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Core-crosslinked, temperature- and pH-responsive micelles:
design, physicochemical characterization, and gene delivery
application

We report the molecular creation of polymeric building blocks
and nanoscale engineered, stimuli-responsive micelle entities
that were variably crosslinked to control their dynamics.
Besides the nanoscale material design, we monitored the
physicochemical properties on the application-oriented length
scales, thereby resolving their dynamics by a combination of
dynamic light scattering and in situ studies by an analytical
ultracentrifuge, covering a wide temperature range. Based on
micelle design and desired properties, we took a step forward to
a potential use as gene delivery vectors. The micelle structures
were thereby studied in depth, considering complexation of
genetic material. Subsequently, we were able to identify a
significantly enhanced gene delivery performance in vitro.
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Introduction

Core-crosslinked, temperature- and pH-responsive
micelles: design, physicochemical
characterization, and gene delivery applicationt

Katharina Leer, @ $** Gizem Cinar, @ £*® Jana I. Solomun, @ Liam Martin,®®
Ivo Nischang 2 **P and Anja Traeger @ *2P

Stimuli-responsive block copolymer micelles can provide tailored properties for the efficient delivery of
genetic material. In particular, temperature- and pH-responsive materials are of interest, since their
physicochemical properties can be easily tailored to meet the requirements for successful gene delivery.
Within this study, a stimuli-responsive micelle system for gene delivery was designed based on a diblock
copolymer consisting of poly(N,N-diethylacrylamide) (PDEAmM) as a temperature-responsive segment
combined with poly(aminoethyl acrylamide) (PAEAmM) as a pH-responsive, cationic segment. Upon temp-
erature increase, the PDEAmM block becomes hydrophobic due to its lower critical solution temperature
(LCST), leading to micelle formation. Furthermore, the monomer 2-(pyridin-2-yldisulfanyl)ethyl acrylate
(PDSAc) was incorporated into the temperature-responsive PDEAmM building block enabling disulfide
crosslinking of the formed micelle core to stabilize its structure regardless of temperature and dilution.
The cloud points of the PDEAm block and the diblock copolymer were investigated by turbidimetry and
fluorescence spectroscopy. The temperature-dependent formation of micelles was analyzed by dynamic
light scattering (DLS) and elucidated in detail by an analytical ultracentrifuge (AUC), which provided
detailed insights into the solution dynamics between polymers and assembled micelles as a function of
temperature. Finally, the micelles were investigated for their applicability as gene delivery vectors by evalu-
ation of cytotoxicity, pDNA binding, and transfection efficiency using HEK293T cells. The investigations
showed that core-crosslinking resulted in a 13-fold increase in observed transfection efficiency. Our study
presents a comprehensive investigation from polymer synthesis to an in-depth physicochemical charac-
terization and biological application of a crosslinked micelle system including stimuli-responsive behavior.

geted cells. Although viral vectors are evolutionarily optimized
for delivering genetic material, non-viral alternatives are con-

Gene therapy has received increased attention in recent years
and the first treatments for genetic diseases entered the
market."? Currently, the potential for gene transfer has not yet
been fully exploited in the fields of genetic diseases® and
cancer therapy.® Appropriate delivery systems are needed,
which can be viral’ or non-viral®’ in nature, in order to
achieve the successful transport of genetic material to the tar-
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sidered to be easier to scale-up, modify, and less immunogenic
than their viral counterparts.>® In such cases, polymer-based
nanocarriers could be advantageous due to the opportunity to
readily tailor design criteria in terms of composition and struc-
ture.’ Indeed, the incorporation of stimuli-responsive seg-
ments in copolymers offers the ability to tune the physico-
chemical properties of the polymer to suit destined biomedical
applications by, e.g., changing solution environmental con-
ditions such as pH'™*? or temperature.'*'® Relevant research
focuses on cationic, amine-containing polymers enabling the
binding of the negatively charged genetic cargo.®'” The
formed polymer-nucleic acid-complexes, also called polyplexes,
can then penetrate the cells via endocytotic routes and, ideally,
transport the genetic material to the targeted location, i.e., the
cell nucleus or cytoplasm. pH-Sensitive polymers are known to
support the cellular delivery, ie., uptake and endosomal
escape.'®

