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Jean-François Gohy and Christian Bailly

Linear and Nonlinear Dynamic Behavior of Polymer Micellar Assemblies Connected by
Metallo-Supramolecular Interactions
Reprinted from: Polymers 2019, 11, 1532, doi:10.3390/polym11101532 . . . . . . . . . . . . . . . . 7

Zhi-Chao Yan, Chandra Sekhar Biswas and Florian J. Stadler

Rheological Study on the Thermoreversible Gelation of Stereo-Controlled
Poly(N-Isopropylacrylamide) in an Imidazolium Ionic Liquid
Reprinted from: Polymers 2019, 11, 783, doi:10.3390/polym11050783 . . . . . . . . . . . . . . . . . 29
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Recent years have seen significant improvements in the understanding of functional soft matter.
Advances in organic chemistry have identified a wide variety of possible interactions, ranging
from hydrophobic interactions, e.g., based on cyclodextrin or hydrophobic end-capping, host–guest
interactions, and multiple hydrogen bonding to metal–ligand bonding, such as for terpyridines and
catechols. Those functional moieties can link polymer chains, usually in aqueous solution, and thus
assemble these solutions into gels. These discoveries of the last ca. 30 years by chemists worldwide
have made it possible to understand biological soft matter significantly better, as well as to create
our own soft materials with tailored properties, such as a pH-controlled behavior. Their current
and future applications are often focused on the biomedical field, particularly on drug release and
tissue engineering. However, functional polymer solutions and gels can also be envisioned for many
other applications. For example, functional nanofibers electrospun from solution can also be used for
advanced applications. The resulting nanofibers combine an incredible highly specific surface area
with an excellent performance as membranes with high flux, good separator selectivity, as well as
extraordinary selective absorption for both functional nanoparticles and pollutants in water.

This Special Issue of Polymers attracted contributions from several diverse fields of polymers
which can only exemplarily illustrate the broadness of the topic of polymer solutions and gels.

Polymers with special moieties, leading to thermoresponsive and stimuli-responsive behavior,
was one of the main topics.

Yan et al. [1] studied the interactions between tacticity of poly (N-iso-propylacrylamide) PNIPAM
and 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl) imide ([BMIM][TFSI]) ionic liquid,
in which a higher isotaxy of PNIPAM leads to a higher amount of interaction and, consequently, to
more temperature stable gels, i.e., to an increased upper critical solution temperature. Interestingly, the
results show that it is possible to have a decoupling of gelation and turbidity, which is counterintuitive
and expands upon earlier knowledge on the physicochemical behavior of PNIPAM in ionic liquids [2].
These results show the relevance of ionic liquids for the solubilization of polymers, which has
revolutionized the unwrapping of tightly packed crystalline cellulose [3–6].

Polymer solutions with catechol functionalities were shown to significantly influence
thermoresponsive behavior as well as the end groups, which could be modeled statistically,
demonstrating the combined effects of the end groups derived from the rather hydrophobic RAFT agents
and catechol groups [7], which has led to further elucidation as well as confirmed previous observations
on the properties of thermoresponsive polymers containing catechol moieties [8,9]. This work also
extends on previous reports on PNIPAM-based polymer with other structures [10–12]. Similarly to
catechols, terpyridine groups—as one species of metal–ligand complexing functionalities—are used as
a terminal group of self-assembling di-block copolymers which exhibit an unusually fast self-healing
behavior as well as a highly concentration and ion-type-dependent rheology [13].

Polymers 2020, 12, 676; doi:10.3390/polym12030676 www.mdpi.com/journal/polymers1
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Pure polymer physics was also represented in the theoretical study of Wang [14], which studied
the drag reduction effect in polymer solutions, an effect which has been a focal point of interest for both
experimental and theoretical polymer physicists for a long time [15–17], as drag reduction promises to
be a technology that can contribute to the international climate crisis by reducing energy consumption
for pumping fluids.

The realm of environmental technology was represented by Luo et al. [18], who introduced a way
to selectively adsorb highly environmentally polluting chromium (VI) ions that are often produced
during leather production [19]. This work introduces a nonwoven able to adsorb chromium but also to
release it and, thus, allowing for regeneration of the adsorbent. In comparison to many adsorption
approaches based on nanoparticles, nonwovens have the advantage of macroscopic size and, thus,
easier handling as a filter-like material.

The biomedical applications in the Special Issue were represented by several contributions. Guan
et al. [20] demonstrated the usability of alginate–acrylamide hydrogels for the production of vascular
grafts—hydrogels that can be used for blood vessel repair, leading to similarly good mechanical
performance as their natural porcine counterparts. Steffi et al. [21] developed a new way to improve
bone-forming cell differentiation by using a strontium-doped titania tannic acid polyphenol layer on
titanium for implants. Such a coating of implants could improve the interface between the implant
and the bone, especially in the case of osteoporosis. Skwira et al. [22] contributed to the Special Issue
in the broad field of drug delivery with their paper investigating the release properties of ciprofloxacin
antibiotic from special silica-based composites with ethylcellulose and polydimethylsiloxane.

Li et al. [23] showed a biomedical-related use of hydrogels—they demonstrated how gallic acid
(GA) could accumulate from red ginseng by adsorption on chitosan-based hydrogels. GA is a natural
polyphenolic molecule, interesting for its antioxidant, anti-inflammatory, anticancer, and antiviral
activities [24].

Khan et al. [25] showed one example of the use of polymer gels as dosimeters, providing a
high-resolution equivalent of tissue in quality control of radiation therapy. Warman et al. [26] reported
the development of a device for the tomographic imaging of radio-fluorogenic gels (RFGs), which
allows for scanning the 3D distribution of radiation in a gel.

Asphalt binders are another type of gel-like material covered in this Special Issue. Yu et
al. [27] showed how efficiently styrene–butadiene–styrene (SBS) tri-block copolymers are sufficiently
UV-stable as an asphalt binder for permanently improving the properties of asphalt. Gong et al. [28]
contributed to the same stream of research by investigating the rheological behavior of these asphalt–SBS
mixtures, which complements a research line of polymer–asphalt mixtures for improving rheological
properties [29,30].

Electrospinning technology is one of the most efficient and straightforward approaches to fabricate
the fibrous membrane or scaffold [31]. Through the powerful tension, various solutions based on
polymers or their composite are drawn and instantaneously solidified into micro-/nanoscale fibers.
Owing to the nanoscale of the fibers, the electrospun products possess an extremely high ratio surface,
conjunct network structure, and quite large porosity, providing plenty of possibilities to expand
versatile materials. In particular, the fibrous structure can remarkably reduce the density of the
materials; thus, it can effectively “soften” the substance with a lightweight feature. Many researchers
develop copious types of novel soft materials, which have been widely utilized for tissue scaffold [32,33],
wound dressing [34], fibrous membrane for catalyst [35], energy cell [36], and electrochemical [37]
and mechanical [38] sensors. These active developments profit from the fascinating matrix based on
nanofibrous structure, which extensively adapts to many fields as supporting materials. On the other
hand, the electrospun membrane can also play a crucial role as one relative independent structural
component because of its excellent intrinsic properties. In this Special Issue, Monteserín et al. [39]
reported on interesting layer-by-layer epoxy resin composites reinforced by electrospun nanofiber
veils. They included electrospun material made of polyamide 6 modified with TiO2 nanoparticles into
carbon fiber/epoxy composite as a single structure. From this work, it was observed that the nanofibers
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could effectively improve the flexural stress at failure and fracture toughness of the composite. When
the fibers were modified with TiO2, the composite exhibited new antibacterial performance, which
widened the application of the material.

