooth surface obtained
using 29 vol% as Cy,, the particles shown in Figure S6a
had rough surfaces and increased polydispersity, suggest-
ing that particle integrity was compromised as a result of
the addition of excess water during self-assembly,
although their turbidity was similar. Besides, the average
D,, of the formed NPs (C,,: 43 vol%) was 468 + 5 nm
(Figure S7), which is 20% smaller than their counterparts
formed at C,,: 29 vol%. For the other sample (Cy,: 50 vol
%), the turbidity of the solution was reduced to about
10% compared to the highest value, suggesting a (nearly)
complete disintegration of the particles. However, in this
case, the large NPs were still observed after dialysis
(Figure S6b). The average Dy, of the NPs was 547 + 3 nm
(Figure S7), which is even larger than those formed using
43 vol% as Cy,. A plausible explanation to this observation
is possible particle aggregation and precipitation as the
system was driven to reduce the thermodynamic penalty
caused by the unfavorable interaction between water and
PLA chains, leading to a significant reduction in
turbidity.

For biomedical applications, one concern is whether
DMF can be efficiently removed by dialysis. DMF is a
toxic chemical, known to cause irritation and damage to
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the eyes and liver.*” According to the International Coun-
cil for Harmonization of Technical Requirements for
Registration of Pharmaceuticals for Human Use (ICH)
guideline, DMF is classified as a Class II solvent and the
permitted concentration limit for DMF is set to 880 ppm.
In this study, the residual DMF content was determined
by gas chromatography with flame ionization detection
(GC-FID) technique (Figure S8). Water and DMF in
water (1000 ppm, for ease of preparation) were used as
negative and positive controls, respectively. After dialysis,
1 mL of the NP solution (ca. 2.3 mg/mL) was centrifuged,
and neither the supernatant nor the resuspension of the
NPs showed any visible characteristic peaks of DMF.
The peaks appeared only after the particles were disinte-
grated by heating, however, the peak area was approxi-
mately 60 times significantly smaller than that of the
positive control, which showed the DMF concentration
was much lower than the limit of 880 ppm, indicating
the effectiveness of dialysis to remove DMF. Since the
residual DMF content in the NPs did not exceed the per-
mitted concentration limit, they can serve as a potential
candidate for biomedical applications.

To determine whether the dialysis time (24 h) could
be shortened, we set up control experiments to look into
the residual DMF content in the dialysis bag after 2, 4,
and 8 h (Figure S9). Although the DMF content was
higher than the 1000 ppm standard after 2 h, it was clear
that the content could be considered below the permitted
concentration limit after 4 h of dialysis. Additionally, no
catalyst or monomer was detected at NMR-visible levels.

3.3 | Rapamycin encapsulation and
in vitro release

In this study, rapamycin was selected as a model immu-
nosuppressive drug for encapsulation in PEG-b-PLA NPs
and release in PBS buffer, to demonstrate the potential
drug loading and delivery capacities of our PEG-b-PLA
NP platform.

Rapamycin was directly added before the PEG-b-PLA
self-assembly process at a concentration of 2 wt% with
respect to Concpgg_p_pLa. Non-loaded rapamycin was
removed by dialysis and centrifugation. After purifica-
tion, the NPs were found to retain their well-defined
spherical morphology (Figure S10). DLS measurements
confirmed that the particle size distribution remained
narrow (PDI< 0.1), and the average D, of the NPs in
neutral PBS buffer was determined to be 618 +10nm
(Figure S11). Zeta potential ({) measurements indicated
that the loading of rapamycin did not have a significant
effect on the surface charge of the NPs (Table S1). In
addition, according to Equations (2) and (3), the
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FIGURE 3 Cumulative release of rapamycin from PEG-b-PLA

nanoparticles (NPs) in PBS buffer (pH 7.4/pH 6.5/pH 5.0) at 37°C
for 120 h. Data are presented as the mean + SD (N = 3).

encapsulation efficiency (EE) and loading capacity
(LC) of rapamycin in PEG-b-PLA NPs were calculated to
be 22% and 6.6 mg/g of polymer respectively, based on
chromatography measurements.

To investigate the potential of PEG-b-PLA NPs for
drug delivery, we studied the release performance of
rapamycin-loaded NPs under different pHs (pH 7.4/
pH 6.5/pH 5.0) in PBS. At each designated time interval,
the quantity of released rapamycin was calculated using
GPC-UV measurements. The drug release was monitored
for 120 h, and the release profiles are shown in Figure 3.
After 2 h, the NPs exhibited a burst release behavior of
around 25% at acidic pHs, which was 5% higher than at
neutral pH. Yet, the release was slower over the following
period of time, and the cumulative release values for the
three groups were ca. 45%, 51%, and 50%, for pH 7.4, 6.5,
and 5.0, respectively, after 5 days. The rapamycin-loaded
NPs showed sustained drug release under all three condi-
tions, although there was a statistically significant differ-
ence between the final cumulative release value at
neutral pH and those at acidic pHs (p < 0.0001), the
release profiles were comparable and the difference
(ca. 5% after 5 days) was practically insignificant, indicat-
ing that the release performance was not markedly influ-
enced by the pH.