This journal is © The Royal Society of Chemistry 2021
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Thermo-responsive polymers dissolved in aqueous solution
usually undergo a phase transition upon temperature
changes.'® Polymers with a lower critical solution temperature
(LCST) are soluble in a solvent below their LCST. However, if
the temperature is increased, the binary polymer solution
phase separates and forms two non-miscible liquid phases.
The LCST is defined as the minimum temperature of the con-
centration-dependent phase diagram of a binary mixture. The
coil-to-globule transition can be observed when a polymer
solution turns cloudy at elevated temperatures, representing
the cloud point temperature (T,) of the polymer.”® The T, of
a polymer strongly depends on the polymer concentration,*!
its composition,**** and ionic strength of the solvent.**** In
fact, the T, of a polymer can be adjusted by the incorporation
of hydrophilic and hydrophobic monomers in its backbone.*®

The most studied thermo-responsive polymer for biological
applications is poly(N-isopropylacrylamide) (PNIPAm), which
exhibits a LCST at approximately 32 °C in water.””*® Since its
LCST is close to the body temperature, NIPAm was combined
with different monomers to form a variety of stimuli-respon-
sive copolymers with adjusted LCST.**° Statistical copolymers
of NIPAm showed higher transfection efficiencies when the
cells were incubated near room temperature instead of 37 °C
for the experimental timescale.*™** This was attributed to the
dissociation of the polyplex below the LCST and subsequent
release of pDNA inside the cells. However, in vitro studies con-
ducted below 37 °C are difficult to interpret, since cell metab-
olism, and thus, transfection efficiency is altered regardless of
the utilized polymer.*® Since the transfection efficiency
increases at temperatures below 37 °C, controls must be care-
fully chosen.*® Considering this limitation, it was demon-
strated that the combination of a long PNIPAm block and a
short cationic block led to increased transfection efficiency.*
Fliervoet and coworkers showed that the incorporation of a
PNIPAm block into the copolymer structure decreased the cyto-
toxicity of the cationic groups of the polyplexes due to the
reduction of surface charges.*

Another polyacrylamide-based thermo-responsive polymer
is poly(N,N-diethylacrylamide) (PDEAm), which shows a com-
parable LCST to PNIPAm (33 °C).*® Block copolymers featuring
one block with LCST behavior become amphiphilic at elevated
temperatures, since the temperature-responsive block pro-
motes phase separation, leading to the assembly of various
nanostructures, particularly polymeric micelles.>”*® In this
context, PDEAm containing block copolymers were studied
with the stealth-polymer poly(ethylene glycol),>® poly(2-(di-
methylamino)ethyl methacrylate) (PDMAEMA),*° or poly(i-
lysine)*" as pH-responsive segments in terms of their thermo-
responsive self-assembly behavior. However, PDEAm was not
investigated regarding its gene delivery potential up to now.

A general drawback of polymeric micelles is that they dis-
sociate below their critical micelle concentration (CMC).** If
used below the CMC for biomedical applications, these
micelle systems need to be stabilized, as dilution effects are
expected in vivo.*> Another effect to be considered is that temp-
erature-responsive nanostructures disassemble below their
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phase transition temperature. To avoid dissociation of the
temperature-responsive polymeric micelles below the CMC
and LCST, either the core®™® or the shell®**%*° can be co-
valently crosslinked above the CMC at elevated temperatures,
leading to micelles with a permanent core-shell structure.
Covalent crosslinking of the micelle core can be realized, e.g.,
through disulfide crosslinking.***”*®

To decode the change in structural dynamics of such temp-
erature-responsive polymeric systems, analytical ultracentrifuga-
tion, an absolute and eminent hydrodynamic technique, can be
considered.” The analytical ultracentrifuge (AUC) can provide a
gentle characterization platform for liposomes, nanoparticles,
and also for thermo-responsive polymers or micelles in the field
of gene delivery as reported for PNIPAm and PNIPAm-based
copolymers.’>>* E.g., Burova and coworkers investigated the
conformational behavior of PNIPAm and its complexes with
poly(methacrylic acid) regarding temperature changes by
making use of an AUC.”* Notwithstanding, it should be noted
that these mentioned studies show the absolutely obtained sedi-
mentation coefficients observed at different temperatures,
without considering different solvent viscosities and densities.
In recent studies, the obtained features of multicomponent
drug-delivery systems by the AUC demonstrated unprecedented
insight, impossible to obtain by other utilized standard analyti-
cal methods,”>*® such as light scattering or microscopic
techniques,”” ™ in instances requiring prior sample
processing.’®”° In fact, an AUC provides a separation opportu-
nity of different solution species in their native state in a herme-
tically closed system®® under conditions of a globally conserved
mass balance during the experiments.>>>°