The field of functional polymer solutions and gels has, so far, experienced a lot of attention
from chemists, who are making numerous interesting, complex systems whose physical behavior
is very complex. Hence, while polymer chemistry also including functional moieties has reached a
certain level of maturity, main topics remain which are lacking a good understanding of the physics of
such systems. The clear application direction for functional polymer solutions and gels is towards
biomedical applications, which automatically means that the questions to be answered are rather
complex as, in most cases, they involve interactions of complex functional polymer materials with
even more complex—especially biological—systems. Classical polymer physics on melts and solutions
without functional moieties has reached maturity after being intensively researched from ca. 1950 until
the present date. Functional polymers were systematically introduced to research much later, and it
will certainly take several decades until the same level of understanding is reached for the physics
of functional polymers. The future of physics and applications of functional polymers will be highly
diverse, as is shown in this Special Issue. We expect that special emphasis will be paid on tailoring the
properties of the polymers to a particular application direction, as well as to gradually increase the
fraction of modified natural polymeric systems in comparison to classical synthetic polymer systems.

Functional polymer solutions and gels are often targeted for high-value applications, especially in
the biomedical field. The complexities of these fields, owing to the multidimensional property profile
of these materials interacting with very complex systems, also means that classical characterization
methods are no longer sufficient for totally capturing the essential parameters of the system. As a
consequence, we expect to see the development of combined methods, where two classical methods
are merged together to yield 2 or more kinds of measurements simultaneously. Examples of these
which the editors are familiar with include the combination of rheology with spectroscopic methods
(nuclear magnetic resonance (NMR), Raman spectroscopy, Fourier transform infrared spectroscopy
(FTIR), and dielectric spectroscopy). Furthermore, further improvement of existing methods will
become necessary—one recent example being non-vacuum scanning electron microscopy (SEM),
useful for investigating living biological samples or fast chip calorimetry, improving traditional
speed limitations of dynamic scanning calorimetry of ca. 1–2 K/s by several orders of magnitude.
Furthermore, we will see the development of completely new methods as well, which will suit needs
of the scientific community.

Lastly, as one of the primary areas of functional soft materials is the biomedical area, increasing
collaborations with industrial partners will become necessary as the regulatory requirements for testing
the safety of materials for in vivo use—i.e., applying the material to human or animal patients—are
strongly regulated, requiring extensive and expensive tests that research institutions usually cannot
pay for without strong support from industrial partners.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: The linear and nonlinear rheology of associative colloidal polymer assemblies with
metallo-supramolecular interactions is herein studied. Polystyrene-b-poly(tert-butylacrylate) with a
terpyridine ligand at the end of the acrylate block is self-assembled into micelles in ethanol, a selective
solvent for the latter block, and supramolecularly connected by complexation to divalent metal
ions. The dependence of the system elasticity on polymer concentration can be semi-quantitatively
understood by a geometrical packing model. For strongly associated (Ni2+, Fe2+) and sufficiently
concentrated systems (15 w/v%), any given ligand end-group has a virtually 100% probability of
being located in an overlapping hairy region between two micelles. By assuming a 50% probability of
intermicellar crosslinks being formed, an excellent prediction of the plateau modulus was achieved
and compared with the experimental results. For strongly associated but somewhat more dilute
systems (12 w/v%) that still have significant overlap between hairy regions, the experimental modulus
was lower than the predicted value, as the effective number of crosslinkers was further reduced
along with possible density heterogeneities. The reversible destruction of the network by shear
forces can be observed from the strain dependence of the storage and loss moduli. The storage
moduli of the Ni2+ and Zn2+ systems at a lower concentration (12 w/v%) showed a rarely observed
feature (i.e., a peak at the transition from linear to nonlinear regime). This peak disappeared at a
higher concentration (15 w/v%). This behavior can be rationalized based on concentration-dependent
network stretchability.

Keywords: associative polymer colloids; micellar assemblies; rheology

1. Introduction

Supramolecular self-assembly is one of the most fascinating topics in soft matter. It gives
synthetic materials some of the merits of biological systems, including self-healing properties,

Polymers 2019, 11, 1532; doi:10.3390/polym11101532 www.mdpi.com/journal/polymers7
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response to external stimuli, and the ability to reversibly modify stiffness as a reaction to external
stress levels [1–18]. Supramolecular self-assembly strategy has been shown to work excellently for
constructing dynamically bonded gels [19,20]. In particular, supramolecular micellar gels can be created
with somewhat slower dynamic behavior, according to a binary self-assembly strategy that combines
both phase-separation-induced block aggregation and the bonding from supramolecular intermicellar
interactions [7]. As regards micellar gels made by block copolymers, a kinetically controlled and even
reversible self-assembly is possible, making these gels good candidates for self-repairing and injectable
soft materials.

So far, the research of supramolecular micellar gels is still mainly focused on chemically creating
new functionality and designing new structures. The material’s physical properties have not yet
been thoroughly evaluated, especially the relationship between rheological behavior and structural
information like micelle size, intermicellar distance, relative volume of core and corona, and strength of
supramolecular interactions. In an earlier study, the structure of a wormlike micelle supramolecularly
bridged by telechelic polymers was explored by Ligoure et al. [6]. A similar approach was also
conducted by Lodge et al. [21,22], who found evidence for establishing crosslinks between wormlike
micelles by a poly(ethylene oxide) with alkyl stickers installed at the chain ends. However, their samples
were mixtures of micelles and linear chains, which cannot answer the question in pure micellar gels of
how supramolecular networks are formed simply by intermicellar bonding among arms in coronae.

Among the different non-covalent interactions forming supramolecular bonds, the metal–ligand
bond is particularly interesting because of its great directionality, broad selection of ligands, and easily
tuned interaction strength that can be selected by choosing the appropriate metal ion. Guillet et
al. [7,15] combined colloidal self-assembly and metallo-supramolecular interactions by exploring the
behavior of polystyrene-b-poly(tert-butylacrylate) (PS-b-PtBA) with a terpyridine ligand at the end
of the acrylate block, which is self-assembled in ethanolic solution. The addition of divalent ions
such as Zn2, Ni2+, and Fe2+ yield flower-like micelles in diluted solutions and temporary networks in
concentrated and semi-concentrated systems. The connections formed by such micelles are shown in
Scheme 1. The rheological behavior of such gels can be extensively tuned by choice of metal ion. Besides
metal–terpyridine coordination, we have also reported interactions between dopamine and metal ions
in thermosensitive copolymers for self-assembly into switchable polymer gels. This process depends
on a variety of factors, including pH [23,24], temperature [23], solvent type [19,24,25], ion type [26],
and nanoparticles [27,28]. In most studies, the rheological properties have been restricted to a few
test setups. In these preliminary studies, a frequency sweep was often carried out to prove gelation
at an almost constant phase angle δ (or a constant slope in storage and loss modulus) [20,29], while
the absence of such a constant slope has indicated that the material is sufficiently elastic (as in
the case of a typical entangled polymer) [30]. However, a relationship between these rheological
results (e.g., the plateau modulus and structural and connecting situations of micelles) have not been
theoretically established. In addition, the nonlinear rheological behavior of micellar gels has not been
thoroughly explored.
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Scheme 1. Cartoon for connection formed by self-assembly of PS-b-PtBA with a terpyridine ligand.
The core and coronae are PS and PtBA, respectively. � Represents the metal ion.

This paper expands on an understanding of the concentrated systems. It focuses on the surprising
finding that even small concentration differences can completely change rheological characteristics.
Based on simple geometric considerations as well as structural and chemical information about this
system, we first calculate a key structural parameter—the intermicellar linking fraction—then consider
implications on gelling behavior. Predictions are compared with linear rheological measurements
for two concentrations (12 and 15 w/v%) and three ions (zinc(II), iron(II), and nickel(II)). We further
explore the transition from linear to nonlinear rheological behavior.

