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Summary

1 Summary

The research and application of thermoresponsive polymers have been attracting great
interest over the last 10 years. As an example, thermoresponsive polymers are used
for applications in medicine, biotechnology, and the production of functional materials.
Generally, thermoresponsive polymers can be divided into two types: (1) Polymers
which dissolve above a critical temperature, i.e. show an upper critical solution
temperature, in short UCST, (2) Polymers which dissolve below a certain temperature,
i.e. show a lower critical solution temperature, in short LCST. Furthermore, polymers
which have both a UCST and LCST are known and are attracting attention in research
and development.

This dissertation focused on the synthesis of novel thermoresponsive copolymers and
their possible application as a "smart" matrix. The following issues were discussed in
detail:

- influence of hydrophilic / hydrophobic groups (comonomers) on thermoresponsive
behavior

- temperature dependent change of the polymer morphology

- temperature induced release of active substances / nanopatrticles

- fabrication of a double thermoresponsive hydrogel with interpenetrated network
structure

In the introductory part of this dissertation, the basics of thermoresponsive polymers
are discussed and an overview of the thermoresponsive polymers which are already
known in the literature is given. Special attention was directed to non-ionic UCST

polymers and polymers with both UCST and LCST. In the following, a short overview
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of methods of controlled radical polymerization, which were used for the synthesis of
copolymers in the context of this thesis, is presented.

In the second part of this dissertation, the processed and published results of the
subprojects are summarized, and their connection is explained.

The first publication deals with the synthesis of a double thermoresponsive
poly(ethylene glycol)-b-poly(acrylamide-co-acrylonitrile) (PEG-b-P(AAm-AN)) block
copolymer. Based on the known P(AAm-AN) UCST copolymer, the phase transition
behavior could be converted into a double thermoresponsive behavior with a UCST
and LCST by applying a short hydrophilic PEG block. The double thermoresponsive
behavior depends on the length of the PEG block, the acrylamide/acrylonitrile ratio in
the copolymer, and on the concentration. Temperature dependent dynamic light
scattering (DLS) and transmission electron microscopy (TEM) experiments could
illustrate the change of the polymer morphology of micelles to aggregates and to
micelles again, which is responsible for the double thermoresponsive behavior.

In the second publication, the influence of a hydrophobic comonomer on the
thermoresponsive phase behavior of poly(N-acryloylglycinamide) (PNAGA) was
demonstrated. Using Reversible Addition Fragmentation Transfer (RAFT)
polymerization, block-like P(NAGA-AN) copolymers could be synthesized. In contrast
to PNAGA, these copolymers exhibit a narrow cooling/heating hysteresis in water,
which could be tuned over a temperature range of < 5-40 °C depending on the AN
content. Once more, the temperature-dependent change of the polymer morphology
could be visualized through TEM and DLS experiments. Interestingly, the copolymers
showed no dependence of the cloud point on the concentration, which is rarely

observed in UCST polymers.
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On the basis of the first two publications, a PEG-b-P(NAGA-AN) block copolymer could
be synthesized by free radical polymerization, using a macroinitiator in the third
publication. Due to the microstructure of the PEG-b-P(NAGA-AN) copolymer, the
copolymer formed micelles, which could be successfully used to encapsulate the
cancer drug doxorubicin (DOX) and a photo-thermal agent. Exposure to near-infrared
light resulted in the dissolution of the micelles, which enabled the spatiotemporal
controlled release of DOX, and prevented efflux into drug-resistant MCF-7/DOX cells.
Thus, an effective prevention of the growth of drug-resistant tumor cells was proven by
in vivo studies.

In the fourth publication, the influence of different N-substituted acrylamide-based
comonomers on the thermoresponsive behavior of poly(methacrylamide) (PMAAmM),
which shows a UCST with broad cooling/heating hysteresis, was investigated. The
copolymers of MAAm and N-cyclohexylacrylamide, respectively N-tert-
butylacrylamide, were synthesized by free-radical polymerization (FRP), showing a
rare phenomenon, in which the type of thermoresponsive behavior could be switched
from a UCST to an LCST with regions of complete solubility or insolubility, depending
on the copolymer composition.

The fifth publication shows the synthesis and application of a terpolymer of MAAm, N-
tert-butylacrylamide and UV-crosslinkable 4-acryloylbenzophenone. This terpolymer
was prepared by FRP and showed LCST behavior. Electrospinning of the terpolymer
allowed the fabrication of a nanofiber matrix which, due to a temperature increase,
exhibited strong contraction, allowing the controlled release of nanoparticles.

The sixth and last publication demonstrates the production of a double
thermoresponsive, interpenetrating polymer network (IPN) poly(N-

acryloylglycinamide)/poly(N-isopropylacrylamide) PNAGA/PNIPAAm hydrogel. The
3
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synthesis was carried out in two, independently of one another, sequential UV induced
polymerizations. Mechanical properties of the IPNs showed a clear dependence on
temperature and on PNIPAAmM content. As a result, it could be shown that better
mechanical properties of the IPN are obtained with higher temperatures or a

decreasing NIPAAm content.

In the outlook of this thesis, the synthesis and potential application of novel UCST and
double thermoresponsive polymers are discussed. In particular, the use of new,

acrylamide-based, N- and a-substituted comonomers is to the fore.
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2 Zusammenfassung

Sowohl die Forschung als auch die Anwendung von thermoresponsiven Polymeren,
hat etwa in den letzten 10 Jahren erhebliches Interesse erfahren. So werden heute
thermoresponsive Polymere etwa fir Anwendungen in der Medizin, Biotechnologie
und allgemein zur Herstellung funktioneller Materialien verwendet. Grundsatzlich
werden thermoresponsive Polymere in zwei Klassen unterteilt: (1) Polymere welche
sich oberhalb einer kritischen Temperatur I6sen, also eine (engl. upper critical solution
temperature) kurz UCST zeigen, (2) Polymere welche sich unterhalb einer bestimmten
Temperatur 16sen (engl. lower critical solution temperature) kurz LCST zeigen. Auch
Polymere welche beides, eine UCST als auch eine LCST aufweisen, sind bekannt und
erfreuen sich zunehmender Aufmerksamkeit in Forschung Entwicklung.

Im Rahmen dieser Dissertation wurde auf die Synthese neuartiger thermoresponsiver
Copolymere und deren mogliche Anwendungen als ,smarte” Matrix eingegangen.
Hierbei wurde detailliert auf folgende Themengebiet eingegangen.

- Einfluss hydrophiler / hydrophober Gruppen (Comonomere) auf das
thermoresponsive Verhalten

- Temperatur abhangige Anderung der Polymer Morphologie in wéssriger
Umgebung

- Temperatur induzierte Freisetzung von Wirkstoffen / Nanopartikeln

- Darstellung eines doppelt thermoresponsiven Hydrogels mit interpenetrierter
Netzwerkstruktur

Im Einleitungsteil dieser Arbeit wird auf die Grundlagen thermoresponsiver Polymere

eingegangen und ein Uberblick Uber die in der Literatur bereits bekannten
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thermoresponsiven Polymere gegeben. Hier wurde spezielle auf nicht ionische UCST
Polymere und Polymere welche UCST und LCST in einem aufweisen, eingegangen.
Nachfolgende wird ein kurzer Uberblick (iber Methoden der kontrollierten radikalischen
Polymerisation dargelegt, welche zur Synthese von Copolymeren im Rahmen dieser
Arbeit angewendet wurde.

Im zweiten Teil dieser Dissertation werden die Ergebnisse der bearbeiteten und
veroffentlichten Teilprojekte zusammenfassend dargestellt und deren Zusammenhang
erlautert.

Die erste Publikation behandelt die Synthese eines neuen doppelt thermoresponsiven
Polyethylenglycol-b-Poly(acrylamid-co-acrylnitril) (PEG-b-P(AAm-AN) Blockcopoly-
mers. Ausgehend vom bereits bekannten P(AAm-AN) UCST Copolymer, konnte das
UCST Phasenlubergangsverhalten durch Anbringen eines kurzen hydrophilen PEG
Blocks, in ein doppelt thermoresponsives Verhalten, mit einer UCST und LCST,
Uberfuhrt werden. Hierfur wurde ein PEG-Makroinitiator zur Initierung der freien
radikalischen Polymerisation von Acrylamid mit Acrylnitril verwendet. Dabei zeigt sich,
dass das doppelt thermoresponsive Verhalten von der Lange des PEG-Blocks, dem
Acrylamid/Acrylnitril  Verhaltnis im Copolymer, als auch von der Konzentration
abhangig ist. Temperaturabhangige Dynamische Lichtstreuexperimente (DLS) und
Transmissionselektronenmikroskopie (TEM) Messungen konnten hierbei, die fur das
doppelt thermoresponsive Verhalten verantwortliche Anderung der
Polymermorpholgie von Mizellen, zu Aggregaten und wieder zu Mizellen,
veranschaulichen.

In der zweiten Publikation konnte der Einfluss eines hydrophoben Comonomers auf
das thermoresponsive Phasenverhalten von Poly(N-acryloylglycinamid) gezeigt

werden. Unter Verwendung der Reversiblen Additions-Fragmentierung Transfer
6
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(RAFT) Polymerisation konnten blockartige P(NAGA-AN) Copolymere synthetisiert
werden. Im Gegensatz zu PNAGA weisen diese Copolymere eine enge Kuhl-
/Heizhysterese in Wasser auf, die in Abhangigkeit vom AN-Gehalt Uber einen
Temperaturbereich von < 5-40 °C eingestellt werden konnte. Wie bereits bei der ersten
Arbeit konnte auch hier die temperaturabhéngige Anderung der Polymermorpholgie
mittels TEM und DLS Experimenten veranschaulicht werden. Interessanterweise
zeigten die Copolymere keine Abhangigkeit des Tribungspunkt von der Konzentration,

was fur UCST Polymere selten beobachtet werden konnte.

Auf Grundlage der ersten beiden Publikation, konnte in der dritten Publikation mittels
freier radikalischer Polymerisation unter der Verwendung eines Makroinitiators ein
PEG-b-P(NAGA-AN) Blockcopolymer synthetisiert werden. Aufgrund der Mikrostruktur
des PEG-b-P(NAGA-AN)-Copolymers bildete dieses Mizellen, welche erfolgreich fur
die Verkapselung des Krebsmedikaments Doxorubicin (DOX) und eines
photothermischen Stoffes verwendet werden konnten. Einstrahlung von nahinfrarotem
Licht fuhrte zur Auflésung der Mizellen, was die raumlich-zeitliche kontrollierte
Freisetzung von DOX ermdoglichte und den Ausfluss in arzneimittelresistente MCF-
7/DOX-Zellen verhinderte. So wurde eine effektive Vorbeugung des Wachstums von
arzneimittelresistenten Tumorzellen durch in-vivo Studien nachgewiesen.

In der vierten Publikation, wurde der Einfluss verschiedener N-substituierter
acrylamidbasierender Comonomere, auf das thermoresponsive Verhalten von
Poly(methacrylamid) (PMAAm), welches selbst eine UCST mit breiter Kuihl-
/Heizhysterese zeigt, untersucht. Die mittels freier radikalischer Polymerisation (FRP)
synthetisierten Copolymere aus MAAm und N-cyclohexylacrylamid bzw. N-tert-

butylacrylamid zeigten ein seltenes Phanomen, bei dem die Art des
7
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thermoresponsiven Verhaltens in Abhangigkeit der Copolymerzusammensetzung, von
einer UCST zu einer LCST, mit Bereichen der vollstandige Loslich-bzw. Unléslichkeit,
geandert werden konnte.

Die funfte Publikation, zeigt die Synthese und Anwendung eines Terpolymers aus
MAAm, N-tert-Butylacrylamid und des durch UV-Licht vernetzbaren 4-
Acryloylbenzophenon. Dieses Terpolymer wurde mittels FRP dargestellt und zeigte ein
LCST Verhalten. Elektrospinnen des Terpolymers ermoglichte die Fabrikation einer
Nanofasermatrix die durch Temperaturerhéhung eine starke Kontraktion aufwies, was
zur kontrollierten Freisetzung von Nanopartikeln genutzt werden konnte.

In der sechsten und letzten Publikation wird die Herstellung eines doppelt
thermoresponsiven, interpenetrierenden Polymernetzwerks (IPN) PNAGA/PNIPAAmM
Hydrogels aufgezeigt. Die Synthese erfolgte hierbei in zwei unabhangig aufeinander
folgenden, UV-Licht induzierten Polymerisationen von NAGA bzw. NIPAAm. Die
mechanischen Eigenschaften der IPNs zeigten hierbei eine deutliche Abhangigkeit von
der Temperatur und dem PNIPAAmM Anteil. So konnte gezeigt werden, dass bei
héheren Temperaturen beziehungsweise bei einem abnehmenden NIPAAmM-Anteil,

bessere mechanische Eigenschaften der IPN erhalten werden.

Im Ausblick dieser Arbeit wird auf die Synthese und mogliche Anwendungen
neuartiger UCST bzw. doppelt thermoresponsiver Polymere eingegangen. Hier steht
vor allem die Verwendung neuer, auf Acrylamid basierenden N- und a- substituierten

Comonomere im Fokus.
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3 List of symbols and abbreviations

AAC

AAM

AIBN

AN

ATRP

ABP

CMDT

CRP

DLS

DMSO

DOX

DSC

eq

FRP

GPC

IPN

LCST

MBA

Mn

Mw

NAGA

acrylic acid

acrylamide

azobisisobutyronitrile

acrylonitrile

atom transfer radical polymerization
4-acryloyloxybenzophenone
cyanomethyl dodecyl trithiocarbonate
controlled radical polymerization
dynamic light scattering

dimethyl sulfoxide

Doxorubicin

differential scanning calorimetry
equivalents

free radical polymerization

gel permeation chromatography
interpenetrating polymer network
lower critical solution temperature
N,N’-methylenebisacrylamide
degree of polymerization

number average molar mass
weight average molar mass

N-acryloylglycinamide



NIPAAmM
NMRP
NMR
PAAc
PEG

PBS

ppm
PMAAmM
PNAGA
PNIPAAmM

RAFT

SEM
SLS

Tep
TEM
TEMPO
UCST
uv

Vis

VPTT

List of symbols and abbreviations

N-isopropylacrylamide
nitroxide-mediated radical polymerization
nuclear magnetic resonance

poly(acrylic acid)

poly(ethylene glycol)

phosphate buffered saline

parts per million

poly(methacrylamide)
poly(N-acryloylglycinamide)
poly(N-isopropylacrylamide)

reversible addition fragmentation chain transfer
styrene

scanning electron microscopy

static light scattering

cloud point

transmission electron microscopy
2,2,6,6-tetramethylpiperidinyloxy

upper critical solution temperature
ultraviolet light

visible light

volume phase transition temperature
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4 Introduction

“Smart” polymers show a distinct change in solubility, mechanical properties or
morphology, owing to small changes of the environment such as temperature,
magnetic forces, pH and light irradiation.’® Such kind of polymers are mainly used in
the field of medicine, biotechnology and sensor technology.* ° Particular attention was
directed to thermoresponsive polymers, as the temperature of the environmental can
be controlled in a fast and easy way.

In this thesis, the synthesis, properties and application of new thermoresponsive
polymers were studied. The main focus of this work was the synthesis of new polymers
which show an upper critical solution temperature (UCST), an LCST and UCST in one,
as well as either a UCST or LCST, depending on the copolymer composition.
Furthermore, we showed the application of thermoresponsive polymers as matrixes for

the controlled and temperature triggered release of drugs and nanoparticles.

4.1 Thermoresponsive polymers

In the last decades, the synthesis, characterization and the application of
thermoresponsive polymers have made significant progress.® 7 Applications in the field
of medicine as drug carrier or as carrier for proteins and enzymes are only a few
examples for the wide range of conceivable applications.® Generally,
thermoresponsive polymers can be categorized in polymers with an LCST-type or a
UCST-type phase transition. The characteristic phase separation of both types is
diagramed with an isobaric, concentration-dependent phase diagram, as shown in

(Figure 4.1-1).

11
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™

2 phases UCST

Concentration
Figure 4.1-1: Concentration-dependent phase diagram for an LCST and UCST

Temperature

polymer in solution. (Reprinted with permission from Ref.! Copyright The Royal Society

of Chemistry 2016)

The LCST is defined as the minimum of the phase diagram, whereas the UCST is
defined as the maximum of the corresponding bimodal curve at a specific polymer
solution concentration. In order to understand the mechanism during the phase
transition, the inter- and intramolecular interactions have to be discussed on a
molecular level. The Flory-Huggins theory, based on the Gibbs equation (Equation 1),

describes the free enthalpy of mixing (AGm) for polymer solutions.

AGm = AHm - T ASn (1)

AHm = change in enthalpy of mixing; ASm = change in entropy of mixing

12
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To describe the phase diagram, pure water and pure polymer phases are assumed to
be below the UCST as well as above the LCST. Based on this assumption, the free
Gibbs energy of mixing must be negative to dissolve a polymer.

For UCST-type copolymers, which are insoluble at low temperature, AHm as well as
ASm are positive in the two-phase region of the phase diagram, resulting in positive
AGm so that the polymer is insoluble. Upon heating and reaching the maximum of the
bimodal curve, the ASm term overweighs, AGm becomes negative and the polymer
dissolves. On the molecular scale, the polymer chain changes its conformation form
from a collapsed globule state to an open coil state.® '© For LCST-type polymers, it is
the contrary. At low temperatures, LCST-type polymers are dissolved as a result of a
negative AGm. Heating the solution results in an overweighting positive AHm due to the
breakage of the formed water-polymer hydrogen bonds, and the polymer becomes
insoluble, appearing as a phase separation. Thus, the ASm and AHm are affected by
many factors, such as hydrogen bonds of strong hydrophilic groups and an ordered
hydration-shell."" In contrast, UCST polymers generally show stronger polymer-
polymer interaction, which leads to a much smaller change in AHm upon heating.® In
order to monitor the phase transition behavior of a polymer solution, different kinds of
techniques, such as rheology, light scattering or turbidity measurements can be
applied."”? Turbidity measurements monitor the change in transmittance (%)

precipitation of the polymer solution, as shown in Figure 4.1-2.

13
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Figure 4.1-2: Turbidity measurement of poly(methacrylamide) with a UCST in aqueous

solution showing a broad cooling/heating hysteresis of approx. 25°C.

Typically, the cloud point (Tcp), is defined as a point with a specific concentration of the
bimodal curve at which the phase separation occurs. The cloud point can be defined
as the point of inflection at which the transmittance changed by 50%. The distinction
between cloud points in cooling and heating is defined as the cooling/heating

hysteresis.

4.2 Polymers with a LCST-type phase transition

Polymers with an LCST in water or in organic solvents are well studied and used in a
wide field of applications.? 3 Poly(N-isopropylacrylamide) (PNIPAAm) is probably the
most studied and used LCST polymer, whereas the thermoresponsive behavior was
first shown in 1967 by Scarpa et al. and the solution properties were described by
Heskins et al. in 1968.'* 5 In most cases, LCST polymers are based on a poly(N-alkyl-
(meth) acrylamide) polymer structure.”® Roy et al. reviewed and listed a number of
LCST polymers and copolymers based on the N-alkyl (meth) acrylamide structure over

a wide temperature range (see Figure 4.2-1)."® Furthermore, poly(N-vinylamide)s,

14
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poly(alkylamidoacrylate)s, poly(oxazoline)s and poly(ether)s, such as poly(ethylene
glycol) (PEG), are known for displaying an LCST-type phase transition in aqueous

solution.17: 18

o ) SR

poly( dlmethylammoﬁhyl methacrylate) H]—’ e

y
EM (PDMAEMA), Ref? Derivatives of poiy(N—substltuted a/b-asparagine),
14°C - 50°C

Ref?3
poly(N—{N-isobut)[lcarbamido)propyl = . ,l
methacrylamide) (PiBUCPMA), 25°C - 100°C
Ref! 9 13°C [ ‘

Temperature / °C

22°Cc 37°C
{jtr poly(N—acryloyI -N"-propylpiperazine)

*i Q ° (PNANPP), Ref?2

poIy(Nvlsopropylacry!amlde)
(PNIPAM), Ref'4

poly(N-(2-methoxy-1,3-dioxan-5-yl) methacrylamide)
(PNMM), Ref20

Figure 4.2-1: Representative examples for LCST polymers over a temperature range

of 10°C — 100°C. 14 1923
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4.3 Non-ionic polymers with a UCST-type phase transition

Based on ionic interactions (Coulomb interactions) or reversibly strong hydrogen
bonds, polymers can exhibit UCST in aqueous solutions.® 2 In comparison to ionic
UCST-type polymers, advantages of non-ionic UCST-type polymers are, for example,
lower sensitivity to added salts, impurities, pH and a highly repeatable and stable
phase transition.'- 24 This makes non-ionic UCST-type polymer highly interesting for a
great number of applications. Nevertheless, based on the number of publications in
the last 10 years (Figure 4.3-1), polymers with a UCST phase transition in water have
been studied at a significantly lower level than polymers with an LCST phase transition
behavior.

I LCsT
Il ucsT

until August

Number of publication

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

Figure 4.3-1: Number of publications with a general content about LCST and UCST
phase transition behavior, respectively, in aqueous solution, non-aqueous solution,

gels and applications (based on Scifinder 15t August 2018).

However, the progress made has increased the number of polymers which exhibit a
UCST-type phase transition in water. Therefore, a wide temperature range is now

available as a result of different cloud points of the novel polymers.® Moreover, cloud

16
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points can be tuned by changing the concentration of the solution, varying the molar
mass,?° the copolymer composition or by adding salts.” One of the most studied UCST
polymers is poly(N-acryloylglycinamide) (PNAGA), first synthesized by Haas et al.?5,
whereas UCST behavior was not shown until almost 50 years later by Seuring et al.?’
The reason for the delayed observation of the UCST of PNAGA was identified as a
result of traces of acrylate and acrylic acid impurities coming from the NAGA monomer
synthesis, initiators or chain transfer agents used for the reversible addition-
fragmentation chain transfer (RAFT) polymerization.?> However, PNAGA shows a
concentration-dependent, sharp UCST-type phase transition in water with a relatively
broad cooling/heating hysteresis at a difference of around 12°C in Tep upon

cooling/heating (Figure 4.3-2).

Tc = cloud point upon cooling phase Th = cloud point upon heating
transition
' temperature

‘{asl pha!sel‘- slow ph.ase - siwl fast dissolution
separation] separation dis,

I
/ cooling

110
100
90
80
70
60
50
40
30
20
10
0

/ heating

Transmittance / %

I l lll ] I ) I ] l 1 1 ll ] l 1 I 1 I
10 12 14 16 18 20 22 24 26 28 30
Temperature / °C

Figure 4.3-2: Cooling/heating hysteresis of PNAGA in aqueous solution. (Reprinted

with permission from Ref.?8 Copyright 2011 American Chemical Society).

An additional outstanding example is a copolymer of acrylamide (AAm) and the

hydrophobic acrylonitrile (AN), whereas the PAAm homopolymer itself is a water

17
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soluble polymer.?® 30 By changing the copolymer composition, the cloud point is
tunable over a wide temperature range of 5°C to around 60°C, which makes it
applicable on a broad scale. Furthermore, the copolymers show a sharp transition with
an extremely narrow cooling/heating hysteresis in water as well as in physiological

buffer solution, as shown in Figure 4.3-3.
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Figure 4.3-3: Turbidity measurement of P(AAm-AN) in PBS buffer solution with a
concentration of 1 wt%. The T¢p can be tuned within a range of 6-60°C, depending on
the molar ratio of acrylamide and acrylonitrile. (Reprinted with permission from Ref.3°

Copyright 2012 American Chemical Society).

In comparison to water soluble PAAmM, poly(methacrylamide) (PMAAm) is known for
showing a UCST-type phase transition in water (see Figure 4.3-3), which was shown
by the Agarwal group for the first time.3° Contrary to water soluble PAAm, a broad
hysteresis with a UCST type phase transition at around 25°C and a broad hysteresis
at a difference of around 25°C when cooled/heated is observed for PMAAm.

In addition to the examples of PNAGA, PMAAm and the copolymer of P(AAm-AN), a
literature survey regarding examined non-ionic UCST-polymers, modifications and its

application was conducted, which is summarized in Table 1.
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Table 1: Literature survey on known non-ionic UCST-type polymers.

Polymer structure

Properties

Prepared by FRP as well as CRP (ATRP,
RAFT), Tep = 13.7°C (cooling); 23°C (heating)

for a 1 wt% solution?5: 28, 31

P(AAM-AN)
n m
CN (0] NH,

Copolymers prepared via FRP and RAFT
polymerization, Tcp= 6-60°C (depending on

AN (mol%) content in polymer)30: 32

P(AAm-AN)-b-PR

R CN X
07 “NH,

1 R = dimethylacrylamide
2 R = N,N-dimethylaminoethyl methacrylate
3 R =phenyl

Prepared by RAFT, block copolymers
undergo micelle formation, Tep = 14-48°C
(dependent on copolymer composition and

comonomer)32

HBPO-star-P(AAm-AN)

Reprinted with permission from, © 2018

American Chemical Society33

Prepared by RAFT, Tep = 33.2 - 65.2°C with
a broad hysteresis (dependent on the

amount of AN and the length of the arms)33

P(AAM-S)

0] NH»

Only copolymers made by RAFT, showing a
UCST in water due to homogeneity, Tcp = 10-
85°C (cooling) (depending on the styrene

content)34
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Table 1: Literature survey on known non-ionic UCST-type polymers (continued).

Polymer structure

Properties

PPAE

0
o,
NH O

The polymer is not cytotoxic.
The UCST depends on Mn and the concentration,
Tep = 1.5-37.6°C (can be changed by the amount

of NaCl and alcohol amount®®)

PMAAmM

1
NH,

O

Broad cooling/heating, Tcp = 35/55°C hysteresis
in aqueous solution with a concentration of 1wt%,

Tg =254°C30

P(6-(acryloyloxymethyl)-uracil)

Made by FRP, T¢p, =~ 60-C with a concentration
of 0.1wt%,Tep is shifted to lower temperatures

upon adding urea or adenosine3®

P(imidazole) based

I
N N
{ d
RO/\{I j N_/7
1R=H
2 R =H, CONH-cyclodextrine

1: Tep=18-40°C , 4 wt% in water;

(depending on copolymer ratio and pH value, at
pH =2 no T¢p observed)

2. Tep = 78°C (depending on copolymer ratio and

cyclodextrine side chain content)3’: 38

P(MAA-DMAEMA)

(0]
(0] nS
/i 9 (6] S
N gO OH

—N
\

Made by RAFT, Tcep = <10-70°C for 5 mg/mL in
water/ethanol (depending on the solvent mixture,
ethanol 45-75 vol%)3°

Furthermore, several derivatives are known,

showing a UCST in water/ethanol mixtures0-42
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Table 1: Literature survey on known non-ionic UCST-type polymers (continued).

Polymer structure

Properties

P(NAGA177-DAAMoy)

Tk T
O~ 'NH O 'NH
U
o 0]

Made by RAFT, (Mn =28 kg-mol/L, B = 1.22); shows

a UCST in water/methanol, Tc¢ (cooling) =

4.5-22.5°C, Tcp (heating) = 13.5 to 35.5°C

(depending on the composition and Mn)*3

PNAAAM

¢

O~ 'NH

(0]

0% “NH,

Made by RAFT, (Mn=17,000-118, 000, b =~1.26,
Tep = 4-24°C (depending on molecular weight and

concentration in the range 0.5Wt%-3wt% )**

P(NAGA-BA)

NH

o~ 0 O

e

Made by FRP, T¢p = 9-57°C (depending on
composition, concentration), CMC = 66 ug/mL for

(NAGA:BA = 0.8:0.2 (n/n)3. 45

P(allylurea-R)

HN NH

|
R 0”7 "NH,

1 R=H, allylamine
2 R =COC,H,CO0M, succinyl anhydride
3 R=COCH,, acetyl anhydride

Used to capture proteins under physiological
conditions, T¢p =<10-40°C (depending comonomer
R, salt concentration and pH) 46

Further derivatives are known*’

P(AAm-benzylAAm)

07 “NH, 07 "NH

Made by FRP-post polymerization modification, Tcp
= 7°C for (0.87 mol%, AAm) and (0.13 mol%,

benzylAAm) in water*®

UCST in water only with concentration above

45 wt%*°
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Table 1: Literature survey on known non-ionic UCST-type polymers (continued).

Polymer structure Properties

P(ureido-derivatives) Made by ATRP and post modification,
/{/ﬁ 1.Tcp = 76°C, 2. Tcp = 96° Partial
Q"0 quaternization  with  methyl iodide

0 ° decreased the T¢p°

/N 1 R=CH,CH,
NN 2 R= cH,CH,CH,

I_AD

N O

NH,

As the examples show, there is a steady growth of non-ionic UCST-type polymers.
However, there is still a need to understand in detail the effect of hydrophobic or
hydrophilic comonomers on the phase transition behavior of UCST-type polymers in
detail. Further research is required in order to understand the influence of these
hydrophilic/hydrophobic comonomers on the cooling/heating hysteresis, examples
being PMAAm, the Tc¢p and the type of phase transition itself. Copolymers with double
thermoresponsive properties as a result of its complex hydrophilic/hydrophobic
equilibrium are, among others, to be mentioned here. The following chapter 4.4 gives
an overview of such double thermally reacting polymers and describes their synthesis

and properties in detail.
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4.4 Polymers with double (LCST and UCST)-type phase transitions

In the last few years, polymers which exhibit both an LCST and UCST at the same
time became an interesting class of thermoresponsive polymers. These polymers
promise a multitude of new application possibilities as a result of its complex change
in morphology and its thermoresponsive behavior.5" 52 For the synthesis of such
polymers, the synthesis of block copolymers consisting of a UCST block and an LCST
block or the combination of two LCST and UCST blocks, respectively, was shown.53-55
Alternatively, a hydrophilic or hydrophobic block can be attached to a known
thermoresponsive polymer to obtain a double thermoresponsive polymer. This can be
achieved, for example, by controlled polymerization of a second block or by the use of

macroinitiator containing hydrophilic or hydrophobic fragments.54 5657

Compared to non-ionic UCST and LCST polymers, the number of double

thermoresponsive copolymers is relatively small. In the following, an overview of

known double thermoresponsive polymers and its characteristics is given (Table 2).

23



Introduction

Table 2: Copolymers with a double thermoresponsive behavior.

Polymer structure

Properties

PEO-b-PNAGA-b-PNIPAM

Made by RAFT polymerization using a PEG- macro-
RAFT agent, Tcp' (LCST) = 28.8°C, Tcp? (UCST) =
7.5°C (depending on the block- length, block- ratio,

block-order)®®

PNIPAAmM-b-peptide

%S‘FEFEFKFK

HN™ ~O

N

Thiol functionalized peptide used for the FRP of
NIPAAmM, Tep' (LCST) = ~30°C, Tcp? (melting) =

~75°C at a concentration of 200 g/L5°

PNPAM-b-PNEAM

Made by RAFT polymerization, both Tcp! (LCST) =
20°C, Tep? (LCST) = 70°C (depending on the block-

length, block-ratio a concentration of 1 g/L)%*

Made by ATRP, Tcp' (UCST) = <5-31°C; Tcp? (LCST)
= 48-70°C (depending on the block ratio, pH, salt

concentration)®®

P(MEO2MA - OEGMA)

“%O\/%o

oy

f
O
\A(

-9

Made by FRP, clay nanocomposite hydrogel, Tcp'
and Tep? = 5-85°C (depending on the OEGMA

content and clay amount)®’
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Table 2: Copolymers with a double thermoresponsive behavior (continued).