Generally, two factors are known to govern the drug
release kinetics from biodegradable polymeric NPs:
(i) diffusion of the drug through the NP matrix;
(ii) degradation of the NP matrix, with poration and dis-
integration being typical examples (at different time
points).** These two factors normally govern the process
and influence each other. To understand the release
mechanism and determine which factor is the main
driver of drug release from our NP platform, it is neces-
sary to compare the contributions of drug diffusion and
matrix degradation. The diffusion behavior depends on

85U017 SUOWILIOD BAIIER1D) 8|qeot|dde auyy Aq pausenob a1e Ssppie YO 8sn JO S3|n1 104 A%eiq1 78Ul UO 8|1 UO (SUOTPUOD-PUe-SWLBYW0 A8 | 1M ARIq | Ul UO//:SdNY) SUORIPUOD pue SWB 1 84} 89S *[7202/20/G2] U0 A%eiqiaulluO A8]IM e1ouUse A 8 BOIUOSY0d BISBAIN AQ T60€202 10d/200T 0T/I0p/LLI00" A3 1M AReiq 1 |Buluoy/Sdny oy pepeojumod ‘0T ‘v20Z ‘69TvZy9z



LI ET AL.

2225
oA of W LEY-_L_2

many characteristics of the system. More specifically, for
drug-loaded PEG-b-PLA NPs, these characteristics
include the properties of PEG-b-PLA polymer, such as
molecular weight, chain lengths of PEG and PLA, and
PEG/PLA ratio; the properties of the drug, such as hydro-
philicity/hydrophobicity; the drug distribution over the
matrix; and the interaction between the drug and
the matrix.> Therefore, drug diffusion is actually case-
dependent and difficult to be explained with a unified
model. In contrast, degradation of the NP matrix can be
more easily determined and simply explained by two
main mechanisms according to the driving force:

TABLE 1 NP characterization by
polymer analysis after rapamycin
release in PBS buffer (pH 7.4/pH 6.5/

pH 5.0) at 37°C for 120 h. Lactide units
Mn

Polymer conc

Results (normalized)

(a) bulk-erosion induced by polymer-chain cleavage;
(b) surface-erosion mediated by other factors, while the
polymer remains nearly stable.*’

For PEG-b-PLA polymer, the hydrophobic block,
i.e.,, PLA, can undergo chain cleavage due to hydrolysis
and scission of ester bonds, and this process can be accel-
erated at acidic pH compared to neutral pH.** However,
in previously reported literature, depending on the char-
acteristics of the system, such as the nature of PEG-b-
PLA copolymers and their packing in the formed NPs,
the results were inconsistent as to whether the cleavage
under different pH conditions made a significant

Day 0 Day 5

pH 7.4 (%) pH 7.4 (%) pH 6.5 (%) PH 5.0 (%)

100 +4.31 —0.72 —4.31
—1.01 +1.20 +1.04
—50.59 —53.64 —56.14

Note: Before gel permeation chromatography (GPC) measurements, the NP solutions were freeze-dried and
dissolved in THF, therefore, they were in the free polymer form. Since the number of lactide units and Mn
were almost the same as those of PEG-b-PLA, the polymer concentration that is, the integration of the
polymer peak, can be used as the indicator for particle weight loss after release. All values were normalized
to the initial values in PBS buffer (pH 7.4) before release. Data are presented as the mean (n = 4) for Mn
and polymer concentrations.

FIGURE 4 Rapamycin-loaded
PEG-b-PLA NP erosion after
incubation in PBS. Representative
scanning electron microscopy (SEM)
images of the NPs at (A) Day 2 and
(B) Day 5 in PBS buffer (pH 7.4);

(C) Day 2 and (D) Day 5 in PBS
buffer (pH 6.5).
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difference in drug release within a short period (<5 days).
For example, the differences were observed in some
studies,” ™ while in others, PEG-b-PLA NPs exhibited
similar release profiles at acidic pH and neutral pH.>*">®

In our study, to determine the possible hydrolysis of
PEG-b-PLA after drug release, NMR spectroscopy and
GPC techniques were used to analyze the number of lac-
tide units in the polymer and the number average molec-
ular weight (Mn) of the polymer, respectively.
Furthermore, the polymer concentration was calculated
and included in Table 1.