Herein, we report on a tailored synthetic polymer design,
in-depth physicochemical analysis of the temperature-respon-
sive nanocarriers through standard and advanced characteriz-
ation by the AUC, and the carriers’ application for gene deliv-
ery. Therefore, we start with the design of a diblock copolymer,
containing PDEAm as the temperature-responsive segment
with the second block consisting of the pH-responsive polymer
poly(aminoethyl acrylamide) (PAEAm) (pK, = 8.3-8.5).
Previously, this primary amine-containing homopolymer
showed moderate transfection efficiency for pDNA.®' The PDS-
functionalized monomer 2-(pyridin-2-yldisulfanyl)ethyl acry-
late (PDSAc) was additionally incorporated into the thermo-
responsive PDEAm block. This moiety facilitates the cross-
linking of the micelle core of the temperature-responsive block
copolymer at elevated temperatures through reaction with the
bifunctional crosslinker 1,6-hexanedithiol. The thermo-respon-
sive behavior of the block copolymers and the effect of core-
crosslinking was investigated physicochemically by turbidime-
try, fluorescence measurements of an encapsulated com-
pound, dynamic light scattering (DLS), and the AUC. Then, the
block copolymer assemblies were evaluated regarding their cel-
lular toxicity and transfection efficiency compared to the non-
crosslinked polymer, in order to reveal the impact of the cross-
linked micelle structure on the gene delivery process. Our
study focuses on the physicochemical properties of a tempera-
ture-responsive amphiphilic diblock copolymer enabling the
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formation of micelles. To the best of our knowledge, this rep-
resents the first study which evaluates the temperature-depen-
dent micelle formation in detail with the AUC and compares
the results to DLS measurements. Furthermore, it is the first
time that the polymer/micelle system presented in this work is
used for gene delivery.

Materials and methods
Chemicals and materials

Acryloyl chloride, dimethyl sulfoxide (DMSO, anhydrous,
99.9%), 1,4-dioxane (anhydrous, 99.8%), 2,2'-dipyridyl di-
sulfide, 1,6-hexanedithiol, 2-mercaptoethanol and 1,3,5-triox-
ane were obtained from Sigma-Aldrich (now Merck, Germany).
N,N-Diethylacrylamide (DEAm) and trifluoroacetic acid (TFA)
were obtained from TCI (Germany). Sodium sulfate (Na,SO,)
was obtained from Griissing GmbH (Germany). Glacial acetic
acid (HOAc) and sodium chloride (NaCl) were obtained from
Fisher Chemical (Germany). Triethylamine (TEA) was obtained
from Carl Roth (Germany). N,N-Dimethylacetamide (DMAc,
reagent grade, 99%) was obtained from Honeywell
International Inc. (Germany). V-65B (2,2"-azobis(2,4-dimethyl-
valeronitrile)) was obtained from FUJI-FILM Wako Chemicals
(Germany). DEAm and 1,4-dioxane were stored over inhibitor
removal beads (containing 4-methoxyphenol) at 4 ©°C.
Dichloromethane (DCM) and methanol were obtained from an
on-site solvent purification system. Tetrahydrofuran (THF),
n-hexane, ethyl acetate, and diethyl ether were distilled on site.
The chain transfer agent (CTA) 2-(((butylthio)-carbonothioyl)
thio)propanoic acid, called (propanoic acid)yl butyl trithiocar-
bonate (PABTC), was prepared according to a previously
reported synthesis.®” The synthesis procedure and characteriz-
ation of the monomer PDSAc can be found in Fig. S1 and 2 of
the ESL{ The monomer AEAmM®™ and homopolymer
P(AEAm)os (pA) were synthesized and available from another
study.®!

All the following materials were ordered from the suppliers
stated in brackets: HEK293T cells (DSMZ, Germany), TC
treated cell culture flasks (Greiner Bio-One International
GmbH, Austria), TC treated multiwell cell culture plates (VWR
International GmbH, Germany), Dulbecco’s modified Eagle’s
medium (DMEM) and 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) buffer (Biowest SAS, France), fetal
bovine serum (FBS, Capricorn Scientific, Germany), Penicillin-
Streptomycin and PrestoBlue™ cell viability reagent (Thermo
Fisher Scientific, MA, US), trypsin-EDTA and 0.4% trypan blue
solution (Sigma-Aldrich, MO, US), ethidiumbromide solution
(Carl Roth, Germany), heparin sodium salt (Alfa Aesar, MA,
US), linear poly(ethylenimine) (25 kDa, Polysciences, PA, US).
Plasmid DNA encoding for enhanced green fluorescent protein
(mEGFP-N1, 4.7 kb, Addgene plasmid #54767; http:/n2t.net/
addgene:54767; RRID: Addgene_54767) or Myc (pKMyc, 4.7
kb, Addgene plasmid #19400; http:/n2t.net/addgene:19400;
RRID: Addgene_19400) was isolated from E. Coli using a Giga
plasmid kit (Qiagen, Germany).
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Instruments