Polymer structure

Properties

PSPP430-b-PNIPAM200

Made by RAFT polymerization T¢p' (UCST) =
18°C; Tep? (LCST) = 33°C in D20 and water
(depending on the block- length, block- ratio,

concentration, electrolyte concentration)®3 62

Made by RAFT, NIPAAm; Tep' (LCST) = ~30°C,
Tep? (LCST) = ~44-54°C in water with a
concentration of 2wt% (depending on the block-

length, block- ratio, length PEG side chain)83

P(amido thioether)s

jgrengrey
N

NH

Made by polyaddition, Tep' (LCST) = 36-49°C:
Tep? (UCST) = ~66°C in water (depending on pH,

concentration, composition, COz2, oxidation)8

OH ~_N_~
P(NVCL) copolymers 1-2: Made by cobalt mediated polymerization,
NN (depending on the block ratio, block lengths, salt
n m
OR

O
1 R = N-vinylpyrrolidone
2 R = N-methyl-N-vinylacetamide

concentration, comonomer), 1. Tep' (LCST) =
25-52°C; Tep? (UCST) = 43-70°C, 2. Tep' (LCST)

= 43-52°C; Tep? (UCST) = 70°C5% 6

PEG-b-P(AAM-AN)

\(\OWX
CN NH,

0]

Made by FRP using a PEG-macro-initiator, Tcp'
LCST) = 20-50°C, Tc? (UCST) = 23-68°C
(depending on PEG block length, AN content,

concentration)®’
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4.5 Thermoresponsive interpenetrating network (IPN) hydrogels

In addition to linear thermoresponsive polymers, thermoresponsive hydrogels, which,
as a result of its 3-dimensionally cross-linked structure, are no longer soluble, play an
important role in the field of biotechnology and medicine such as sensors and the
matrix for cell culturing applications do.67-6°

Interpenetrating network hydrogels are, in addition to non-ionic and ionic hydrogels, an
interesting group of hydrogels. IPNs consist of at least two independent polymer
networks which are not covalently linked and at least one of the two networks is cross-
linked or synthesized in the presence of the hydrogel.”® 7' Two different variants are
conceivable for the synthesis of IPNs, 1. Stepwise synthesis, the second network being
polymerized in the swollen first network, 2. Simultaneous polymerization of both
networks, whereby the two polymerizations are not affecting one another.”® The
compatibility of the individual polymer properties without the loss of desired specific
properties of the polymers makes the application of IPNs as biomaterials, sensors and
for tissue engineering highly interesting.”’-76

Thermoresponsive IPN hydrogels are of interest as they swell and shrink due to slight
changes in ambient temperature. PNIPAAm is probably the best-known and most
commonly used polymer, which, in the cross-linked state, shows a negative volume
phase transition temperature (VPTT), i.e. the gel shrinks above the VPTT.”” The
synthesis and properties of a PNIPAAmM IPN hydrogel were demonstrated by Zhang et
al.”® In this work, a considerable improvement of the mechanical properties resulting
from the IPN structure could be achieved when compared to ordinary PNIPAAm.
Furthermore, the controlled release of a drug has been demonstrated. The synthesis

of PNIPAAm-based IPN hydrogels was shown.”® As a result, it was possible to
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synthesize thermoresponsive IPNs with different additional properties such as
conductivity, pH- responsivity, high compressive mechanical properties and fast
shrinking.80-83

A well-known example of a thermoresponsive IPN hydrogel with a UCST phase
transition was presented by Li et al.8 IPNs of poly(acrylic acid)-Graft-B-cyclodextrin
(PAAc-g-B-CD) and PAAm showed UCST behavior with a T¢, at about 35°C.
Furthermore, as a result of the IPN structure, a significantly faster release of ibuprofen
could be observed with higher temperatures as to when compared to lower
temperatures. In addition to the example mentioned, IPNs with a UCST, which are
based on PNAGA, are known. One example is an IPN hydrogel of PNAGA and
poly(acrylic acid) (PAAc).8°

PNAGA-based IPN hydrogels are of particular interest due to the good mechanical
properties of PNAGA hydrogels.?¢ The exceptionally good mechanical properties are

fully based on hydrogen bonds and no chemical cross-linking is required (Figure 4.5-1).

o-(3)

- Irnlmnul in water,

Figure 4.5-1: Physically cross-linked PNAGA hydrogel, based on strong hydrogen
bonding. (Reprinted with permission from Ref.26 2015 Copyright WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim).
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These good mechanical properties of PNAGA have been used, for example, by Wu et
al. to produce a conductive and highly stretchable IPN hydrogel with self-healing
properties.8”

This was achieved by in situ doping of poly(N-acryloylglycinamide-co-2-acrylamid-2-
methylpropanesulphone) (PNAGA-PAMPS) hydrogels with poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT/PSS).
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4.6 Radical polymerization

Free-radical polymerization (FRP) is probably the most widely used method for the
synthesis of polymers in research and industry. The major advantages of FRP are its
fast and relatively simple feasibility, the use of almost all vinyl monomers and the
preservation of polymers with a high molar mass.®8 However, there are also
disadvantages of this reaction mechanism. These include the broad molecular weight
distribution (D) as well as the lack of control over the microstructure of polymers. These
properties are a result of the termination and chain transfer, reactions which occur
during polymerization.®8 Controlled radical polymerization (CRP) is a good alternative
reaction method to suppress the aforementioned disadvantages of FRP. Thus, the
following chapter will deal with the CRP in more detail by showing and discussing

various variants of the CRP.

Controlled radical polymerization

CRP is widely used to decrease reactivity of the chain end, leading to a suppression
of termination and chain transfer reactions which leads to a controlled molecular weight
with lower Dispersity (D around 1.3). Different microstructures can be achieved with
this polymerization technique which leads to the possibility to obtain block copolymers
and defined end groups, which are useful for further reaction steps and applications.8
The three most important methods of CRP are presented below. These methods
include nitroxide-mediated radical polymerization (NMRP), Reversible Addition-
Fragmentation Chain Transfer (RAFT Polymerization) and Atom Transfer Radical

Polymerization (ATRP).89
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NMRP is a variant of controlled polymerization, in which a variety of different
monomers can be used. Moreover, the advantage of this method lies in the metal-free
and effective synthesis of polymers. The reaction mechanism is based on a reversible
equilibrium between active species and inactive species, where alkoxyamines,
originally 2,2,6,6-tetramethylpiperidinyloxy (TEMPO), are used as inactive species
(Scheme 4.6-1).%0°

M (monomer)

K = kg/ke
G
R4 Kg R4
P-O-N — Pe + *O-N
R, kc R,
alkoxyamine active species nitroxide

(dormant species)
Scheme 4.6-1: Mechanism of NMRP. (Reprinted with permission from Ref.®" 2008

American Chemical Society).

The disadvantage of using TEMPO resins is the slow reaction rate, high reaction
temperatures, and the low number of monomers which can be used.®? % In recent
years, these disadvantages have been reduced by the development of new nitroxides
such as N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl)-N-oxyl (DEPN),
2,2,5,5-tetramethyl-4-phenyl-3-azahexane-3-oxyl (TIPNO), and N-tert-butyl-(1-tert-

butyl-2-ethylsulfinyl)propyl nitroxide (BESN).94-%8

Atom Transfer Radical Polymerization (ATRP) is also a known variant of controlled
polymerization.8® As with NMRP, the reaction mechanism is based on the balance

between dormant and propagating species. The deactivated species, alkyl halides
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macromolecules species (P-X), is converted into the activated species (P-) by a
catalytic transition metal complex (Mt"-Y/Ligand) where the metal is in its lower
oxidation state. In this way, the metal passes into a higher oxidation (X-M*'/Ligand)
stage and the activated chain can add a monomer before it switches back to the

deactivated state (Scheme 4.6-2).%°

kact N
P-X + M{"-Y/Ligand ~——=— P + X-M{"'Y/Ligand

kd t el
eac w Kt

Monomer X Termination

Scheme 4.6-2: Mechanism of the Atomic Transfer Radical Polymerization (ATRP).%°

In particular, among others, the Matyjaszewski group has developed a large number
of new catalytic transition metal complexes, ligands and initiators in recent decades.
Today, these developments enable the broad application of ATRP for the synthesis of
polymers with complex structures (block, star, grafted, etc.), the functionalization of
polymers and, for example, the modification of functional surfaces.8% 99-101

In addition to NMRP and ATRP, Reversible Addition-Fragmentation Chain Transfer
(RAFT) polymerization is another established method for controlled radical
polymerization, which was first shown in 1998.7°2 The following (Scheme 4.6-3) shows
the mechanistic process of RAFT polymerization. As with conventional free radical
polymerization, the first step is the disintegration of the initiator and the subsequent
initiation by attacking the vinyl group of the monomer, forming an active species
(Pn").193 In the next step, this active species (Pn’) is added to the chain transfer agent
(CTA) where an active radical (R’) is fragmented off. This, in turn, can re-initiate to form

the active species (Pm’) which adds up to the chain transfer agent again with the
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elimination of (Pn"). This step repeats itself during chain propagation until complete
consumption of the monomer or upon termination reaction of (Pm) and (Pn).
initiation

Monomer
Initiator | Pn

Reversible chain transfer (start reaction)

. kaad kg .
P, + S S—R =—— P,—S._._S—R P,—S S + R
& 7 e T R T
b (%)
z z Z P
Monomer Monomer
Reinitiation
. Monomer . Monomer .
R-M Pmn
Chain propagation
. Kadap k_adap .
Pmn + S S—P, =— Pn,—S._. S—P, =— P,—S S + Py
Y k_aqdp Y kaqap \‘[/
b (&)
Z Z Z
Monomer Monomer

Termination reaction k
P, + P, —— inactive polymerchain

Scheme 4.6-3: Mechanism of the RAFT polymerization process.'%?
Due to the thiocarbonylthio end group of the inactive polymer chain, the subsequent

polymerization of another block, the functionalization of surfaces through click

reactions and the stabilization of metal nanoparticles are possible.04-106
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4.7 Aims of the thesis

In this thesis, the following topics regarding the synthesis and application of non-ionic

UCST-type polymers were addressed:

- effect of hydrophilic and hydrophobic comonomers on the phase transition behavior

of the non-ionic UCST-type polymers PNAGA, P(AAm-AN) and PMAAm

hydrophilic PEG units were introduced to the UCST-type P(AAm-AN) copolymer
via a macroinitiator concept

tuning the cloud point and hysteresis of PNAGA by copolymerization with a
hydrophobic comonomer

changing the type of phase transition behavior of PMAAm from UCST to LCST,
depending on the copolymer composition, using hydrophobic N-substituted

acrylamide comonomers

-applications of the non-ionic UCST- and LCST-type copolymers made with different

polymer architectures

drug release by locally controlled temperature change through light irradiation
from UCST-type micelles

design and characterization of the mechanical properties of an interpenetrating
network (IPN) hydrogel with double thermoresponsive properties

release of nanoparticles due to temperature-induced contraction of a LCST-type

nonwoven
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Synopsis

6 Synopsis

The phase transition behavior of established UCST-type polymers was modified by
copolymerization with hydrophilic or hydrophobic comonomers to obtain new polymers
properties and to tune the Tcp, the cooling/heating hysteresis as well as the type of
phase transition itself, such as a double thermoresponsive behavior. In the second part
of this work, the focus was on the application of synthesized copolymers as
thermoresponsive matrixes for the temperature-controlled release of drugs etc. On the

whole, this work consists of six linked sub-works (Figure 6-1).
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Figure 6-1: Summary of the interlinked research projects in this dissertation.

The first work showed a simple method of making block copolymers of poly(ethylene
glycol) (PEG) and P(AAm-AN) by using a PEG based macro-azoinitiator. The
copolymer showed dual thermoresponsivity of LCST- and UCST-type in one system,

which is stable and highly reproducible for a large number of cycles. (Publication 1,
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Figure 6-1 top left). The influence of the length of the hydrophilic PEG units on the
thermoresponsive behavior as well as on the formation of micelles by means of
turbidity measurements and DLS measurements was shown. Moreover, the production
and characterization of the mechanical and thermoresponsive properties of a double
thermoresponsive interpenetrating network (IPN) hydrogel from PNAGA (UCST) and
PNIPAAmM (LCST) have been demonstrated (Publication 6, Figure 6-1 bottom left).
In the second publication, based on NAGA and AN copolymer using reversible
addition-fragmentation chain transfer (RAFT) polymerization, we provide a new
polymer system showing highly reproducible, stable and sharp phase transitions for a
large number of cycles without any significant hysteresis. Cloud points can be tuned
by changing the ratio of the two comonomers without sacrificing the reproducibility and
sharpness. Furthermore, changing the concentration and the amount of hydrogen
bond suppressing reagent urea were investigated and discussed by using turbidity,
cryoTEM and DLS measurements (Publication 2, top center Figure 6-1).
(Publication 3 Figure 6-1, bottom center) shows the application of a
PEG-P(NAGA-AN) terpolymer for a localized, light-triggered temperature increase and
the resulting local release of drugs to combat drug-resistant cancer cells.
Furthermore, by copolymerization of methacrylamide (MAAm) and N-substituted
hydrophobic comonomers, the thermoresponsive behavior of PMAAmM was transferred
from a broad UCST to an LCST phase transition with narrow cooling/heating hysteresis
(Publication 4, Figure 6-1 top right). By adding a UV-crosslinking comonomer 4-
acryloyloxybenzophenone (ABP), the production of a UV-cross linkable electrospun
nonwoven with an LCST-type phase transition could be shown (Publication 5 Figure
6-1 bottom right). As a result of temperature changes, the contraction of the nonwoven

demonstrated the temperature-controlled targeted release of nanoparticles.
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6.1 LCST and UCST in One: Double Thermoresponsive Behavior of
Block Copolymers of Poly(ethylene glycol) and Poly(acrylamide-co-

acrylonitrile)

This work was published by Kafer, F.; Liu, F.; Stahlschmidt, U.; Jerome, V.; Freitag,

R.; Karg, M.; Agarwal, S., in Langmuir 2015, 31 (32), 8940-6.

In this work, we showed a simple method of making block copolymers of poly(ethylene
glycol) (PEG) and P(AAm-AN) using a PEG based macro-azoinitiator. The copolymer
showed dual thermoresponsivity of LCST- and UCST-type in one system, which is
stable and highly reproducible for a large number of cycles. This contrasts with P(AAm-
AN) copolymers, which show a UCST-type phase transition in water.

By way of a free radical polymerization of acrylamide with acrylonitrile, PEG-b-P(AAm-

AN), the block copolymers could be prepared (Scheme 6.1-1).

VPE 0201 PEG-macro Initiator

I vw{zvv\nN:vaw}/\/\r
! CN " HN DMSO, 24 h, 70 °C 45 CN
2 ’ ’ o NH,

acrylonitrile acrylamide
(AN) (AAm)

Scheme 6.1-1: Radical copolymerization of acrylamide/acrylonitrile using a
PEG-macroinitiator.

Turbidity measurements (Figure 6.1-1A) and light scattering experiments (Figure
6.1-1B) were used for illustration purposes. It was shown that the double
thermoresponsive phase behavior is strongly dependent on the length of the
hydrophilic PEG unit and the concentration. In that way, it was reproducible over a

large number of cooling/heating cycles with a small hysteresis.
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Figure 6.1-1: (A) Turbidity measurements (cooling curves) of PEG-b-P(AAm-AN)

copolymer in pure water. The concentration was 7 wt%, (B) Relaxation rate

distributions normalized by the temperature-dependent solvent viscosity and the

temperature.

The double thermoresponsive behavior observed here is essentially based on the

temperature-dependent change in morphology (Figure 6.1-2). In this case, the

morphology changes with increasing temperature from micellar structures at 25 °C to

aggregates (40 °C) and finally back to micellar structures at 64 °C.
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Figure 6.1-2: TEM images of samples prepared at different temperatures with a
PEG-b-P(AAm-AN) concentration of 7 wt. % at 25 °C (a), 40 °C (b), 64 °C (c¢) and a

visual change of the polymer solution (d).

6.1.1 Individual Contribution to Joint Publications

The synthesis of the copolymers and its characterization were carried out by me. The
manuscript was also written by me. Dr. Fangyao Liu helped with the discussion and
explanation of the results. The toxicity studies were carried out by Ulrich Stahlschmidt
and Dr. Valérie Jérbme under the guidance of Prof. Dr. Ruth Freitag. The DLS and
static light scattering (SLS) studies were conducted by Arne Lerch under the
supervision of Prof. Dr. Matthias Karg. Prof. Dr. Seema Agarwal (corresponding
author) was responsible for supervising, participating in the discussion, the designing

concept and correcting the manuscript.
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6.2 Tunable, Concentration-Independent, Sharp, Hysteresis-Free UCST
Phase Transition from Poly(N-Acryloyl Glycinamide-Acrylonitrile)

System

This work was published by F. Kafer, A. Lerch, S. Agarwal, in the Journal of Polymer

Science Part A: Polymer Chemistry 2017, 55, 274.

In this work, based on NAGA and AN copolymer, we provide a new polymer system
showing a highly reproducible, stable and sharp phase transition for a large number of
cycles without any significant hysteresis. Cloud points can be tuned by changing the
ratio of the two comonomers without sacrificing the reproducibility and sharpness.
RAFT polymerization was used to synthesize P(NAGA-AN) copolymers (Scheme
6.2-1). Block-kind copolymer structures were obtained since AN is preferably
consumed at the beginning of the reaction. This was shown by GC kinetic studies and
DSC measurements, which show two separated glass transition points.
CMDT

S

NAGA AN
S J\SH

NC™ 'S

0O 11 NC S__S
AT+ e > AN Y T <\%1/1
HN. M DMSO, 24 h, 70°C CN S
;\ HN” 0
0~ "NH, Oﬁ)

NH,

Scheme 6.2-1: Copolymerization of NAGA and AN by using CMDT as chain transfer

agent and AIBN as initiator.
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In contrast to PNAGA, the synthesized P(NAGA-AN) copolymers show a narrow
cooling/heating hysteresis in water, which can be tuned over a temperature range of
< 5-40 °C, depending on the AN content (Figure 6.2-1A). In addition, it was shown that

the cloud point in water does not change depending on the concentration (Figure

6.2-1B).
A B
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Figure 6.2-1:(A) hysteresis curves of the transmittance (%) versus temperature for
1wt % P(NAGA-AN) in pure water, (B) cloud point (cooling) of the synthesized

P(NAGA-AN) copolymers as a function of concentration in pure water. Heating rate

1 °C/min.

Furthermore, TEM and CryoTEM measurements showed the formation of micellar
structures above and aggregation below the cloud point (Figure 6.2-2). In this case,
the block-kind structure of the copolymer is probably the driving force for the formation
of micellar structures above the cloud point. These micellar structures are presumably
stabilized by strong hydrogen bonds, proven by the addition of unusually large
amounts of urea which disturb the formation of hydrogen bonds, whereat the

thermoresponsive behavior was maintained.
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below UCST (at 20°C)

Figure 6.2-2: cryoTEM images of P(NAGA-AN) from a solution of concentration

0.1 wt % at temperature below (A at 20 °C) and above (B at 50 °C).

6.2.1 Individual Contribution to Joint Publications

The synthesis of the copolymers and its characterization were carried out by me. The
manuscript was also written by me. The DLS and SLS studies were conducted by
Arne Lerch. Prof. Dr. Seema Agarwal (corresponding author) was responsible for
supervising, participating in the discussion, the designing concept and correcting the

manuscript.
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6.3 Let There be Light: Polymeric Micelles with Upper Critical Solution
Temperature as Light-Triggered Heat Nanogenerators for Combating

Drug-Resistant Cancer

This work was published by Y. Deng*, F. Kafer,” T. Chen, Q. Jin, J. Ji, S. Agarwal, in
Small 2018, 1802420.

[+] These authors contributed equally to this work.

In most cases, thermoresponsive polymeric micelles were constructed by lower critical
solution temperature (LCST) polymers. Upon increasing the temperature to a
temperature higher than LCST, polymeric micelles with LCST are not disassembled
but shrunk, leading to an incomplete drug release. In this work, we show the first
example of UCST-type polymeric micelles as drug nanocarriers to overcome drug

resistance by light-triggered drug release and retention intracellularly.

By way of a free-radical polymerization of NAGA with acrylonitrile, using a
poly(ethylene glycol) (PEG) macro-azoinitiator, a UCST copolymer was synthesized.
The synthesized copolymer shows a cloud point at around 44 °C (cooling) in water as
well as in PBS solution (0.1 M; pH = 7.4). Due to the microstructure of the PEG-b-
P(NAGA-co-AN) copolymer, micelles are formed at RT, as shown by DLS and TEM
measurements. The micelles were successfully used for the encapsulation of

anticancer drug doxorubicin (DOX) and a photo-thermal agent (IR780) (Scheme 6.3-1).
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(IR780 and DOX
loaded micelles)
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Scheme 6.3-1: Schematic illustration of the synthesis of PEG-b-P(NAGA-AN) and the
formation of DOX/IR780 loaded micelles.

By irradiation with an NIR laser, the micelles can be dissociated, which enables the
spatiotemporal controlled release of DOX and prevents the efflux of DOX into drug
resistant MCF-7/DOX cells. This allows an effective prevention of the growth of drug-
resistant tumor cells which could be shown by in vivo studies with nude mice without

any obvious side effects (Figure 6.3-1).

14
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Figure 6.3-1: MCF-7/DOX tumor growth was evaluated by measuring the relative

tumor volume after different treatments.
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6.3.1 Individual Contribution to Joint Publications

The synthesis of the copolymer and its characterization were carried out by me. The
synthesis part of the manuscript was also written and revised by me. The in vivo
release studies and cell experiments were carried out by Yongyan Deng under the
supervision of Prof. Jin Qiao (corresponding author) and Prof. Dr. Jian Ji.
Tingting Chen assisted in the discussion of the results and in the preparation of the art
works. Prof. Dr. Jian Ji, Prof. Dr. Seema Agarwal (corresponding author) and
Prof. Dr. Jin Qiao proposed the idea, helped write and correct the manuscript and were

in charge of guiding and supervising this work.
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6.4 Tuning the Phase Transition from UCST-Type to LCST-Type by

Composition Variation of Polymethacrylamide Polymers

This work was published by F. Kafer, M. Pretscher, S. Agarwal, Macromolecular

Rapid Communication 2018, 1800640.

In this work, we show a rare example of composition-dependent thermoresponsive
behavior of the copolymers of methacrylamide (MAAm) with hydrophobic comonomers
such as N-cyclohexylacrylamide (NchAAm) and N-tert-butylacrylamide (NtbAAM).
Polymethacrylamide (PMAAmM) homopolymers show a UCST-type phase transition
with a broad hysteresis.

Copolymers of methacrylamide (MAAm) were synthesized using free-radical

polymerization (Scheme 6.4-1).

- AIBN, DMSC
n :gzo + mixzo 700, 240 > W"
HN O O

H2N H,N  HN

Scheme 6.4-1: Reaction scheme for the synthesis of copolymers of MAAm and

NchAAm. Reactions were carried out in DMSO with AIBN as radical initiator.

While a broad UCST-type phase transition was observed with an increased Tcp with
2 mol % NchAAm in copolymer composition, with a copolymer with an NchAAm
content of 5 mol %, the copolymer was already soluble in a temperature range of 5-
80 °C when compared to PMAAm (Figure 6.4-1A). However, copolymer with an

NchAAm content of 25 mol % showed an LCST-type phase transition with a narrow
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cooling/heating hysteresis (Figure 6.4-1B). Ultimately, with a content of 50 mol %

NchAAm, the copolymer was completely insoluble.
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A B

100 100

80+ . 80
R X
o 60" g 60 _ .
8 c o) 8
S 40 S 40 e
£ E EAmIE
£ 20 £ 20
S ': |
ool 0

0 20 40 60 80 0 . 20 e oG 40
Temperature / °C emperature

Figure 6.4-1: Phase separation in water as monitored by measuring Transmittance
(%) at different temperatures during cooling and heating cycles (A) 1 wt % solution of

PMAAm; (B) 1 wt % solution of a P(MAAmM7s%-NchAAma2s%) copolymer.

With regard to the LCST-type copolymer, no significant effect on the concentration or
the phase transition behavior was found. In contrast, the UCST copolymer showed a
strong dependence on the Tcp in the concentration. At a concentration of 2 wt %, the

polymer could no longer be dissolved (Figure 6.4-2).
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Figure 6.4-2: Cloud points as a function of concentration.
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By adding urea, which disturbs the formation of hydrogen bonds, the role of hydrogen
bonds on the phase transition behavior could be demonstrated. The T¢p of LCST-type
transition increased with an increased amount of urea, whereas T¢p decreased with a
UCST-type transition. Moreover, it was found that the hydrophobicity of the
N-substituted comonomers has a considerable influence on the phase behavior, which
could be shown by copolymerization of MAAm with different comonomers such as

N-tert-butylacrylamide, N-furfurylacrylamide or N-n-hexylacrylamide.

6.4.1 Individual Contribution to Joint Publications

The synthesis of the copolymers and its characterization were carried out by me. The
manuscript was also written by me. Martin Pretscher helped with the synthesis and
characterization as a student assistant under my guidance. Prof. Dr. Seema Agarwal
(corresponding author) was responsible for supervising, participating in the discussion,

the designing concept and correcting the manuscript.
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6.5 Controlled-Release LCST-Type Nonwoven Depots via Squeezing-

Out Thermal Response

This work was published by F. Kafer, R. Vilensky, G. Vasilyev, E. Zussman,

S. Agarwal, Macromolecular Materials and Engineering 2019, 304, (3), 1800606.

In this work, we demonstrate a proof-of-concept for the release of model nanoparticles
from potential transdermal LCST-type nonwoven patch pores controlled by
temperature. A LCST-type poly(methylacrylamide-co-N-tert-butylacrylamide-co-4-
acryloylbenzo-phenone) P(MAAmM-NtbAAmM-ABP) copolymer was synthesized using
free-radical copolymerization (Scheme 6.5-1). As a result of the photo cross-linker
units and the polymer chain, the copolymer could be cross-linked under UV-light
irradiation. Temperature-dependent rheology and turbidity measurements of the
uncross-linked copolymer in solution as well as a micro-DSC measurement for the
cross-linked polymerfilm showed an LCST-type phase transition at approximately

41 °C (heating) resp. 45 °C (cooling).

n + m— + p == AIBN
o ¥o ¥o 70 °C, 12h 47° 51%

H,N HN 0 /*\
O
Scheme 6.5-1: Synthesis of the P(MAAmM-NtbAAm-ABP) by free-radical

polymerization at 70°C with AIBN a radical initiator and DMSO as solvent.

The copolymer was successfully electro-spun and subsequently cross-linked under

UV-light irradiation to form a nano-fibrous matrix, which exhibits thermo-initiated LCST-
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based contraction in an aqueous media. The nonwoven showed low contraction in cold
water of around 20 % in the direction along the fibers axis and 5 % in the perpendicular
direction. In contrast, at 40 °C, an additional strong contraction of 50 % in both
directions was achieved due to the dehydration and formation of inter- and
intramolecular hydrogen bonds. In order to demonstrate the temperature triggered
contraction and the induced release, the nano-fibrous matrix was uploaded with
fluorescently labeled carboxylated latex nanoparticles (c-NPs), 200 nm in size (Figure

6.5-1).

Figure 6.5-1: Schematics of the heat-induce fibrous matrix shrinkage and concurrent

nanoparticles release.

The in vitro release was monitored using real time fluorescence microscopy. At around
28 °C, an extensive contraction occurred, accompanied by a burst release of the
c-NPS. At 35 °C, the maximum of particles released was observed. Ultimately, after
the first heating cycle, as much as 62 % of the c-NPS were released from the fibers

mat.
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6.5.1 Individual Contribution to Joint Publications

The synthesis and the characterization of the copolymer were carried out by me.
Turbidity DLS as well as micro DSC measurements were also performed by me. The
rheology, TEM and contraction experiments were performed by Rita Vilensky and
Gleb Vasilyev. The manuscript was written and revised by Rita Vilensky and me.
Prof. Dr. Eyal Zussman and Prof. Dr. Seema Agarwal (corresponding author) were
responsible for supervising, participating in the discussion, the designing concept and

correcting the manuscript.
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6.6 Interpenetrating Thermophobic, Thermophilic Dual Responsive

Networks

This work was published by F. Kafer, Y. Hu, Y.J. Wang, Z. L. Wu, S. Agarwal, Journal

of Polymer Science Part A: Polymer Chemistry 2019, 57, 539-54.

In this work, we show the photo-induced radical polymerization of PNAGA gel in the
first reaction step, followed by a second step for preparing the PNIPAAmM network to
achieve the IPN hydrogel structure of PNAGA/PNIPAAmM (see Scheme 6.6-1). By
changing the content PNIPAAm as the second network the swelling/deswelling
behavior was changed from a broad UCST-type of a PNAGA hydrogel to a double
thermoresponsive behavior for the prepared IPN hydrogels.

e 2
Solution was filled in a mold and
cross-linked under UV irradiation

NAGA/MBA/ IRGACURE
were dissolved in MilliQ
water

Soaking of a NIPAAm /
] 1 | MBA/ IRGACURE
solution

irradiation in the mold

% polymerization under UV | I

Scheme 6.6-1: Schematic preparation of PNAGA/PNIPAAm IPN hydrogels.
The IPN hydrogels showed a dual thermoresponsive swelling/deswelling behavior

depending on the ratio of the 1%t to 2" network (weight ratio w), which was
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demonstrated by determination of the temperature dependent equilibrium swelling ratio

(ESR) (Figure 6.6-1).

5,5

5,0

4,5

ESR/(g/g,)

4,0

3,5 T T T T T T T T T T
0 10 20 30 40 50

T/°C

Figure 6.6-1: Equilibrium swelling rate of an IPN hydrogel with a NIPAAm weight ratio

of w=0.7.

Furthermore, stress/strain measurements under different environmental conditions
were performed. The mechanical properties were affected by the temperature and by
the PNIPAAmM content. It turned out that an increasing temperature or a decreasing

content of NIPAAm in the IPN hydrogel lead to better mechanical properties.

6.6.1 Individual Contribution to Joint Publications

The synthesis, the mechanically and thermoresponsive characterization of the IPN
hydrogels were done by me and student assistant Yunfeng Hu under my guidance.
Yan Jie Wang helped perform stress/strain measurements in an aqueous environment
at different temperatures. The manuscript was written and revised by me.

Prof. Dr. Seema Agarwal (corresponding author) and Prof. Dr. Zi Liang Wu were
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responsible for supervising, participating in the discussion, the designing concept and

correcting the manuscript.
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Block Copolymers of Poly(ethylene glycol) and Poly(acrylamide-co-

acrylonitrile)

This work was published by F. Kafer, F. Liu, U. Stahlschmidt, V. Jérbme, R. Freitag,

M. Karg, S. Agarwal, Langmuir 2015, 31 (32), 8940-6.
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ABSTRACT: The change in thermoresponsive behavior from a
single phase transition of upper critical solution temperature
(UCST )-type of an acrylamide-acrylonitrile copolymer (AAm-
co-AN) to a double responsive behavior (LCST-UCST-type
(LCST, lower critical solution temperature)) in water by the
introduction of a poly(ethylene glycol) (PEG) block is
highlighted in the present work. The polymer is synthesized
in a simple way by free-radical polymerization of acrylamide and
acrylonitrile using a poly(ethylene glycol) (PEG) macro-
azoinitiator. The dual thermoresponsve behavior was observed
in a wide range of concentrations repeatable for many cycles
with very small hysteresis depending upon the ratio of AAm, AN
and PEG. Static light scattering (SLS) and dynamic light

Double thermoresponsive palymer: LCST & UCST in one

Relative transmittance | %o

Temperature / °C

scattering (DLS) together with turbidity photometry and transmission electron microscopy confirmed a unique phase transition
behavior due to the temperature dependent change in the morphology from micelles to agglomerates. The low cytotoxicity and
two-in-one thermoresponsive behavior makes the polymer promising for biomedical applications in the future.