It is clear from the data in Table 1 that after 5 days,
neither the number of lactide units in the polymer nor its
Mn were significantly different among the three groups.
This finding suggests that the cleavage of PEG-b-PLA was
not affected much under acidic pH conditions, possibly
due to the compact packing of the polymer chains and
consequent slow rate of hydrolysis. This effect can be
ascribed to the fact that the packing of PEG and PLA
blocks in the micellar-like structure restrains the diffu-
sion/permeation rate of the buffer through the matrix,
thus reducing their interaction. However, there was a sig-
nificant decrease in polymer concentration in all three
groups, by more than 50% after 120 h, showing that the
degradation of the NP matrix occurred in preference to
notable polymer hydrolysis. The evidence supports that
the degradation of the particles might be primarily driven
by surface erosion.

To visualize the degradation of rapamycin-loaded NPs
in PBS buffer at different pH values (7.4 or 6.5), a small
aliquot was taken from each sample after 2 and 5 days,
respectively. Representative SEM images of the samples
are shown in Figure 4. Before drug release, the particles
showed a narrow size distribution as well as a smooth
surface (Figure S10). After 2 days, in both groups, the
NPs were surface-porated, while retaining their spherical
shape. After 5 days, the NPs increased their surface-
roughness and were no longer spherical. In addition,
DLS measurements were carried out to determine the

particle size distribution (PSD) of the NPs after rapamy-
cin release (Figure S12). After 120 h, the average D, of
the NPs in all three groups increased to above 1 pm and
the PDI was higher compared to that before drug release,
which might be a result of particle aggregation into clus-
ters caused by the erosion.”® Further PSD analysis
(Table S2) was performed according to Figure 4. It was
observed that NPs under neutral pH conditions showed
more significant swelling in the early stage of release,
while NPs under acidic pH conditions showed the similar
behavior in the later stage. This time-independent differ-
ence will be examined in the future.

In this study, rapamycin release was determined by
measuring rapamycin contents in the supernatant after
centrifugation. One might argue whether the observed
erosion was caused by centrifugation. To this end, the
stability of rapamycin-loaded NPs to centrifugation was
assessed as a control. After a series of centrifugation and
resuspension, the NPs maintained a well-defined spheri-
cal morphology (Figure S13) and a nearly constant poly-
mer concentration (Table S3), as verified by SEM and
GPC measurements, respectively. Another control experi-
ment was performed to find out whether centrifugation
caused the release without affecting the integrity of the
NPs. After centrifugation (time = 0h), we did observe
rapamycin in the supernatant. However, the integration
value was approximately 1000 times lower than that of
loaded rapamycin. From our perspective, this extremely
low release is negligible compared to the release caused
by the degradation of the NP matrix.

3.4 | Invitro T cell suppression

The immunosuppressive drug rapamycin has been shown
to inhibit T cell proliferation by blocking the mammalian
target of the rapamycin (mTOR) signaling pathway.®® As
a proof-of-concept that our rapamycin-loaded NPs can
suppress T cell proliferation, we tested the in vitro

FIGURE 5

In vitro T cell suppression studies. (A) Experimental design. Peripheral blood mononuclear cells (PBMCs) were isolated

from healthy donor-derived buffy coats by density gradient centrifugation, followed by peripheral blood lymphocyte (PBL) enrichment
through monocyte adherence. After CellTrace Violet (CTV) staining, cells were stimulated with Dynabeads (1:2 cell/bead) in the presence of

either free rapamycin, rapamycin-loaded PEG-b-PLA nanoparticles (NPs), or unloaded NPs. After 24 h (i.e., Day 1), the supernatants were
collected and analyzed by IL-2 ELISA analysis. After 90 h (i.e., Day 4), the cells were assessed by flow cytometry. (B) Production of IL-2
determined through ELISA after 24 h. (C) Binding of rapamycin-loaded NPs or unloaded NPs to CD4" and CD8" T cells (%) as determined
through flow cytometric analysis of Cy5 fluorescence after 90 h. Expansion index (average fold-expansion of the whole population) of

(D) CD4" and (E) CD8" T cells as determined through flow cytometric analysis of CTV fluorescence after 90 h. The three polymer
concentrations in the unloaded NP group corresponded to the three polymer concentrations in the rapamycin-loaded NP group,

respectively: H, high concentration; I, intermediate concentration; L, low concentration. All data are represented as the mean + SD (N = 4