'H NMR (300 MHz) spectra and >*C NMR (75 MHz) spectra
were measured on a spectrometer from Bruker equipped with
an Avance I console, a dual 'H and "*C sample head and a 60 x
BACS automatic sample changer. The signals were determined
by using the residual solvent as the reference. All NMR spectra
were analyzed with ACD/Spectrus Processor 2019.1.3.

Size exclusion chromatography (SEC) was performed on an
Agilent 1200 series system, equipped with a PSS degasser, a
G1310A pump and a Techlab oven (tempered at 40 °C). A
G1362A refractive index (RI) detector was utilized for data
acquisition. The used eluent was 0.21 wt% LiCl in DMAc at a
flow rate of 1 mL min™". Both, a PSS Gram 30 A column (300 x
0.8 mm, 10 pm particle size) and a PSS Gram 1000 A column
(300 x 0.8 mm, 10 pm particle size) placed in series served as a
column set. The samples were filtered through a
polytetrafluoroethylene (PTFE) membrane with a 0.45 pm pore
size prior to injection. The apparent molar masses were deter-
mined using a poly(methyl methacrylate) (PMMA) standard
calibration to calculate number- and weight-average molar
masses, My sgc and My, sgc, together with the dispersities (b =
M,/M,).

Electrospray ionization mass spectrometry (ESI-MS) was
performed by using a micro-TOF Q-II (Bruker Daltonics) mass
spectrometer equipped with an automatic syringe pump from
KD Scientific for sample infusion. The ESI-Q-TOF mass
spectrometer was operating at a voltage of 4.5 kV, a desolvation
temperature of 180 °C, and in the positive ion mode. Nitrogen
was used as the nebulizer and drying gas. All samples were
infused using a constant flow rate of 3 pL min~". The instru-
ment was calibrated in the m/z range of 50-3000 using a cali-
bration standard (ESI-L Low Concentration Tuning Mix), which
was acquired from Agilent Technologies (Waldbronn,
Germany). All data were analyzed via the Bruker Data Analysis
software version 4.2.

Dynamic light scattering (DLS) was performed with a
Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany),
equipped with a 633 nm laser. All measurements were per-
formed in disposable micro cuvettes (ZEN0040, Malvern
Instruments, Herrenberg, Germany). After an equilibration time
of 60 s, three measurements were carried out using an automatic
selection of the measurement position at the different tempera-
tures. The scattered light intensity fluctuations were monitored
at a backscattering angle of 173°. The z-average hydrodynamic
diameters (dj) are based on the Stokes-Einstein relation and
the corresponding polydispersity index (PDI) of the samples ori-
ginated from the cumulants method.

Sedimentation velocity experiments were performed with
an Optima Analytical Ultracentrifuge (AUC) (Beckman Coulter
Instruments, Brea, CA) using double-sector Epon centerpieces
with a 12 mm optical solution path length. The cells were
placed in an An-50 Ti eight-hole rotor. The cells were filled
with 420 pL sample solution in diluent and with 440 pL of a
150 mM aqueous NaCl solution or a D,0/150 mM aqueous
NacCl solution mixture as the reference.

This journal is © The Royal Society of Chemistry 2021
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Solvent density measurements were performed with a
DMA4100 densimeter (Anton Paar, Graz, Austria). 1 mL of the
prepared solvent was used to fill the measurement tube and
investigated at the respective temperatures where sedimen-
tation velocity experiments were carried out, ie., (i) 5 °C, (ii)
20 °C, and (iii) 40 °C.

Viscosity measurements were performed with an
Automated Microviscometer (AMVn, Anton Paar, Graz, Austria)
at the respective temperature where sedimentation velocity
experiments were carried out, ie., at (i) 5 °C, (ii) 20 °C, and
(iii) 40 °C. The instrument was operated with a capillary/ball
combination.