2. Experiments

Preliminary results with these systems have previously been published [7]. The polymer is a
polystyrene-b-poly(tert-butyl acrylate) (PS-b-PtBA) block copolymer with average polymerization
degrees of 80 (Mn ≈ 8300 g/mol) and 200 (Mn ≈ 25,600 g/mol) for the PS and PtBA blocks, respectively,
and a polydispersity index of 1.11 for the whole copolymer. The end of the PtBA block is functionalized
with a terpyridine ligand. The diblock copolymer forms micelles in ethanol, with a glassy PS core
and PtBA corona. As determined by static light scattering, these micelles have a radius of gyration of
approximately 15 nm and contain 28 chains on average. Metal ions can be added to this suspension
of hairy colloids following a procedure described elsewhere [7]. Up to two terpyridine ligands
form complexes with the divalent metal ions used in this article (Fe2+, Ni2+, and Zn2+), leading to
supramolecular bonds either between chains from different micelles (forming crosslinks), or from the
same micelle (forming loops) [7]. Three metal ions (Zn2+, Fe2+, and Ni2+) are added as chloride salts.
The quantity of ions is half an equivalent with respect to the terpyridine [7].

Small-angle x-ray scattering (SAXS) experiments were performed on station DUBBLE at the
European Synchrotron Radiation Facility, Grenoble, France. The X-ray wavelength was λ = 1.55 Å.
SAXS patterns were collected with a two-dimensional multiwire gas-filled detector. The wavenumber
scale (q = 4π × sinθ/λ, where 2θ is the scattering angle) was calibrated using a sample of wet collagen
(rat tail tendon).

The rheological characterization was performed with a TA Instruments ARES (New Castle, DE,
USA) using either a 25 mm/0.02 rad cone and plate geometry, a Malvern Kinexus (Malvern, Cambridge,
UK) using a 25 mm/0.5◦ cone, or a TA Instruments AR-G2 (New Castle, DE, USA) using a 40 mm/2 or
a 20 mm/1◦ cone. The measurements were carried out at room temperature in an ethanol-saturated
atmosphere to minimize evaporation of the solvent. All measurements were carried out at 20 ◦C. Before
measurement, an equilibration time of around 10 min was applied, which was found to be sufficient for
all conditions. Dynamic frequency sweeps and nonlinear dynamic strain sweeps were also performed.
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3. Results

3.1. Structure of the Micellar Network

To explain the rheological data, the results of the analytical characterization are essential. Figure 1
shows the SAXS data collected for the investigated samples at a concentration of 12 w/v%. For all
ions, a clear peak around q = 0.03 Å−1 is observed, which corresponds to a long period of 27 nm and
has been ascribed to intermicellar distance (i.e., the core-to-core distance dcc). Figure 1 also shows
that no other order is present, which indicates that the micelles are organized in a liquid-like fashion.
The value of dcc for the 15-w/v% sample is calculated. Considering the relatively low concentration
and poorly ordered properties, we assume micelle spheres are homogeneously dispersed in solutions
by simple cubic packing. Thus, dcc can be calculated as

dcc = dcc,exp
3

√
cexp

c
(1)

where dcc,exp and cexp are experimentally obtained values (i.e., dcc,exp = 27 nm for cexp = 12 w/v%).
For the sample with c = 15 w/v%, dcc is calculated as 25 nm.

Figure 1. SAXS data collected on the investigated PS-b-PtBA micellar solutions in ethanol at a
concentration of 12 w/v%.

It is known from dynamic light scattering that the hydrodynamic radius Rh of an isolated micelle
is around 20 nm [7]. Static light scattering has been used to measure the radius of gyration of
these micelles, determining a value of 15 nm [7]. The ratio between the radius of gyration and the
hydrodynamic radius is, therefore, 0.75—a value close to the one expected for ideal spherical micelles
(0.78). An ideal chain packing for the glassy PS cores leads to a core diameter of 9.1 nm. Considering
packing errors and the slight swelling of the cores due to very small fractions of incorporated PtBA
and ethanol, we assume that the “real” diameter is rather around 10 nm (core radius Rc = 5 nm).
The number of chains per micelle on average is 28 (measured by light scattering) [7].

We assume that the micelles are equal in diameter and spherical. This is confirmed by
TEM [15] and is logical considering the polymer concentration and block molecular weight (Mw) ratio.
The overlapping volume V0 of two equally sized spheres is given by [31]

V0 =
1

12
π(4Rh + dcc)(2Rh − dcc)

2 (2)
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Using the volume of the corona Vc = 33,000 nm3, which is calculated as the difference of micelle and
core volumes (Vmicelle − Vcore), the overlapping fraction of one micelle with one neighbor f 1 can be
calculated as

f1 =
V0

Vc
(3)

The relation of f 1 and concentration (c) are determined by combining Equations (1)–(3).
Two coronae totally overlap when the micellar core of one micelle just touches the corona of

the neighboring one (i.e., when dcc ≤ 25 nm (Scheme 2a)), which occurs around our concentration of
15 w/v%. For the 12-w/v% sample, coronae partially overlap (Scheme 2b). However, with dilution
the overlap concentration at which the two coronae start to touch (Scheme 2c) reduces to as low as
3.7 w/v%, calculated from Equation (1). Moreover, the weak scattering signal indicates the system is
very disordered (Figure 1).

 
(a) 

 
(b) 

Scheme 2. Cont.
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(c) 

Scheme 2. Cartoon of the size and distance of micelles (solid small circle representing core and
unfilled large circle representing corona) at (a) concentration for total overlap of corona (15 w/v%);
(b) concentration for partial overlap (12 w/v%); and (c) overlap concentration (3.7 w/v%).

The overlapping fraction f 1 is plotted as a function of concentration in Figure 2 (left y-axis).
The value of f 1 is null until 3.7 w/v%, then increases smoothly beyond that, suggesting that below a
certain threshold no network can form because the micelles do not overlap and, hence, cannot form
any intermicellar connection [32–34].

Figure 2. Overlapping fractions f 1 and f 5 as a function of concentration.

The disordered nature of the packing observed from the SAXS data (Figure 1) indicates that
close packing is impossible and even cubic structures can hardly be reached. This puts the maximum
number of closest neighbors below six (simple cubic packing). We reasonably assume that each micelle
has about five closest neighbors, an assumption that has the best agreement with experimental data
(see below).

Under the assumption of five closest neighbors, the combined overlapping fraction f 5 (calculated
from additive behavior of five neighboring micelles (f 5 = 5 × f 1)) is 100% at a 16-w/v% concentration
and reaches 72% at 12 w/v% (Figure 2, right y-axis). Of course, the additive overlap assumption is too
simple, as multiple overlaps in the same area can occur and complicate the picture, but it is a reasonable
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guideline and a fully quantitative analysis would require detailed knowledge of the packing, which
cannot be gathered without 3D simulations of the structure. Based on the overlapping volume fraction,
the volume fractions involving chains originating from one, two, and three different coronae (defined
as n1, n2, and n3, respectively) can be calculated as

n1 = 1− n2 − n3

n2 =

{
f5 when c < 16 w/v%

1− n3 when c > 16 w/v%

n3 =

{
0 when c < 16 w/v%

f5 − 1 when c > 16 w/v%

(4)

Their results are plotted in Figure 3. Up to about a 16-w/v% concentration, non-overlapping
volume is present (n1), while above 16 w/v%, n1 becomes null but an overlap of three coronae (n3)
appears. The value of n2 increases first with concentration but decreases beyond 16 w/v% due to the
occurrence of a triple overlap.