B INTRODUCTION

Polymers which exhibit a thermoresponsive behavior in water
are well-known in the literature. This type of polymer can be
dlassified in two groups, one which phase separates in water
upon heating (lower critical solution temperature (LCST)-
type)' and the other which shows phase separation upon
cooling (upper eritical solution temperature (UCST)-type).”
Polymeric systems of LCST-type with a single phase transition
temperature are very well studied. In the past few years,
increasing attention has also been paid to polymers shnwir:ig a
UCST-type response with a single phase transition’ A
concentration dependent change from LCST to UCST in
water is also known for polymers such as poly(trimethylene
ether) gl}rn:ol.'i At low concentrations (<15 wt %), the polymer
showed LCST, and at high concentrations (>45 wt %) a UCST
was observed. In the intermediate concentration range, the
polymer was insoluble. The temperature dependent close-loop
solubility behavior of poly(ethylene oxide) of a particular molar
mass in water is also well studied.’

Progress has also been made in the preparation of block
copolymers with one or more thermoresponsive blocks
showing temperature dependent stepwise phase separation
transitions of the Soluble—Inscluble-Insoluble type. In such
cases the polymers show more than one cloud point of LCST-
type as the individual blocks undergo phase-separation at

7 ACS Publications € 2015 American Chemical Society
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different temperatures.”” One of such polymers is an A—F
block copolymer of poly(N-isopropylacrylamide) (NIPAAm)
and poly(NIPAAm-co-(N-(hydroxymethyl)acrylamide)
(HMAAm)) which showed a double thermoresponsive
behavior with two cloud points.” Many other block copolymers
like poly(N-n-propylacrylamide)-b-poly(N,N-ethylmethylacryl-
amide) (PnPA-b-PEMA) show a complex thermoresponsive
behavior which 1s different from the stepwise phase separation
behavior. The aqueous solution of (PnPA-b-PEMA) showed a
change from transparent to turbid with intermediate transitions
to cloudy and clear with increasing tempemmm_u The block
copolymer of paly(N,N-dimethylaminoethyl methacrylate)
(PDMAEMA) and poly(ethylene glycol) (PEG) in water
showed a change from a simple LCST-type, thermoresponsive
behavior to a complex self-assembly process (soluble—
insoluble—soluble; LCST-type transition at a lower temperature
and a UCST-type transition at a higher temperature) with
temperature on changing pH of the solution from neutral to
pH 12.'° Dilute aqueous solutions of the block copolymer
(poly(methoxytri(ethylene glycol) acrylate)-b-poly(4-vinylben-
zyl methoxytris(oxyethylene) ether) (PTEGMA-b-PTEGSt))

also showed similar multiple reversible transitions, from
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Ol 10,102 1/ecsang muir 5602006
Longmuir 2015, 31, 89408946

64



Reprints of Publications

Langmuir

Table 1. Block Copolymers (PEG-b-poly(AAm-co-AN)) Made by Radical Polymerization of Acrylamide (AAm) and

Acrylonitrile (AN) with PEG Macro-Azoinitiators

clond points/“C"
entry M M, M /M, monomer,/ initistor molar ratio AN amount in polymer (meol %) LCST-type UCST-type
1 37 000 70 000 2.2 175:1 (PEG 2000 g,.-”mol) 9 30 50
2 30 000 S3000 1.8 175:1 (PEG 20002/ mol) 12 S0 68"
3 31 000 53 000 1.7 175:1 {PEG 2000g/mol) 7 13 23
4 40 000 70000 1.8 175:1 (PEG 6000 g/mol) 13 soluble soluble
5 58000 85000 15 1550:1 (PEG 6000 g/mol) 11 20° 15

“First cooling curves, concentration in pure water 7 wt %. bi-{ydmlysis after three cycles. “Disappears after three cycles.

transparent, to cloudy, to clear bluish, and turbid, with the
increase of temperature.'' The corresponding homopolymers
poly(TEGSt) and poly(TEGMA) showed only a LCST-type
transition. A similar behavior was also shown for agqueous
solutions of block copolymers consisting of a 2-ethyl-2-
oxazoline block and another block consisting of a random
copolymer of 2-ethyl-2-oxazoline and 2-n-propyl-2-oxazoline
(PEtOx-b-poly(EtOx-stat-PropOx) ).

A combination of UCST- and LCST-type blocks in block
copolymers provided complex self-assembly behavior with
unimolecular dissolution of the polymers in water in the
temperature range between the UCST and LCST of the
corresponding blocks and phase separation below and above
this temperature range (msoluble—soluble—insoluble; UCST-
type transition at a lower temperature and a LCST-type
transition at a higher temperature ). Such a behavior was shown
for a diblock copolymer consisting of poly(3-dimethyl-
(methacryloyloxyethyl) ammonium propanesulfonate)
(PAMMAEAPS), as a UCST block, and poly(N,N-diethylacry-
lamide) (PAEA), as a LCST block,'” and quaternized block
copolymers of 2-(2 methoxyethoxy)ethyl meth acrylate
(MEO,MA), oligo(ethylene glycol) methacrylate (OEGMA),
and N-(3-(dimethylamino )propyl)methacrylamide (DMAP-
MA) (poly(OEGMA-co-MEO,MA)-b-paly(DMAPMA)). "

Poly(acrylamide-co-acrylonitrile) poly(AAm-co-AN ) is one of
the rare examples of uncharged polymers showing a UCST-
type single phase transition in water and physiological medium
as shown in our previous work."” In the present work, we show
a simple method of making block copolymers of poly(ethylene
glycol) (PEG) and poly(AAm-co-AN) using a PEG based
macro-azoimtiator for a radical polymerization. The copolymer
showed dual thermoresponsivity of LCST- and UCST-type in
one system as investigated by turbidity and light scattering
measurements in aqueous solution. The phase transition
behavior and transition temperatures were found to depend
on the PEG block length, polymer concentration, and ratio of
AAm and AN. The temperature dependent change in the
morphology from micelles to agglomerates and back to micelles
was observed correlating well with the phase transition
behavior. These changes are highly reproducible for many

cycles.

B MATERIALS AND METHODS

Chemical Reagents. PEG macro-azoinitiators with PEG molar
mass (M,) 2000 g/mel (VPE-0201) and 6000 g/mel (VPE 0601)
were purchased from Wako and used without further purification.
Acrylamide (>99.9%) wag purchased from Sigma-Aldrich and freeze-
dried. 2-Propenenitrile (99+%) was bought from ACROS Organics.
Dimethyl sulfoxide (DMSO; >99.9% ACS reagent) was purchased
from Sigma-Aldrich. Ethylethanoate was distilled prior to use. Pure
water was obtained from a Milli-Q Plus system (conductivity = 0.072
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pS/em). 3-(4,5-Dimethylthyazolyl-2)-2,5-diphenyl tetrazolium bro-
mide (MTT) was purchased from Sigma-Aldrich. The cell culture
materials were supplied by Greiner Bio-One; media and solutions were
bought from Biochrome AG, Berlin, Germany.

Synthetic Procedure. The polymers were made by radical
polymerization of AAm and AN using PEG macro-azoinitiators. The
representative synthetic procedure is shown for entry 1 in Table 1.
Other polymers given in Table 1 were made using similar procedure
and using appropriate amounts of AAm, AN, and PEG initiators. In a
25 mL Schlenk flask, 123.2 mg of VPE-0201 (1 equiv), 0.599 g (78
mol %; 137 equiv) of acrylamide and 155 uL (22 mol %; 39 equiv) of
acrylonitrile were dissolved in 10 mL of DMSO (feed ratio AAm /AN,
78:22). The solution was degassed via three freeze—pump—thaw
cycles. The reaction flask was placed in an oil bath which was
preheated to 70 °C and stirred for 24 h, The polymers were
precipitated from the 10-fold excess volume of ethylethanoate.
Afterward the polymers were centrifuged (7000 rpm, 10 min), washed
three times with ethylethanoate and dried n a vacuum oven at 70 °C
for 24 h.

'H NMR {300 MHz, DMSO-d,) &/ppm: 1.22-2.18 (polymer
backbone,~CH,~), 2.1-2.9 (polymer backbone~CH—CONH,,
—~CH-CN-), 35 (~O-CH,~CH,~), 69 (~NH,). ATR-FTIR: v
= 3650—3050 (mb, NH), 3000-2850 (w, CH,), 2242 (w, —CN),
1659 (vs, COJ, 1413 (m), 1348 (m), 1312 (m), 1118 (w) cm ",

Analytical Techniques. 'H NMR spectra wete recorded on a
Bruker Ultrashield 300 machine with a 300 MHz operating frequency
using DMSO-d; as solvent. The signals were calibrated to the DMSO
signal at 5/ppm 2.5.

ATE-FTIR was used to determine the amount of acrylonitrile in
copolymers. The measurements were conducted on a Digilab
Excalibur Series FTS 3000 spectrometer with a diamond as ATR
crystal. The spectra were analyzed by using the software WIN-IR PRO
33

The differential scanning calorimetry (DSC) measurements were
performed on a Mettler Toledo 821 DSC system, The system was
calibrated with indium and zine standards. All measurements were
performed under nitrogen atmosphere with a heating/cooling rate of
10 °C/min.

The turbidity measurements were performed on a custom modified
Tepper TP1-D spectrometer at a wavelength of 670 nm and with a cell
path length of 10 mm under continuous stirring with a heating rate of
10 °C/min. The cloud points were determined at the point of
inflection.

For determination of the molar mass and the molar mass
distribution, gel permeation chromatography with DMSO as mobile
phase was used. One PSS PolarSil PSA080505 (particle size 5 pm,
dimension 80 mm % 50 mm) as precolumn and two PSS PolarSil
linear § (particle size 5 ym, dimension 8.0 mm X 300 mm) columns
calibrated with narrow Pullulan standards and a differential refractive
index detector were employed. The fow rate was 0.7 mL/min at a
temperature of 75 °C. The software PSS WinGPC Unity, Build 1321
was used for analyzing the spectra,

Transmission electron microscopy (TEM) measurements were
performed on a Zeiss EM922 OMEGA EFTEM instrument. The
micrographs were recorded by using a CCD camera (Ultrascan 1000,

DO 10,102 /acs.langmuir,5b02006
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Scheme 1. Synthetic Schemme for the Formation of PEG-b-poly(AAm-ce-AN) Copolymers Using a PEG Macro-Azoinitiator
VPL-020]
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Gatan) and were processed with 2 digital image processing system
(Gatan Digital Micrograph 3.9 for GMS 14).

Dynamic and static light scattering (DLS and SLS, respectively)
measurements were performed on a 3D LS spectrometer of LS
Instruments A (F'ribuurg, Switzerland) in 2D operation using 2
HeNe laser (max. 35 mW constant output power at 632.8 nm) as light
saurce. Two APD) detectors in pseudo cross-correlation were used ta
detect the scattered light. The time average scattering infensities were
measured at a scottering angle of 90° The samples were filled in NMR
tubes (VWR) with 5§ mm enter diameter and measured at different
temperatures, The temperature was adjusted with a stability of +100
mIC by a heat controlled decalin bath. A PT100 thermaelement placed
close to the sﬂmple pasition in the decalin bath was used to monitor
the ternperature. The DLS data were snalyzed by mverse Laplace
transtormation (TL’T) using the software AfterATV version 1.0d by
Dullware providing the relaxation rate distributions.

B RESULTS AND DISCUSSION

A PEG macro-azoinitiator (VPE 0201) was used for the free-
radical polymerization of acrylamide (AAm) and acrylonitrile
(AN} as shown in Scheme 1. The copolymers were structurally
characterized using 'H NMR and ATR-FITR. The character-
istic signals of — OCH, (4 = 3.5 ppm), —C(O)NH, (5 = 69
ppm} and backbone protons in the lower ppm region clearly
showed the presence of PE( and AAm in the copalymers
(Figure 1). The characteristic absorption bands in the FTIR
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Fignre 1. 'H NMR spectrum of the PEG-f-poly(AAm-co-AN)
copolymer (entry 1, Tsble 1; A, = 37000 g/mol; PDI = 22) in
DMSO-d; at 25 °C.

specteum at 2242 and 1659 em™" substantiated the presence of
cyano from AN and catbonyl groups from AAm in our
copolymers. The comonomer molar ratio (AAm: AN) in the
poly(AAm-co-AN) block was varied from 93:7 to 87:13 as
determined by FIIR (shown in Supporting Information Figare
1}. The polymers showed high molar masses (M, = 37 000 g/
mol to 58 000 g/mol) and broad molar mass distributions (PDI
= 1.5-2.2) as determined by gel permeation chromatography
measurements (Supporting Information Figure 2). The differ-
ential scanning calorimetric measurements showed two
separate thermal transitions., For example, a melting point at
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24 °C corresponding to the PEG block and a glass transition
temperature at 130 “C aof the poly{AAm-co-AN) block for a
copolymer with 9 mol % AN was seen (Supporting Information
Figure 3}, The initiation of AAm and AN copolymerization
using PEG macro-azoinitiator could provide a A-B block
copolymer (PEG-l-poly(AAm-co-AN)) by polymerization
initiation by PEG radicals. Besides the formation of A-B
block copolymers, the termination by radical combination and/
or combination with PEG initiator radicals could also provide
A—B—A block copolymers [PEG-b-poly{AAm-co-AN)-PEG.
However, it is not possible to distinguish/quantify the amounts
of each type (A—B and A—B—A) of block copolymers in the
present work.

In one of our previous studics poly{ AAm-co-AN) copolymers
made by free-radical polymerization using azo-bis-
(isobutyronitril] (AIBN) as radical initiator were found to
exhibit a single phase (insoluble-to-scluble) transition in water
with ncreasing temperature, Henee a UCST-type behavier was
observed. The cloud points could be easily varied by changing
the copolymer composition.'* Tn the present work the presence
of the PEG block led to a drastic change in the
thermoresponsive behavior of poly(AAm-co-AN) from UCST-
type (insoluble-to-soluble) to multiphase-type (soluble—
insoluble—soluble; LUST at low temperature and UCST at
higher temperature). The thermoresponsive behavior for block
cupolymurs as obgerved by turbidity measurements (rclati\'c
change in % transmittance with temperature) is shown in
Figure 2.

For a block copolymer with 9 mol % AN at low
temperatures, the relative transmittance is high and does not
significantly change with increasing temperature up to about
25—30 "C where the transmittance drops dramatically. At
around 40 °C, the transmittance starts to increass again and
reaches even higher values than compared to the low
temperature regime (below 25 °C). From this behavior two
doud points can be extracted. The LCST- and UCST-type
cloud points were observed at around 30 and 50 °C,
respectively, The phase transitions were reversible for at least
nine cycles. Slight shifts of the LCST cloud point toward lower
temperatures for increasing cycle numbers was found, and the
UCST cloud point remained nearly unaflected. Independent of
the cycle number the turbidity curves overlapped nicely for
temperatures above 40 °C. The changes of the LCST cloud
point might be related to kinetic effects during the self-assembly
process, which is also affected by the heating rate (Supporting
Tnformation Figure 4), High molar mass poly(ethylene oxide)
(PEO} dlso shows concentration dependent close-loop phase
behavior in water with LCST and UCST at lower and higher
temperatures, respectively, as documented in the literature.” In
any case, both LCST and UCST for PEQ lie much above 100

D00 10,102 1 /acs angrir Sho2o0s
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Figure 2. Turbidity measurements (cooling curves) of PEG-b-poly{AAm-ce-AN) copolymer in pure water. The polymer concentration was 7 wt %,
and AN amount in polymers was (a) 7 mol %, (entry 3, Table 1}, (b) 9 mol % (entry 1, Table 1), and (¢) 12 mol % (entry 2, Table 1).
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Figure 3. Turbidity measurements (cooling curves) of PEG-b-poly(AAm-co-AN) copolymer in water, concentration 7 wt %, PEG block length of
6000 g/mol (entry S, Table 1), (a) first three cycles and (b) fourth to ninth cycle with nearly disappeared LCST.
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Figure 4. Cooling curves of the PEG-b-poly(AAm-co-AN) (entry 1, Table 1) copolymer with different concentrations in pure water, (a) 6—10wt %
and (b) 0.1-5 wt %; (c) hysteresis curves (heating and cooling) of the PEG-b-poly(AAm-co-AN) copolymer.

°C. Thermodynamically, the negative entropy of mixing and
favorable enthalpy of formation (negative enthalpy) for specific
hydrogen bonds between polymer and water molecules leads to
solubility at low temperatures. At higher temperatures the
unfavorable entropy term dominates and leads to phase
separation (LCST -type phase transition). On increasing
temperature further, the phase transition is dominated by
combinatorial entropy and the components are completely
miscible again (UCST-type phase transition).”

The increase in the amount of AN in block copolymers led to
an increase in both cloud points (LCST-type varied from 13 to
50 °C and UCST-type changed from 23—68 °C) without
affecting the multiphase solubility behavior (soluble—insolu-
ble—soluble; LCST at low temperature and UCST at higher
temperature) (entries 1-3, Table 1, Figure 2), This is in
accordance with the tuning of the UCST-type cloud point of
poly(AAm-co-AN) with change in ratio of AN and AAm as
described by us in detail previm:nsly.5 The trancitions were
reversible for many cycles for copolymers with AN content
upto about 9 mol % (Figure 2b). The block copolymers with 12
mol % AN (entry 2, Table 1) showed sharp LCST-type
transitions for many cycles but led to decreased change in
transmittance with temperature at high temperature (UCST-
type transition) after three cycles. This is the inherent problem
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of poly(AAm-co-AN) copolymers for compositions having a
very high UCST-type cloud point due to hydrolysis of amide
with time either during sample preparation or measurements.”
This particular block copolymer showed UCST-type cloud
point of 68 °C in the first heating cycle. Although, there is some
change in transmittance around UCST-type cloud point after
nine cycles also but the change was not very strong. This means
the block copolymers with AN content around 12 mol % show
mostly LCST-type transition after few cycles. Besides ratio of
AAm and AN, the PEG block length also affected phase
transitions. The multiple phase transitions were highly sensitive
to the length of PEG block. Increased PEG block length
without changing the total molar mass of the block copolymer
(M, ~ 37000 g/mol) led to disappearance of thermores-
ponsivity. The polymer was soluble in water between 5 and 60
°C (entry 4, Table 1). Increase in the length of hydrophobic
AAm-co-AN block in a block copolymer (M, ~ $8 000 g/mol)
with PEG blocks of 6000 g/mol provided mainly UCST-type
transition at around 45 °C after 3 cycles. In the first three
cycles, weak multiple phase transitions were seen (Figure 3).
After these three cycles the LCST 1s almost completely
disappeared and a sharp UCST was seen.

The temperature dependent turbidity change of block
copolymers of poly(AAm-co-AN) with a LCST-block poly-

DO1: 10,102V /acs [angmuir, Sb02 006
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(N N-dimethylaminoethyl methacrylate) (PDMAEMA) made
by RAFT-polymerization was recently shown. A temperature
dependent aggregation was observed and copolymers showed
transparency only between 22 and 41 °C."®

In addition, the cloud points (both LCST- and UCST-type)
shifted to higher temperatures upon increase of the solution
concentration in the range of 6—10 wt % (Figure 4a) with very
small hysteresis in heating and cooling cycles (Figure 4c) as
shown for entry 1, Table 1. The turbidity change for less
concentrated solutions (<5 wt %) was not very drastic but
similar soluble—insoluble—soluble transitions were seen (Figure
4b}.

Further we performed light scattering experiments at a
constant scattering angle of 90°. Figure § shows the static light
scattering intensity recorded at different temperatures within a
heating series.

1000

> fau.

7 1004 s, '

<l

Temperature / °C

Figure 5. Static light scattering intensity (time average) of (entry 1,
Table 1) with 7 wt 9% in water measured at different temperatures.
Average of thiee measurements was taken. Dashed line highlights the
average scattering intensity at temperatures above 60 °C.

Comparing the light scattering results with the turbidity
measurements shown in Figure b, a very similar behavior is
found. The scattering intensity increases at around 25-28 °C
and then drops nearly continuously until reaching a plateau at
around 60 °C. Above 60 “C the scattering intensity remains

nearly constant which is in very good analogy to the
transmission of the sample as recorded by turbidity. Tt is
worth noting that the turbidity experiments were performed
with a constant heating rate and under continuous stirring of
the sample. In contrast, the light scattering measurements were
performed after equilibrating the sample for at least 10 min at
each measured temperature and without stiring. Hence, the
slightly different behavior, in particular in the LCST transition
regime, is caused by the difference in sample treatment. To
analyze whether these changes in the sample scattering
behavior are related to structural changes, we performed
dynamic light scattering experiments at different temperatures.
Figure 6A shows intensity-time autocorrelation functions
measured in the relevant temperature range.

At low temperatures, monomodal decays with similar decay
rates are observed. In contrast, the correlation functions at 35
and 4§ °C decay at significantly longer times, indicating slower
dynamics in the sample, This can be attributed to larger
structures, At 60 and 70 °C, the correlation functions decay at
shorter times again, are very similar in their evolution, and show
another fast contribution at shorter decay times. The
autocorrelation functions were analyzed by the method of
inverse Laplace transformation providing the hydrodynamic
radius distribution functions (Figure 6b). Between 20 and 27.5
°C, the radiug distributions are very similar in width and
maximum position with only a slight increase in size. In
contrast, at 35 °C, a second size population appears at
significantly larger radii, indicating the formation of larger
structures such as aggregates. This mode can also be observed
at 45 °C. At 60 and 70 °C, the contribution at this larger size
vanishes again and a second mode appears at significantly
smaller sizes. Although a clear interpretation of the DLS data is
difficult at this stage, not at least due to the relatively high
sample concentration, the observed tendency is in very good
agreement with the turbidity measurements. In addition, the
results from DLS clearly show that structural transitions occur
in the temperature range of 27.5—35 °C and in the range of
45—60 °C. These temperature intervals correspond to the
LCST and the UCST cloud point regions, An in-depth study of
the polymer morphology, for example, by means of small angle

g,(1)-1

1E-5 1E-4 1E-3 0.01

1[8]

B

Intensity weighted [a.u.]

I")‘f?‘f“(‘:‘f"'fj?ff""j‘f“f‘l')'f\’fﬁ) | Q?mfjf*‘-"-"\'n 3
10" 1 100 102 10 10!
R, [nm]

Figure 6. Results from DLS measurements at 90° scattering angle and different temperatures. {entry 1, Table 1) (A) Intensity-time autocorrelation
functions as a function of the delay time 7. (B) Distributions of the hydrodynamic radius obtained from CONTIN analysis.

8944

D01 10,1021 /acslangmuir 5002006
Langmuir 2015, 31, 89408346

68



Reprints of Publications

Langmuir

Article

Figure 7. TEM images (a—c) of PEG-b-poly(AAm-co-AN) (entry 1, Table 1) from a solution of concentration 7 wt % at temperature (a) 25 °C, (b)

40 °C, and (c) 64 °C; (d) visual change of the polymer solution.
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Figure 8. Cytotoxicity of the poly(AAm-co-AN)-based block copolymers (entry 1, Table 1) in 1.929 cells. (a) Incubation period was 24 h, and cell
seeding density 1 X 10" cells per well: (red dircles) poly(AAm-<o-AN) and (blue up triangles) PEG-b-poly(AAm-co-AN]. (b) LDy, doses for the
PEG-poly(AAm-co-AN) polymer and poly(AAm-co-AN) used as a reference. Data represent mean =+ SD from three independent experiments. There

is 2 significant difference between the two means (P < 0.001; f test).

neutron scattering (SANS), is outside the ccope of this paper
and will be presented elsewhere in the future.

Further, TEM was used to study the morphology of the
copolymer associates. TEM grids were prepared from solutions
at different temperatures, followed by tempering for 24 h.
Figure 7 shows the morphologies as observed by TEM.

At low temperature (25 °C) (Figure 7a), the polymer built
small and spherical structures at high (7 wt %) concentrations.
The diameter of these objects is below 30 nm, and a rather
broad distribution in diameter is found. At this temperature, a
core—shell micellar structure with the UCST-type block
(poly(AAm-co-AN)) as core and a hydrophilic PEG as shell
is quite possible. As explained before, the block copolymers
were made by conventional radical polymerization and could
lead to the formation of either AB or ABA block copolymers.
This structural diversity may explain the polydispersity in size
of the associated objects, An increase in temperature to 40 °C
led to agglomeration (Figure 7b). These large agglomerates
entail the change in turbidity from a bluish slightly turbid
solution at 25 °C to a milky suspension at 40 °C as seen by the
visual inspection (Figure 7d). On increasing temperature to 64
°C (Figure 7¢, d), a clear solution was observed showing
breakage of the aggregated polymeric network. Small spherical
structures less than 100 nm in diameter were observed in TEM
when the solution at 64 °C was allowed to dry on TEM grid at
same temperature in an oven, This might be due to the self-
assembly of the block copolymer during sample preparation
although the solution visually and in turbidity measurement
showed high transparency. The TEM images support the
structural changes occurring in different temperature ranges as
monitored by DLS and turbidity measurements. Tt is worth
noting that the block copolymers in the present studies were

8945

polydisperse but still could self-assemble and made stable
temperature dependent micellar structures in a reproducible
way. The unique thermoresponsive behavior gets support from
the literature reference in which the polydispersity was
intentionally introduced to make core—shell gyroid network
mesostructure of a triblock terpolymer (PEG-(polystyrene-b-
polyisoprene-polystyrene)) stable at a composition where it is
not stable for the monodisperse analogue." It it worth
mentioning that a simple blend of PEG and poly( AAm-co-
AN; AN 18 mol %) shows only a UCST -type cloud point (50
°C for 7 wt % solution) reversible for many cycles without
hysteresis similar to homo poly(AAm-co-AN) which shows a
cloud point of 55 °C (Suppc:rting Information Figure §).

The block copolymers of PEG-b-poly(AAm-c0-AN) showing
multiphase transitions could be mteresting for biomedical
applications. In order to obtain an initial idea of its cytotoxicity
toward mammalian cells and tissues, the standard MTT assay
was performed and compared with poly(AAm-co-AN) used as
reference. Therefore, the 1929 cells were exposed to both
polymers for 24 h. The addition of the polymers in the
concentration range 0 to 14 mg/mL affects the cellular
metabolic activity in a concentration-dependent manner
(Figure 8). Under these conditions, the LDy, values were
3.35 £ 0.09 mg/mL and 4.83 + 0.24 mg/mL for cells treated
with the poly(AAm-co-AN) and PEG-b-poly(AAm-co-AN),
respectively. The block copolymer of PEG-b-poly{AAm-co-
AN) have 1.5-fold higher LDy, and is therefore less cytotoxic,

B CONCLUSION

The successful synthesis of block copolymers of PEG and
AAm-co-AN via conventional free-radical polymerization in a
simple way using a PEG macro-azoinitiator was shown. The

[O1 10102 1/acslang muir 5boz 00
Langmuir 2015, 31, 8940-8%45
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introduction of a PEG block to random copolymers of AAm
and AN (AAm-co-AN) led to a change in the thermoresponsive
behavior from a single phase UCST-type transition of AAm-co-
AN to a two-in-one (soluble—insoluble—soluble) LCST-
UCST type in water as shown by turbidity and light scattering
studies. The phase transitions were dependent on the block
lengthu, ratio of AAM /AN, and the polymer concentration. The
transitions were highly reproducible for many cycles with very
small hysteresis. The unique two-in-one phase transition
behavior was attributed to a temperature dependent change
in the morphology from micelles to agglomerates and back to
micelles, In the future, further experiments, like SANS, are
necessary to get detailed information about the complex
morphology change and the exact structures in the different
temperature ranges. The low cytotoxicity and the double
thermoresponsivity of the synthesized PEG-b-poly(AAm-co-
AN) block copolymer makes it promising for applications for
drug release.
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Figure 1. ATR-FTIR Spectrum of a PEG-b-poly(AAm-co-AN) copolymer with a molar ratio (AAm: AN) of 91:9 (entry 1,
table 1). Determined by integrating the characteristic absorptions bands in the FTIR spectrum at 2242 cmx’ (-CN) and

1659 cm™ (-C=0).

For calculation of the molar ratio a calibration function was employed as described previously.!

Gel permeation chromatography
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Figure 2. Molar mass distribution from DMSO GPC of PEG-b-p oly(AAm-co-AN) copolymers. black: (entry 1, table 1, PEG
unit = 2000 g/mol) with a molar ratio (AAm: AN) of 91:9; red: (entry 5, table 1, PEG unit = 6000 g/mol) with a molar ratio

(AAm: AN) of 89:11.
Differential scanning calorimetry
The Differential scanning (DSC) measurements were performed on a Mettler Tolede 821 DSC system. The system was

calibrated with indium and zinc standards. All measurements were paformed under nitrogen atmosphere with a heating

fcooling rate of 10 °C/min.
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Figure 3. DSC curve of PEG-A-poly(AAm-co-AN) (entry 1, table 1) with melting point at 24 °C' of the PEG block and a

glass transition point at 130 °C of the poly(AAm-co-AN) block.
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Figure 4. Cooling curves of PEG-f-poly(AAnrco-AN), (entrv 1, table 1), conceniration Twil. % in pure water, (M, =

37,000 g/mol PDI =2.2), with different heating rates.
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Figure 5. Hysteresis curves nine hurbidity measurement of a poly(ethylene glycol (M, = 2,000 g/mol), poly(acrylamide-co-

acrylonitrile) (M, = 21,000 g'mol) blend; ratio 2:1 (n:in)
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ABSTRACT: Poly{Macryloylglycinamide-co-acrylonitrile (poly(NAGA-
AN)) copolymers were synthesized using reversible-addition-
fragmentation transfer polymerization. In contrast to polyl-
MNAGA) the thermoresponsive behavior of poly(NAGA-AN)
shows a narrow cooling/heating hysteresis in water with a
tunable cloud point, depending on the acrylonitrile amount
in polymer. Furthermore, we showed that there is no signifi-
cant effect of the solution concentration on the cloud point
and stable phase transition behavior in electrolyte solutions,
which is presumable controlled by forming stable micellar

INTRODUCTION Almost every compound is sensitive to the
change in one or more of the external stimuli, such as light,
pH, temperature, electric and magnetic fields, and chemicals,
and shows a gradual change in properties. However, some
compounds show a very significant and sudden change in
the physical propertes with a minor change in the stimuli,
responsive materials.'” Thermoresponsive
polymers are one of the materials that change their proper-
ties with temperature.*™® There are two types of phase sepa-

called stimuli

rations from solution at a particular concentration due to
the conformation change above and below a critical tempera-
ture and the corresponding polymers are called polymers of
lower critical solution temperature (LCST) and upper critical
solution temperature (UCST) types. Such behavior in water
is of importance for drug release, targeted drug delivery, bio
separation, smart implants, micro actuators, and so forth.”~12
A lot of polymers of LCST type are known and well stud-
ied."™' In contrast, studies related to the polymers showing
UCST type transitions in water are guite limited but increas-
ing in the last years. Although, some of the zwitterionic poly-
mers and polyelectrolytes show UCST-type transitions in
water, they are dominated by Coulomb interactions and the
thermoresponsive behavior is highly dependent upon the
molar mass, presence of salts, ionic strength and multivalent

like structures as a result of the block/graft-copolymer struc-
ture. This is in contrast to poly(NAGA) which shows a
strong concentration dependent cloud point in aguecus
solution with a broad cooling/heating hysteresis. @ 2016
Wiley Periodicals, Inc. J. Polym. Seci., Part A: Polym. Chem.