Synthesis of polymers

P(DEAm)g, (pD). PABTC (18.0 mg, 7.6 x 10~ mol), DEAm
(768.0 mg, 6.0 x 10~ mol), 1,4-dioxane (460.0 mg, 446.6 uL),
V-65B (104.2 mg of a 1 wt% solution in 1,4-dioxane, 1.0 mg,
4.0 x 107° mol) and 1,3,5-trioxane (11.0 mg) as an external
NMR reference were introduced to a vial equipped with a mag-
netic stirring bar which was sealed with a cap. The mixture
was deoxygenated by bubbling argon through the solution for
10 min. The vial was then transferred to a thermostated oil
bath set to 55 °C. After a polymerization time of 4 h, the flask
was cooled to room temperature (RT) and exposed to air. 2-3
droplets of the polymerization mixture were used for '"H NMR
and SEC analysis. Afterward, the solvent was removed under
reduced pressure, the crude polymer was dissolved in 5 mL
THF and precipitated into —80 °C cold n-hexane (3 x 20 mL).
Finally, the polymer was dried under vacuum. 'H NMR
(300 MHz, CDCl;): § = 0.78-1.52 (br, 480H, 2 x CH;3-CH,-),
1.52-2.23 (br, 160H, —-CH,-CH(C=0)-), 2.23-2.87 (br, 80H,
~CH,-CH(C=0)-), 2.87-3.81 (br, 320H, 2 x CH;~CH,-) ppm.

P(PDSAc,-co-DEAmg;) (pPD). PABTC (40.0 mg, 1.7 x 107"
mol), PDSAc (332.0 mg, 1.4 x 10~° mol), DEAm (1536.7 mg, 1.2
x 107> mol), 1,4-dioxane (2667.5 mg, 2589.8 uL), V-65B
(357.0 mg of a 1 wt% solution in 1,4-dioxane, 3.6 mg, 1.4 x
10~° mol) and 1,3,5-trioxane (15.2 mg) as an external NMR
reference were introduced to a vial equipped with a magnetic
stirring bar, which was sealed with a cap. The mixture was
deoxygenated by bubbling argon through the solution for
10 min. The vial was then transferred to a thermostated oil
bath set to 60 °C. After a polymerization time of 2.5 h, the
flask was cooled to RT and exposed to air. 2-3 droplets of the
polymerization mixture were used for "H NMR and SEC ana-
lysis. Afterward, the solvent was removed under reduced
pressure, the crude polymer was dissolved in 5 mL THF and
precipitated into —80 °C cold n-hexane (3 x 30 mL). Finally, the
polymer was dried under vacuum. "H NMR (300 MHz, CDCl):
& = 0.83-1.51 (br, 366H, 2 x CH3-CH,-), 1.51-2.04 (br, 136H,
-CH,-CH(C=0)-), 2.04-2.84 (br, 68H, -CH,~CH(C=O0)-),
2.84-3.81 (br, 258H, 2 x CH3-CH,—, -S-S-CH,-), 4.05-4.51
(br, 14H, -S-S-CH,-CH,-O-(C=0)-), 7.10 (s, 7H, -CH—=CH-
N=C(CH-)-S-), 7.67 (s, 14H, -CH-(C—N-)-S-, -CH—CH-
(C=N-)-S-), 8.45 (s, 7H, -CH=CH-N=C(CH-)-S-) ppm.

P(PDSAc;-co-DEAmg,)-b-P(AEAM™*),,  (pPDA®).  pPD
(1000.0 mg, 1.0 x 10~* mol), AEAM®* (2100.7 mg, 9.8 x 1073