Although a quantitative estimation has been made above, it is, regrettably, not possible to
calculate the exact overlap, as we do not know how to account for the concentration difference
between overlapping and non-overlapping regions of the coronae. There are two effects that cannot
be disseminated without making a number of assumptions. First, it is clear that when two coronae
overlap, the concentration is twice as high inside this overlapping area as outside. Because of this,
there is a weak driving force, which will drive the chains out of the overlapping area. However, it is
expected that the contribution will be small. Second, the exact geometry of the assembly is unknown
and underlies statistical fluctuations. We know from the calculations that five closest neighbors are
the most likely packing. However, it is not a disordered crystal but a random structure with average
core-to-core distances underlying statistical fluctuations. As a result, based on the assumptions being
put into Figure 3, we can estimate that a probable 100% overlap (i.e., the disappearance of n1) is reached
close to a concentration of 20 w/v%. This number is somewhat higher than Figure 3 suggests, as we
have to assume that the overlap does not occur with perfect homogeneity.

Please note that in this simple approach it is assumed that no overlap of three coronae can occur so
long as non-overlapping coronae are still present. In reality, the situation evolves more progressively,
which will smooth the curves somewhat. The effect of this simplification, however, should be small.
For example, we have to assume that, in reality, the disappearance of n1 and the appearance of n3 does
not occur at 16 w/v%, but rather at a certain interval where both areas have no overlap (n1) and where
with three overlapping coronae (n3) coexist due to geometric reasons. This is also the reason why
we have to assume that, as mentioned in the previous paragraph, 100% overlap is reached at slightly
higher concentrations than Figure 3 indicates.

13
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Figure 3. Volume fraction of non (n1), binary (n2), and triple (n3) coronae overlap as a function
of concentration.

One might argue that, according to the model of Daoud–Cotton [35], the density of chains close to
the surface of the micellar core is higher than that in the outer areas of the micellar shell. The fact that
the chains are only at 28% of their stretched length, which corresponds to the approximate value of
free chains (not bound in a micelle) in solution is a clear indicator that the connection of the PtBA arms
to the micellar core does not play a major role in coil size. Hence, we can also conclude that no distinct
concentration gradient is present in micelle coronae. This sets the micellar gels in this article apart
from other soft colloids (e.g., multi-arm stars) [35,36].

If we reasonably assume that the overlapping fraction based on five closest neighbors determines
the amount of potential supramolecular crosslinkers in the system, it becomes possible to calculate the
fraction of crosslinks that should exist between chains from different micelles (intermicellar links, flink)
with the help of Equation (5).

Here, we assume that two end-functionalized chains can 100% link considering the high bonding
strength of terpyridine and Ni2+/Fe2+. Besides, the chains should not repel each other. These
assumptions should work safely at relatively low concentrations, as we have here. Hence, there are
two possibilities for the bonding partners, chains from other micelles (intermicellar bond) and chains
from the same micelle (intramicellar bond). Under overlap, the intermicellar bonding probability is 0%
when no overlap is present (n1), 50% (1/2) when two micellar coronae overlap (n2), and 66.67% (2/3)
when three micellar coronae overlap (n3). This simple probabilistic analysis neglects conformational
free-energy differences between the intra- and intermicellar bonds. The outcome is the fraction of
intermicellar links flink:

flink =
1
2 n2 +

2
3 n3

n1 + n2 + n3
(5)

Figure 4 shows the fraction of intermicellar links flink as a function of concentration. It becomes
obvious that for smaller concentrations than 3.7 w/v%, only a negligible fraction of intermicellar links
can exist (barely enough for a linear “train” of micelles), while for concentrations around 16 w/v%,
a 50–50 share of inter- and intramicellar crosslinks is found. The reason for the sudden change in
slope around 16 w/v% is the disappearance of non-overlapping volume. The fraction of intermicellar
links for a given micelle is directly proportional to the total number of its intermicellar links (simply
multiplied by the total number of ligand end-groups, 28 × flink). This is also plotted in Figure 4.
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Figure 4. Average fraction and number of intermicellar links as a function of concentration.

Qualitative tube inversion tests (i.e., the sample sticks to the bottom of the tube even when the
tube is turned upside down), have shown that for concentrations around 9 w/v%, a weak but stable
gel is formed when using Fe2+ or Ni2+ ions. When comparing this value to Figure 4, we see that a
concentration of 9 w/v% roughly corresponds to six intermicellar links per micelle, which is numerically
marginal to form a network. This is a strong indicator that the assumptions and calculations given
above provide a reasonable prediction.

3.2. Influence of the Type of the Ions and Polymer Concentration

The frequency-dependent storage modulus and dynamic viscosity of colloidal suspensions are
given in Figure 5 and Figure S1. Very diverse behaviors are observed depending on ion or concentration.
The blank sample has very low viscosity (~0.03 Pa·s, roughly 30 times the viscosity of water) and
no measurable elasticity. The 12-w/v% sample containing Zn2+-ions has a 40 times higher viscosity
than the blank sample, showing slightly shear thinning and very weak but measurable elasticity.
This sample thus shows only a minor departure from Newtonian behavior. In sharp contrast, the
samples containing Ni2+ and with Fe2+ ions are characterized by much higher G′, and are dominated
by their elasticity, since their storage moduli are significantly larger than their loss moduli (see the
supporting information for G”(ω)). Furthermore, G′(ω) and G”(ω) are approximately constant over a
wide range of frequencies. Such behavior is typical of a rubbery network. The complexes thus create
(reversible) crosslinks between the micelles. As the elastic moduli are very low, these materials are best
described as ultrasoft elastic gels.

When the concentration is increased to 15 w/v%, the behavior of the blank sample stays roughly
unaffected, while a significantly higher modulus is found for samples with ions. The trend of the
data remains very similar to the 12-w/v% samples, except that G′ and |η*(ω)| are higher by a factor of
approximately 10. Although for Ni2+ and Fe2+ samples, the power law slope is close to 1 for |η*(ω)|
and close to 0 for G′(ω), reflecting almost perfect elastic behavior, it is still slightly below that limiting
level. Hence, none of the samples can be considered as a truly ideal rubber state.
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Figure 5. Frequency-dependent rheological data for (a) G′(ω) and (b) |η*(ω)| at T = 20 ◦C. Filled symbols:
12 w/v% concentration, from ref [7]. Open symbols: 15 w/v% concentration.

The ion nature has a profound influence on the strength of the gel, as can be observed by a
comparison of the storage and loss modulus at a given frequency ω (10 rad/s) and concentration
(Figure 6). Although comparison under the same Deborah number (ω × τd) is also widely used for
samples, the terminal relaxation time τd is not experimentally reached here, and we mainly focus on
the plateau moduli that reflects the network density. Therefore, the comparison at a given ω is fair,
considering the G′ plateau is broad enough to be approximately frequency independent. As reported
above, Zn2+, at a 12-w/v% concentration only leads to a 40-fold viscosity increase in respect to the
blank. At the same concentration, and unlike the Zn2+ sample, the Ni2+ sample withstands the tube
inversion test. Rheologically, this is understood as a gelation. By comparing with Zn2+, Ni2+ leads to
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an increase of G′ by a factor of 600 and makes G′ larger than G” (see Figure 6). Fe2+ leads to a further
increase of G′. Thus, Ni2+ and Fe2+ samples both have a rubber-like behavior, but are much softer than
a conventional elastomer due to the static dilution by solvent, leading to a low crosslinking density.
Hence, this behavior is best described by the term “soft rubber”. The different rheological behaviors
among three ions are due to the strength of the complexes. Since Zn2+ forms relatively weak complexes
with terpyridines, Fe2+ and Ni2+ form much stronger complexes that are difficult to disassociate [37].