2017, 55, 274-279

KEYWORDS: N-acryloyl glycinamide-acrylonitrile; micelle forma-
tion; RAFT polymerization; thermoresponsive polymers; UCST

. 15-18 - ~
ions. In the last few years more and more attention has

been given to the nonionic polymers with phase transitions
dominated by hydrogen (H)-bonding.'®*" Acrylamide and
acrylonitrile random copolymers [(poly(AAm-co-AN)) have
emerged out as one of the promising systems with sharp
and reversible phase transitions of UCST type and tunable
cloud points (temperature at which phase separation occurs
depending on polymer concentration) Acrylamide, small hys-
teresis, and tolerance toward e]e‘.nt:tr-ﬂ]ytne.';.“‘w'23 Moreover,
cross-linked poly(AAm-co-AN) could provide thermophilic
hydrogels.”? All these properties provide the poly(AAm-co-
AN] system at present a place in the category of UCST-type
polymers which is occupied by poly[N-isopropylacrylamide)
(poly(NIPAM)) for polymers with LCST-type transitions. Both
poly(NIPAM) and poly(AAm-co-AN} show non-significant
changes in cloud points with concentration for very dilute
solutions (0.01-1 wt%), but cloud point increases for poly(-
AAm-co-AN) and decreases for poly(NIPAM) with an increase
in concentration,'**? Poly(N-acryloylglycinamide) (poly(-
NAGA)) is another interesting nonionic polymer showing
phase transition of UCST type due to thermally controlled
reversible H-bonding interactions.”"*® The limitation of this
system is the broad phase transition with hysteresis of more
than 10 °C. Also, phase transition temperatures are strongly

Additional Supporting Information may be found in the anline version of this article.

© 2016 Wiley Periodicals, Inc.
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TABLE 1 Cloud Points and Composition of the Synthesized Copolymers of NAGA and AN Using CMDT as Chain Transfer Agent

and AIBM as Initiator

AN in Polymer AN in Feed
Entry (mol%)® {mal%)
1 32 35
2 30 33
3 27 30
4 27 25
5 43 45

Monomer:CTAinitiator ratio 200:1:0.3).
? Compositions were determined by ATR-FTIR using a calibration
function.

influenced by concentration. For example, the cloud point
changes from 7.6 to 25.4 °C on changing concentration from
025 to 54 wt%. At higher concentrations (more than 5-
6 wit%), poly(NAGA) forms a physical gel in water?”
Attempts were made to tune the properties of poly(NAGA)
by copolymerization with N-acetylacrylamide (NAcAAm). The
cloud point of poly(NAGA) was further decreased below 12
°C (on cooling) depending upon the amount of NAcAAm and
disappeared on incorporation of more than 0.355 molar frac-
tion of it. Moreover, the transitions were very broad with
large hysteresis similar to that of the homopolymer poly(-
NAGA)?® The copolymerization of NAGA with hydrophobic
monomer, butyl acrylate (BA) provided complex effect on
phase separation behavior with significant hysteresis, that is,
cloud point decreased till about 10 mol% of BA and thereaf-
ter increased with the amount of BA. Unfortunately, the phase
transition behavior was not reproducible and led to significant
change in cloud point with each new .:yf:le,]g In the present
work, we provide a new polymer system showing highly
reproducible, stable and sharp phase transitions for many
cycles without any significant hysteresis based on NAGA and
AN copolymer. Otherwise, the homopolymer of poly(NAGA)
shows cloud points of 17 and 29 °C during heating and cool-
ing, respectively, with a hysteresis of approximately 12 °C.27
The cloud points can be tuned hy changing the ratio of the two
comonomers without sacrificing the reproducibility and
sharpness. Interestingly, the system showed no significant
effect of polymer concentration on cloud point for a very
broad range [tested range: 0.1-10 wt%) making it different
from other UCST*type nonionic polymers.

EXPERIMENTAL

Materials

Chemical Reagents

S-Cyanomethyl-S-dodecyltrithincarbonat ~ (98%, HPLC) and
dimethyl sulfoxide (DMS0) [>99.9%, ACS reagent) were pur-
chased from Sigma-Aldrich. 2-Propenenitrile (99+ %; Acros
Organics) was purified by distillation. N-acryloyl glycinamide
(T = 141 “C) was synthesized according to a published proce-
dure?’ 2,2-Azoisobutyronitrile (AIBN, Fluka) was recrystallized

Nﬂh\‘:l:é WWWW MATER LALSVIEWS.COM
Ll

UCsT UCST UCST [*C)
(o T eyt in PBS"®
45 45 43

39 40 41

24 24 235

<h <5 <5

Insol. Insol. Insol.

2 Cloud points determined for 1 wt% solutions in pure water with a
heating rate 1.0 “C/min.

® Caooling.

? Heating.

from ethanol. Milli-Q Plus system (conductivity = 0.072 uS/cm)
was used for getting pure water. Toluene (HPLC grade, ->99.9%)
for GC measurements was purchased from VWR Chemicals.

Synthetic Procedure

All polymerizations were carried out under argon. N-acryloyl
glycinamide (NAGA) and acrylonitrile (AN) (in total 200 eq)
and S-cyanomethyl-S-dodecyltrithiocarbonat (CMDT) (1 eq)
were dissolved in 10 mlL DMSO (feed ratio NAGA:AN, £5:35)
in a Schlenk flask followed hy degassing (three freeze-pump-
thaw cycles). A AIBN/DMSO solution (0.3 eq of AIBN) was
added. The reaction was carried out in an oil bath, preheated
to 70 °C. The polymers were precipitated from methanol
(tenfold volume). After polymerization, the polymers were
centrifuged (7000 rpm, 10 minutes), washed few times with
methanol and dried in a vacuum oven at 70 “C for 24 hours.

"H NMR (300 MHz, DMSO-dg) é/ppm: 1.22-2.18 (polymer
hackbone, -CHo-), 2.1-2.9 (polymer backbone, -CH-), 3.5
(-NH-CH,-CONH,); 69-9.2 [-NH;); ATR-FTIR: v = 3650-
3050 (mb, NH), 3000-2850 (w, CHj), 2242 (w, -CN), 1659
(vs, CO), 1413 (m, -CH-), 1348 (m, -CH-), 1312 (m, -CH-)
1118 (w, C-N) cm ™%,

Instrumentation and Analysis

Nuclear magnetic resonance [(NMR] spectroscopy: Bruker
Ultrashield 300 machine (300 MHz) was used for measuring
'H NMR spectra.

Fourier-transform infrared spectroscopy (FT-IR): Spectra
were recorded using a FTIR spectrometer (Digilab, Excalibur
Series) with an attenuated total reflectance (ATR) unit

CMET
8
NAGA AN il 4
NeweT ‘s‘ﬁn NG i Yot R
,/f“‘ff) T B k™ “_v');n Al {41’ ¥
T HN, ™ DMS0, 24 h, 70°C ro 0 cN S
L]f)‘\NH? Q.

NH;

SCHEME 1 Copolymerization of NAGA and AN by using CMDT
as chain transfer agent and AIBN as initiator.

JOURMAL OF POLYMER SCIENCE, PART A: POLY MER CHEMISTRY 2017, 55, 274-279

bl

77



Reprints of Publications

ARTICLE
100+ e Y00
80 = 80
(I.' ¥ )
¥ 80- |/ g0 >
z | e &
40+ | /- 40 <
v =
L /
20 » r. 20
i " ;y/’/,
Dud‘l T ¥ T T T 0
0 20 40 60 80 100 120
Time [/ min

FIGURE 1 Influence of the reaction time on amount of NAGA
(circles) and AN (squares) in copolymer (entry 2, Table 1). [Col-
or figure can be viewed at wileyonlinelibrary.com]

To record the spectra the software WinlRPro (Digilab, ver-
sion 3.3.1.014) was used. In order to evaluate the spectra,
Origin 8.5 (OriginLab] was used.

Differential scanning calorimetry (DSC): Mettler Toledo 821
DSC system was used for DSC measurements under nitrogen
atmosphere with a heating/cooling rate of 10 “C/min. A total
of 6-8 mg of samples were used for measurements. The
results were analyzed from the second heating cycle.

JASCO V-630 Spectrophotometer was used for the turbidity
measurements at 660 nm with continuous stirring at a heat-
ing rate of 1.0 °C/min, The cell path length was 10 mm. The
cloud points were determined at the point of inflection of %
transmittance versus temperature curves. For measurements,
first appropriate amounts of samples were dissolved in

—s—entry 1, table 1
—=—entry 2, table 1

1001
80
601
40-

Transmittance / %

20

0.
0 10

20 30 40 50 60 70
Temperature / °C

FIGURE 2 % ftransmittance wversus temperature hysteresis
curves for 1 wi% poly(NAGA-AN) in pure water. [Color figure
can be viewed at wileyonlinelibrary.com]
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Millipore-water/phosphate buffer by heating at 60 °C and
measurement was started from cooling cycle.

GC measurements were performed on a SHIMADZU GC-2010
Plus. As stationary phase a column from Zebron ZB 5MS;
L=30m % Ld = 0.25 mm X df = 0.25 pm was used.

Molar mass and the molar mass distribution were determined
by gel permeation chromatography with dimethyl sulfoxide as
eluent. A precolumm (S5 PolarSil PSADB050S5; particle size
5 pm, dimension 8.0 mm > 50 mm) and two PSS PolarSil line-
ar S (particle size 5 um, dimension 8.0 mm < 300 mm) col-
umns were used Pullulan of different molar masses with
narrow dispersities were used as standards. The flow rate was
0.7 mL/min at a temperature of 75 °C. As detector a differen-
tial refractive index detector was used. The software P55
WinGPC Unity, Build 1321, was used.

The morphologies were investigated by elastic bright-field
transmission electron microscopy [TEM) and (cryoTEM)

« entry 1, table 1

50, + entry2, table 1
+ entry 3, table 1 =
a5y CSSMYSIERELL .
) 40 - s =W
.35 . 4 .
% 30
g _
o 4 4 P =
204 =
15
10 T . r
0,1 1 10
Concentration in water / wt. %
b increasing urea concentration
100 P
| II
2 gg L1 S
3 | + oorwrwesn 4k
g 604 . : wilbad g -
8 |
= +*
£ 401 |
2 |
| e
E 20+ 4
0 T sasared!

0 10 20 30 40 50 60
Temperature / °C

FIGURE 3 (a| Cloud point {cooling) of the synthesized poly(-
NAGA-AN) copolymers as a function of concentration in pure
water. Heating rate 1 “C/min. (b} Cooling curves of poly(NAGA-
AN) of (entry 2, Table 1) with a polymer concentration of
1% wt in agueous solution with increasing amount (500-
2000 mM) of urea. Heating rate 1 “C/min. [Color figure can be
viewed at wileyonlinelibrary.com]
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below UCST (at 20°C)

abave UCST (at 50°C)
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_—
100 nm

FIGURE 4 TEM images of poly|NAGA-AN] (A/B) (entry 1, Table 1), (C/D] (entry 2, Table 11, (E/F) (entry 3, Table 1) from a solution
of concentration 1 wt% at temperature above (bottom row, at 50 °C) and below (top row, at 20 °C) of the UCST (determined by tur-
bidity measurements), [Color figure can be viewed at wileyonlinelibrary.com]

using a ZEISS 922 Omega EFTEM (Zeiss NTS GmbH, Oberko-
chen, Germany) electron microscope operated at an accelera-
tion voltage of 200 kV. Zero-loss filtered images were
recorded with a CCD} camera system (Ultrascan 1000, Gatan)
and processed, using a digital imaging processing system
(Gatan Digital Micrograph 3.9 for GMS 1.4. cryoTEM samples
were vitrified at 20 and 50 °C in liquid ethane.

Dynamic light scattering (DLS) measurements of the copoly-
mers (entries 1-3, Table 1) were performed on a 3D spec-
trometer from LS instruments AG (Fribourg, Switzerland)
operated in 3D modulated cross-correlation. A HeNe laser
(maximum 35 mW constant power output at + = 632.8 nm)
was used as light source. Samples were prepared by dissolv-
ing the copalymers in Milli) water in glass tubes at elevated
temperature {60 °C) with concentrations of 0.1 wt%. After
complete dissolution, all samples were filtered with PTFE fil-
ters of 5 pm pore size directly into dust-free cylindrical
quartz cuvettes (diameter 10 mm). The scattered light was
detected hy two APD detectors. Three intensity-time autocor-
relation functions were measured at a scattering angle of 907
with an acquisition time of 60 seconds. Temperature-
dependent measurements helow UCST and above UCST were
performed at 20 and 50 °C, respectively. The sample temper-
ature was adjusted by a heat controlled decalin bath with a
stability of £100 mK The temperature was monitored by a
PT100 thermoelement, placed close to the sample position

Mok

WWW MATERIALSVIEWS.COM

in the decalin hath. The recorded data were analyzed by
inverse lLaplace transformation (ILT) with the AfterAlV soft-
ware (v.1.0d) by Dullware.

RESULTS AND DISCUSSION

In the present work, RAFT polymerization was used as a
tool to make new copolymers of NAGA with AN (Scheme 1)
in order to tailor cloud-points with almost no hysteresis. Dif-
ferent copolymers with varied ratio of the two comonomer
units were made by changing their amount in the feed using
CMDT as chain transfer agent and AIBN as radical initiator.

'H NMR (Fig. $1) was not useful in determining copolymer
composition due to overlapping peaks. Therefore, the copoly-
mer composition was determined by ATR-FTIR (Figs. 52 and
53) and is shown in Table 1. This is an established method
for copolymer composition determination %’

The polymers had molar masses of 11,000-18,000 g/mol
and molar mass dispersity of ~1.3 as determined from GPC
measurements using Pullulan standards. All GPC curves were
unimodal (Fig. S4 and Table S1). The polymers showed two
glass transition temperatures as measured by DSC (Fig. 55
and Table S2). The first and second glass transition tempera-
tures increased with the increase in the amounts of AN and
NAGA, respectively, in the copolymers, The presence of two
glass transition temperatures ruled out the formation of

JOURMAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2017, 55, 274-273
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below UCST (at 20°C)

above UCST (at 50°C)

FIGURE 5 crycTEM images of poly(NAGA-AN) (AB) (entry 1,
Table 1) {from a solution of concentration 0.1 wt% &l tempera-
ture below (A at 20 °C) and above (B at 50 °C) the UCST (deter-
mined by turbidity measurements). [Color figure can be
viewed at wileyonlinelibrary com|

statistical copolymers. To follow the microstructure of the
polymer, the copolymerization reaction was followed at dif-
ferent intervals of time. The reaction was stopped and the
amount of unreacted AN was followed by GC (Figs. 56 and
57 and Table S3). Knowing the amount of unreacted AN by
GC and the total yield of the reaction from gravimetric, the
amount of unreacted NAGA could be calculated (Fig. 1).

Interestingly, a vast reactivity difference between NAGA and
AN was observed. In the beginning till about 17% conversion,
mainly AN was polymerized with very small amounts of
NAGA, that is, after about 20 minutes of polymerization,
around B0 wt% of AN was already consumed whereas less
than 4 wt% NAGA was polymerized. This clearly rules out the
formation of random copolymers. Since the monomer feed
composition strongly changes with conversion, the reactivity
ratios will depend upon the conversion and therefore, would
not be meaningful in commenting about the copolymer struc-
ture.*? The huge reactivity difference between AN and NAGA
hint about the formation of block/gradient-type copolymers
or a grafted copolymer structure with PAN backbone with
prafts of NAGA. In RAFT polymerization the termination reac-
tions are reduced, but not avoided completely, therefore both
AB and ABA types of block structures are possible. The graft
structure is possible by transfer reactions generating radicals
on PAN backbone followed by NAGA polymerization. The
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formation of block copolymers as well as a grafted copolymer
structure by simultaneous polymerization of two comonomers
in one-pot is rarg, hut already known in the literature for oth-
er comonomer systems.”**” The formation of a blend of two
homopolymers during polymerization or presence of homo
PAN in copolymers is ruled out based on the combination of
following facts: (a) monomodal GPC curves and (b) PAN
homopolymer is not soluble in water at any temperature,
whereas the polymer showed thermoresponsive behavior
[described below) without traces of any insoluble part in the
solution above cloud point.

The thermoresponsive behavior of the resulting polymers was
tested by measuring % transmittance vs. temperature for
1 wt% polymer solutions in water. Sharp phase transitions
were observed with cloud points depending upon the copaly-
mer composition. The cloud points varied between <5 °C and
about 40 °C depending upon the copolymer composition with-
out any hysteresis between cooling and heating cycles (Fig. 2).

Additional experiments were done by adding intentionally
definite amounts of homo-poly(NAGA) in a solution of
copolymers in water and studied effect on thermoresponsive
behavior. This experiment was done to have indirect check
about the possibility of presence of some homo-poly(NAGA)
in the copolymers and the effect on thermoresponsivity, if
any. The presence of homo-poly(NAGA) till about 6 mol%
had no significant effect on thermoresponsive behavior in
terms of sharpness and hysteresis but large amounts low-
ered down the cloud points with broad transitions and hys-
teresis. Since thermal transitions observed for polymers
were sharp, without hysteresis, rules out the presence of
large amounts of homo-poly[NAGA) in the polymer samples
prepared in this work [Figs. 58 and S9).

The doud points were not affected by measurements in PBS
buffer and showed almost similar cloud puoints as in water (Fig,
510). Thermoresponsive hehavior was studied at different con-
centrations and interestingly showed a highly stable system
with no significant change in the cloud points [Fig. 3(a)] for a
very broad range of concentrations (0.1-10 wtd).

This is in contrast to most of the other thermoresponsive
polymers based on thermoreversible H-bonding.'® Also, the
present poly(NAGA-AN) copolymer system tolerated a huge
amount of H-breaking agent (urea; 2 M) without complete
disappearance of the UCST-type phase transition [Fig. 3(b)].
In a previous work, the use of 0.5 M H-bond disruptor was
sufficient for disappearance of UCST-phase transition of a
copolymer of NAGA and N-acetylacrylamide.® TEM measure-
ments of the samples above the cloud points (at 50 °C)
showed spherical particles of size between 10 and 60 nm,
which agglomerate on cooling below the cloud points. Above
cloud point, poly(NAGA) block is hydrophilic and PAN block
hydrophobic leading to self-assembled micellar-like struc-
tures which agglomerate below cloud point due to change in
hydrophilicity of the poly(NAGA) block (Fig. 4). The self-
assembly of the poly(NAGA-AN) copolymers to micellar
structures above a critical temperature appears to be
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respaonsible for thermoresponsivity with sharp transitions.
Moreover, the polymers in the present work are made by
RAFT showing low (1.2-1.3) molar mass dispersity and
expected to have compositional homogeneity leading to
sharp transitions.*!
The cryoTEM images (Fig. 5) of entry 1, vitrified at 20 and 50 °C
(solution concentration 0.1 wt%%) shows a similar morphology as
seen by the TEM image (Fig 4). At 20 °C, large agglomerates with
sizes between 100 and 500 nm were observed. In addition to cry-
oTEM, we analyzed entries 1-3 at 20 °C in dispersion using DLS.
The samples show monomodal, narrow size distributions and
average radii between 100 and 400 nm (Fig. S11). Hence, the
impression from cryoTEM is well-supported by DLS measure-
ments in dispersion. At 50 °C, structures below 100 nm were
observed in cryoTEM, which was dedicated to the formation of
micellar-like structures, At this temperature, DLS results for
entries 1-3 were found to be rather complex with many different
contributions obtained by CONTIN analysis. Hence, a clear esti-
mation of an object size by DLS is not easily possible pointing
probably towards the presence of larger aggregates or network-
like structures in addition to micellar structures. We want to note
that, due to the intensity-weighting of the DLS data, the network
structures may be present in minority only.

CONCLUSIONS

The RAFT copolymerization of NAGA and AN provided block-
type/graft structure with AN preferably polymerized in the
beginning, The structure was underpinned by DSC, showing two
glass transition points and a reaction kinetic study, in which the
time dependent amount of reacted acrylonitrile was followed by
GC measurements. Turbidity measurements of the resulting pol-
ymers show a narrow hysteresis in water which can be tuned
from <5 up to 40 °C. The thermoresponsive behavior was nat
disturbed in PBS buffer and showed similar cloud points as that
in Millipore water. The cloud points were independent from the
concentration in a wide range. This is in contrast to phase tran-
sition behavior of paly[NAGA), which shows a broad cooling/
heating hysteresis in water with a significant effect of the con-
centration of the aqueous solurion. The formation and aggrega-
tion of micellar structures above and below critical
temperatures stabilized by H-bonding might be responsible for
thermoresponsive hehavior as the system tolerared unusually
high concentrations of hydrogen bonding disturbing reactants
like urea. The presence of spherical particles above critical tem-
perature was evident from TEM and cryoTEM.
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FIGURE S1 '"H NMR spectrum of the poly(NAGA-AN) copolymer (entry 1, table 1; Mn

=16 000 g/mol; D = 1.3). The sample was dissolved in DMSO-ds and measurement

was done at 25 °C.
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FIGURE S2 ATR-FTIR spectra of (entry 1, table 1) with the —CN band at 2242 cm™*

and the —C(O)- band at the wavenumber of 1658 cm-'.
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FIGURE S3 ATR-FTIR calibration function for determination of copolymer composition.
Calibration curve was made by using poly(NAGA)/poly(AN) blends. Both

homopolymers were synthesized using RAFT polymerization

entry 1, table 1
entry 2, table 1
entry 3, table 1
entry 4, table 1
entry 5, table 1

1000 10000 100000
Molar mass distribution

FIGURE S4 Molar mass distribution curves (entry 1-5, table 1).
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TABLE S1 Mn and molar mass distributions of NAGA/AN copolymers measured by

GPC using DMSO as solvent.

Entry M, D

1 16 000 1.3
2 11 000 1.3
3 14 000 1.2
4 18 500 14
5 12 300 14

TABLE S2 Glass transition temperatures of poly(NAGA-AN) and poly(NAGA)

determined by DSC.

Entry Tg:/°C

Tg2/°C

OO A W N =

108
103
87

107
110

147
140
153
160
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eniry 1, table 2
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FIGURE S5 Glass transition temperatures of poly(NAGA-AN) and poly(NAGA)

determined by DSC (entry 1-5, Table 2).
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FIGURE S6 Calibration function of acrylonitrile in toluene. R?>= 0.9992
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FIGURE S7 Peak areas of the GC measurements of unreacted acrylonitrile in toluene

as solvent depending on reaction time, (entry 1, table 1).

TABLE S3 Yields, reacted amounts of N-acryloyl glycinamide in copolymer after

different time periods m0 (NAGA) = 525 mg, m0 (AN) = 117 mg

Entry Time / min Yield / % NAGA /% AN/ %
1 0 0 0 0

2 5 5 1.5 19.9

3 10 15 4 66

4 20 17 4.6 75.7

5 40 31 21.1 78.4

6 60 52 44.6 86.4

7 90 54 46.3 92.6

8 120 58 48.8 99.5
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FIGURE S8 Hysteresis curve of poly(NAGA) in pure water, concentration 1 wt.%.
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FIGURE S9 Effect of poly(NAGA) in different amounts on the hysteresis and

cloud point of (entry 2, table 1), concentration of (entry 2, table 1) was 1 wt.%.
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FIGURE S10 Cooling curves of (entry 1 and 3, table 1) in PBS puffer solution,

concentration 1 wt. %
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FIGURE S11 Radius distribution functions obtained from CONTIN analysis of intensity-
time autocorrelation functions measured with DLS for entries 1, 2 and 3 at 20°C. The

samples were measured at a scattering angle of 90° at concentrations of 0.1 wt. %.
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Temperature as Light-Triggered Heat Nanogenerators for Combating
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Micelles with Upper

Critical Solution Temperature as Light-Triggered Heat
Nanogenerators for Combating Drug-Resistant Cancer

Yongyan Deng, Florian Kdfer, Tingting Chen,

Complete drug release and efficient drug retention are two critical factors in
reversing drug resistance in cancer therapy. In this regard, polymeric micelles
with an upper critical solution temperature (UCST) are designed as a new
exploration to reverse drug resistance. The amphiphilic UCST-type block
copolymers are used to encapsulate photothermal agent IR780 and doxo-
rubicin (DOX) simultaneously. The integrated UCST-type drug nanocarriers
show light-triggered multiple synergistic effects to reverse drug resistance
and are expected to kill three birds with one stone: First, owing to the photo-
thermal effect of IR780, the nanocarriers will be dissociated upon exposure
to laser irradiation, leading to complete drug release. Second, the photo-
thermal effect-induced hyperthermia is expected to avoid the efflux of DOX
and realize efficient drug retention. Last but not least, photothermal ablation
of cancer cells can be achieved after laser irradiation. Therefore, the UCST-
type drug nanocarriers provide a new strategy in reversing drug resistance in

cancer therapy.

1. Introduction

Chemotherapy is considered as one of the most important
options after surgical resection of the primary tumor in clinic.
Unfortunately, the therapeutic efficacy of conventional chemo-
therapy is always unsatisfactory rmainly owing to the severe drug
resistance of cancer cells.”l How 1o reverse the drug resistance
has been considered as the bottleneck problem in cancer chem-
otherapy?! Nanodrug delivery systems have received increased
attention to overcame drtlg resistance in cancer thvrapy_[‘*' 10]
However, although various drug nanocarriers with different
architectures were fabricated, how to realize spatiotemporal
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on-demand release in tumor sites and
subsequent efficient intracellular retention
of the drugs are still big challenges for
nanodrug delivery systems.["!

In recent years, various stimuli-respon-
sive nanocarriers were developed for smart
drug delivery.'>'% Compared to endoge-
nous stimuli (pH, redox potential, enzyme,
efc.), exogenous stimuli (temperature, light,
ele.)-responsive drug nanocarriers might
be more advantageous for spatiotemporally
controlled on-demand drug release'*™!
For example, thermoresponsive polymeric
micelles were prepared as drug nano-
carriers since the end of last century!'™
In most of the cases, thermoresponsive
polymeric micelles were constructed by
lower critical solution temperature (LCST)
polymers, such as poly(N-isopropylacryla-
mide) and poly(cligo-(ethylene glycal)
methacrylate) 1718 Upon increasing the
temperature to higher than LCST, polymeric micelles with
LCST will not be disassembled but shrinked, leading to incom-
plete drug release. In contrast, polymeric micelles exhibiting an
upper critical solution temperature (UCST) will be dissociated
when the temperature ig higher than UCST, leading to com-
plete drug release, which might be more promising in drug
delivery""*!! The biomedical applications of UCST polymers
are strongly impeded due to the sensitivily to ionic strengths
and polymer concentrations as most of the UCST polymers were
based on polyzwitterions. 22 Recently, we synthesized a series
of noncharged UCST-type polymers with tunable cloud points
based on copolymers of N-acryloylglycinamide and acryloni-
trile, which were independent on ionic strengths and polymer
concentrations.”" Block and praft copolymers of noncharged
UCST-type segments with hydrophilic poly(ethylene glycol),
poly(dimethylacrylamide), and  poly(N, N-dimethylaminoethyl
methacrylate) provide temperature dependent micellar struc-
tures which opens up an interesting future direction of ther-
mioresponsive polymers in biomedical applications.?*2# [n order
to achieve thermoresponsive drug release in vivo, how to heat up
the UCST-type drug nanocarriers is a big challenge. Compared
to conventional microwave and radiofrequency radiation which
are very difficult to control effective area of hyperthermia and
show less precise site-specific controllability,?***) photothermal
action of nearinfrared (NIR) laser irradiation might be a much
better candidate for precision medicine and site-specific drug

release due to its outstanding spatiotemporal controllability. 303
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In this work we show the first example of UCST-type
polymeric micelles as drug nanocarriers to overcome drug
resistance by light-triggered drug release and retention
intracellularly. Poly(ethylene glycol)-b-poly(N-acryloylglycina-
mide-co-acrylonitrile) (PEG-b-P(NAGA-co-AN)) with a cloud
point of 44 °C was synthesized to encapsulate photothermal
agent IR780 and anticancer drug doxorubicin (DOX) simultane-
ously. PEG-b-P(NAGA-co-AN) can form micelles at room tem-
perature. Micelles will be disassembled upon NIR irradiation
owing to the photothermal effect of TR780, which will result in
complete release of DOX. Moreover, the photothermal effect
induced hyperthermia is expected to avoid the efflux of DOX
intracellularly. Therefore, owing to the photothermal effect of
IR780, UCST-type polymeric nanocarriers can achieve spati-
otemporally controlled drug release and efficient drug retention
intracellularly, thus overcoming the drug resistance in cancer
treatment (Scheme 1).

2. Results and Discussion

2.1. Preparation, Characterization, and Drug Release Behavior
of UCST-type Nanocarriers

The UCST polymer PEG-b-P(NAGA-co-AN) was synthesized
by radical polymerization as shown in Scheme S1 (Supporting
Information). The number-average molecular weight (M,) and
the molar ratio of NAGA/AN in PEG-bh-P(NAGA-co-AN) were
36 kDa and 2:1, respectively (Figures S1-53, Supporting Infor-
mation). The thermoresponsive behavior was studied by tur-
bidity measurements. The transmittance of a 1 wi% aqueous
solution of PEG-b-P(NAGA-co-AN) dramatically increased with
the increase of temperature, indicating typical UCST-type phase
transition behavior with a cloud point of 44 °C (Figure 54, Sup-
porting Information). Interestingly, the cloud point of PEG-b-
P(NAGA-co-AN) in phosphate buffered saline (PBS) was almost
the same with that in water (Figure 1A), which is very impor-
tant for its biomedical applications.

PEG-b-P(NAGA-co-AN) could readily self-assemble into nano-
sized micelles in aqueous solution at room temperature (25 °C)
with the number-average hydrodynamic diameter of 109.7 nm
as confirmed by dynamic light scattering (DLS) (Figure 1B). The
transmission electron microscopy (TEM) image in Figure S5
(Supporting Information) further confirmed the spherical
structure of PEG-b-P(NAGA-co-AN) micelles. It should be noted
that the hydrodynamic diameter of core-shell micelles is influ-
enced by many factors, including temperature, the length of
hydrophilic block, the length of hydrophobic block, the compact-
ness of the micelles, hydrophilicity/hydrophobicity ratio, and
s0 no. It is reasonable that PEG-b-P(NAGA-co-AN) micelles
have the hydrodynamic diameter of 109.7 nm, which was also
observed for PEG-based core—shell micelles by many other
researchers.?*% Meanwhile, the PEG-b-P(NAGA-co-AN) solu-
tion showed clear evidence of the Tyndall effect (Figure 1C,
insets) in phosphate buffer (pH 7.4), indicating the existence
of nanoaggregates. As expected, the micelles showed thermore-
sponsive behavior. The hydrodynamic diameter of the micelles
dramatically decreased to 7.2 nm and the Tyndall effect was
not observed anymore when the temperature was above UCST,
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Scheme 1. Scheme illumination for combating cancer drug resistance
using NIR laser-triggered UCST-type nanocarriers.

indicating thermotriggered dissociation of UCST-type micelles
(Figure 1C). Meanwhile, the nonresponsive poly(ethylene
glycol)-block-poly(lactide-co-glycolide) (PEG-b-PLGA) micelles
were prepared as a control with the size of 103 nm (Figure S6,
Supporting Information). DOX and IR780 were subsequently
encapsulated into PEG-b-P(NAGA-co-AN) micelles. The hydro-
dynamic diameter and drug loading content (DLC) of DOX
loaded PEG-b-P(NAGA-co-AN) micelles (NPycs/DOX), IR780
loaded PEG-b-P(NAGA-co-AN) micelles (NP qq/IR780),
IR780, and DOX coloaded PEG-b-P(NAGA-co-AN) micelles
(NPycst/(IR780+DOX)), IR780 and DOX coloaded PEG-b-
PLGA micelles (NPpa/(IR780+DOX)) were shown in Table 1.
NPycsrf/ (IR780+DOX) exhibited both the characteristic absorp-
tion of IR780 and DOX confirmed by UV-vis-NIR spectrum
(Figure 1D), which proved successful encapsulation of IR780
and DOX simultaneously. It should be noted that NP qf
(IR780+DOX) was very stable in physiological environment
(phosphate buffer saline, pH 7.4) and lysosomal pH (pH 5.5),
which is very important for its biomedical applications (Figure
87, Supporting Information). Owing to the photothermal effect
IR780, the solution temperature of NPy cqp/(IR780+DOX)
increased with light intensity-dependent 808 nm NIR irradia-
tion (Figure 2A). If 4.0 W cm™ laser was used, the solution
temperature would increase to as high as 60 °C after 3 min
irradiation, which is high enough for photothermal triggered
on-demand drug release as well as photothermal therapy (PTT).