donors); ns: p > 0.05, **: p < 0.01.
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proliferation of activated PBLs (N = 4 donors) incubated
with three concentrations of either unloaded NPs, free
rapamycin or rapamycin-loaded NPs (Figure 5A). After
24 h, ELISA analysis showed that both free and loaded
rapamycin reduced the production of IL-2 in comparison
with the unloaded NPs (Figure 5B). Since IL-2 is mainly
produced by activated CD4" T cells, the results suggest
that the activation was inhibited, demonstrating that the
loaded rapamycin was released and utilized. After 90 h,
flow cytometric analysis (Figure S15a) revealed signifi-
cant binding of Cy5-labeled NPs to both CD4" and CD8™
T cell subsets (Figures 5C and S15b). Since there is no
antigen presented on the surface of the NPs, this binding
behavior can be explained by the fact that they are actu-
ally internalized by T cells rather than bound to T-cell
receptors. To support the internalization of NPs, in addi-
tion to flow cytometric analysis, we performed fluores-
cence image analysis of NPs in live PBLs using CLSM.
This was confirmed as Cy5-labeled NPs were found to be
localized within cells (Figure S16). Additionally, it was
shown that PEG-b-PLA NPs did not reduce cell viability
upon an increase in rapamycin concentration
(Figure S15c). This data suggests that PEG-b-PLA NPs
associate with T cells in vitro without inducing signifi-
cant cytotoxicity and could be a safe platform for the
delivery of rapamycin. Furthermore, both free and loaded
rapamycin inhibited T cell expansion in a concentration-
dependent manner for both CD4" (p <0.0001) and
CD8™" (p = 0.0001) T cell subsets (Figure 5D,E). Interest-
ingly, rapamycin-loaded PEG PLA NPs compared to free
drug suppressed T cell expansion more strongly in CD4™"
T cells (p = 0.0207) than in CD8" T cells (p = 0.1008). A
further group-to-group analysis of the same drug concen-
tration showed that the encapsulation effect was signifi-
cant at the lowest rapamycin concentration for CD4"
cells (p = 0.0074) but not for CD8" cells (p = 0.1010)
(Figure 5D,E). Similar concentration-dependent results
were observed for the mean number of divisions under-
gone by the T cells (Figure S15d,e), but in spite of the dif-
ferent effects on CD4" and CD8" T cell proliferation, no
significant differences were found in the CD4 over CD8
ratio (Figure S14f). Moreover, rapamycin more strongly
suppressed CD4" T cells which could be explained by the
higher frequency of CD4" T cells generally found in PBLs
(Figure S14f). Taken together, these data demonstrate
that rapamycin is capable of suppressing in vitro T cell
proliferation, and its encapsulation in PEG-b-PLA NPs
does not impair this effect and even enables it to perform
better on CD4" cells at low rapamycin concentration.
Given the sustained-release effect provided by the encap-
sulation, rapamycin-loaded PEG-b-PLA NPs would be a
more suitable candidate for systemic administration than
the free drug.

4 | CONCLUSIONS

In this work, a novel and facile method for the prepara-
tion of PEG-b-PLA NPs was achieved through a sequen-
tial two-step process, involving synthesis of PEG-b-PLA
in DMF, directly followed by water addition to the poly-
mer solution. By a combination of DLS, SEM, dry- and
cryo-TEM techniques, these NPs were shown to be well-
defined spherical and possess a solid structure. Further-
more, the potential drug delivery capacity of the PEG-b-
PLA NPs was investigated by rapamycin encapsulation
and release testing. In vitro drug release tests showed that
rapamycin-loaded NPs had comparable sustained-release
profiles at different pH conditions, which could be eluci-
dated by the similarity in the degradation behavior of the
NP matrix after release. Moreover, in vitro T cell suppres-
sion assays revealed that rapamycin-loaded NPs exhibited
similar or even better inhibitory performance to free
rapamycin on CD4" and CD8™" cells at three rapamycin
concentrations, showing that the encapsulation does not
compromise the suppression effect.

To the best of our knowledge, apart from ring-
opening polymerization-induced crystallization-driven
self-assembly (ROPI-CDSA),"” this is the first example to
show that PEG-b-PLA synthesis and particle formation
can be combined in a continuous manner. This method
does not require polymer purification between polymer
synthesis and particle formation, which is considered
necessary in conventional studies, in order to maximize
preparation efficiency. This study could contribute to a
scalable synthesis of polymeric NPs. For example, the
approach can be applied to the fabrication of other poly-
meric particles by polymer synthesis in DMF or other
water-miscible organic solvents and water-induced self-
assembly. It can also be used in microfluidic-based plat-
forms for continuous NP fabrication. In addition, the pH-
independent sustained-release behavior of rapamycin
from the NPs raises the possibility of this system to pre-
cisely control the therapeutic window of drugs regardless
of changes in ambient pH. Overall, our rapamycin-loaded
PEG-b-PLA NPs offer interesting properties (including
straightforward synthesis, dimensions, stability, biocom-
patibility, and demonstrated therapeutic effect) for appli-
cations in the emergent area of immunotherapy.
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