Going from a 12- to 15-w/v% concentration essentially has negligible effect on the viscosity of the
blank. The behavior of the 15-w/v% samples loaded with ions, however, is distinctly different from
their 12% counterparts in terms of the moduli and different nonlinear behavior discussed later. For the
Zn2+ containing the 12-w/v% sample, G”(ω) is higher than G′(ω), while G”(ω) is lower than G′(ω) for
the Ni2+/Fe2+ containing 12-w/v% samples. For the 15-w/v% Fe2+/Ni2+ samples, G′(ω = 10 rad/s) is
almost independent of the ion used, with all values around 1800 Pa. However, differences are still
clear for G”(ω = 10 rad/s). These results indicate that a threshold is reached for the storage modulus at
a 15-w/v% concentration. Unlike the 12-w/v% samples, the 15-w/v% samples behave like a solid as
soon as ions are added. The stronger Ni2+- and Fe2+ supramolecular bonds lead to a more pronounced
elastic behavior characterized by a lower phase angle δ (tan δ = G”/G′). The most likely mechanism
is that the number of unlinked chain ends is lower because the equilibrium constant for complex
formation is higher. Based on investigations on the lifetime and association constant of ion–terpyridine
complexes by Dobrawa and Würthner [38], we can conclude that, at equilibrium, the vast majority of
the terpyridine end groups are actually complexed by the ions in the Ni2+ and Fe2+ samples.

(a) 

Figure 6. Cont.
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(b) 

Figure 6. (a) Storage and (b) loss moduli, G’ and G”, at ω = 10 rad/s and T = 20 ◦C. The thick and thin
horizontal lines are theoretical plateau modulus GN,theor

0 for the 12- and 15-w/v% samples, respectively.

3.3. Entanglement Molecular Weight and Plateau Modulus

The next interesting question is how many of the bonds are intermicellar or intramicellar? This can
be estimated by comparing the experimental plateau modulus G0,exp of these samples to predictions
obtained from the structural model outlined above.

Linear viscoelasticity rubber theory is only correct stricto sensu if we assume that we have a
permanent homogeneous network without loops or dangling ends. Moreover, entanglements between
network strands can complicate the picture. The first condition is not fully met by our supramolecular
systems because of the transient nature of the bonds and existence of intramicellar links beside
intermicellar ones. Hence, the elastic moduli must be lower than the theoretical values. Stable
intermicellar bridges can be assumed for the Ni2+ and the Fe2+ samples but not for the 12-w/v% Zn2+

and blank sample. The second condition (no entanglements) is true if the dilution is so high that the
chains are unentangled. An estimation of entanglement molecular weight (Me) under dilution can be
obtained from the following equation [39]:

Me =Me,bulk/φ
α (6)

where φ is the polymer volume fraction in solution, α = 1.3 is the dilution exponent, and Me,bulk is the
entanglement molecular weight in a bulk state. According to Fetters et al. [40] and Tong et al. [41],
Me,bulk of alkyl acrylate polymers is in the range between 7700–15,200 g/mol. However, the value of
poly(tert-butylacrylate) is not given. Based on the available literature data [40,41], it is estimated (based
on the bulkiness of the side chains and the established Me-values) that Me,bulk (PtBA) is in the range of
~12,000 g/mol. Because the polystyrene chains are in the glassy rigid core, they do not play a role here.
Using 0.79 g/cm3 as density for ethanol and 1.07 g/cm3 as density for the PS-PtBA copolymers, we find
that a 12-w/v% fraction is equivalent to the volume fraction φ = 0.156 and that, similarly, a 15-w/v%
fraction corresponds to φ = 0.193. As a result, the diluted Me, as calculated from Equation (6), is 134,000
and 102,000 g/mol for 12 w/v% and 15 w/v%, respectively. Both values are much larger than a closed
elastic strand (i.e., two supramolecularly connected arms (2 ×Marm ≈ 51,200 g/mol). Hence, physical
entanglements among corona chains do not play a significant role for our samples and we will only
discuss the quasi-permanent crosslinks—intermicellarly crosslinked PtBA-chains—in the following.
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We can now estimate the theoretical elastic modulus G0,theor of our supramolecular systems,
viewed as permanent networks, by using the equivalent crosslinking density predicted from Figure 4:

G0,theor = nRT (7)

where n is the elastic strand density comprising intermicellarly connected PtBA arms. The values of n
are obtained by dividing the number of intermicellar bonds of a given micelle by the volume pervaded
by arms (the volume of corona; i.e., 28 × flink/Vc). The values of G0,theor are thus calculated based on n.
Both n and G0,theor are shown in Table 1.

Table 1. Plateau moduli calculated at T = 20 ◦C.

12 w/v% 15 w/v%

φ [-] 0.156 0.193
n [mol/m3] 0.50 0.65

G0,theor (Equation (7)) [Pa] a 1200 1600
G0,exp.(experimental, Fe2+-containing

samples at 10 rad/s) [Pa]
450 1900

a Assuming permanent bonds with infinite lifetime.

A comparison between predicted and experimental values for the moduli at ω = 10 rad/s (Table 1
and Figure 6) shows that for the 12-w/v% samples the experimental modulus is lower by a factor
of about 2.7 versus the theoretical one for the Fe2+ sample, and even lower for the other samples.
For the 15-w/v% samples, values between theoretical and experimental results are almost quantitatively
consistent. At higher frequencies, undoubtedly higher moduli would be present, which, however,
cannot be measured reliably, because of inertia effects.

Although the simplified geometric model only provides an approximation of the maximal
crosslinking density, it is clear that the behavior of the 12-w/v% and 15-w/v% samples is different.
The ratio of 2.7 for the 12-w/v% samples indicates that the majority of the supramolecular crosslinkers
are either open (i.e., free chain ends) or do not contribute to the crosslinking network (i.e., closed
loops, presumably corresponding to intramicellar supramolecular bonds). Isolated groups of micelles
crosslinked with each other can also be responsible for the lower effective experimental crosslinking
density. However, it is expected that for the samples discussed here, this effect is negligible.

GN is proportional to the elastic strand density comprising intermicellarly connected arms. Hence,
only about 37.5% (1/2.7) of the predicted intermicellar bonds in the 12-w/v% sample actually contribute
to the network strength for the Fe2+ sample. For the other samples, this ratio is even lower. The phase
angle δ ≈ 11◦ for the Ni2+ and the Fe2+ samples implies a relatively low amount of free chain ends.
For the ion-treated 15-w/v% samples, almost all of the predicted intermicellar bonds contribute to the
network. Actually, this result applies only to crosslinkers stable at the time scale of the experiments
(measured for aqueous solution with a time of stability for a Fe2+ and Ni2+ ions in the order of 30 min,
according to the literature data [38]). For shorter times (corresponding to higher frequencies), a higher
modulus would presumably be found and, thus, a higher proportion of closed crosslinkers would
be present.

Such a significant difference in elastic behavior for a minor concentration difference (from 12 to
15 w/v%) is rather unexpected and is indicative of a major modification of the supramolecular structure.
For the 15-w/v% sample with sufficiently overlapped coronae, the consistency between predicted
and experimental GN

0 confirms our approximation that half (exactly 46% according to Figure 4) of
terpyridine end groups link intermicellarly, while another half link intramicellarly. This also implies
that the fraction of the open terpyridine end groups is negligibly small. For the 12% sample, the same
argument does not yield such a nice agreement. Assuming a statistical distribution of the terpyridine
end groups, 36% of the arms are predicted to intermicellarly link (see Figure 4), which is significantly
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higher than (although qualitatively consistent with) the value of 13.5% (=36% × 37.5%) suggested by
the experiment.