The controlled release of DOX was studied in different
temperatures to confirm the thermoresponsive behavior of
the nanocarriers. As shown in Figure 2B, the release velocity
of DOX from NPyegq/(IR7804DOX) was very slow at 37 °C.
Only 25% of DOX was released after 24 h. However, the drug
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Figure 1. A) Turbidity measurement of 1.0 wt3% PEG-b-P(NAGA-co-AN) in PBS buffer solution with heating rate of 1 °C min™". B) The DLS result
of 0.1 mg mL™" PEG-b-P(NAGA-co-AN) micelles in aqueous solution at 25 °C. C) The DLS measurement of 0.1 mg mL™" PEG-b-P(NAGA-co-AN) in
phosphate buffer (pH 7.4) at different temperatures. The insets showed the Tyndal effect. D) The UV—vis—MIR spectrum of NPcsr/ (IR780+DOX).

The concentration of NPycsy/ (IR780+DOX) was 2.0 mg mL™.

release from NPycgqr/(IR780+DOX) was greatly accelerated
when the temperature was above UCST (50 °C), which might
be ascribed to thermotriggered dissociation of PEG-b-P[NAGA-
co-AN) micelles. More than 80% of DOX was released after
4 h. In contrast, the release of DOX was very slow and did not
show significant difference between 37 and 50 °C if DOX was
loaded in conventional PEG-b-PLGA micelles. The NIR laser
triggered drug release was then investigated. After NPycqy/
(IR780+DOX) was irradiated with 808 nm NIR laser for 5 min
at 37 °C, the hydrodynamic diameter of the micelles increased
from 136.8 nm to more than 1 pm (Figure 2C). The large aggre-
gates might be attributed to the aggregation of DOX and IR780
after released from the micelles. As expected, spherical micelles
were not observed any more in TEM images (Figure S8, Sup-
porting Information). Moreover, the cumulative drug release
profile in Figure 2D showed fast release of DOX upon exposed
to NIR irradiation, owing to the photothermal-triggered disso-
ciation of NPycerf (IR780+DOX). It should be noted that 5 min
NIR laser irradiation (4.0 W cm™) is enough to achieve a rela-
tive enhancement of drug release. The UCSTtype nanocar-
riers showed limited drug leakage at normal body temperature
(37 °C), while exhibited fast drug release upon 808 nm laser
irradiation. Therefore, spatiotemporally controlled “on-demand”
drug release can be achieved upon NIR laser irradiation. At the
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same time, the release of DOX from PEG-b-P(NAGA-co-AN)
micelles was very slow at pH 7.4 with 10% FBS or at pH 6.8
(Figure S9, Supporting Information), which indicated minimal
leakage of DOX from PEG-b-P(NAGA-co-AN) micelles before
their internalization by cancer cells.

2.2. Cellular Uptake and Measurement of Drug-Resistance
Reversal

In order to investigate if DOX and IR780 could be effectively
uptaken by cancer cells, confocal laser scanning microscope
(CLSM) was applied to investigate the cellular internalization
and distribution of DOX and IR780 in DOX-sensitive MCF-7
and DOX-resistant MCF-7/DOX breast cancer cells. After
MCEF-7 cells were incubated with free DOX, strong red fluores-
cence of DOX was observed in the cell nucleus of MCF-7 cells
(Figure S10, Supporting Information). However, as shown
in Figure 3, the red fluorescence of DOX could almost not
be observed in MCF-7/DOX cells after incubation with free
DOX, which might be attributed to the strong drug efflux by
P-glycoprotein (P-gp).!”! Furtherly, if NPycgr/(IR780+DOX)
was incubated with DOX-resistant MCF-7/DOX cells without
NIR laser exposure, DOX was not observed in MCF-7/DOX
cells as well. However, IR780 could be uniformly distributed
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Table 1. DLS results and drug loading content (DLC) of drug loaded
micelles,

Samples Hydrodynamic PDI DLC (DOX) [wtZe] DLC (IR730) [%5]
diarmeter [nm)]

NP jesr/DOX 1363 0.22 10.1 —

NP ccr/IRTEO 134.5 0.19 = 5.4

NPycsr/(IR780+4DOX) 1368 0.28 8.7 48

NPp s/ (IR7B04DOY) 1286 0.16 9.4 5.1

in the cytoplasm of MCF-7/DOX cells. MCF-7/DOX cells incu-
bated with NPycsr/(IR780+DOX) were then irradiated with
NIR laser. Whether photothermal effect-induced hyperthermia
could influence the expression of P-gp was investigated at
first by western blot analysis. As shown in Figure 4, high
P-gp protein level was detected in MCF-7/DOX cells, When
MCF-7/DOX cells were incubated with NP -¢r/(IR780+D0OX),
the expression of P-gp was almest not changed with no sig-
nificant difference. Interestingly, if MCF-7/DOX cells were
incubated with NPycey/(IR780+DOX] under NIR exposure,
remarkably high P-gp level downregulation was detected with
72% decrease of P-gp expression, which might be ascribed

www.small-journal.com

to the photothermal effect-induced hyperthermia. Therefore,
photothermal effect can inhibit P-gp protein expression and
avnid drug efflux to overcome drug resistance. The uptake of
NP5/ (IR780+DOX] by MCF-7/DOX cells under NIR expo-
sure was then investigaled. On the one hand, DOX can be
completely released from the micelles due to the photothermal
effect-triggered dissociation of UCST-type micelles. On the
other hand, the photothermal effect-induced hyperthermia
could achieve efficient intracellular retention by depressing
the expression of P-gp. Therefore, DOX can be completely
released and efficiently retained in MCF-7/DOX cells. Strong
Huorescence of DOX could be observed in MCF-7/DOX cells.
The intracellular DOX Auorescence could also be greatly influ-
enced by NIR laser irradiation if NPycsqf (IR780+DOX) was
incubated with MCF-7 cells. Relative weak DOX fluorescence
was observed in MCF-7 cells without NIR irradiation due to
the fluorescence quenching when DOX was accumulated in
the micellar core. However, the intracellular DOX fuores-
cence was significantly enhanced after DOX was released
from the micelles after NIR irradiation. On the other hand, if
MCF-7/DOX cells were incubated with conventional NPpjca/
(IR780+DOX) under NIR exposure, only relatively weak intra-
cellular DOX fluorescence was observed since DOX cannot be
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Figure 2. A) Temperature profiles of NP o [(IRTS0+DOX] (0.2 mg mL™ IR780 equivalent) under 808 nm laser irradiation with light intensities of a)
2.0W em™, b) 4.0 W cm™, and ¢) 6.0 W cm 2. NP ,cs7/DOX d) was used as negative control under 808 nm laser irradiation with a light intensity of
6.0 W em™ B) In vitro drug release profiles of NPcsr/ (IR780+DOX) and NPg caf({IR780+DOX) at 37 and 50 °C. C) The hydrodynamic diameter of
NPyecst/(IR780+-DOX) before and after NIR laser exposure at 37 "C. D) In vitro light-triggered cumulative release of DOX from NPyesr/ (IR780+DOX) in
PBS at 37 °C. To assess how irradiation affects drug release from the micelles, 5 min NIR laser exposure (4 W cm™) was applied at 2 h past incubation.
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Figure 3. Cellular uptake of different nanocarriers (=5.0 ug mL™" IR780, =10.0 ug mL™" DOX) after incubation with MCF.7/DOX cells for 6 h. Some
samples were iradiated with NIR laser (4 W cm™) for 5 min, Scale bar: 25 pm.

effectively released from micelles. Flow cytometry was further
used to investigate the accumulation of DOX in MCE-7/
DOX cells. As shown in Figure S11 (Supporting Informa-
tion), NIR laser exposure could remarkably increase the red
Huorescence of DOX in MCEF-7/DOX cells. The strongest
DOX Huorescence was observed afler incubation with NPy -¢r/
(IR780+DOX] under NIR exposure due to the double benefits
of photothermal effects, which was consistent with the CLSM
results. Therefore, both effective drug release and minimal
drug efflux are crucial for effective accumulation of DOX in
MCEF-7/DOX cells, which is the prerequisite in reversing the
drug resistance,
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2.3. In Vitro Cytotoxicity Studies

The cytotoxicity of the nanocarriers with or without NIR laser
exposure was evaluated by the 3-(45-dimethyl-thiazol-2-y])-
2,5-diphenyl tetrazolium bromide (MTT) assay When the
nanocarriers or free DOX were incubated with DOX-sensitive
MCEF-7 cells, the proliferation of MCF-7 cells was significantly
inhibited since DOX can be accumulated in MCF-7 cells in all
the groups (Figure $12, Supporting [nformation). However, ag
shown in Figure $13 (Supporting Information), all of the nano-
carriers did not show ohvious cytotoxicity ta MCF-7/DOX cells
in the absence of NIR exposure even if the DOX concentration
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ion of P-gp after different treatments was measured by western blot. b) Quantitative analysis of the expression of relative P-gp
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Figure 5. A) Proliferation inhibitions toward MCF-7 [DOX cells after different treatments by MTT assay. B) Therapeutic efficacy evaluation of NP/
DOX, NP co1/IR7E0 with NIR irradiation, and NP cor/(IRTE0HDOX) with NIR irradiation. *p < 0.05; **p< 0.01.

was as high as 10.0 pg m1-" MCF-7/DOX cells cannot be killed
by DOX without lager irradiation probably due to the strong drug
efflux by P-gp. Furtherly, it should be noted that the viabilities of
MCF-7/DOX cells were almost not influenced if blank MCF-7/
DOX cells were suffered from 808 nm NIR laser exposure
(4.0 W cm‘lj for 5 min, which indicated that laser irradiation at
this light intensity could not influence the viability of MCF-7/
DOX cells. After MCF-7/DOX cells were incubated with
NPyesr/IR780 under NIR irradiation, hyperthermia-induced
cancer cell ablation was observed due to the photothermal
effect of IR780 (Figure 5A). The cell viability of MCF-7/DOX
cells treated with NPesp/IR780 (5.0 ig mL™ IR780 equiva-
lent) under NIR irradiation was 49.0%. Moreover, NP g/
(IR780+DOX) showed signilicantly enhanced cytotoxicity under
NIR irradiation. The cell viability was remarkably decreased to
21.5% when the concentrations of IR780 and DOX were 5.0
and 10.0 ug mL™, respectively. The 509 inhibitory concentra-
tion (IC50) of NP ycerf (IR780+DOX) (DOX equivalent) evalu-
ated by MCF-7/DOX cells was about 5.2 ig m1". The effective
cellular growth inhibition of NPy cs/(IR780+DOX) after laser
irradiation might be ascribed to effective intracellular accu-
mulation of DOX by photothermal-triggered complete drug
release and minimal drug efflux, which is the prerequisite
to overcome drug resistance and improve chemotherapeutic
efficacy. The synergistic effect of 1R780-based hyperthermia
[NPcs/IR7B0 with NIR irradiation) and DOX-based chemo-
therapy (NP4 /DOX) was then investigated by calculating
the therapeutic efficacy of each group (Figure 5B). Therapeutic
efficacy was calculated by deducting the cell viability from
100%. Meanwhile, the additive therapeutic efhicacies of chemo-
therapy and photothermal therapy were calculated by the equa-
tion Tdditve = 100% — (fhemo X fohotthermat) % 100%, where f
was the fraction of surviving cells after every treatment.*¥l The
results suggested that the combined therapy group (NP csy/
(IR780+DOX) with NIR irradiation) had notably higher thera-
peutic efficacy than the merely additive therapeutic efficacy of
IR780-based photothermal therapy (NPycsp/IR780 with NIR
irradiation) and DOX-based chemotherapy (NPcg7/DOX),
indicating excellent synergistic effect to overcome drug resist-
ance. Furthermore, compared to NP corf (IR780+DOX) with
NIR irradiation, the conventional NPy ./(IR780+DOX) with
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NIR irradiation showed much weaker cyloloxicity. probably
owing to incomplete drug release.

Live/dead cell viability assay was further employed to visu-
alize cytotexic effects of hyperthermia assisted chemotherapy
against MCF-7 /DOX cells. The fluorescein diacetate/propidium
iodide (FDA/PI) double staining was applied to identify live and
dead/apoptotic cells after different treatments. As shown in
Figure 6, when MCF-7/DOX cells were incubated with NP ycgr/
(IR7804+DOX) or NPy 5a/(IR780+DOX) in the absence of NIR
laser exposure, red fluorescence was almost not observed,
indicating negligible lethal effects. When MCF-7/DOX cells
were incubated with NP -5p/IR780 and NIR laser was irradi-
ated for 5 min, partial cell death was observed, owing to IR780
triggered photothermal cylotoxicity. Meanwhile, NPpqy/
(IR780+DOX) can also induce some cell death after laser irra-
diation. However, NPp ,/(IR780+DOX) was not as effec-
tive as NP e/ (IR780+DOX) to kill MCF-7/DOX cells, which
might be ascribed to the inefficient drug release of NPpi¢,/
(IR780+4D0OX). If MCF-7/DOX cells treated with NPycsy/
(IR780+DOX) were suffered from NIR irradiation, almost all
of the cells were killed. All the results were in good agreement
with MTT assay.

2.4, In Vivo Tumor Growth Inhibition

The in vivo performance of drug nanocarriers was accessed
on nude mice bearing MCF-7/DOX tumors as the xenografl
model. The efficient accumulation of DOX in tumor site was
very important for improved therapeutic efhicacy and minimal
side effect. The in vivo biodistribution was first evaluated by the
noninvasive optical imaging techinique. As shown in Figure 7A,
stronger NIR fluorescence from NPycgr/(IR780+D0OX) was
observed in tumor site 4 h after injection compared with
that of free IR780. Notable fluorescent signal from NPy cqr/
(IR7804+DOX) could still be detected in tumor site even afier
72 h postinjection, which indicated that the drug nanocarriers
could be effectively accumulated in tumor site. Furthermore,
the DOX accumulation in main organs and tumors at 24 h
postinjection was carried out by ex vivo fluorescent imaging.
The mice treated with NP o/ (IR780+DOX) showed much
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Figure 6. Evaluation of the cytotoxicity by fluorescent microscopy using FDA /P! double staining after different treatments. Dead cells: red fluorescence
of PI; live cells: green fluorescence of FDA. Scale bar: 25 pm.
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Figure 7. A) In vivo time-dependent whele body NIR fluorescent imaging of MCF-7/DOX tumor-bearing mice after intravenous administration of
NPycst/(IR780+DOX) or free IR780. B) Ex vivo fluorescence images of main organs and tumor after administration of NP jcsr/ (IR780+DOX) or free

DOX for 24 h. C) Quantification of average fluorescent signals of DOX in main organs and tumor site after administration of NP jcs7/ (IR780+DOX)
or free DOX for 24 h,
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stronger fluorescence of DOX in tumor site than that treated
with free DOX (Figure 7B.C). In contrast, mice treated with
NPyegr/(IR780+4DOX) showed much weaker Huorescence of
DOX in main organs than that treated with free DOX.

The in vivo antitumor behavior was then evaluated by
tracking the tumor growth rate after different treatments. At
first, the increase of temperature in tumor site after treated with
nanocarriers plus laser irradiation was studied by infrared (IR)
thermal imaging. Afier irradiated with 808 nm laser for 5 min,
both of the NP ycer/(IR780+DOX) and NPp¢4/(IR780+DOX)
groups had an obvious tendency to heat up (Figure BA). The
temperature in tumor tissue could be higher than 50 °C after
3 min irradiation, which is sufficient to induce irreversible
tissue damage. P The antitumor effect of chemo-photothermal
therapy was then investigated. As shown in Figure 8B, the
free DOX and NPy¢;/DOX groups can only slightly inhibited
the tumor growth without significant difference, which might
be attributed to the strong drug resistance of MCF-7/DOX
cells. NPy 7/ IR780 with NIR irradiation could partially inhibit
the tumor growth with 4-5 times increase of tumor sizes,
owing to IR-780 induced photothermal therapy. Interestingly,
NP s/ (IR780+DOX) with NIR irradiation presented remark-
able tumor regression with a statistically significant difference
(p < 0.001). The excellent antitumor effect could be attributed
to the synergistic effect of hyperthermia and chemotherapy by

www.s mall-journal.com

photothermal-induced complete drug release, minimal drug
efflux and photothermal therapy. In contrast, since DOX cannot
be completely released from NPpigaf(IR780+DOX) after NIR
irradiation, the antitumor effect was significantly attenuated
with 3 times increase of tumor size. The mice were sacrificed
21 days postinjecion. The tumor tissues were harvested and
weighted. The tumor weight of each group was in accordance
with the results of the tumor growth rate (Figure S14, Sup-
porting [nformation). The tumor inhibition ratio (TIR) was then
calculated. The TIR of the NPy cgr/(IR780+DOX) group after
NIR irradiation wag 94.4%, which was much higher than other
groups (Figure 8C). Meanwhile, the mean body weight of mice
after different treatments did not exhibit significant change
compared with the control group, which indicated that the DOX
concentration in these groups was well tolerant (Figure $15,
Supporting Information). The potential cardiotoxicity after
different treatments was further investigated by hematox-
vlin—eosin (H&E) staining. All the treatments did not cause
apparent histopathelogical cardiotoxicity, demonstrating negli-
gible side effects in these treatments (Figure S§16, Supporting
Information). In order to further investigate the antitumor per-
formance after different treatments, the levels of proliferation
and apoptosis in tumor tissues were then analyzed by immu-
nohistochemistry, including H&E staining, KiG7 assay, and
terminal deoxynucleotidyl transferase (TdT)-mediated dUTP
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Figure 8. A) Infrared (IR) thermal images of MCF-7/DOX tumor-bearing mice exposed to 808 nm NIR laser for 5 min (4 Wcm™). B) MCF-7/DOX tumor
growth was evaluated by measuring the relative tumar volume after different treatments. €) Tumor growth inhibition ratio after different treatments.
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nick-end labeling (TUNEL) assay. As depicted in Figure 8D by
the histelogical H&E staining, the NP ¢/ (IR780+DOX) group
after NIR irradiation showed much better suppression of tumor
cell proliferation than other groups. Specifically, the percentage
of proliferating cells in tumor tissue treated with the NP g,/
(IR780+DOX) group after NIR irradiation was less than other
groups detected by Ki67 assay. Meanwhile, the percentage
of apoptotic cells in tumor tissue treated with the NP g/
(IR780+DOX) group after NIR irradiation was much higher
than other groups detected by the TUNFEL assay. Therefore, the
levels of proliferation and apoptosis in tumors after different
lreatments were in good agreement with the TIR results.
Therefore, taking advantage of UCST-type drug nanocarries,
ethicient intracellular accumulation of DOX by complete drug
release and minimal drug efflux played an important role in
overcoming drug resistance and improving the therapeutic
efficacy both in vitro and in vive.

3. Conclusion

In conclusion, a new UCST-type drug nanocarrier was fab-
ricated for combating drug-resistant cancer. The UCST-type
PEG-b-P(NAGA-co-AN) micelles with cloud point of 44 °C were
successfully constructed to encapsulate IR780 and DOX simul-
taneously Owing to the photothermal effect of IR780, micelles
would be dissociated upon NIR laser exposure, leading to spa-
tiotemporally controlled efficient release of DOX. Meanwhile,
the photothermal effect induced hyperthermia could avoid
the efflux of DOX in drug resistant MCF-7/DOX cells. There-
fore, significantly increased intracellular DOX accumulation
was achieved in MCF-7/DOX cells by efficient drug release
and minimal drug efflux. The TR780-baged hyperthermia and
DOX-based chemotherapy exhibited excellent synergistic effects
in reversing drug resistance in cancer therapy. Specific NIR laser
expasure after systemic administration of NP cqr/(IR780+DOX]
could efhiciently inhibit MCE-7/DOX tumor growth without
causing obvious side effect in tumor-bearing nude mice. Such
UCST-type drug nanocarriers not only expanded the biomedical
applications of thermal-responsive polymers, but also provided a
new strategy to overcome drug resistance in cancer treatment.
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triggered heat nanogenerators for combating drug-resistant cancer

Yongyan Deng,” Florian Kdfer,” Tingting Chen, Qiao Jin, * Jian Ji, Seema Agarwal*
Experimental Section

Materials

IR-780 iodide and 3-(4,5-dimethyl-thiazol-2-yl1)-2,5-diphenyl tetrazolium bromide (MTT)
were bought from Sigma-Aldrich. Poly(ethylene glycol) methyl ether-block-poly(lactide-co-
glycolide) (PEG-PLGA, PEG Mn 2,000, PLGA Mn 5,000) was bought from Xi’an ruxi
Biological Technology Co., Ltd. Doxorubicin hydrochloride (DOX-HCI) was obtained from
Dalian Meilun Biotech Co., Ltd. RMPI-1640, penicillin-streptomycin, and Fetal bovine serum
(FBS) were purchased from Gibco Life Technologies (USA). MCF-7/DOX cells were
supplied by Keygen Biotech Co. Ltd (China). All other chemical reagents and solvents were
analytically pure and used directly without further purification. DOX-resistant human breast
cells MCF-7/DOX were purchased from Keygen Biotech Co. Ltd (Shanghai, China). PEG-
azo macroinitiator VPE-0201 (PEG unit Mn = 2,000 g mol ™) was obtained from Wako and
used without further purification. N-acryloylglycinamide (NAGA) was synthesized according
to our previous work."! 2-propenenitrile was purchased from ACROS Organics and distilled
under reduced pressure.

Measurements

'"H-NMR spectra were recorded on a Bruker Ultrashield 300 spectrometer. FTIR
spectroscopic imaging in attenuated total reflection (ATR) mode was used to calculate the
amount of acrylonitrile in the copolymers on a Digilab Excalibur Series FTS 3000
spectrometer. To determine the polymer composition the peaks at 2244 (-CN) cm” and the

1
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1654 (-CO) cm™ were integrated and the ratio (-CO)/(-CN) was calculated. The copolymer
composition was determined using an IR calibration function made by mixing both
homopolymers in different ratios. The spectra were analyzed by using the software WIN-IR
PRO 3.3. The turbidity measurements were carried out on a JASCO V-630
Spectrophotometer at 660 nm with continuous stirring at a heating rate of 1.0 °C min™". The
cell path length was 10mm spectrometer. The polymer was dissolved at 60°C under
continuous stirring for 15 min. For the measurement the sample was heated up to 60°C and
the measurement was started with the cooling curve. Gel permeation chromatography (GPC)
was used to determine the molecular weight and molecular weight distribution with dimethyl
sulfoxide as mobile phase. The flow rate was set as 0.7 mL min" and the temperature was
75 °C. The fluorescence emission spectra were determined on a Shimadzu RF-530
spectrometer. In order to measure the fluorescent intensity of DOX, the excitation wavelength
was set at 488 nm and the emission spectra were recorded from 510 to 750 nm. Dynamic light
scattering (DLS) measurements were performed using a Malvern Zetasizer Nano-ZS which
was equipped with a He-Ne laser at a wavelength of 633 nm. The samples were cleaned by a
0.45 wm Millipore filter before DLS measurements. The temperature of the samples was
balanced for 2 min for every measurement. Number-average hydrodynamic diameter (Dh)
was used in this research. Transmission electron microscopy (TEM) measurements were
performed on a HT7700 TEM (HITACHI, Japan) operated at an accelerating voltage of 100
kV. TEM The cellular uptake experiments were recorded by confocal laser scanning
microscope (Leica TCS SPS5). Live/dead cell viability assay and immunofluorescence staining
analysis were performed on a fluorescence microscope (Olympus IX81). Flow cytometry

T™

analysis of cell uptake was analyzed by a BD FACS-Calibur ™ flow cytometer. In vivo whole
body NIR fluorescent imaging was obtained with a CRI Maestro in vivo imaging system

which was equipped with a tunable liquid-crystal filter and a cooled scientific-grade

monochrome CCD camera. The light source for light irradiation is an 808 nm laser with

2
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tunable light intensity (Lasever Inc., China). The change of the temperature after NIR laser
exposure was recorded by an IR thermal imaging camera (FLIR E60, Flir System Inc., USA).

Synthesis of PEG-b-P(NAGA-co0-AN)

For the synthesis of the copolymer, NAGA and acrylonitrile (AN) (distilled under reduced
pressure) were dissolved in 10 mL dimethyl sulfoxide (DMSO) with a total monomer
concentration of 1M (feed ratio NAGA:AN, 65:35; n:n) in a Schlenk flask followed by
degassing (three freeze-pump-thaw cycles). A VPE-0201/DMSO solution (0.3 wt. % of VPE-
0201) was added to the reaction solution. The reaction was carried out at 70°C for 24 h. The
polymer was precipitated from methanol. The polymer was centrifuged (6,000 rpm, 15
minutes), and afterwards dialyzed against water for two days by changing the water twice per
day. Finally, the polymer was lyophilized.

Preparation of PEG-b-P(NAGA-co-AN) and PEG-b-PLGA micelles

The UCST-type PEG-b-P(NAGA-co-AN) micelles were readily prepared by the cosolvent
approach. Briefly, 10 mg of PEG-b-P(NAGA-co-AN) was dissolved in 2 mL of DMSO. The
solution was stirred for 1 h. Distilled water (2 mL) was then added to the solution dropwise.
The solution was stirred for another 3 h and dialyzed against water for at least 48 h (MWCO
3,500). The PEG-b-PLGA micelles was prepared the same as PEG-b-P(NAGA-co-AN)
micelles.

Preparation of drug loaded micelles

In order to prepare NPycst/(IR780+DOX), 15 mg of PEG-b-P(NAGA-co-AN) was dissolved
in 2 mL of DMF by stirring for 1 h. 3 mg of Doxorubicin hydrochloride and 1.5 mg of IR780
were then added. After that, 20 pL of triethylamine (TEA) was added by microsyringe. The
solution was stirred for another 2 h. The solution was transferred to a dialysis bag and
dialyzed against distilled water for at least 48 h. For the determining of the total content of
DOX in the micelles, the micellar solution was freeze-dried and the solid was then dissolved

in methanol/DMSO (1:1). The DOX content was determined by a UV-vis spectrum taking
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advantage of the characteristic UV absorbance at 480 nm. In order to measure the IR780
content in the micelles, the micellar solution was lyophilized and then dissolved in the
mixture of methanol and DMSO (v/v 1:1). The content of IR-780 was then determined by
UV-vis-NIR spectrum at 780 nm. The drug loading content (DLC) of DOX and IR780 were
calculated by the follow Equations 1.

DLC (%) = weight of loaded drug/(weight of polymer + weight ofloaded drug) x 100% (1)
NPyest/IR780, NPucst/DOX  and NPprgsy/(IR7T80+DOX) were prepared the same as
NPyest/(IR780+DOX) unless different kinds of drugs were used.

Characterizations on in vitro photothermal effects

The in vitro photothermal conversion effects of NPucst/(IR780+DOX) were characterized by
monitoring the temperature rises of NPycs1/(IR780+DOX) (0.2 mg mL™* IR780 equivalent) in
aqueous solution during a 5 min irradiation with 808 nm NIR laser at varying light intensifies.
The solution temperature was recorded by an IR thermal imaging camera (FLIR E60, Flir
System Inc, USA).

In vitro drug release experiments

In order to study the in vitro drug release, 2 mL of 1 mg mL™ NPrer/(IR780+DOX) o1
NPproa/(IR780+DOX) solution was added into a dialysis bag (MWCO 3,500). The dialysis
bag was then soaked in 20 mL of phosphate buffer saline (PBS) solution. The solution was
kept at 37 °C or 50 °C in a constant temperature shaking table with constant shaking (100
rpm). The external buffer solution (0 5 mL) was taken out at different time (05h, 1 h, 2 h, 4
h,6h 8l 10h, 1811, 24 h) and 0.5 mL of fresh mediun was added. The release of DOX was
calculated by determining the fluorescent intensities at 595 nm (Aee = 488 nm). The
cumulative release ratio at every tume point was calculated by dividing the cumulative amount
of DOX released with the initial amount of DOX added into the dialysis bag.

In order to assess how photothermal effects affect the 1elease of DOX from

NPucst/(IR780+DOX), a 5 min NIR laser irradiation (6.0 W ecm™) was applied to
4
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NPyest/(IR780+DOX) solution at 2 h after initiation of incubation at 37 °C. The release of
DOX was messured by determining the fluorescence intensities at 595 nm (hex = 488 nm).
Cell Culture

The DOX-resistant MCF-7/DOX human breast cancer cells were cultured in complete RPMI
1640 medium supplemented with 10% FBS, 100 U mL"' penicillin and 100 mg mL"
streptomycin with addition of 1.0 g mL" DOX at 37 °C under a humidified atmosphere
containing 5% CO;. The DOX-sensitive MCF-7 cells were incubated the same as MCF-
7/DOX cells unless 1.0 pg mL"' DOX was not added.

Cellular uptake studies

In order to study the cellular internalization and distribution, MCF-7 cells or MCF-7/DOX
cells were seeded at 5 x 10* cells per well. After 24 h incubation, the cells were treated with
free DOX (10 pg mL ™), NPyest/DOX (DOX 10 pg mL™), NPycst/IR780 (IR780 5 pg mL™),
NPycst/(IR780+DOX) (DOX 10 ug mL™', IR780 5 ug mL™") or NPp gA/(IR780+DOX) (DOX
10 pug mL", IR780 5 g mL™") for 6 h. After washing the cells with PBS for three times, the
cells were fixed with 4% paraformaldehyde for about 20 min. In another group, MCF-7 cells
or MCF-7/DOX cells were firstly incubated with NPycst/IR780 (IR780 5 pug mL"),
NPycst/(IR780+DOX) (DOX 10 ug mL™", IR780 5 ug mL™") or NPpgA/(IR780+DOX) (DOX
10 pg mL™", IR780 5 ug mL™) for 2 h. The cells were then irradiated with 808 nm NIR laser
(4 W cm™) for 5 min. The cells were then incubated for 4 h. After washing the cells with PBS
for three times, the cells were fixed with 4% paraformaldehyde for about 20 min. The fixed
cells were then observed by CLSM (Leica TCS SP5).