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

mol), 1,4-dioxane (1524.0 mg, 1479.6 pL), DMAc (1755.0 mg,
1867.0 pL), V-65B (221.6 mg of a 1 wt% solution in 1,4-
dioxane, 2.2 mg, 8.5 x 10~° mol) and 1,3,5-trioxane (32.5 mg)
as an external NMR reference were introduced to a vial
equipped with a magnetic stirring bar which was sealed with a
cap. The mixture was deoxygenated by bubbling argon through
the solution for 10 min. The vial was then transferred to a ther-
mostated oil bath set at 55 °C. After a polymerization time of
2 h, the flask was cooled to RT and exposed to air. 2-3 droplets
of the polymerization mixture were used for "H NMR and SEC
analysis. Afterward, the solvent was removed under reduced
pressure, the crude polymer was dissolved in 15 mL THF and
precipitated into n-hexane at RT (2 x 140 mL). Finally, the
polymer was dried under vacuum. "H NMR (300 MHz, CDCl,):
§ = 0.94-1.20 (br, 366H, 2 x CH,~CH,-), 1.20-1.56 (br, 693H,
-0-C(CH3);), 1.56-1.98 (br, 290H, -CH,-CH(C=O0)-),
1.98-2.86 (br, 145H, ~CH,-CH(C=O0)-), 2.86-3.90 (br, 566H, 2
x CH4-CH,-, -S-S-CH,-, -NH-CH,~CH,-NH-), 4.11-4.5 (br,
14H, -S-S-CH,-CH,-O~(C=0)-), 4.97 (s, 77H, -NH-(C=0)-
0-), 6.45 (s, 77H, CH,—CH-(C—=0)-NH-), 7.10 (s, 7H,
-CH=CH-N=C(CH-)-S-), 7.68 (s, 14H, -CH-(C=N-)-S-,
~-CH=CH-(C=N-)-S-), 8.46 (s, 7H, -CH=CH-N=C(CH-)-S-)
ppm.

Deprotection of the pPDA®*° to obtain pPDA. A sample of
pPDAP*® was introduced to a 50 mlL round-bottom flask
equipped with a magnetic stirring bar. TFA and deionized
water (97/3, v/v) were added to reach a sample concentration of
275 mg mL~". The solution was stirred for 3 h at RT and the
TFA was blown-off overnight using compressed air.
Subsequently, the crude deprotected polymer was dissolved in
7 mL of methanol and precipitated in —80 °C cold diethyl
ether (3 x 30 mL). Finally, the deprotected polymer was dried
under vacuum. "H NMR (300 MHz, CD;0D): § = 0.89-1.33 (br,
366H, 2 x CH;-CH,-), 1.33-2.00 (br, 290H, ~CH,-CH(C=0)-),
2.00-2.93 (br, 145H, ~CH,~CH(C=0)-), 2.93-3.82 (br, 566H, 2
x CH3—CH,~, -S-S-CH,~-, -NH-CH,~CH,-NH-), 4.14-4.57 (br,
14H, -S-S-CH,-CH,-O-(C=0)-), 7.24 (s, 7H, -CH=CH-N=C
(CH-)-S-), 7.84 (s, 14H, ~-CH-(C—=N-)-S-, -CH—CH-(C—=N-)-
S-), 8.43 (s, 7H, -CH=CH-N=C(CH-)-S-) ppm.

Determination of the cloud point (T;)

Turbidimetry. The T, was determined by turbidity measure-
ments at different temperatures with the Crystal 16 from
Technobis crystallization systems. A sample of pD was dis-
solved in ultrapure water to obtain concentrations ranging
from 8 to 0.25 mg mL ™. Afterward, 1 mL of each sample was
heated simultaneously from 15 to 80 °C at a heating rate of
0.5 °C min~" and the turbidity was measured. A sample of pPD
was dissolved in ultrapure water or 150 mM aqueous NaCl
solution to obtain concentrations ranging from 2 to 0.5 mg
mL~'. Afterward, 1 mL of each sample was heated simul-
taneously from 5 to 80 °C at a heating rate of 0.5 °C min~" and
the turbidity was measured. The T, of each sample was deter-
mined at the temperature value resulting in 50% of the orig-
inal transmittance.
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Fluorescence spectroscopy. The T, was determined by fluo-
rescence measurements at RT with a JASCO FP-8300 spectro-
meter equipped with a Peltier element, using Nile red as the
fluorescent dye. A sample of pPDA was dissolved in 3 mL of a
150 mM aqueous NaCl solution to reach a sample concen-
tration of 1 mg mL™". The 150 mM aqueous NaCl was used as
the blank. Afterward, 11.9 pL of a 3.14 x 10~* M (0.1 mg mL™")
solution of Nile red in THF was added to the sample and incu-
bated overnight at RT. Then 2 mL of the sample was trans-
ferred to a Hellma quartz cuvette with a magnetic stirring bar
and the fluorescence was measured from 60 down to 10 °C
with a 5 °C interval. The sample was equilibrated at each temp-
erature for 30 min before each measurement. The fluorescence
spectra were measured from an emission wavelength of 550 to
725 nm at an excitation wavelength of 535 nm and a band-
width of 1 nm. For T, determination, the maxima of fluo-
rescence emission spectra were plotted versus the temperature.
The T, was determined as the intersection point in the plot of
the maximum fluorescence emission versus the micelle
concentration.