This deviation of 12-w/v% samples can be explained by two factors. Firstly, the fact that some
areas of the corona volume overlap, while others do not, means that the distribution of chains is
not homogeneous and, hence, some micelles may not participate in the percolating elastic network.
This effect can further be compounded by the following argument. The connected chains will be
somewhat stretched out of their equilibrium configuration after making the bond, because the resulting
supramolecular assembly will suddenly be tethered on two surfaces instead of one. Hence, they will
pull the micelles together while trying to get back to equilibrium. This is likely to exacerbate local
concentration heterogeneities, an effect that will be much more pronounced for the 12-w/v% sample
as the overlapping fraction of neighboring micelles is only 72% (i.e., 28% of the micellar corona is
not shared) when not taking the inhomogeneities into account, which will increase this fraction.
The consequence of this is that the non-overlapped parts of the corona are not pulled by neighboring
micelles, while overlapping coronae tend to influence each other and get closer to each other due to
thermodynamic reasons. As the 15-w/v% sample practically does not contain any non-overlapping
coronae fractions, this effect is much less pronounced, although it can be quite severe at lower
concentrations. Secondly, the average distance measured by SAXS is a number average, but the
average intersecting volume does not scale linearly with distance. If the distance between the spheres
is polydisperse, the average overlapping volume will deviate locally from the value calculated from
the average distance. For the current conditions, there is probably a somewhat smaller overlap than
the one calculated from the average size.

3.4. Strain Dependence

The strain dependence of Fe2+, Ni2+, and Zn2+ samples at a given angular frequencyω is presented
in Figure 7a–c. The behavior is qualitatively similar between Fe2+ and Ni2+ samples at the same
polymer concentration. Below 100% deformation, G′(ω, γ0), G”(ω, γ0), and hence tanδ remain constant,
which means that the system is still in the linear viscoelastic regime. Moreover, the loss factor is
distinctly below 1, indicating an elastic-dominated behavior. At a strain around 100%, an upturn in
G′(ω, γ0) is evident for the 12-w/v% sample, however, not for the 15-w/v% sample. At a higher strain γ0

around 300%, an even stronger peak in G”(ω, γ0) is found, which is very close to the G′ and G” crossover
pointωc(γ0). This crossover point reflects the transition from elastic to plastic behavior [42–45]. We note
that the dynamic moduli reflect average responses, and that the instantaneous responses could show
dramatic differences and yet still have the same average value. At higher strains, G′(γ0) and G”(γ0) for
the 12-w/v% sample decrease with slopes of 2 and 1, respectively. This corresponds to a sharp increase
of tanδ (γ0).

This feature combining an upturn in both G′ and G” during the transition to nonlinear behavior
has been rarely reported. It is described as strain sweep type IV by Sim et al. [46]. Most of the
reports of a type IV strain sweep stem from characterization of semidilute supramolecular/associative
solutions [47], including hydrophobic ethoxylated urethane (HEUR), hydrophobically modified
alkali-swellable associative polymer (HASE), and similar systems [47,48]. Annable et al. [49] and
Tanaka and Edwards [50–52] analyzed these findings from a theoretical point of view. In general, the
behavior can be explained with the help of a transient network. The network is stretched until a certain
stress is exerted on the chains. When that critical stress is reached, the supramolecular bond breaks
and the behavior changes from elastic to plastic-dominated. For the 12-w/v% samples, the critical
stress is around 70 Pa for the Ni2+ sample and 180 Pa for the Fe2+ sample. At higher strains, the stress
remains approximately constant at this level (Figure S2), as can be inferred from the −1 slope of the
G”(γ0) in the nonlinear region (see Figure 7a). Based on literature [46–49], the stretching (peak in
G′(γ0)) only occurs in a certain concentration regime. Therefore, a certain degree of dilution is needed
to find the chain stretch. This stretching appears to only occur when the chains can be stretched to a
certain degree before breaking the first bonds, which depends on the average distance between the
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micellar cores (as discussed later). It seems that this regime is reached for the 12-w/v% samples but not
for the 15-w/v% samples.

For the 12-w/v% Zn2+ sample (Figure 7c), an almost perfectly linear behavior is found up to
deformations of γ0 ≈ 1000%. Above this threshold, a clear decrease in G′(ω) and a weak decrease
in G”(ω) is found. This indicates that the Zn2+ sample has a very weak structure that can only be
broken at a very high strain, suggesting that this structure exists in clusters of only very few micelles.
This does not mean that the material consists of small stable clusters in a liquid. Instead, weak dynamic
interactions exist among different micelles, which connect several micelles at a certain point in time.
The cluster, however, is dynamic (i.e., the micelles involved in it change). This concept is similar to
sticky reptation [2].

γ0

ω

(a) 

γ0

ω

(b) 

Figure 7. Cont.
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Figure 7. Strain sweep of (a) 12-w/v% Ni2+ (from ref [7]) and 15-w/v% Ni2+ samples; (b) 12-w/v% Fe2+

and 15-w/v% Fe2+ samples; and (c) the 12-w/v% Zn2+ sample.

The structure of the 12-w/v% samples can be understood from the schemes inserted in Figure 7a.
At a low strain γ0 the micelles are connected by the supramolecular bonds (indicated by �), forming a
network. At strains around 50%, the intermicellar links become oriented and stretched, which leads to
an increase in the storage modulus G′(ω, γ0). At a somewhat higher strain γ0, G”(ω, γ0) also increases
distinctly, reflecting higher dissipation due to a massive breakup of the intermicellar links, which
can also be concluded from the decrease of G′(ω, γ0). At even higher deformations, the number of
intermicellar links is reduced so much that the network breaks down, which leads to a behavior typical
of polymer solutions and melts.

The transition to nonlinear behavior of the 15-w/v% samples is significantly different from that of
the 12% samples, despite the minor difference in concentration. For the former, the distance between
the cores is shorter. This leads to a larger overlap of the coronae and, thus, to a higher likeliness of
intermicellar bonds. This in turn increases the likeliness of twists and contact of the intermicellar
“hairs”, which self-evidently leads to lower stretchability before breaking. A close look at Figure 7a,b
reveals that the onset of non-linearity is around 40% for both samples. However, contrary to the
12-w/v% samples, there is no G′(γ0) upturn for the 15-w/v% samples (this corresponds to “type III”
behavior in the nomenclature of Sim et al. [46]). This difference can be interpreted by assuming that
the 15-w/v% samples already show the first signs of network breakdown before they get a chance to be
stretched. At very high strains (γ0 around 300%), a constant slope is reached for the loss factor (G”/G′)
of both samples, which is lower for the 15-w/v% sample than for the 12-w/v% sample. Hence, the
former sample structure degrades faster. This can also be inferred from the different negative slopes
observed for G′(γ0) and is logical considering the much higher micellar overlap of the 15-w/v% sample,
leading to much higher network “healing” probability under flow.