The quantitative evaluation of intracellular DOX was studied by flow cytometry. MCF-
7/DOX cells were at first seeded in a 24-well plate at a density of 1 x 10° cells per well. After
incubation for 24 h, the cells were treated with NPycsr/(IR780+DOX) (DOX 10 pg mL™,
IR780 5 pug mL™") or NPpgA/(IR780+DOX) (DOX 10 ug mL™", IR780 5 pg mL™"). 6 h later,

the cell culture medium was removed. The cells were then washed with cold PBS for three
5
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times. Another group of MCF-7/DOX cells were firstly treated with NPycst/(IR780+DOX)
(DOX 10 pg mL™, IR780 5 ug mL™") or NPp /(IR780+DOX) (DOX 10 pg mL™", IR780 5
ug mL™") for 2 h. The cells were irradiated with 808 nm NIR laser (4 W c¢cm™) for 5 min and
then incubated for 4 h. After removing the cell culture medium, the cells were washed with
cold PBS for three times. Trypsin was used to digest the cells. The cells were collected in a
centrifuge tube by centrifuging for 5 min (1,000 rpm). The cells in the bottom were
resuspended in 0.5 mL of PBS for flow cytometry measurement. The blank cells without any
treatment were used as negative control.

Western Blot Assay

Western blot assay was used to detect the expression of P-gp in MCF-7/DOX cells after
different treatments. MCF-7/DOX cells were incubated in a 12-well plate and treated with
PBS, NPycst/(IR780+4DOX) (DOX 10 pnug mL', IR780 5 pg mL"), and
NPycst/(IR780+DOX) (DOX 10 pg mL", IR780 5 ug mL™) with 5 min NIR irradiation,
respectively. After that, the MCF-7/DOX cells were lysed and proteins were extracted from
cells. The total protein was quantified using BCA Protein Quantification Kit. The proteins of
each sample were then resolved by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and then electrotransferred onto the polyvinylidene fluoride
membrane. The membrane was incubated with TBST containing 5% nonfat dry milk for [ h
and then incubated with relevant primary antibodies (P-gp and p-actin, 1:1000 dilutions) at
4 °C overnight. After that, the membranes were washed three times with TBST and
hybridized with relevant secondary antibody (1:5000 dilutions) for 1 h. The bands were
visualized by chemiluminescence using an enhanced chemiluminescence detection kit.
Cytotoxicity studies

The cell viability was determined by conventional MTT assay. The cytotoxicity of different
nanocarriers without laser irradiation was evaluated at first. MCF-7/DOX cells were seeded

into a 96-well plate at 8,000 cells per well. After 12 h, the cell culture medium was replaced
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with fresh cell culture medium containing different nanocarriers and incubated for 48 h in
dark. After that, 20 uL of MTT in the concentration of 5 mg mL ™" was added to each well.
The cells were incubated for another 4 h. Finally, 150 pL of dimethyl sulfoxide was added to
every well to replace the culture medium and formazan absorbance was determined by a
microplate Bio-Rad reader (Thenmo Fisher Scientific) at 490 mm, Data were presented as
average = SD (n=5).

To assess the efficacy of chemo-photothermal treatinent, MCF-7/DOX cells were seeded into
a 96-well plate at 8,000 cells per well. After 12 h, fresh cell culture medium containing
different nanocarriers was usad to replace the cell culfure medium and incubated for 48 h in
dark. For some samples, the cells were at first cultured for 6 h and then 1rradiated with NIR
laser (4 W em™?) for 5 min and cultured for 42 h. After that, 20 uL. MTT in the concentration
of 5 mg mL™" was added to cach well. The cells were then incubated for another 4 h. Finally,
150 pL of dimethyl sulfoxide was added to every well to replace the culture medium and
formazan absorbance was determined by a microplate reader at 490 nm. Data were presented
as average + SD (n = 5). The cyfotoxicity of different nanocarriers or free DOX towards
MCF-7 micelles was measured the same as MCF-7/DOX cells.

In order to observe the therapeutic efficacy after different treatment directly, MCE-7/DOX
cells were incubated with different nanocarriers (10 pg mL™! of DOX, 5 pg mL™ of IR780) in
the presence or absence of NIR laser exposure (4 W cm™) for 5 min. After that, PBS was used
to wash the cells. The cells were then stained with FDA for visualising live cells and PI for
visualising dead cells. The images were obtained by fluorescent microscopy immediately.
Xenograft tumor mouse model

All in vivo expeniments were carried out according to the “Principles of Laboratory Animal
Care” (NTH publication no.86-23, revised 1985) and the guidelines for Lab Animal Welfare
and Research Committee, Zhejiang Umniversity. 4-6 weeks old female BALB/c nude mice

were obtained from Vital River Laboratory Animal Technology Co. Ltd. MCF-7/DOX cells
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(1 x 10" were injected subcutaneously into the mice. The volume of the tumor was estamated
by the Equation 2.

Volume = (Tumor Length) x (Tumor Width)? /2 (2)
In vivo whole body imaging and biodistribution

Once the MCF-7/DOX xenografts reached around 150 mm®, the tumor-bearing nude mice
were divided into different groups randomly (3 mice per group). Two groups of the mice were
intravenously administrated with 100 pL fiee IR-780, and 100 puL NPp;ga/(IR780+DOX) (0.2
mg mL" IR-780 equivalent) respectively. The in vivo whole body NIR fluorescent imaging
was then carried out at different time intervals by collecting the IR-780 signals.

In order to study the biodistribution of DOX, two groups of mice were tail vein injected with
100 pL free DOX, and 100 pL NPp ga/(IR780+DOX) (0.4 mg mL"! equivalent) respectively.
The mice were sacrificed after 48 h injection and the main organs (heart, liver, spleen, lung,
kidney) and tumor tissue were harvested for bio-distribution analysis by collecting the DOX
signals.

In vivo tumor growth inhibition

The nude mice bearing MCF-7/DOX tumor were divided into seven groups randomly (five
mice every group). After that, the mice were tail vein injected with 100 pL of PBS, free DOX
(0.4 mg mL™"), NPycst/IR780 (IR780 0.2 mg mL™"), NPycs/DOX (DOX 0.4 mg mL™),
NPycst/(IR780+DOX) (DOX 0.4 mg mL™", IR780 0.2 mg mL™") or NPp /(IR780+DOX)
(DOX 0.4 mg mL", IR780 0.2 mg mL™"), respectively. After 24 h post-injection, some tumors
were exposed to NIR laser (4 W cm™) for 5 min. The increase of the temperature can be
recorded by an infrared thermal imaging camera. All of the treatments including injection and
irradiation were repeated two times at a time interval of 2 days. The tumor volume and body
weight of every mouse were recorded regularly. At 21days after first injection, the treated
tumor-bearing nude mice were sacrificed. The hearts were harvested and fixed for H&E

staining assay. The tumors were harvested and weighted.
8
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To study the levels of proliferation and apoptosis in tumor tissues after treating with different
formulations, Immunohistochemistry was used. The tumor tissues were collected at 24 h after
different treatments. The tissue samples were fixed for H&E, Ki67, and TUNEL assay.
Statistical Analysis

Data were expressed as mean + SD. The one-way ANOVA analysis was used to determine

the statistical significance using no significance: n.s, *P < 0.05, **P < 0.01, ***P < 0.001.
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VPE 0201 PEG-macro Initiator
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Scheme S1. Schematic illustration of the synthesis of PEG-b-P(NAGA-co-AN).
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Figure S1. 'H NMR spectrum of PEG-b-P(NAGA-co-AN) in DMSO-ds. (300 MHz, DMSO-
d¢) d/ppm: 1.2-2.1 (polymer backbone, -CH;-), 2.1-2.6 (polymer backbone, -CH-), 3.5(-
OCH;); 4.2(-NH-CH»); 6.9-7.3 (-NH, -NH>).
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Figure S2. The GPC trace of PEG-b-P(NAGA-co-AN) measured in DMSO. Mn = 36,000,

Mw/Mn = 1.7.
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Figure S3. FT-IR spectrum of PEG-b-P(NAGA-co-AN). ATR-FTIR: 3650-3050 (mb, -NH),
30002850 (w, -CH»), 2244 (w, -CN), 1654 (vs, -CO), 1413 (m, -CH-), 1348 (m, -CH-), 1312
(m, -CH-), 1118 (w, -C-N), 1018 (w, -C-0-C) em™ Copolymer composition: 32-mol %
acrylonitrile, 68-mol % N-acryloylglycinamide.
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Figure S4. Turbidity measurement of PEG-b-P(INAGA-co-AN) in aqueous solution with a
concentration of 1 wt. %. The cloud point was taken at the point of inflection of the curve.
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Figure S5. The TEM image of PEG-b-P(NAGA-co-AN) micelles at 25 °C. Inset shows the
magnified TEM image of PEG-b-P(NAGA-co-AN) micelles.
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Figure S6. The DLS result of PEG-b-PLGA micelles in aqueous solution.

12
113



Reprints of Publications

WILEY-VCH

a b
@), ] ) (b)
—s— PRS
—=—PBS, 24 b
15 - 15 4
E 10 .E 04
E g
4 =
z s J Z s
] o
I TR © dme0 4oeon 1 10 100 1000 0000

Hydradynamic Diameter (nm) Hydradynamic Diameter (nm)

Figure 7. The DLS results of NP ¢s/(TR780+DOX) micelles in PBS and lysosomal pH (pH

Figure S8. The TEM image of NPycs/(IR780+DOX) micelles after 5 min NIR laser
irrachation.
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Figurc §9. In vitro release of DOX trom PEG-A-P(NAGA-co-AN) micelles at pH 7.4 with
10% FBS or at pH 6.8 at 37°C.
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Figurc S10. Cellular uptake of different nanocarriers (~5.0 pug mL™! TR780, ~10.0 pg mI.!
DOX) after incubation with MCI-7/DOX cells for 6 h. Some samples were irradiated with
NTR laser (4 W em-?) for 5 min. Scale bar: 25 jim,
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Figure S11. Flow cytometry analysis of intracellular DOX fluorescence after incubation of
NPucst/(IR780+D0OX) with MCF-7/DOX cells for 2 h with (a) or without (b) laser
irradiation. NPp;ga/(IR780+D0OX) with (¢) or without (d) laser Irradiation was used as
control.
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Figure S12. Proliferation inhibitions toward MCF-7 cells after different treatments by MTT
assay.

116



Reprints of Publications

WILEY-VCH

120
ENP,  /(IR780+DOX) EEENT, /IR780
164 EmNr, L /DOX B NP, /(IR780+DOX)
)
X 804
S
>
-
= B0~
- p—
=)
2
= 40 -
—
S
20 -
0-
IR780 0.5 1.0 2.5 5.0
DOX 1.0 2.0 5.0 10.0

Concentration (pg/mL)

Figure S13. Quantitative evaluation of cell viability of MCFE-7/DOX cells after different
treatments.
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Figure S14. Average tumor weights after different treatments.
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Figure S15. Body weight curves of MCF-7/DOX tumor bearing mice after different

treatments.
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Figure S16. H&E stained images of hearts harvested from the mice with different treatments.
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Tuning the Phase Transition from UCST-Type to LCST-Type
by Composition Variation of Polymethacrylamide Polymers

Florian Kéfer, Martin Pretscher, and Seema Agarwal*

Polymethacrylamide copolymers with hydrophobic N-substituted acryla-
mides, such as N-cyclohexylacrylamide and N-tert-butylacrylamide, are rare
examples of polymers showing composition-dependent thermoresponsive
behavior in water. They show unexpected behavior different from the conven-
tional copolymers of a thermoresponsive polymer with hydrophobic comono-
mers. On increasing the amount of the hydrophobic comonomer in the
polymer, there is a change from UCST-type phase behavior to complete solu-
bility, followed by compositions showing LCST-type transition and insolubility
in water (U-S-L-I-type change). At 50 mol% of less hydrophobic N-tert-butyl
acrylamide (logP 0.87) in contrast to =25 mol% of N-cyclohexylacrylamide
(logP 1.51), the broad UCST-type transition of polymethacrylamide is turned
to LCST-type transitions with very narrow hysteresis in water and PBS buffer.
The use of H-bond and water-structure breaker showed the role of H-bonding
and hydrophobic interactions in phase transitions of UCST-type and LCST-
type, respectively. This work is an important add-on to the infant field of

nonionic polymers of UCST-type.

Thermoresponsive polymers showing lower critical solution or
upper critical solution temperatures (LCST and UCST, respec-
tively) in water as well as in electrolyte solutions are of great
interest in a wide field of applications.'” In the last more
than two decades, a lot of research efforts were devoted toward
finding out new examples of polymers exhibiting LCST-type
transition, tuning of their critical temperatures, understanding
the mechanism of phase transitions and applications.”# The
research regarding nonionic polymers showing UCST-type
transitions in water undisturbed by the presence of electro-
lytes has picked up pace only in the last 5-6 years.*'¢) Copoly-
mers of acrylamide (AAm) and N-acryloylglycinamide (NAGA)
each with acrylonitrile (AN) are one of the universal examples
showing sharp UCST-type transitions with narrow hysteresis
in water and buffer solutions.”’'® The cloud point could be
tuned in a wide temperature range by changing the copolymer
composition which is also a very well observed phenomenon
in polymers with LCST-type transitions.'! The effect of molar
mass, chain ends, polymer concentration, and the effect of
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comonomers on cloud points is studied
for UCST-type copolymers based on AAm
and NAGA homo- and copolymers. 52

Thermoresponsive polymers depending
upon their structure clearly show either
LCST-type or UCST-type transitions. Mul-
tiple transitions in one system are pos-
sible in case of block copolymers and
polymer-clay composites.?'=?¥ A unique
phenomenon, such as the change in the
thermoresponsive behavior (i.e., LCSI-
type to UCST-type or vice versa) of a
polymer in water, ig seen in some specific
examples due to the change in the hydro-
philicity fhydrophobicity ratio. One of such
examples is a grafl copolymer of poly (vinyl
alcohel) and poly(p-dioxanone) (PDO)
which shows either UCST-type or LCST-
type trangition in water depending upon
the length of the PDO grafi. P4

In this work, we show a rare example of
composition-dependent thermoresponsive
behavior of the copolymers of methacrylamide (MAAm) with
hydrophobic comonomers, such as N-cyclohexylacrylamide
(NchAAm) and N-tert-butylacrylamide (NtbAAM). Poly-
methacrylamide (PMAAm) homopolymer shows a UCST-type
phase transition with a broad hysteresis. Copolymerization
with hydrophobic comonomers in different feed ratios showed
a unique behavior, which was different from the conventional
copolymers. The conventional and routine chemistry is expected
to simply change the cloud points (temperature of phase tran-
sition for a particular concentration) on copolymerization with
hydrophobic comonomer in different amounts. For UCST-type
transitions, the hydrophobic comonomer should decrease the
cloud point on increasing the amount of the comonomer. How-
ever, in our case, it is not only the cloud points. Altogether, the
phase transition—type changed. The thermoresponsive behavior
can be tuned to UCST-type with different cloud points, LCST-
type, and temperature-independent solubility just by changing
the copolymer composition. This effect is different from the
commonly observed phenomenon of changed cloud points on
use of hydrophobic comonomer in thermoresponsive polymers
and is rarely observed.*>=¢

Copolymers of MAAm with NchAAm were synthesized
using free radical polymerization (Scheme 1).

The copolymers were structurally characterized using 'H
NMR spectroscopy. The polymer backbone protons of MAAmM
and NchAAm (protons marked in Figure Sla-d, Supporting
Information) and —CH, protons of cyclohexane ring of NchAAm
(protons marked in Figure S1f, Supporting Information)
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Scheme 1. Reaction scheme for the synthesis of copolymers of MAAmM
and NchAAm. Reactions were carried out in dimethylsulfoxide (OMSO)
with azobisisobutyronitrile (AIBN) as radical initiatar.

overlapped between 0.5 and 23 ppm. —CH (e proton) of
NchAAm was observed as a distinct signal centered at
35 ppm. Using the integral for the copolymer backbone pro-
tons (Figure Sla—df, Suppeorting Information) and the inte-
gral of e proton of NchAAm, the copolymer composition was
determined as shown in (Table 1). Furthermore, the reaclivity
ratios were calculated, tMAAmM = 0.24 and rNchAAm = 0.07
using the Fineman—Ross method, indicating a statistical distri-
bution of comonomers (Figure 52, Table §1, Supporting Infor-
mation). The molar masses of the copolymers were determined
by performing GPC measurements using DMSO as sclvent.
The copolymers showed molar masses in a range of around
M, = 27800 to 48500 depending upon the copolymer compo-
sition (Figure $3, Supporting Information). Differential scan-
ning calorimetric measurements (Figure S4, Supporting Infor-
mation| showed only one glass trangition temperature for the
copalymers which increased from Tg = 160 "°C for P(NchAAm)
homopolymer up to Tg = 248 °C for the composition
MAAM:NchAAm, 98:2 with the lowest amount of NchAAm,
whereas PMAAmM itself showed a Tg = 251 °C.7

The phase transition behavior was investigated by moni-
toring transmittance (%) at different temperatures. PMAAmM
displays a sharp transition of soluble-to-insoluble (UCST-type)
on cooling a transparent solution with cloud peint around
35 °C. The sample showed a broad hysteresis and the cloud
point during heating was =55 °C (Figure 1a).

This was previously reported by the authors.['/] The forma-
tion and breakage of intermolecular H-bonding interactions
due to the amide units with change in temperature is respon-
sible for the UCST-type transition. P(NchAAm) itself is insol-
uble in water in the tested temperature range of 5-80 °C. On

Table 1. Copolymers of MAAm and NchAAm and their thermorespon-
sive behavior.

Entry NchAAmin  Tg[°C] Cloud point 2] M,
polymer [mol%] cooling [heating [°C]

1 0 251 UCST 35/55 NjAS N/jA
2 2 248 UCST 48/ 65 N/A N/A
3 5 223 Soluble NA N/A
4 10 210 Soluble 1.6 33800
5 25 212 LCST 23/20 1.6 48500
6 50 180 Insoluble 19 27800

#NJA, not determined due to inselubility in DMSO.
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Figure 1. Phase separation in water as monitored by measuring transmit-
tance (%) at different temperatures during codling and heating cycles:
a) 1 wiss (PMAAmM); b) 1 wi% (Table 1, entry 2); €) 1 wt% (Table 1, entry 5);
d) cloud point (cooling) of (Table 1, entry 5) in PBS. Heating rate: 1 “C min™".

the contrary, the copolymers interestingly showed a change in
the thermoresponsive behavior depending upon the copolymer
composition, that ig, it varies from UCST-type phase transition
of PMAAm to sharp LCST-ype transitions with less hyster
esis (Figure 1b,c). The copolymer containing about 2 molSé of
hydrophobic NchAAm showed UCST-behavior similar to that
of homo-PMAAm, but with increased cloud points on heating
and cooling (48/65 °C cooling fheating) due to the increased
hydrophobicity (Figure 1b). The increase in the cloud point on
incorporation of hydrophobic comonomer is, by now, a well-
studied phenomenon for acrylamide-based UCST-type copoly-
mers in which the increased amount of acrylonitrile AN led to a
continuous increase in the cloud point.[’]

For MAAmM copolymers with hydrophobic comonomer, a dif-
ferent observation was made. Further, increasing the amount
of NchAAm in the copolymers up to 10 mol% led to the for-
mation of soluble polymers in water. For 1 wi% solution in
water, no transmittance change with temperature was observed
in the temperature range from 5 to 80 °C. It seems that bulky
cyclohexane groups hindered the polymer—polymer interac-
tons of H-bonding-type between the amide units of PMAAmM
and made the polymer soluble till about a particular copolymer
composition. On increasing the amount of NchAAm to about
25 mol% in the copolymer, a different phase transition behavior
was observed. It changed to a soluble-insoluble-type (LCST-
type) transition (Figure lc). The polymer—water interactions
outweighed till a critical temperature (cloud peint) providing
solubility. On increasing the temperature beyond the critical
temperature, the polymer—polymer interactions (hydrophobic
interactions) dominated leading to phase separation. For 1 wt%
solution, the cloud point on cooling was about 23 °C and a very
narrow hysteresis of about 3-4° was observed. Furthermore,
the cloud point was not changed significantly in PBS buffer
(0.1 m) (Figure 1d).

The phase transition behavior of MAAm and NchAAm
copolymers in the presence of urea changed significantly for
both UCST-type (Figure 2a) and LCST-type (Figure 2b) transi-
tions depending upon the concentration.
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Figure 2. a) Coaling curves (of Table 1, entry 2) with a polymer concentration of 1 wt% in aquecus salution with increasing amount (40-625 mm) of
urea; b) cooling curves (of Table 1, entry 5) with a polymer concentration of 1 wt% in aqueous solution with increasing amount (40-4000 mw) of urea.

Heating rate: 1 °C min~".

The cloud point is decreased significantly ffom 48 °C
(cooling) to 25 °C (cooling) with a concentration of urea
(40 mm) for a copolymer with 2 mol% of NchAAm (Table 1,
entry 2). By further increasing the urea concentration to
625 [mu), the UCST disappeared completely and the polymer
did not separate out on cooling and remained soluble. The
urea is an H-bond breaker and decreased the polymer—polymer
interactions and hence there was an increase in solubility in
water on increasing its concentration. This proves the role of
H-bonding interaclions in UCST-type transition of the PMAAM
and its copolymers with NchAAm,

For LCST-type transitions, beyond the critical point,
entropy-unfavorable ordering of water molecules around the
nonpolar polymer supports stronger hydrophobic interactions
and hence the phase separation at higher temperature.* The
well-known water-structure breaker urea changed the cloud
point depending upon its concentration for the copolymer
with 25 mol% of NchAAm (Figure 2b). In general, the cloud
point of LCST-type increased on adding urea in water. The
cloud point could be increased from 23 °C (cooling) without
urea to about 50 °C with a concentration of (¢, = 4 m). In
addition, a decrease in the maximum transmittance (%)
below LCST could be observed with increasing concentration
of urea. This is attributed to the disturbed hydrogen bonds
between acrylamide units with water molecules below LCST
due to the presence of urea. A copolymer with 50 mol%
and more of NchAAm was insoluble in water due to the
strong hydrophobic effect of NchAAm units in the resulting
copolymer.

The change in enthalpy (AH) during the phase transition
plays a considerable role for the phase transition of LCST-type
polymers.* This is in contrast to most of the polymers which
are showing a UCST-type transition in aqueous solution. For
these polymers, the entropic change (AS) is the major factor.
The enthalpy change of the polymers as detected by the micro-
DSC measurements is presented in Figure 3. For the copolymer
showing LCST-type phase transition (Table 1, entry 5), a strong
change in the enthalpy during the phase transition is apparent.
It is well-known that the LCST polymers form a well-ordered
hydration shell at lower temperatures, which will be disor-
dered upon heating resulting in a positive AH.*I According to

Macromel. Rapid Commun. 2018, 1300640
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the expectation, almost no change in AH upon heating of the
UCST-type copolymer was measured.

Poly(N-izopropylacrylamide (PNiPAAm) is one of the known
examples showing concentration-independent phase trangi-
tion in the concentration range 0.01-1 wi%.PY The copolymer
with molar ratio of MAAmM:NchAAm, 75:25 (Table 1, entry 5)
also showed no significant effect of polymer concentration on
cloud point or phase transition behavior. At low concentration
(0.1 wt2), the phase transition was broad (Figure 4, Figures S5
and S6, Supporting Information). This is in contradistinction
to the copolymer composition MAAm:NchAAm, 98:2 that show
UCST-type phase transilion. With increasing concentration,
an increase of the cloud point could be determined, whereby
from a concentration of 2 wi% the polymer can no longer be
dissolved in a temperature range of 5-80 °C.

Further, few other hydrophobic comonomers were tested
for studying their influence on thermoresponsive properties
of PMAAmM. A comparable phase transition behavior could be
observed for copolymers of MAAm and NtbAAm (Figure 5,
Table 2).

The copolymers were characterized by 'H NMR, GPC meas-
urements (Figures §7 and S8, Supporting Information). In this
case loo, the change in copolymer composition changed the
phase transition behavior in water. Although the general trend
of effect of polymer composition in changing UCST-type tran-
sitions for copolymers with less amount of the comonomer
(NchAAm and NtbAAm) to the LCST-type transitions for large
amount of the comonomer in copolymers remained same,
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Figure 3. Cocling curves of a puDSC measurements of a) LCST-
type (Table 1, entry 5]; b) UCST-type (Table 1, entry 2). Heating rate:
0.25 °C min™".
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Figure 4. Cloud points as a function of concentration (of Table 1, entry 2
and Table 1, entry 5). Heating rate: 1 °C min™\.

the composition at which it occurred was different. Change of
N-cyclohexyl group with N-tert butyl group brought a change
in the hydrophobicity of the polymer chain and the steric hin-
drance from the side chain. The logP (partition coeflicient in
l-octanol-water], a symhol of hydrophobicity of monomers ag
calculated by ChemDraw, is 1.51 and 0.84 for NchAAm and
NtbAAm, respectively. This shows lower hydrophobicity of
NtbAAm. Therefore, the copolymers with much higher con-
tent (50 mol%) of NthAAm in comparison to NchAAm copoly-
mers showed LCST-type transition. The similar behavior was
seen in the copolymers of NAGA and diacetone acrylamide
(DAAM)Z] showing 1.CST-type transitions for higher amounts
(4565 mol%) of the DAAM in the copolymers. This system
is one of the first examples showing copolymer composition-
dependent change in the thermoresponsive behavior.

By copolymerization with other N-substituted acrylamide
comonomers, such as N-n-hexylacrylamide (logP = 2.04),
N-furfurylacrylamide (logP 0.37), no change in phase transition
behavior could be observed. The synthesized copolymers were
either insoluble or completely soluble in a temperature range
of 5-80 °C. This indicates a complex hydrophobic/hydrophilic
balance effect, with the size and hydrophobicity of the
N-substituents representing the decisive influencing variables.
In order to better comprehend these influencing variables in
the Future, further detailed research is required. Here, the use
of dynamic light scattering (DLS) and neutron scattering could
give a detailed impression of the dynamic at the phase transi-
tion as well as the change in morphology due to the influencing
variables mentioned above,
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Figure 5. Transmittance (%) versus temperature hysteresis curvesin pure
water: a) 1 wt% (Table 2, entry 1); b) 1 wi% (Table 2, entry 5). Heating rate
1°C min™ for all measurements.
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Table 2. Copolymers of MAAm and NtbAAm and their thermorespon-
sive behavior.

Entry MtbAAT In Cloud peoint 2] Mo
polymer [mol%]  cooling/heating [*C]
1 2 LICST 11/60 Ny NJA
2 5 Soluble 25 13000
£} 10 Scluble 15 41000
1 25 Scluble 15 30000
5 50 LCST 4124 22 19500
B 100 Insoluble NJA NJA

INJA, not determinable due to insolubility in DMSO.

The unique polymer example showing a rare phenomenon
of switching the type of thermoresponsive phase transition in
water from UCST-type to LCST-type through completely soluble
and insoluble states dependent upon the copolymer composi-
tion 1s given in Figure 6.

The copolymers of MAAM with hydrophobic NchAAm and
NtbAAm monomers made by conventional radical polymeri-
zation showed this peculiar behavior. PMAAmM homopolymer
showed a UCST-type transition in water with a broad hyster-
esis. The addition of a hydrophobic comonomer in the form
of a copolymer till a definite composition retained UCST-type
transition with increased cloud point. Further increase in the
comonorner amount led to compositions that were completely
soluble in water. After a critical composition, the copolymer
showed L.CST-type transition with narrow hysteresis followed by
completely insoluble polymers on increasing the amount of the
comonomer. The composition at which transition from UCST-
type to LCST-type phase transition shifted was dependent upon
the hydrophobicity of the comonomer, The role of H-bonding
in thermoresponsive transitions is shown by studying phase
transitions in the presence of urea. The cloud point of LCST-
type increased with increased amount of urea, whereas for

N-tert-butylacrylamide
11/60°C °
UCST soluble 412;—;-0
& &
N-cyclohexylacrylamide
soluble
| ] ]
0O 10 20 30 40 50 60

N-sub. acrylamide / mol%

Figure 6. Composition-dependent change in the salubility of methacryla-
mide copolymers.
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UCST-lype Lransilion was decreased. This interesting and rare
example should be further studied by light and neutron scat-
tering measurements in the future for understanding the tran-
sitions in detail.

Experimental Section

Materinls: Dimethyl sulfoxide (DM3O) (299.9% ACS reagent) and
N-tert-butylacrylamide (NtbAAm) (97%6) were purchased from Sigma:
Aldrich. NthAAm was recrystallized from ethanol to remove the stabilizer.
N-cyclohewylacrylamide (MchAAm) was synthesized according to the
procedure described below. 2,2"-Azebisisobutyronitrile (AIBN, Fluka)
was recrystallized from ethanel. A Milli-Q Plus system (conductivity =
0.072 puS cm™') was used for getting pure water.

Synthesis of N-Cyclohexylacrylamide (NehAAm): N-cyclohexylacrylamide
was synthesized by the condensation of acryloyl chloride (Sigma
Aldrich >97%6) purifed by distillation under reduced pressure and
cyclohexylamine (Sigma Aldrich 93.9%, recrystallized from ethanol). The
reaction was carried out in dichloromethane. Therefore, cyclohexylamine
(5 g 1 eq) was dissolved in 40 mL dichloramethane and cooled down
to 0 “C followed by the addition of triethylamine (5.6 g, 1.1 eq). Ta
this solution, acrylayl chioride (5.3 mL, 1.2 eq) was added dropwise
over 60 min. The reaction solution was stirred further for 14 h at room
temperature. After 14 h, the sclution was washed first three times
with Milli-Q water followed by 0.1 maolar NaOH/water sclution and
was brined three times. The dichloromethane phase was collected
and reduced at rotary evaporator. The raw product was purified by
column chromatography using silica gel as column material with
dichlorornethane /methanol (3:1 v/v) as eluting sclvent and was dried
afterward under vacuum at room temperature, Yield: 89%. 'H NMR
(500 MHz, DMSO-dg, & 794 (5, H, NH), 619 (3H: —CH=CH,),
3.71(1H; —NH—CH—, cyclohexene), 1.70-1.16(d, 10H, cyclohexene
~CH) ppm.

Synthesis of Copolymers of Methacrylamide (MAAm)  with
N-Cyclohexylacrylamide (NehAAm) and N-tert-Butylacrylamide
(NtbAAm): The copolymers were made by free-radical polymerization
using different ratios of the comonomers. The detailed procedure
is described for a copolymer of MAAM and NchAAm with feed molar
ratio MAAmM:NchAAm, 75:25. NchAAm (76.6 mg) and MAAm (128 mg)
were dissolved in 2 mL of DMSO and degassed by three freeze-
thaw pump cycles. Afterward, AIBN (1 mg [0.3 eq] based on the total
monomer amount) was added as a sclution (10 mg AIBN dissolved
in 1 mL DMSO) and the polymerization was carried out at 70 °C for
24 h. The polymers were precipitated in methanol, washed three times,
and dialyzed against water for 3 days to remove monomer impurities.
Afterward, the solution was lyophilized. The same procedure was used
for making copolymers with other feed compaositions and copolymers of
MAAm with NtbAAm. To determine the copolymerization parameters,
the reactions were stopped at low conversations, less than 20%.

Characterization: The glass transitions points (T;) were determined
using differential scanning calorimetry (DSC, Type DSC 821e, Mettler
Toledo). The measurements were carried out under N, atmosphere from
0 to 300 °C with a heating rate of 10 °C min™". The results were analyzed
from the second heating cycle.

Turbidity measurements were performed on a JASCO V-630
Spectrophotometer at 660 nm with continuous stirring at a heating
rate of 1.0 °C min™'. The cell path length was 10 mm. The doud
points were determined at the point of inflection of transmittance (36).
For measurements, the samples were dissolved in Millipore water/
phosphate buffer and the measurement was started from cooling cycle
in the temperature range from 5 to 80 °C.