AUC experiments

Absorbance detection in terms of optical densities (OD) at a
wavelength of 309 nm, i.e., that of the RAFT-agent pendant on
the polymers was utilized for observation of sedimentation
boundaries in respect to time. All measurements were per-
formed at a rotor speed of 42000 rpm for 24 h with 3 min
time intervals. To cover the most interesting temperature
range, measurements were performed at isothermal tempera-
tures of (i) 5 °C, (ii) 20 °C, and (iii) 40 °C.

For investigations of the non-crosslinked pPDA polymer in
solution at different temperatures, a concentration series from
0.24 to 3.98 mg mL ™" in 150 mM aqueous NaCl solution was
prepared. The crosslinked polymer (cross-pPDA®“***) in solu-
tion was further investigated by focusing on a lower concen-
tration range from 0.06 to 1.01 mg mL™" in 150 mM aqueous
NaCl solution, i.e., closer to biologically-relevant application
conditions. Measurements of the crosslinked polymer in solu-
tion after dialysis (cross-pPDA%*¥?¢d) were performed in a con-
centration range from 0.05 to 2.23 mg mL™' in 150 mM
aqueous NaCl solution.

The software Sedfit was utilized for data evaluation while
making use of the Is-g*(s) model, i.e., by a least-squares bound-
ary modelling with a Tikhonov-Phillips regularization pro-
cedure and by assuming non-diffusing species.® As a result,
differential distributions of sedimentation coefficients, s, were
obtained. The integration of the differential distributions of
sedimentation coefficients, 1s-g*(s), allows estimation of signal
(weight) averages of sedimentation coefficients, s. The
obtained integral typically corresponds to the observed plateau
values of sedimentation boundaries in respect to meniscus
depletion.

Transfection of HEK293T cells with mEGFP-N1 pDNA

The HEK293T cell line was cultured in Dulbecco’s modified
Eagle’s medium (DMEM, 1 g L™" glucose, supplemented with
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10% (v/v) FBS, 100 U mL™" penicillin and 100 ug mL ™" strepto-
mycin (D10) at 37 °C in a humidified 5% (v/v) CO, atmosphere.
One day prior to transfection experiments, 0.2 x 10° cells mL™
were seeded into a 24-well plate in 500 pL D10 supplemented
with 10 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
(HEPES, D10 + H). The next day, the medium was exchanged to
450 pL fresh D10 + H 1 h prior to treatment. Polyplexes were
freshly prepared by diluting the materials in HBG buffer (5%
(w/v) glucose, 20 mM HEPES, pH 7.4) to reach a final nitrogen to
phosphate ratio (N/P ratio) of 10, followed by 5 min of incu-
bation at RT. Subsequently, pDNA diluted in HBG buffer (final
pDNA concentration in well 3 ug mL™") was quickly added to the
diluted material by pipetting up and down, followed by vortexing
for 10 s. The polyplexes were incubated at RT for 15 min. For
transfection experiments, polyplexes were either prepared with
mMEGFP-N1 pDNA or pKMyc pDNA (not encoding for the green
fluorescent protein as the negative control). Polyplexes formed
with linear polyethyleneimine (LPEI) were used as positive
control (N/P 20, 3 pg mL™" pDNA). Subsequently, the cells were
treated with 50 uL sample solution or HBG buffer as the control.
The cells were incubated for 48 h with the polyplexes. For experi-
ments evaluating the influence of temperature on transfection
efficiency, the cells were incubated with the samples for 20 h at
37 °C, followed by incubation at 25 °C for 3 h, and subsequent
incubation at 37 °C for a further 25 h. After incubation, the cell
culture supernatant was removed, the cells were detached by
150 pL trypsin EDTA and were then resuspended in 350 pL of
the culture supernatant and measured via flow cytometry
(CytoFlex S, Beckman Coulter, Brea, CA, US) as described pre-
viously.** Additionally, the cells were imaged via fluorescence
microscopy after an overall of 48 h using a Cytation5 Cell
Imaging Multi-Mode Reader (BioTek Instruments, USA)
equipped with a 4x objective using brightfield imaging and the
FITC channel (Agx = 469/35 nm, Ay, = 525/39 nm).

Statistical analysis

To determine statistically significant differences between mul-
tiple groups within data sets one-way analysis of variance (one-
way ANOVA) followed by Bonferroni’s post-hoc test was per-
formed. Experiments on the comparison of two groups in total
were analyzed by the unpaired ¢Test. Data analysis was con-
ducted using OriginPro2018b software and statistically signifi-
cant differences are denoted as follows: *p < 0.05, **p < 0.01,
and ***p < 0.001.