From micellar inter-distance and the chain length of the acrylate blocks, it is possible to estimate
the maximum stretching before breakage. The calculations were made assuming that the cores are
rigid and that the chain is tethered perpendicular to the shear plane initially. The equilibrium length of
connecting strands is the distance between surfaces of two neighboring micelles (i.e., 17 nm for the
12-w/v% sample and 15 nm for the 15-w/v% sample). If the strand is stretched to a maximum extent,
the strand length is the contour length of 2 × 200 monomers. By approximating the length of a covalent
bond as 0.154 nm, the maximum stretch leads to 2 × 200 × 0.154 nm = 61.6 nm. Hence, for a 12-w/v%
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concentration, the theoretical stretching limit is at 61.6 nm/17 nm = 360%, while 61.6 nm/15 nm = 410%
is possible for a 15-w/v% concentration. Comparison of this threshold with the data in Figure 7 suggests
that there is a link with the microscopic nonlinear behavior dominated by dissipation (constant positive
slope tanδ region).

As for the contribution of cores, although the type of large amplitude oscillatory shear (LAOS)
behavior is affected by colloidal particles [53], PS core has a much smaller size than the coronae, and the
concentrations of PS cores are rather low. Therefore, the PS core is similar in its function to a crosslinker
and has only a limited effect on LAOS types at the studied concentrations. A study of the core’s effect
on LAOS could be realized by either increasing the concentration of polymers or tuning the relative
length between core and coronae chains. This is beyond the present topic and prohibited by limited
samples, but deserves systematic research in the future.

At last, we note that rheology combined with simultaneous scattering could be an effective tool to
clarify the structural evolution under large-amplitude strain. This technique has been widely used to
characterize the phase behavior of block copolymers during shear [54]. Specifically, for less ordered
systems as ours (e.g., solutions, gels, and suspensions), a lot of literature focuses on in situ research
of the alignment of block polymers under transient and steady shear [55–66]. However, the research
on the associative colloidal polymer assemblies is still missing as far as we know. We performed
time-resolved SAXS measurements to characterize the present system, but the scattering was too weak
to get valuable data, probably because the electron contrast between PS cores and ethanolic solutions of
PtBA was rather low. Fortunately, the change of network under shear can be theoretically interpreted
based on the classical model of Tanaka and Edwards [50–52], which addresses the orientation and
stretching of strands in a network—even without further experimental evidence from scattering,
a discussion based on such a model can be used in analyzing the nonlinear rheological behavior of
micellar gels.

4. Summary and Conclusions

Linear and nonlinear rheological characterization combined with simple geometric considerations
about micellar overlap fractions provides a very good insight into the structure and dynamic behavior
of the studied micellar assemblies in the absence or presence of metallo–supramolecular interactions,
depending on ion type and polymer concentration.

In the linear regime, addition of Zn2+ only leads to viscosity increase for the 12-w/v% sample,
but does not affect the Newtonian behavior. On the other hand, Ni2+ and Fe2+ induce a major shift
towards an elastic dynamic network behavior because of semi-permanent intermicellar supramolecular
interactions. Based on a comparison between theoretical and experimental elastic moduli combined
with known concentrations of ligand-terminated corona chains, we conclude that only a 13.5% fraction
of potential crosslinks are effective for network elasticity at a 12-w/v% polymer concentration, while
46% are effective at 15 w/v%. In the latter case, the experimental result is consistent with the theoretical
prediction calculated by the intermicellar bond formation probability with the help of a simple
geometric model using micellar overlap concepts. At a 12-w/v% polymer concentration, however,
elastic strand density is much less than anticipated. Estimations of entanglement molecular weights of
the solutions indicate that entanglements play no significant additional role in explaining the elasticity
of the systems.

In the nonlinear rheological aspect, the Ni2+ and Fe2+ elastic networks show stretching at
intermediate deformation (around 100%) and dynamic breaking of the supramolecular bonds at high
deformation. The 15-w/v% samples start breaking down at a lower strain than the 12-w/v% ones,
but demonstrate better reforming ability at large deformations because of higher micellar overlap.

Based on all results, the equilibrium structure of the gels can be pictured as soft interpenetrating
spheres that are connected intermicellarly by less than 50% of the chains. The remaining chains
either do not have a supramolecular bond or are linked intramicellarly and, thus, do not contribute
to the network. The ratio between these two types of functional groups (inter- vs. intramicellarly
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bonded) depends on the polymer concentration. The ion used additionally determines how many
of the potentially available groups are efficiently bonded. The low strength and lifetime of the Zn2+

ions [37] makes only a weak shear thinning fluid at a 12-w/v% concentration. The Ni2+- and Fe2+-based
supramolecular bonds possess a much higher stability [37] and resulting micellar assemblies, and hence
behave as very soft elastomers that could be self-healing [7]. One might argue that shear banding
might be observed. However, as this would involve the collective and simultaneous break of all
supramolecular bonds at the periphery, it is not a very possible process and even if it did occur the
self-healing capability of the supramolecular bonds would quickly close it.

Samples at a 12-w/v% concentration show a small peak in storage modulus G′ around 80–100%
deformation. This can be explained by stretching of the supramolecular network, in agreement with
some literature. The higher concentration 15-w/v% samples do not show this peak, which is explained
by the fact that the network starts to break before it can be stretched, as the intensive twist and contact
of intermicellar links make them less stretchable.
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Abstract: The thermoreversible sol-gel transition for an ionic liquid (IL) solution of isotactic-rich
poly (N-isopropylacrylamides) (PNIPAMs) is investigated by rheological technique. The meso-diad
content of PNIPAMs ranges between 47% and 79%, and molecular weight (Mn) is ~35,000 and
~70,000 g/mol for two series of samples. PNIPAMs are soluble in 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl) imide ([BMIM][TFSI]) at high temperatures but undergo a gelation
with decreasing temperatures. The transition temperature determined from G’-G” crossover increases
with isotacticity, consistent with the previous cloud-point result at the same scanning rate, indicating
imide groups along the same side of backbones are prone to be aggregated for formation of a
gel. The transition point based on Winter-Chambon criterion is on average higher than that of the
G’-G” crossover method and is insensitive to tacticity and molecular weight, since it correlates with
percolation of globules rather than the further formation of elastic network (G’ > G”). For the first
time, the phase diagram composed of both G’-G” crossover points for gelation and cloud points
is established in PNIPAM/IL mixtures. For low-Mn PNIPAMs, the crossover-point line intersects
the cloud-point line. Hence, from solution to opaque gel, the sample will experience two different
transitional phases, either clear gel or opaque sol. A clear gel is formed due to partial phase separation
of isotactic segments that could act as junctions of network. However, when the partial phase
separation is not faster than the formation of globules, an opaque sol will be formed. For high-Mn

PNIPAMs, crossover points are below cloud points at all concentrations, so their gelation only follows
the opaque sol route. Such phase diagram is attributed to the poorer solubility of high-Mn polymers
for entropic reasons. The phase diagram composed of Winter-Chambon melting points, crossover
points for melting, and clear points is similar with the gelation phase diagram, confirming the
mechanism above.

Keywords: Poly(N-isopropylacrylamide); tacticity; ionic liquid; rheology

1. Introduction

Stimuli-responsive gels have received great attention owing to their scientific interest and
potential applications [1,2]. The merit of these materials lies on their rapid and reversible response
to environmental changes, such as temperature, pH, light, and stress. For thermosensitive gels,
the response relies on the abrupt change in solubility upon cooling or heating. As a typical
thermo-responsive polymer, poly (N-isopropylacrylamide) (PNIPAM) in aqueous solutions exhibits a
lower critical solution temperature (LCST) phase behavior around ambient temperatures (≈33 ◦C) [3].
These notable features make PNIPAMs widely used in thermoreversible hydrogel for sensing and
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biomedical materials [4–7]. Despite the appealing applications, however, PNIPAM hydrogels suffer
from the volatility of water, preventing their use at high temperatures and storage at open atmosphere.
Moreover, as the major component, water cannot offer additional functionality to the gel besides
polymers. In order to solve the above problems, non-volatile and functional solvents are desired to
substitute water. Ionic liquids (ILs) are non-volatile room-temperature molten salts with thermal and
chemical stability and conductivity [8]. Owing to these properties, ILs are ideal solvents for making
conductive gels, which could be used at open atmosphere over a wide range of temperatures [9–12].
The stimuli-responsive properties can be readily tailored by changing the chemical structures of the
ions or by mixing with different solvents, without modification of polymer structures [13,14]. Such
convenience of manipulating gels for a target purpose generates interest in developing polymeric
materials in ILs, especially the thermoreversible ionogels [15–20].