The molar mass and the molar mass distribution D were
determined by gel permeation chromatography (DMSO) as eluent. A
precolumn (PolarSil PSAO80505; particle size 5 mm, dimension 8.0 x
3 50 mm) and two PSS PolarSil linear S (particle size 5 mm, dimension
8.0 x 3 x 300 mm) columns were used. Pullulan of different molar

Macromol. Rapid Commun. 2018, 1800640
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masses with narrow dispersity were used as standards. The flow rate
was 0.7 mL min™' at a temperature of 75 °C. As detector, a differential
refractive index detector was used. The software PS5 WinGPC Unity,
Build 1321, was used in order to determine the molar mass and .
TH-NMR measurements were performed an a 500 MHz Bruker Avance
111 HD 500 with DMSO-d; as solvent.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. 'H-NMR of POIMAAm-NchAAm) (entry 5, Table S1) in DMSO-ds with
trifluoroacetic acid (TFA). TFA was used in order to shift water to a higher ppm region.
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Table S1. Synthesis of P(MAAm-NchAAm) copolymers to determine the reactivity ratio.

m (MAAm) m (NchAAm) n(MAAm) n (NchAAm) Yield

Entry [mg] [mg] [eq] [eq] [%]
1 64 268 03 0.7 15
2 21 344 0.1 0.9 11
3 191 38 0.9 0.1 3
4 149 115 0.7 0.3 6
4.00 -
y =0.0697x - 0.2438

3.00 -

2.00 -

1.00 1

0.00 . . .

o®o 20.00 40.00 60.00
-1.00

Figure S2. Fineman-Ross plot for determination of the reactivity ratio of MAAm and
NchAAm.

——entry 4, Table 1
——entry 5, Table 1
——entry 6, Table 1

10000 100000 1000000
Molar mass
Figure S3. DMSO-GPC traces of the synthesized copolymers (entry 4-6, Table 1).
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Figure S4. DSC measurements of (entry 2, entry 5, Table 1). Heating rate 10°C/min.
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Figure S5. Cooling curves of (entry 5, Table 1) as a function of concentration in pure
water. Heating rate 1°C/min.

129



Reprints of Publications

100
= 80

o

-

S 60

£

5 40-

=

S

= 20-

0 10 20 30 40 50 60 70 80
Temperature / °C

Figure S6. Cooling curves of (entry 2, Table 1) as a function of concentration in pure
water. Heating rate 1°C/min.
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Figure S7. '"H-NMR of POMAAm-NtbAAm) (entry 5, Table 2) in DMSO-de.
P(MAAmM-NtbAAm): '"H NMR (500 MHz, DMSO-de, 8): 6.92-6.77 (d, 4H, NH,), 2.28-1.46

(polymer backbone: -CH,-CHs-), 1.23 (9H; -tert butyl -C-(CHs)). 0.97 (3H. -CHs) ppm.
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P(MAAm-NchAAm).Using the integral of g for the 3 methyl groups (9 protons) from
NtbAAm and the integral of b for the methyl group of MAAm (3 protons), the copolymer

composition was determined by the integral g by nine and integral b divided by three.

—— entry 2, Table 2
— entry 3, Table 2
entry 4, Table 2
entry 5, Table 2

1000 10000 100000

Molar mass
Figure S8. DMSO-GPC traces of the synthesized copolymers (entry 2-5, Table 2).
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Controlled-Release LCST-Type Nonwoven Depots

via Squeezing-Out Thermal Response

Florian Kifer, Rita Vilensky, Gleb Vasilyey, Eyal Zussman,* and Seema Agarwal*

A novel thermoresponsive fibrous matrix as controlled release depots upon
heating is described. The matrix is composed of electrospun fibers of a
lower critical solution temperature (LCST)-type poly(methacrylamide-co-
N-tert-butylacrylamide-co-4-acryloylbenzophenone) P(MAAm-NtbAAm-ABP)
copolymer. Spherical particles, simulating depots of drugs, are embedded
with liquid-filled inter-fiber spaces (pores). On heating above 25 °C up to

45 °C, the nanofibers undergo a contraction of about 40%. This solid defor-
mation is attributed to the LCST transition. Fibrous matrix contraction drives
expulsion of depots and water solution stored in the pores of the matrix, as
evidenced by in situ observations. The liquid flow in the deformable porous
medium demonstrates liquid drainage from the matrix as a function of tem-
perature. Experimental results reveal that 70% of the particles are expelled
from the matrix upon heating to 45 °C from room temperature. The presented
particles encapsulation and release model system using LCST-type fibrous

among others, 51 for the release of encap-
sulated drug from monolithic fibers or
core-shell fibers,""'¥ relying in general on
solute diffusion, polymeric matrix swelling,
and degradation. Alternatively, electrospun
fibers were designed to achieve controlled
release upon specific stimuli such as pH
when using polyelectrolytes,'* %l or thermal
when using thermo-responsive polymers
(TPs) with a lower critical solution tempera-
ture (LCST) such as poly(N-isopropylacryla-
mide) (PNIPAAm) with a phase transition
temperature at around 32 °C.I'%

In this work, we demonstrate a temper-
ature-controlled release of model nano-
particles from pores of potential transdermal
nonwoven patch. The transdermal delivery

matrix can be used as a transdermal patch.

1. Introduction

Electrospinning of polymer solutions is a versatile method
of making fibrous matrix composed of fibers with nano-to-
microscale diameter, high inter-fiber pores, pore interconnec-
tivity, and large surface area to volume ratio."¥ The porosity of
the fibrous matrix is highly dependent on fiber diameter® that
is mainly determined by the polymer concentration and process
parameters such as the electrostatic field strength and flow rate of
the solution.® Another feature of electrospun fibers is the intra-
fiber porosity that is mainly affected by the surface energy and the
solvent evaporation rates.”! The advantages of the high specific
area and high porosity were applied in drug release applications,
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of drugs and bioactive molecules has lot of

implications not only for the local skin dis-

ease therapy but also for systemic delivery

of drugs."”! Till now, nano-sized carrier sys-
tems such as micelles, polymeric nanoparticles, or liposomes are
the main skin-delivery systems to facilitate drug delivery by topical
application."®1% Nano-carriers may facilitate transportation and/
or allow creating depots of drugs in the skin for a sustained or
stimuli-induced release using external triggers based on tempera-
ture, pH, light, magnetic field, ultrasound, or electrical.'® 2"

The patch in our work is made of a thermoresponsive electro-
spun fibrous matrix with a LCST-type phase transition temperature
at 45 “C for a controlled release above the body temperature, which
is not possible with PNIPAAm. Nanoparticles are encapsulated in
the inter-fiber pores surrounded by a medium. When raising the
ambient temperature above the LCST, the fibrous matrix shrink
and as a result the encapsulated medium with the suspended par-
ticles is released to the immediate environment where the fibrous
patch is applied onto the skin surface (Scheme 1).

At first, we demonstrate the synthesis, characteriza-
tion, and preparation of electrospun fibers of an LCST-type
poly(methylacrylamide-co-N-tert-butylacrylamide-co-4-acryloyl-
benzophenone) P(MAAmM-NtbAAmM-ABP) copolymer. The
copolymer was successfully electrospun to form a nano-fibrous
matrix, which exhibits thermo-initiated, LCST-based shrinkage
in aqueous media. Then, for the demonstration of the tem-
perature-triggered-release, the fibrous matrix was uploaded
at room temperature with nano-carriers (fuorescently labeled
carboxylated latex nanoparticles, 200 nm in diameter) and in
situ release while heating was monitored using real-time fluo-
rescence microscopy. The thermo-responsive [ibrous matrix
demonstrated controlled nano-carriers release due to rapid and
reversible swelling and shrinking, in aqueous media.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Schematics of the transdermal fibrous patch with encapsulated nanoparticles in the
inter-fiber pores (left). Upon heating stimulation, LCST-type phase transition occurs resulting
in the fibrous matrix shrinkage and concurrently expelling of the nanoparticles and the medium

from the pores (right}.

2. Experimental Section

2.1. Materials

Dimethyl sulfoxide (DMSO) (=99.9% ACS reagent), (NtbAAm)
as well as (MAAm) (98%) were purchased from Sigma-
Aldrich. 4-acryloyloxybenzophenon (ABP) was synthesized in
the lab. Both acrylamides were recrystallized from ethanol.
2,2"-Azoisobutyronitrile (AIBN, Fluka) was recrystallized from
ethanol. Milli-Q Plus system (conductivity = 0.072 uS cm™)
was used to obtain deionized water. N,N'-dimethylformamide
(DMF) (99.8%) was obtained from Sigma-Aldrich. All
materials were used as received, without further purification.

2.2. Polymer Synthesis

Methacrylamide (1.06 g, 0.5 eq), N-tert-butylacrylamide (1.59 g,
0.5 eq), and 4-acryloyloxybenzophenon (126 mg, 0.02 eq to
the total monomer amount) were dissolved in 25 mL DMSO
(c = 1 m). To degas the reaction solution Ar was bubbled
through the mixture for 30 min. Afterward, an AIBN/DMSO
solution (12 mg, 0.3 mol% to the total amount of monomer)
was added. The polymerization was carried out at 70 °C for
12 h, and afterward the polymer was precipitated in toluene,
purified by three washing steps, and dried under reduced pres-
sure at 30 °C for at least 24 h. "C-NMR (500 MHz, DMSO-
de, &) 180 (s, —C=0, MAAm), 175 (s, —C=0, NtbAAm),
141-121(-benzene ABP), 49.8 (s, —C—CH,—CH—), 45.5 (s,
—CH,—(CH-CH;)—CH,—), 40.2 (m, polymer backbone), 29.7
(s, =NH—C—(CH,)3), 17.6 (s, —CH,—(CH—(CH;)—CH,-)
ppm.

2.3. Electrospinning of P(MAAm-NtbAAm-ABP)

The P(MAAmM-NtbAAmM-ABP) copolymer was dissolved in
DMF to obtain a 36 wi% solution, The resulted solution was

Macromol. Mater. Eng. 2019, 304, 1300606
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electrospun onto a rotating disc with a tan-
gential velocity of 16 m s7' under electro-
static field of 1.25 kV cm™ and a constant
flow rate of 0.2 mL h™! controlled by a Har-
vard Apparatus PHD 2000 syringe pump
to produce 0.3-1 mm-thick, oriented fibres
mat. The resulted fibrous mats were dried in
a vacuum oven at 40 °C for 1 h to remove
any residual solvent followed by photo-
crosslinking of nanofibers with a UV lamp
for 2 h.

The alignment degree of the fibres was
determined using Herman's orientation
function,?*%4 fi = (3(cos ¢9) — 1)/2 where
¢ is the angle between the equator and
the meridian. The porosity of the matrix
was calculated as P = (1 — pumple/Ppolymer)s
where pumple is the density of the fibrous
matrix, and Pyyme: is the density of the
polymer.

2.4, Characterization

The molar mass was determined using GPC with DMSO as
solvent and eluent. A precolumn (SS PolarSil PSA080505; par-
ticle size 5, 8.0, 350 mm) and two PSS PolarSil linear S (par-
ticle size 5 mm, dimension 8.0 mm 3300 mm) columns were
used. Pullulan (narrow molar mass distribution of different
molar masses) were used as standards. The flow rate was
0.7 mL min~" at a temperature of 75 °C. A differential refractive
index detector was used. The software PSSWinGPC Unity, Build
1321, was used to determine the molar masses and distribution.

The copolymer composition was determined using a quan-
titative reversed-gated-decoupling *C-NMR measurement per-
formed on a 500 MHz Bruker Avance 111 HD 500 in DMSO-d6
as a solvent. Integrating the peaks of the carbonyl carbon
of MAAm (180 ppm) and the carbonyl carbon of NtbAAm
(175 ppm), the copolymer composition was determined.

The change in transmittance with temperature was followed
by a JASCO V-630 Spectrophotometer with a cell path length of
10 mm and a wavelength of 660 nm, heating rate 1 °C min™,
using a 2 wit% solution of the copolymer. Therefore, the
polymer was dissolved in the pure water below room tempera-
ture. The turbidity measurement showed a LCST with a cloud
point of 37 °C, determined at the point of inflection (cooling),
and 41 °C (heating). To determine the cloud point for the cross-
linked polymer, the polymer was dissolved in ethanol, casted
in the form of film and cross-linked under UV irradiation for
around 30 min. A part of the resulting polymer film was given
into pure water for =12 h to equilibrate it at room temperature.
Afterward, a micro-DSC measurement was performed on a
Setaram Micro DSC 3 with a 0.6 mL cell and a heating/cooling
rate of 0.25 °C min~".

Rheological measurements of a 2 wt% copolymer aqueous
solution were performed using a Discovery DHR-2 rotational
rheometer (TA Instruments, USA) under steady-state shear
deformation. The preferred geometry was cone-and-plate, with
a cone diameter of 40 mm and a surface-plate angle of 1°, The

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2, Synthesis of the P(MAAm-NtbAAm-ABP) by free radical polymerization at 70 °C with

AIBN, a radical initiator and DMSO as a solvent.

tests were carried out at the temperature range of 5-39 °C. The
solution was stored at 4 °C and incubated at the desired tem-
perature for 15 min prior to measurement.

Structural characterization of 2 wt% polymer aqueous solu-
tion was performed using cryo-TEM. Specimens were prepared
in a controlled environment vitrification system (CEVS) at 6, 12,
25, and 37 °C (temperature variance + 2 °C) and 100% relative
humidity.”*! Samples were examined in a FEI T12 G2 micro-
scope operated at 120 kV, using a Gatan 626 cryo-specimen
holder. Specimens were equilibrated in the microscope below
—180 °C, and then examined in the low-dose imaging mode to
minimize electron beam radiation damage.

LS instruments AG (Fribourg, Switzerland) 3D spectrometer
was used for the dynamic light scattering (DLS) measurements
in 3D modulated cross-correlation mode. The light source was a
HeNe laser. Samples were prepared in MilliQ) water by heating
at 15 and 60 °C with concentrations of 0.1 wt%.

High resolution SEM images of the as-spun and dried fibers
were obtained using Carl Zeiss Ultra Plus HRSEM. The acceler-
ating voltage of 1 keV was used. A secondary electrons detector
was used to study the morphology and surface topography.

Tensile tests were carried out on a custom-made hori-
zontal tensile machine which had a Sensotec 2N load cell
(model 31/1435-03). This machine is equipped with a bath,
which allows for testing in a fluid medium at a controlled
temperature. The dry sample (15 x 7 mm) was mounted on
a sample holder using rubber clamps, strained to a fixed
length, and immersed in the water bath. The water reservoir
was heated using an immersed heating element. Throughout
the experiment, the stress was recorded
as a function of time and temperature.
The engineering stress was calculated

ot
H,NT O

Macromolecular
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Nikon, Tokyo, Japan) equipped with an
Intensilight illuminator. A petri-dish with
the tested sample was placed on an ITO
heating element coupled to a tempera-
ture control unit and mounted on the
microscope stage. The temperature in the
aqueous medium was monitored using
[e] thermocouple connected to Pico-TC 08
thermocouple data logger. The images
were analyzed using Image] to deter-
mine the mean intensity in the region of
interest (ROI).

H
AT~

N A’O o o

3. Results and Discussion

A UV-crosslinkable poly(methacrylamide-co-N-tert-butylacryla-
mide-co-4-acryloylbenzophenone) P(MAAm-NtbAAmM-ABP)
copolymer was synthesized using free radical polymerization
with AIBN as a radical initiator (Scheme 2).

The 'H-NMR showed several overlapping peaks, therefore
quantitative »C-NMR was used for the copolymer structure
characterization. Integrating the specific signals for —C=0
of MAAm (182 ppm)* and —C=0 of NtbAAm (175 ppm)*!
allows calculating the copolymer composition (Figure S1, Sup-
porting Information). The copolymer shows a peak molar mass
(Mp) of around = 71 000 g mol™ as determined by gel permea-
tion chromatography (Figure S2, Supporting Information). The
polymers showed the thermoresponsive behavior of LCST-type
in water as seen by the change in transmittance of a 2 wi% solu-
tion by UV-vis spectroscopy (Figure 1a). The turbidity curve in
showing a change of around 20% in transmittance assumed due
to the formation of a polymer “network” structure at 42 °C. Fur-
thermore, the thermo-responsive behavior of the cross-linked
copolymer was shown by a microDSC measurement (Figure 1b).

Comparing the LCST-type phase transition of the polymer
solution, and the cross-linked polymer film a small shift in
the cloud point, as well as, a change in the broadness of the
phase transition was observed. The slight change in the cloud
point from 41 °C (heating) for the polymer solution, and 45 °C
(heating) for the cross-linked polymer film, and the change in
the broadness of the phase transitions, is due to the difference in
the heating rates of 1 °C min™! for the turbidity measurement,

0.30

over the initial cross-sectional area. 100

For the release experiments, dry fibrous
matrix (10 % 10> 1 mm) was first fixed to
the bottom of petri-dish. Then, suspen-
sion of Huorescently labeled, carboxy-
lated, polystyrene nanoparticles (c-NPs),
0.2 um in diameter (Magsphere. Inc), with
a concentration of 0.25% solid in water,

90
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(5 % 10" beads mL'), were added drop- o 10
wise to the matrix. Real teal time imaging
release of ¢NPs from the fiber-mesh was
obtained using an wupright epifluores-
cence microscope (AZ100 multizoom,
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Figure 1. a) Turbidity measurement, cooling/heating cycle of a 2 wt% copalymer solution in pure
water with a heating rate of 1 °C min™'; b) micro-DSC measurement of the cross-linked polymer
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100 nm
i

Figure 2. Cryo-TEM images of 2% copolymer in water at different temperatures: a) 6 °C;

b) 12 °C; ) 20 °C; d) 37 °C.

and 0.25 °C min™' for the micro-D5SC measurement. In order
to study the structural evolution of the copolymer as a func-
tion of temperature, in aqueous solution, cryo-TEM and DLS
measurements were carried out. Samples for cryo-imaging
were prepared at different temperatures: 6, 12, 20, and 37 °C.
Figure 2 shows the structural evolution of 2 wi% copolymer in
water, with increasing temperature.

At 6 °C, spherical individual micelles of 15-20 nm in diam-
eter were observed. As the temperature increased (12 °C), spher-
ical aggregates increase in size up to 30-50 nm, while further
increase in temperature leads to larger, overlapping aggregates,
which form percolated continuous domains. The DLS measure-
ments confirmed the results of the cryo-TEM measurements.
At 15 °C single micelles with an average size of r; = 11 nm and
already bigger aggregates were observed whereas significant
larger aggregates with a size of approximately r; = 60 nm were
seen at a temperature of 60 °C (Figure S3, Supporting Infor-
mation). Such an aggregation of water-soluble copolymers at
low temperature is quite unexpected, nevertheless, individual
micelles were observed in aqueous solution at a temperature
as low as 6 °C, which is considerably lower than the LCST of
the copolymer (=40 °C). Note that for a random copolymer
of AAm and NtbAAm which is comparable to our copolymer
structure, the determined reactivity ratios r(AAm) = 1.5;
r(NtbAAm) = 0.5 indicate a random copolymer with hydro-
phobic NtbAAm rich segments, which enables the formation of
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micellar structures.?® Furthermore, the forma-

tion of micellar structures of random LCST-type
copalymers was shown in several examples,?”’]
among them is the work by Dan et al. that pre-
sents the formation of micelles of a random
LCST-type  methacrylate-type  (hydrophobic)
and methacrylamide-type (hydrophilic units)
copolymer.” The formation of these micelles
was explained by a hydrophilic/hydrophobic bal-
ance whereas the hydration of the amide groups
was shown to play a major role. In our case, the
formation of micelles at 6 °C can be attributed
to hydrophobic NtbAAm rich domains which
dominates the aggregation at low temperature,
while at a higher temperature >12 °C, struc-
tural rearrangements and further assembly are
driven by differences in hydration degree of the
copolymer units, Based on our observations, we
assume that the micelles that were observed at
6 °C possibly adopt core-corona structure. As
the temperature increases (T > 12 °C) P(MAAm-
NibAAm-ABP) becomes less hydrated, that is,
more hydrophobic, leading to reorganization
and incorporation of additional chain segments
and polymer chains into spherical aggregates.
Further increase in temperature induces fur-
ther association and formation of network-
kind structures (Figure 2c). At 37 °C cryo-TEM
image showed no presence of large aggregates.
This result could be attributed to precipitation
of large aggregates, or their disassembly. Flow
curves (viscosity vs shear stress) of the copol-
ymer solution in the temperature range from 5
to 39 °C are shown in Figure 3a.

For all the tested temperatures, the polymer solution dem-
onstrated a complex rheological behavior, which confirm the
formation of network. Therefore, the solution viscosity was
measured as a function of temperature at a shear stress of
0.15 Pa (in most cases a pseudo-Newtonian behavior with
almost constant viscosity was registered at this stress). It is
evident that the curve can be divided into four distinct regions
(Figure 3b). A decrease in the viscosity with temperature was
observed in Region I, at 5-12 °C followed by a significant vis-
cosity rise at 12-22 °C. Then, viscosity goes through a max-
imum and decreases until the temperature reaches =37 °C.
Finally, in Region IV, at temperatures higher than 37 °C the vis-
cosity starts to increase once again. It is possible to distinguish
between typical shapes of the Aow curves when considering the
different regions of viscosity versus temperature curve. This dif
ference can be explained in terms of the transformation of the
copolymer microstructure with temperature in aqueous media
as observed by cryo-TEM. Spherical individual micelles could be
clearly seen at low temperatures, The amount of these micelles
is not high, thus one can conclude that not all the copolymer
chains were involved in the self-assembly and individual solubi-
lized macromolecules coexist together with the micelles.” Flow
curves of the solution at these temperatures demonstrate a weak
yield behavior in the region of low stresses, which is typical for
structured systems,P? As the amount of the micelles is limited,
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can be formed and, therefore, the explana-

e ; tion of the phenomenon should be slightly

II e : I | o W different. Apparently, a part of intramolec-
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(Pa) Temperature (*C) micelles begin (Region 1I, Figure 3b).

Figure 3. a) Flow curves of 2 wt% copolymer solution at different temperatures; b) viscosity at a

shear stress of 0.15 Pa versus temperature.

it is reasonable to assume that interactions between dissolved
copolymer chains and the chains fragments, forming corona of
the micelles, are the origin of this behavior. When increasing
the temperature above 22 °C macromolecular mobility increases
and as a result, the viscosity and yield stress decrease. At
the same time, the morphology of the solution in terms of
micelles concentration and their respective size remains almost
unchanged in Region 1Y as indicated by the parallel flow
curves at 5 and 10 °C. Intermolecular association of hydrophobic
segments of the copolymer becomes stronger as the tempera-
ture rises.*”l Therefore, more chains take part in the self-assem-
bling process and both the amount of the micelles and their size
increase, forming micellar clusters as a result (Region II). This
leads to enhancement of the yield behavior and overall viscosity
increase. In addition, a plateau region followed by shear thin-
ning appears at stresses 0.6-1.3 Pa. Finally, agglomeration of the
clusters causes the formation of a continuous percolated “net-
work” consisting of the copolymer micelles interconnected via
entanglements formed by polar parts of the corona. Apparently,
the formation of this percolated structure occurs in the vicinity
of the maximum of the viscosity-temperature curve. After that,
viscosity progressively decreases (Region IIIj with temperature
according to Arrhenius law. At these conditions yield stress grad-
ually disappears and double steps shape of the curves reflects a
complex structure of the solution. The first step corresponds to
disentangling of micellar coronas and breaking of clusters into
smaller structures, while the origin of the second step is not
fully understood. It should be noted that similar curves with two
inflection points were previously presented for hydrophobically
associating block copolymers in aqueous media at the semi-
dilute unentangled regime.?**! Flow with a very weak shear
thinning at stresses below 0.5 Pa was registered at 30 and 35 °C.
Then, a mild shear thickening takes place followed by more
pronounced shear thinning. This effect is usually atiributed to
shear-induced switching from intra-to intermolecular interac-
tions of associating groups. In particular, for telehelic associa-
tive block copolymers, which forms a flowerlike micelles it is
assumed that stretching of the bridging chains in micellar clus-
ters occurs at a certain shear stress followed by a loop-to-bridge
transition. These bridges can be destroyed at higher stresses and
thus an opposite bridge-to-loop transition leading to break-up of
the clusters takes place, and resulting in the shear thinning. In
the case of the studied copolymer only spherical “hairy” micelles

Maeromal. Mater. Eng. 2019, 304, 1800606

1800606 (5 of 8)

Therefore, the high stress plateau at 0.6—
1.3 Pa should be treated as masked shear
thickening phenomenon as they situated
at the same range of stresses (Figure 3a).
Above stress of =1.3 Pa shear thinning takes place, thus this
value can be considered as the strength of the structure formed
in the solution as a result of the re-associations described above.
At the same time, at temperatures >15 °C shear rate corre-
sponding to the onset of the structure destruction progressively
increases reflecting a shortening of a lifetime of the bonds with
temperature. At temperatures higher than 37 °C (Region 1V,
Figure 3b) yield behavior in the range of low stresses appears
again. This feature evidences the onset of macroscopic phase
separation in the solution (apparently, to some extent this pro-
cess has already started at 35 °C). At the same time, the struc-
ture formed by clusters of the micelles is still preserved as the
shear thickening effect is clearly seen. Viscosity versus tempera-
ture curve has local minima and maximum reflecting a complex
phase behavior of the copolymer in aqueous media. Previously
similar non-monotonic curve was reported for PNIPAAmM water
solution, and was attributed to macroscopic phase separation.?
In our case, the reorganization of the copolymer structure on
the microscopic level was detected at temperatures prior to mac-
roscopic phase separation (LCST). The P(MAAm-NtbAAmM-ABP)
copolymer was electrospun to form a fibrous matrix composed
of fibers with an average diameter of 0.85 £ 0.1 um, with an
alignment distribution of +9 (Figure 4a).

Shrinking and swelling tests have been carried out to char
acterize the behavior of individual cross-linked fibers using
cryo-SEM images after vitrification process (Figure 4b,c). The
average measured diameter of the fibers that were soaked in
cold water (20 °C) was 0.97 + 0.12 pm, while the average diam-
eter of fibers soaked in hot water (45 °C) was 0.78 £ 0.09 um
showing a decrease of about 20% in the diameter of the fiber.
A macroscopic overview of the contraction effect was demon-
strated when working with a sample of the cross-linked fibrous
matrix. At first, the sample was immersed in cold water at 6 °C,
after 20 min the matrix became gel-like and transparent and
shrank by =30% in the direction along the fibers axis and by
=4% in the perpendicular direction (Figure 4e). Apparently. the
contraction of the fibrous matrix in the direction parallel to the
fibers axis is attributed to the relaxation of the stretched elec-
trospun polymer chains via solvent-driven relaxation mecha-
nism.?>*! The thermoresponsive fibers contraction and expan-
sion in water with temperature is utilized in the literature for
actuation purpose.* Upon heating the water media to 40 °C
(LCST) the fibrous matrix showed an additional contraction
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chains due to chains hydration followed
by contraction of the electrospun fibers
due to solvent-induced relaxation./*¥
As the water bath is heated an increase
of the stress is monitored, while the
highest rate of stress/temp is observed at
a temperature >30 “C. At about 38 °C the
stress reaches a plateau then rapid relax-
ation at high temperature occurs. Real-
time fluorescence microscopy imaging
was used to visualize the nano-carriers
(c-NPs) release. Figure 6 displays images
of the heat-induced contraction of the
fibrous matrix, accompanied by the sub-
stantial ¢-NPs outburst.

The streamlines that can be visual-
ized during matrix contraction suggest
pressure-driven  fow. The measured
velocity along various streamlines was
u=10.05 % 0.01 mm s~'. While the driving

80— i
g ._?:?S:OTmeamx 45 force for the Huid expulsion was attrib-
1 e® -~ uted to contraction following increasing
P 60 .J/‘ 40 © temperatures, a more thorough analysis is
32 J Y/ 35 5; required to confirm the dominance of this
= 40 /f — = effect over other possible forces capable
2 1 .';f S 30 ® of driving fluid release on heating up to
- 1 _af " 2 45 °C. A possible effect is a natural con-
£ 20 PR /i 25 & vection due to the difference of the liquid
8 v / 2 density, as a result of the temperature
1 . a2® i 20 gradient along the matrix. However, since
U — il L 15 the Rayleigh number, R, << 1, natural con-
. . vection is negligible. Also, capillary rise
0 20 40 60 of the liquid in the porous matrix upon
Time (min) heating should be considered. However,

Figure 4. HR-SEM images of a) the as-spun fibers; b} cryo-SEM images of the fibers soaked in
water at 20 °C; c) cryo- SEM images of the fibers soaked in water at 45 °C; d) optical image of the
as-spun fibrous matrix; e) after soaked in water at 6 °C; f) after heating to 40 °C; g) contraction of
the fibrous matrix (in the direction along the fiber axis) and cast film as a function of temperature.

of about 50% parallel and perpendicular to the fibers axis
(Figure 4f). In order to verify the origin of the contraction phe-
nomena upon wetting, the fibrous matrix obtained by signifi-
cant stretching was compared to cast film (Figure 4g). Also in
this experiment, fibrous matrix exhibits contraction of about
20% after 30 min in water while the cast film shows no contrac-
tion, implying the observed initial contraction is due to stress
relaxation. Upon heating up to 40 °C both types of samples
exhibit contraction of about 50%, where in both samples the
contraction rate was isotopically at this range of temperature
and was found to be 0.025 + 0.01 mm s°!. Stress—temperature
relationship as a result of a strain controlled test, of the fibrous
matrix immersed in a water bath, is presented (Figure 5).
Upon wetting, at constant temperature (6 °C), an initial
decrease in stress was observed, Then, the stress increased
until a steady stress was achieved. The decrease in stress,
and the following increase at constant temperature could be
related to two competing effects: enhanced mobility of the
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a simple calculation using Darcy law can
demonstrate that the time required for
the capillary rise is in the scale of sec-
onds while our experimental results dem-
onstrate that complete liquid expulsion
required =3 min.

It is important to emphasize that the
suspension of the ¢-NPs (0.2 pm in diameter) is assumed to be
sufficiently dilute so that there are no direct or hydrodynamic
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Figure 5. Stress-temperature relationship measured during strain-
controlled test. Maximal stress is obtained at 38 °C.
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Figure 6. Fluorescence images of the fibrous matrix loaded with fluorescently labeled ¢-NP at
different temperatures, specifying regions A and B, in the center of the fibrous matrix and in the
vicinity of it, respectively.

interactions between the particles. Additionally, the enhanced
hydrophobicity of the polymer at elevated temperatures lead
to a weakening of polymer-particles interactions. Upon
heating, the fibrous matrix contracts and the entrapped sus-
pension starts to flow. For particles of such small dimen-
sions, the creeping flow approximation is expected to hold
locally, while the center of mass is “frozen” into the moving
solvent. Thus, translational motion of the particles relative to
the solvent is impossible. When considering a circumscribed
sphere of the tested sample (fibrous matrix) with equivalent
radius of R, with typical pore with radius r, and contraction
rate of the sphere due to heating is dR/dt, and the number
of pores is n, then the terminal velocity of released particle
through a capillary of diameter r is

_1[5)2@ ()
ni\r) dt ’1
When considering a typical sample with R = 5 mm,

dRfdt = 0.025 mm s, typical capillary diameter of
r = 0.004 mm, and the number of pores n = 6-10°, consid-
ering homogeneous packing (coverage) of the pores on the
sphere with porosity of 87%, then the estimated velocity of
a particle is u = 0.04 mm s which is slower in nearly 20%
then the average measured velocity. Noticeably the estimated
velocity is affected by the porosity of the free surface of the
circumscribed sphere and the average capillary’s radius. To
quantify the extent of the ¢-NPs release, fluorescence intensity
was analyzed within two areas of interest: region A (within
the fibrous matrix) and region B (in the surrounding media)
(Figure 6). Figure 7 presents the concentration of particles
(based on intensity), in region B as a function of temperature/
time.