Results and discussion
P(PDSAc-co-DEAm) pPD and its LCST behavior

To investigate the influence of temperature, crosslinking, and
concentration on the stability of micelles for perspective gene
delivery, an amphiphilic diblock copolymer was created via
sequential reversible addition-fragmentation chain-transfer
(RAFT) polymerization, using acrylamide-based monomers
with the CTA PABTC (Fig. 1A, Table 1). The first polymer block
P(PDSAc;-co-DEAmy;) (pPD) consists of two functional mono-
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Fig. 1 (A) Synthetic routes to obtain the homopolymer pD and the first block copolymer pPD by RAFT polymerization. (B) SEC elution traces of pD
and pPD; DMAc containing 0.21 wt% LiCl with a PMMA system calibration. (C) Cloud point temperature (T.,) investigation of pD and pPD in water
and in 150 mM aqueous NaCl solution at different polymer concentrations as determined by turbidimetric measurements.

Table 1 Summary of polymers synthesized by RAFT polymerization and
the corresponding theoretical (M,,+,) and experimental number-average
molar masses (M,, sec) and dispersities (D) derived from SEC

b c
M, n,th M, n,SEC

Code Composition” kg mol™* pe

pD P(DEAm)g, 9.5 84 1.09

pPD P(PDSAC,-co-DEAmS; ) 9.7 68 1.24

PPDAP®  P(PDSAc;-co-DEAMg, )-b-P 262  28.0 1.43
(AEAmM®°°,,)

“Determined via 'H NMR. ?Calculated with eqn (S1) (ESI)t.
¢ Determined via SEC in DMAc (0.21 wt% LiCl) and PMMA calibration.

mers: (i) a thiol-containing monomer PDSAc, which can later
be utilized for disulfide crosslinking reactions, and (ii) the
temperature-sensitive DEAm.*> Additionally, the homopolymer
P(DEAm)g, (pD) was synthesized to compare and evaluate its
temperature-responsive properties against the copolymer pPD
(for "H NMR see Fig. S3, ESIT). The SEC traces of the homopo-
lymer pD and the copolymer pPD showed monomodal popu-
lations with dispersity (D) values ranging from 1.09 to 1.24
(Fig. 1B), indicating that the polymers were synthesized in a
controlled manner. The incorporation of PDSAc appeared to
broaden the elution signal and led to a higher apparent D

This journal is © The Royal Society of Chemistry 2021

value of pPD, when compared to the homopolymer pD. This
could be attributed to the disulfide bond of PDSAc, which, at
high monomer conversions, can act as a CTA, thereby broaden-
ing the molar mass distribution of the polymer.°®®” The
experimental number-average molar masses (M, skc), obtained
from SEC, are different from the corresponding theoretical
molar masses, My, since the hydrodynamic volumes of the
polymers are expected to differ from the standards used for
calibration.

The LCST behavior of the copolymer pPD was examined
and compared to the homopolymer pD by turbidimetric
measurements (Fig. S4-5, ESI}). The T, of pD was investigated
at varying polymer concentrations ranging from 0.5 to 8.0 mg
mL~" (Fig. 1C). Firstly, the incorporation of the crosslinker
PDSAc in the polymer backbone decreased the T, consider-
ably (in the range of 7 to 15 °C) when compared to the homo-
polymer pD (in the range of 30 to 50 °C). In other words, the
coil-to-globule transition occurred at much lower tempera-
tures. The first possible origin is the increase in hydrophobi-
city of the polymers through copolymerization with PDSAc.
Secondly, changing the solvent from water to an aqueous NaCl
solution reduced the T, of pPD only slightly in a concen-
tration-dependent manner, as seen for samples within a con-
centration range of 0.5 to 1.5 mg mL™". This can be attributed
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to the weakening of the hydrogen bonds in aqueous saline
solutions.>**® This effect was most pronounced at the lowest
measured polymer concentration of 0.5 mg mL™". Such obser-
vation is in agreement with the literature, where a decrease of
T., was shown with an increase in polymer concentration®'
and decreasing content of the hydrophilic monomer in the
backbone of the polymer.>>*® It was also demonstrated
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recently that the addition of NaCl to an aqueous solution of
PDEAm decreased the T,,.*

PPDA®® and pPDA analysis by fluorescence 