The presence of ¢-NPs in the surrounding media at ¢t = 0
and the followed decrease at constant temperature, results
from c-NPS spontaneous desorption from fibrous matrix [ree
surface after immersing the sample in the water reservoir and
due to photo-bleaching of the FITS-Huorescent dye. According
to intensity analysis in region A (Figure S4, Supporting Infor-
mation), within the first 10 min, only 2% of the c-NPs diffused
from the fibrous matrix to the surround media. Next, the tem-
perature of the media was raised, at a rate of 4 °C min™', As
the temperature rose above 28 °C, extensive matrix shrinkage
has begun, accompanied by substantial particles exclusion
from the malrix to the surrounding media. The maximal rate
of ¢-NPs release was observed above 35 °C. After the first

Macromol. Mater. Eng, 2019, 304, 1800606

1300606 (7 of 8)

www.mme-journal.de

heating cycle, about 60% of the particles
were excluded from the matrix.

4, Conclusions

We demonstrated a fibrous matrix
which can shrink/swell and release
nano-carriers as a function of tempera-
ture. The matrix is made of a thermo-
responsive electrospun fibrous matrix
characterized with LCST-type phase
transition. Nanoparticles encapsulated
in the inter-fiber pores surrounded by a
medium and released in a nearly constant rate in the range
of 3042 °C. Fibers were made from a UV light cross-linkable
P(MAAmM-NtbAAM-ABP) copolymer which was synthesized
and structurally characterized using quantitative *C-NMR.
Temperature-dependent rheology and turbidity measurements
of the uncross-linked copolymer in solution showed an LCST-
type phase transition at =41 °C. Micro-DSC measurements of
the cross-linked polymer film showed an LCST phase transi-
tion at about 45 °C. Swelling tests of the matrix showed a low
contraction of 20% in the cold water in the direction along the
fibers axis and 5% in the perpendicular direction. At 40 °C an
additional strong contraction of 50% in both directions was
achieved due to the dehydration and formation of inter-and
intra-molecular hydrogen bonds.

The presented Inter-fiber encapsulation encapsulation and
temperature-regulated release can be used as a transdermal
patch, allowing the release of whole particles towards a lesion
or various therapeutic drugs. The suggested drug transport
relies mainly on the matrix-squeezing rate, but also on the
matrix porosity and typical pore dimension. This is unlike typ-
ical release mechanisms from polymers matrices, which rely
on matrix hydrolysis and solid-state diffusion of the encapsu-
lated compound from the fibers/matrix into the surrounding
aqueous bath.l

Washing step
{ |

Concentrartion, beads/ml

Time, min

Figure 7. Release concentration of fluorescently labeled c-NP as a function
of temperature/time. In the first 20 min the release occurs at constant
temperature increase at t = 20 min.

© 2018 WILEY-VCH Verlag GmbH & Co. KGah, Weinheim

139



Reprints of Publications

ADVANCED
SCIENCE NEWS

Macromolecular
Materials and Engineering

www.advancedsciencenews.com

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

The authors are indebted to the GIP program of the German Research
Foundation (DFG), for their financial support. The authors also thank
the Russell Berrie Nanotechnology Institute (RBNI) at the Technion, E.Z.
acknowledges the support of the Winograd Chair of Fluid Mechanics
and Heat Transfer at Technion.

Conflict of Interest

The authors declare no canflict of interest.

Keywords

drug delivery, electrospinning, fiber matrix, lower critical solution
temnperature, nanoparticles

Received: October 10, 2018
Revised: November 10, 2018
Published online: December 17, 2018

[1] S. Agarwal, A. Greiner, |. H. Wendorff, Prag. Polym. Sci. 2013, 38,
963.
[2] A. Greiner, |.
46, 5670.
[3] Y. . Hwang, S. Choi, H. 5. Kim, e-Polym. 2018, 18, 339.
[4] S. ). Eichhorn, W. W. Sampson, . R. Soc., Interface 2005, 2, 309,
[5] S. A. Theron, E. Zussman, A. L. Yarin, Polymer 2004, 45, 2017.
[6] J. M. Deitzel, ]. Kleinmeyer, D. Harris, N. C. Beck Tan, Polymer 2001,
42,261,
[7] P. Dayal, ). Liu, 5. Kumar, T. Kyu, Macromolecules 2007, 40, 7689.
[8] R. Halaui, A. Moldavsky, Y. Cohen, R. Semiat, E. Zussman,
J. Membr. Sci. 2011, 379, 370.
18] S. Jiang, H. Hou, 5. Agarwal, A. Greiner, ACS Sustainable Chem.
Eng. 2016, 4, 4797.
[10] A. Greiner, |. H. Wendorff, A, L. Yarin, E. Zussman, Appl. Microbial.
Biotechnol. 2006, 71, 387,
[11] R. Srikar, A. L. Yarin, C. M. Megaridis, A. V. Bazilevsky, E. Kelley,
Langmuir 2008, 24, 965.

H. Wendorff, Angew. Chem. Int. Ed. 2007,

Macramol. Mater. Eng. 2019, 304, 1800608

1800606 (8 of 8)

www.mme-journal.de

[12] S. K. Tiwari, R. Tzezana, E. Zussman, 5. 5. Venkatraman, Int. J.
Pharm. 2010, 392, 209,

[13] A. Abu Ammar, M. Gruber, P. Martin, O. Stern, F. Jahshan,
0. Ertracht, E. Sela, 5. Srouji, E. Zussman, J. Controlled Release
2018, 272, 54.

[14] M. Boas, A. Gradys, G. Vasilyev, M. Burman, E. Zussman, Soft
Matter 2015, 17, 1739,

[15] ©. A. Inozemtseva, Y. E. Salkovskiy, A. N. Severyukhina,
. V. Vidyasheva, N. V. Petrova, H. A. Metwally, I. Y. Stetciura,
D. A. Gorin, Russ. Chem. Rev. 2015, 84, 251,

[16] |. Seuring, S. Agarwal, Macromol. Rapid Commun. 2012, 33, 1898.

[17] A. Vogt, C. Wischke, A. T. Neffe, N. Ma, U. Alexiev, A. Lendlein,
J. Controlled Release 2016, 242, 3.

[18] M. Amjadi, S. Sheykhansari, B. . Nelson, M. Sitti, Adv. Mater. 2018,
30, 1704530,

[19] T. Naclou, E. Riihl, A. Lendlein, Eur [. Pharm. Biopharm. 2017,
116, 1.

[20] C. Guo, R. H. Khengar, M. Sun, Z. Wang, A. Fan, Y. Zhao, Pharm.
Res. 2014, 37, 3051.

[21] R. Dersch, T. Liu, A. K. Schaper, A. Greiner, ). H. Wendorff, J. Palym.
Sci., Part A: Polym. Chemn. 2003, 47, 545,

[22] L. Liu, H. Bakhshi, S. Jiang, H. Schmalz, S. Agarwal, Macromol.
Rapid Commun. 2018, 39, 1800082,

[23] D. Danino, A. Bernheim-Groswasser, Y. Talmon, Colloids Surf A
2007, 783-185, 113,

|24] K. Hatada, T. Kitayama, K. Ute, Polym. Bull. 1983, 9-9, 241,

[25] B. de Lambert, M.-T. Charreyre, C. Chaix, C. Pichot, Polymer 2005,
46, 623,

[26] N.S. Save, M, |assal, A, K. Agrawal, Polymer 2003, 44, 7979,

127] L. Li, K. Raghupathi, C. Song, P. Prasad, S: Thayumanavan, Chem.
Commun. 2014, 50, 13417.

[28] M. Dan, Y. Su, X. Xiao, S. Li, W. Zhang, Macromolecules 2013, 46,
3137

[29] L. C. Pham Trong, M. Djabourov, A. Ponton, J. Colloid Interface Sci.
2008, 328, 278.

[30] A. Y. Malkin,A. 1. lIsayev, Concepts, Methods and Applications,
ChemTec Publishing, Teronto 2006.

[31] M. Sahn, T. Yildirim, M. Dirauf, C. Weber, P. Sungur, S. Hoeppener,
U. S. Schubert, Macromaolecules 2016, 49, 7257,

[32] K. C. Tam, X. Y. Wu, R. H. Pelton, J. Polym. Sci., Part A: Polym.
Chem. 1993, 31, 953.

[33] M. Pabon, |.-M. Corpart, |. Selb, F. Candau, J. Appl. Polym. Sei.
2002, 84, 1418,

[34] T. Aubry, M. Moan, |. Rheol. 1994, 38, 1631.

[35] L. Liu, S. Jiang, Y. Sun, S. Agarwal, Adv. Funct. Mater. 2016, 26, 1021,

[36] S. Agarwal,S. Jiang, Y. Chen, Macromol. Mater. Eng. 2018, 1800548
https:f/doi.org/10.1002/mame.201 800543,

137] G. Vasilyev, M. Burman, A. Arinstein, E. Zussman, Macromol.
Mater. Eng. 2017, 302, 1600554,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

140



Reprints of Publications

Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2018.

i« Macromolecular
o S
» Journals

Supporting Information

for Macromol. Mater. Eng., DOI: 10.1002/mame.201800606

Controlled-Release LCST-Type Nonwoven Depots via
Squeezing-Out Thermal Response

Florian Kifer, Rita Vilensky, Gleb Vasilyev, Eyal Zussman,*
and Seema Agarwal*

141



Reprints of Publications

Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2018.

Supporting Information

forMacromol. Mater. Eng., DOIL: 10.1002/mame.201800606

Controlled-release LCST-type nonwoven depots via squeezing-out thermal response

Florian Kéfer, Rita Vilensky, GlebVasilyev, EyalZussman,* Seema Agarwal*

a,flik

o

=

w

(@)
i

. m—B,PLU h L,\._
180 130 80 40 0
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Figure S2.GPC measurement of the synthetized PIMAAm-NtbAAm-ABP) copolymer; Mp=

71 000,
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Molar mass

—=— 15°C; 0.1 wt.%

f\ {.lll.—I— 6000; 0.1 wt.%

Figure S3. DLS measurement of the P(MAAm-NtbAAm-ABP) copolymer at 15°C (black)

with an average ry = 11 nm; 60°C (blue) with an average ry = 60 nm.
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Figure S4. Concentration of the of c-NPs within the fibrous matrix (Area A) at constant
temperature of ~23°C (0-20 min) and at elevated temperature (t>20 min and at T>28°C).
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ABSTRACT: Poly(N-acryloyl glycinamide) (PNAGA)/poly(N-isopropy!
acrylamide) (PNIPAAm) interpenetrating network (IPN) hydrogels
were made by UV-light initiated radical polymerization in two-
steps. The IPN hydrogels showed a double thermoresponsive
behavior due to the combination of PNIPAAm (thermophobic)
and PNAGA (thermophilic) networks. Increasing the content of
the thermophobic PNIPAAm network leads to a change from a
broad thermophilic volume phase transition temperature of
PNAGA to a thermophilic-thermophobic-type dual transition for
the prepared IPN. Due to the double thermoresponsive character

INTRODUCTION Hydrogels which are responsive to change in
the environment like pH, temperature, ionic strength, or mag-
netic field have received a broad interest in different fields of
applications like drug release, tissue engineering, or catalytic
systems.* Especially for drug release applications multifunc-
tionality of the used gels is often required.? The combination of
a thermoresponsive and pH responsive functionality in one sys-
tem was shown for hydrogels, particles as well as for soft
actuators.>™ A widely used method for the production of multi
responsive hydrogels for many applications is the synthesis of
hydrogels with an interpenetrating network (IPN) structure,
shown by many known literature examples.®*® One example
for an IPN hydrogel with pH and thermoresponsive behavior
was shown by Zhang et al. using poly(methacrylic acid) as a
pH responsive network and poly(N-isopropyl acrylamide)
(PNIPAAm) as a thermoresponsive network, which is well-
known for the LCST-type phase transition in water.!**? The
corresponding IPN hydrogel showed a change in the swelling
behavior at around 32 °C and at a pH = 5.5. Kim et al. prepared
an IPN hydrogel by combining poly(vinyl alcohol) with PNI-
PAAm. The IPN gels show a relatively high swelling ratio in the
range from 180 to 300% at 35 °C, depending on the pH and
the temperature.'> An example for IPN hydrogel with robust
mechanical and thermoresponsive properties was shown by
Means et al. using poly(2-acrylamido-2-methylpropane sulfonic

of the IPN gels, the mechanical properties are dependent upon
temperature as demonstrated by performing tensile tests in water
at 15 and 50 °C. Furthermore, the IPN hydrogels were character-
ized using turbidity measurements, SEM, and the determination
of the equilibrium swelling ratio. © 2018 Wiley Periodicals, Inc.
J. Polym. Sci., Part A: Polym. Chem. 2019, 57, 539-544

KEYWORDS: gels; IPN; mechanical properties; phase transitions;
thermoresponsive

acid (PAMPS) as the first network and poly(NIPAAm-co-[2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium
hydroxide) as the second network.'* A strong double network
hydrogel was shown by Gong et al. using PAMPS and
poly(acrylamide) which leads to significant increase in mechan-
ical properties compared to the corresponding single network
gels.® Wu et al. described a conductive and highly stretchable
hydrogel using poly(N-acryloyl glycinamide-co-2-acrylamide-2
methylpropanesulfonic) hydrogels and PEDOT/PS to form the
IPN structure.'® In a previous publication they showed the good
mechanical properties of PNAGA hydrogels which were pre-
pared by photoinitiated radical polymerization of a concen-
trated N-acryloyl glycinamide (NAGA) solution in water.'”

In this work we show a dual thermoresponsive IPN made by
sequentially forming PNAGA and PNIPAAm networks by
photo-induced radical polymerization. Changing the content of
PNIPAAm as the second network, the swelling/deswelling
behavior was changed from a broad thermophilic (positive)
volume phase transition temperature (VPTT) of a PNAGA
hydrogel to a double thermoresponsive behavior for the pre-
pared IPN hydrogels. The change of mechanical properties of
these IPN hydrogels was investigated by tensile tests at
15 and 50 °C. Further, the IPN hydrogels were characterized
using FTIR, turbidity, and rheology measurements to study
the mechanical and swelling behaviors.

Additional supporting information may be found in the online version of this article.

© 2018 Wiley Periodicals, Inc.
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EXPERIMENTAL

Materials

Glycinamide hydrochloride (98%, Acros Organics, America,
China), acryloyl chloride (99%, Sigma-Aldrich), potassium carbon-
ate, N-isopropylacrylamide (98%, Sigma-Aldrich), 2-hydroxy-4'-
(2-hydroxyethoxy)-2-methylpropiophenone (IRGACURE D-2959,
98%, Sigma-Aldrich), and N,N’-methylenebisacrylamide (MBA)
(99%, Sigma-Aldrich) were used as received. All other chemicals
and solvent are analytical reagents. NAGA has been prepared
according to our previous work.*®

Preparation of PNAGA Hydrogels

PNAGA hydrogels were prepared via photoinitiated polymeri-
zation using a concentrated precursor solution containing
NAGA and IRGACURE D-2959 as photo initiator. Therefore,
0.2 g NAGA were dissolved in 794 pL MilliQ water. Afterward
6 mg IRGACURE D-2959 (3 wt % relative to NAGA) was
added into the solution. The precursor solution was injected
into steel rectangle molds (inner width 3 mm, length 25 mm,
thickness 1 mm, eight molds in one steel sheet). For bigger
hydrogel sheets the solution was filled in a mold with a size
of 100 X 100 X 1 mm. The time for UV irritation was adjusted
to 1 min at 25 °C. The obtained hydrogel was washed thor-
oughly with water to remove impurities and kept in water at
room temperature.

Preparation of IPN Hydrogels

A 20 wt % NIPAAm solution containing IRGACURE D-2959
(3 wt % relative to the amount of NIPAAm) and cross-linker
(MBA) (20 mol % relative to NIPAAm) was prepared. The
PNAGA gel prepared above was soaked in this solution at
35 °C for 24 h. After removing the surface water using a filter
paper, the swollen gels were weighed, sandwiched between
two glass substrates and then placed atop a bed of ice. A UV
lamp with max power of 60 mW cm ™2 was used to crosslink
the second network at 0 °C for 1 min. The IPN gels were puri-
fied using dialysis for 2 days. In order to determine the weight
ratio of the two components in IPN, the amount of PNIPAAm
after dialysis and drying the IPN were calculated as follows:

m(PNIPAAm) = m(IPN)-m(PNAGA).

m(PNAGA) was determined by weighing after dialysis and
drying the PNAGA gel in vacuum.
The weight ratio could be determined as follows:

MpNIPAAM
w=——-:
MPpNAGA

Differential Scanning Calorimetry
Mettler Toledo 821 DSC module was used for DSC measure-
ments under nitrogen atmosphere (flow rate = 80 mL min™")

at a heating rate of 10 °C min™%.

Fourier-transform infrared spectroscopy

IR spectroscopic measurements were done on a Digilab Excali-
bur Series FTS 3000 spectrometer by the attenuated total
reflection technique employing a diamante crystal.
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Equilibrium Swelling Ratio

IPN gels with different weight ratio of PNIPAAmM and PNAGA
were placed in a glass vial containing 5 mL MilliQ water. The
glass vials were kept in a controlled temperature (5-50 “C)
water bath for 24 h. Afterward the surface water was blotted
out and the samples were immediately weighed (W,). After-
ward, each gel was vacuum dried (Heraeus Vacutherm, 40 °C,
24 h) and weighed (W,). The equilibrium swelling ratio (ESR)
was calculated as ratio of the two (W,/Wj).

Transparency Measurements

JASCO V-630 Spectrophotometer was applied for the turbidity
measurements. The measurements were performed at a wave-
length of 660 nm with halter equipped with two quartz
glasses (Hellma Analytics, Germany), fixing the sample

in-between. The heating rate was set to 1 °C min™".

Kinetic Swelling and Deswelling Studies

The gels were placed in sealed vial containing 5 mL MilliQ
water at the starting temperature until the equilibrium mass
(W) was constant. Then the gels were transferred immedi-
ately into a water bath heated to 20 and 40 °C, respectively.
After defined time intervals, each gel was taken out from vial,
blotted with Kim Wipe paper, and immediately weighed (W)
and returned to vial for subsequent measurements. After the
gels showed no weight change, the gels were dried in vacuum
oven (Heraeus Vacutherm, 40 °C, 24 h) and weighed (Wy)
afterward. The water retention was calculated as follows:
Wi = (W; — Wo)/ W,

Mechanical Property

Mechanical tests of hydrogels were carried out on a Zwick
Roell BT1-FRO 5TN.D14 tensile test device at room tempera-
ture. The stress-strain measurements at 15 and 50 °C in
water were performed on a commercial tensile tester (Instron
3343). Before the measurements, all samples were fully equili-
brated in Millipore-water. The samples were cut into dumb-
bell shape with an initial gauge length of 12 mm and a width
of 2 mm. The extension rate was set at 50 mm min~". All sam-
ples were measured three times.

Rheological Measurements

The rheological measurements were performed on an Anton
Paar MCR 302 using a plate PP25 with a diameter of 25 mm.
For the measurement a constant force of F = 0.15 N was set.
The sample thickness was 1 mm. A cooling/heating cycle
(5-50 °C) was performed, beginning with cooling. The heating
rate was 1 °C min™".

RESULTS AND DISCUSSION

The IPN hydrogels were obtained with a two-step preparation
technique starting with the synthesis of PNAGA gels, perform-
ing a photoinitiated free-radical polymerization using a concen-
trated aqueous NAGA solution. Sequentially, a second step,
including the soaking of NIPAAm, cross-linker, and initiator
solution, and the UV-light initiated polymerization was per-
formed to obtain IPN PNAGA/PNIPAAm, as shown in Scheme 1.
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In order to show the effect of the second network, the amount
of NIPAAm was varied. IPNs with different weight ratios of
NIPAAmM and NAGA were prepared (@ = 0.1, 0.2, 04, and 0.7
were prepared).

FTIR spectra (Supporting Information Fig. S1) confirmed the
existence of both polymers in the IPN, due the observed sig-
nals of the amide group at § = 3271 cm™* (s, NH,), 1555 cm™*
(vs, NH) and isopropyl functional group from PNIPAAm at
& = 1380 cm™. Further, the presence of the two glass transi-
tion temperatures at 135 “C (PNIPAAm) and 175 °C (PNAGA)
showed the existence of two networks'™*" (Supporting Infor-
mation Fig. 52).

In order to demonstrate the thermoresponsive properties of
the IPN hydrogels, temperature-dependent turbidity measure-
ments were performed (Fig. 1). PNAGA gel with physical
cross-linking via H-bonding in water at room temperature
(20 °C) was transparent with high transmittance (93%) and
showed a continuous thermophilic-type change of around
10% transmittance in a temperature range from 0 to 60 °C.
By contrast, the transmittance change for the IPNs was depen-
dent upon the amount of PNIPAAm. The IPN 1 with a weight
ratio of @ = 0.1 showed clearly two phase transitions: a ther-
mophilic transition showing a continuous sharp and signifi-
cant change in the transmittance reaching a maximum at
about 30 °C followed by a small decrease in transmittance.
Increasing the PNIPAAm content resulted in a thermophilic
transition followed by a sharp decrease in the transmittance.
In general, the change in transmittance for the thermophilic
transition decreased on increasing the amount of PNIPAAm,
that is, on going from IPN1 to IPN4. The sharp phase transi-
tion at 32 °C of the IPN gels matched well with the LCST-type
phase transition of PNIPAAm, indicating a successful introduc-
tion of a PNIPAAm network and dual thermoresponsivity of
IPNs.”!

=
|'I. —a

ORG ORIGINAL ARTICLE

" PNAGA
—m— 1PN 1, w (NIPAAm) = 0.1
# PN 2, o (NIPAAM) = 0.2
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& PN 4, w(NIPAAm) =07

(=]
o
¥

&

Transmittance (%) _,
b | [=2]
S o

[=7]
[=]

0 10 _20 30 40 50 60
Temperature (°C)
FIGURE 1 Temperature dependence of transmission of PNAGA;

IPN 1-4, ® = 0.1-0.7. All curves were obtained from first cooling
process. [Color figure can be viewed at wileyonlinelibrary.com]

Furthermore, the temperature-dependent ESR of the IPN gels
was also investigated. As shown in Figure 2(A), PNAGA gel
showed a continuous swelling when the temperature
increased from 5 to 50 °C, indicating a broad thermophilic
phase transition. For IPN 1 (w = 0.1) and IPN 2 (@ = 0.2) with
a low weight fraction of PNIPAAm, the ESR was similar to the
ESR of the PNAGA. In contrast, a sharper transition of ESR
was observed when the percentage of the second network
(PNIPAAm) increased above a critical ratio [Fig. 2(D)]. Partic-
ularly, IPN 4 (@ = 0.7) exhibited a significant decrease by
around 25% in ESR, beginning at 30 °C and reaching a plateau
at around 35 °C. Below the VPTT, PNIPAAm was in the hydro-
philic open coil state, and the increase in temperature weak-
ened the H-bonding between PNAGA chains and thus led to
swelling of the IPN hydrogel. At around 30 °C the

Solution was filled in a mold and /L"
cross-linked under UV irradiation HN” ~o

& =

O

—>\/

NAGA/MBA/ IRGACURE
were dissolved in MilliQ,
water

IPN

NH. :

Soaking of a NIPAAm [/
MBA/ IRGACURE
solution

E ]
]
]

PNIPAAM
A
HN” S0

=

polymerization under UV
Irradiation in the mold

a

SCHEME 1 Schematic preparation of PNAGA/PNIPAAmM IPN hydrogels. [Color figure can be viewed at wileyonlinelibrary.com]
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conformation of PNIPAAm is changing from an open coil to a
globule state causing an increase in hydrophobicity and des-
welling of the IPN, A second swelling step was occurred above
45 °C, which is corresponding to the swelling of PNAGA
whereas PNIPAAm goes into the globule state. The change of
the conformation of PNAGA and PNIPAAm from an open coil
state to a globule state was shown in the literature.**** In
general, the IPN hydrogels with a weight ratio of @ = 0.4
(IPN3) and @ = 0.7 (IPN4) showed a two-stage transition,
including a broad thermophilic-type and a thermophobic-
type VPTT.

Furthermore, the IPN showed fast swelling-deswelling as
shown for IPN 4 sample with a weight ratio of @ = 0.7. A rapid
swelling from 40 to 20 °C and deswelling from 20 to 40 “C
were obtained (Fig, 3).

Besides, rheology measurements of PNAGA and IPN 4 were
performed (Fig. 4). For PNAGA a temperature-dependent
change in the storage module G was observed at 12 °C dur-
ing the cooling and 25 °C during the heating [Fig. 4(A)]. This
corresponds to the cloud points of a PNAGA solution.'® For
IPN 4 a decrease in G™ at around 25 °C followed by an
increase in G at 15 °C in the cooling cycle was observed
due the dual responsive IPN [Fig. 4(B)]. The measurements

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2019, 57, 539-544

could not be performed during heating cycle due to the lack
of proper closed measuring cell avoiding evaporation of
water during heating. Nevertheless, IPN4 showed a double
transition due to the coexistence of PNAGA and PNIPAAmM
networks.

56
—~54L2
2 " ——swelling at 20°C
SSA S —=— deswelling at 40°C
=50¢
nd
8’4'8 -
=46} |
244l 4
42} —
4‘0 1 A L il i
0 200 400 600 800 1000
Time (min)

FIGURE 3 Swelling and deswelling kinetics of IPN 4 at 20 “°C
(swelling) and 40 °C (deswelling) in MilliQ water. [Color figure
can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Cooling/heating cycle (5-50 °C) rheology measurements of PNGA and IPN 4 with a constant force of 0.15 N.
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FIGURE 5 Stress—strain curves of PNAGA/PNIPAAmM IPN gels in
the equilibrated state at 25 °C of samples PNAGA and IPN 1-4.
[Color figure can be viewed at wileyonlinelibrary.com]

Tensile measurements were performed after equilibration
in water at room temperature (22 + 1 °C) (Fig. 5).
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Although, there was a decrease in the breaking strain on
increasing the amount of NIPAAm in the IPNs, still the
IPN with a weight ratio of @ = 0.4 (IPN3) showed a high
breaking strain of 183 + 5%. In comparison, the PNIPAAm
hydrogel had a low breaking strain of around 35% in the
swollen state and around 70% in the collapsed state***"
Owing to the thermoresponsive behavior of the IPN gels,
the mechanical properties were influenced by the tempera-
ture. Tensile measurements were also carried out in water
at 15 and 50 °C, below the VPTT of PNIPAAm and ahove
of the VPTT of PNAGA, respectively (Fig. 6, Supporting
Information Table 51). The IPN with lower amount of
NIPAAm (IPN1-2, @ = 0.1-0.2) showed increased breaking
strain from 211 £ 39% (IPN 1) to 340 + 85% with
decreased breaking stress from 0.34 to 0.26 MPa when
the temperature increased from 15 to 50 °C, which led to
destruction of the H-bonds between PNAGA chains.'”
The same trend was observed for IPN2 (@ = 0.2). Further
increase in the amount of PNIPAAm resulted in decrease
in mechanical properties of the IPN gel (IPN3-4,
® = 0.4-0.7), almost in the same range as that of pure
PNIPAAM.*
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FIGURE 6 Stress—strain curves of PNAGA/PNIPAAmM IPN gels. (A)] Stress/strain measurements in water at 15 °C of IPN samples;
(B) stress strain measurements in water at 50 “C of IPN sample. [Color figure can be viewed at wileyonlinelibrary.com]
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CONCLUSIONS

In this work, we showed the preparation and characterization
of new dual thermoresponsive [PN hydrogels combining ther-
mophilic phase transition of PNAGA with thermophobic transi-
tion of PNIPAAm. The dual responsivity is dependent upon
the weight ratio of the two networks. Turbidity, rheology, and
ESR measurements were performed to show the effect of the
PNIPAAm content on the thermoresponsive behavior, which
changed from a thermophilic phase transition behavior to a
double thermoresponsive behavior of the IPN hydrogels by
increasing the weight ratio of PNIPAAm. The tensile measure-
ments showed the gels with breaking stress of 0.2-0.4 MPa
and breaking strain of 100-400% depending upon the amount
of PNIPAM in the IPN. Furthermore, temperature-dependent
mechanical properties were found in these IPN gels. The IPN
gel (IPN 1-2) showed improved breaking strain yet almost
constant breaking stress when the temperature increased
from 15 to 50 °C. Therefore, a serials of IPN hydrogels includ-
ing those with good mechanical properties (low PNIPAAm
content) and a dual thermoresponsive behavior (high PNI-
PAAm content) were obtained, which can be used depending
on the application requirements.
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Figure S1 FTIR spectra of PNAGA, PNIPAAmM and the prepared IPN hydrogels with the lowest
(IPN 1) respectively with highest (IPN 5) content, PNIPAAm and PNiPAAm; 3271 (s, NH>), 3202
(m, NH), 3090 (m, NH), 1632 (vs, C=0), 1555 (vs, NH), 1380-1370 (s, iso propyl), cm™.
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Figure S2: Differential calorimetry measurements of PNAGA, IPN 2 and IPN 3. Heating rate

10 °C/min. The Ty was determined from the second heating curve.

TABLE S1 Prepared IPN gels using a two-step technique using photo-initiated free radical
polymerization.

Entry® w(PNIPAAm) breaking strain 15°C  breaking strain 50°C  Young's modulus  Young's modulus
(%) (%) (MPa) at 15°C (MPa) at 50°C

IPN 1 0.1 21139 340185 1.3-10°+4.5-10° 5.7-10% +1.9-10°

IPN 2 0.2 15411 173£17 2.3-10°48.7-10° 6.410%+4.4-10°

IPN 3 0.4 5316 212 4.2.10°+3.1-10* 6.2.10°+3.8:10*

IPN 4 0.7 23+4 2111 5.3-10°+1.6-10* 3.7-10%+2.2:10*

2 breaking strain PNAGA swollen at RT 360+47 %, Young’s modulus 1.69-10°% +2.2 -10°MPa
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8 Outlook

As it is shown in this dissertation by use of a number of examples, thermoresponsive
polymers are attracting a growing interest in research as well as in a wide range of
applications. In recent years, considerable progress has been made in understanding
UCST phase transition behavior. Nevertheless, a number of questions remain to which
there is no answer and which require further and more precise studies. In this case,
novel acrylamide-based N- or a-substituted comonomers could play an important role
as they can show a significant impact on the phase transition behavior. The
hydrophobicity and size of the substituents seem to be the main factors influencing the
formation of hydrogen bonds and complex structures, which, in the future, should be
characterized by neutron and dynamic light scattering studies using the copolymers
synthesized in this thesis, and by using new synthesized acrylamide-based a-

substituted comonomers.

Moreover, the temperature-controlled change of the polymer morphology from micelles
to aggregates and to micelles again opens a broad field of possible applications in the
field of biomedicine, as shown in this thesis. Furthermore, the application of
thermoresponsive IPN hydrogels is highly considerable in this field. Nevertheless, due
to promising applications such as hydrogel microactuators, artificial muscles, etc.,
thermoresponsive fiber mats which show a strong contraction when the ambient
temperature is changed should not be forgotten. Such a system could be used for

wound care and a temperature-controlled release of drugs into open skin lesions.
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