The ionic liquid, 1-alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([XMIM][TFSI],
X = E for ethyl, and X = B for butyl), has proven to be a solvent for PNIPAMs [21]. The PNIPAM/IL
mixture exhibits an upper critical solution temperature (UCST) phase behavior [21–24], opposite
to aqueous solutions [3,25]. Based on this property, PNIPAM and its copolymers have been
employed to make thermoresponsive ionogels in ILs by self-assembly. He et al. [26] synthesized poly
(N-isopropyl acrylamide-b-ethylene oxide-b-N-isopropyl acrylamide) (PNIPAM-b-PEO-b-PNIPAM)
triblock copolymers and blended them with [EMIM][TFSI]. Above the UCST-type transition
temperature, PNIPAM blocks are expanded coils, while below the transition temperature, PNIPAM
blocks experience coil-to-globule transition and become aggregates, which are connected by PEO coils,
finally forming a gel. Ueki et al. [16] produced poly (benzyl methacrylate-b-N-isopropyl acrylamide)
(PBnMA-b-PNIPAM) diblock copolymers, with PBnMA and PNIPAM blocks exhibiting LCST and
UCST phase separations in ILs, respectively. As a result, a doubly thermosensitive self-assembly was
observed in [EMIM][TFSI], where a homogeneous solution only exists in a window between UCST
and LCST phase boundary. Likewise, Lee et al. [27] reported a doubly thermoresponsive diblock
copolymer, poly (ethylene oxide-b-N-isopropylacrylamide) (PEO-b-PNIPAM), that exhibits both an
upper critical micellization temperature (UCMT) and a lower critical micellization temperature (LCMT)
in 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BF4]), 1-butyl-3-methylimidazolium
tetrafluoroborate ([BMIM][BF4]), and their blends. By varying the mixing ratio of two ILs, both
UCMT and LCMT can be readily tuned in a mixed solvent. Ueki et al. [28] further developed
a triblock ABA copolymer, denoted as P(AzoMA-r-NIPAM)-b-PEO-b-P(AzoMA-r-NIPAM), with
AzoMA being 4-phenylazophenyl methacrylate, which is sensitive to photo-stimulus. By combining
the photosensitive (AzoMA) and thermosensitive (NIPAm) blocks, a doubly reversible gel in
response to either photo-and thermo-stimuli, was obtained in the IL 1-butyl-3-methylimidazolium
hexafluorophosphate ([BMIM][PF6]).

To clarify the mechanism of thermoresponse in PNIPAM/IL mixtures and guide the design of
ionogels, fundamental researches have been performed to investigate the effect of molecular weight,
concentration, and structure on their phase behavior. For example, Asai et al. [22] reported the cloud
point of PNIPAM/[EMIM][TFSI] increases with molecular weight (Mn) and polymer concentration
by dynamics light scattering. Using small-angle neutron scattering, they found the chain size at
dilute regime decreases, while the correlation length at semidilute regime increases as approaching
UCST. The Flory−Huggins interaction parameter, χ, becomes larger with cooling, and exceeds 0.5
around 45 ◦C. Besides, molecularly dispersed PNIPAM chains are found to still remain in ILs even
after macroscopic phase separation, distinct from a complete phase separation in a molecular level in
aqueous solutions. De Santis et al. [23] confirmed the abovementioned Mn dependence and firstly
reported the increase in phase transition temperature with isotacticity, although the meso-diad content
(denoted as m) in their PNIPAMs only ranges a narrow variation from 55% to 66% and the concentration
is fixed at 1%. Wang et al. [29] experimentally investigated the phase separation mechanism in
PNIPAM/[EMIM][TFSI] solutions by infrared spectroscopy and attributed it to the desolvation of
PNIPAMs. Ueki et al. [30] reported the isomeric effect on the UCST-type separation of random
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copolymers comprising NIPAM and AzoMA in [EMIM][TFSI] and confirmed that trans-isomer leads
to an increase in the phase separation temperature, whereas the cis-isomer contributes to a decrease in
the phase separation temperature. So et al. [31] showed how the incorporation of comonomers with
different hydrogen-bonding capacities into PNIPAM affects the UCST behavior and the corresponding
sequential and reversible self-folding. Very recently, we have studied the phase diagram of two series
(depending on molecular weight) of PNIPAMs with varying isotacticity in [BMIM][TFSI] by turbidity
measurement using a concentration range of 1–12.5% (w/v) [24]. It was observed that the UCST-type
phase separation temperature increases with isotacticity and molecular weight. The phase diagram was
firstly determined for a highly isotactic PNIPAM (m ≈ 78%), where a clear UCST peak was observed
at low concentrations, similar with the conventional polymer solution, implying an entropy-driven
dissolution mechanism.

In spite of the abovementioned research on the coil-globule transition, however, the sol-gel
transition in PNIPAM/IL mixtures has not been systematically studied to the best of our knowledge.
Heretofore, the study on sol-gel transition of PNIPAMs mainly exists in aqueous and organic solutions.
Nakano et al. [32] studied the thermoreversible gelation of isotactic-rich poly (N-isopropylacrylamide)
in water and observed the gelation happens below the LCST cloud-point temperatures. Upon heating,
solutions undergo transparent gels first before they become turbid. Tanaka et al. [33] attributed this
phase diagram to the preferential dehydration of meso-diad segments on the chain, whose partial phase
separation creates physical crosslinkers for a transparent gel. Upon further heating, other segments
are also dehydrated, so that the whole chain transfers to globules and the system becomes turbid.
Such partial phase separation was also reported in isotactic-rich PNIPAM/benzyl alcohol blends [34],
where a transparent gel was formed below the UCST-type transition temperatures, and the transition
temperature increases with the meso-diad content. As molten salts, ILs have different interactions
with PNIPAM in comparison to water and organic solvents. The structure-property relationship in
aqueous and organic gel does not necessarily apply for the IL gels. Therefore, the gelation behavior
in PNIPAM/IL is highly desired to be investigated for both scientific interest and application-based
importance in guiding the design of smart ionogels. To this end, the effect from several key factors,
including tacticity, molecular weight, and concentration, on the sol-gel transition need to be clarified.
The phase diagram from gelation should be established and compared with that from cloud-points.

In this work, we for the first time studied the reversible gelation in isotactic-rich PNIPAM/IL
blends using rheological technique. PNIPAMs with a wide range of tacticity (m = 47–79%) and different
molecular weights were employed to mix with [BMIM][TFSI]. The dependence of sol-gel transition
on tacticity, concentration, and molecular weight was examined and compared with the coil-globule
transition determined from cloud points. A complete phase diagram was established accordingly. This
research will provide a guideline for the design of thermoresponsive ionogels based on PNIPAMs.

2. Experiments

2.1. Sample Information

The synthesis and characterization of stereo-controlled PNIPAMs was described in Reference [34].
Table 1 lists the number-average molecular weight (Mn), polydispersity (PDI), and tacticity of the
investigated PNIPAMs. The tacticity is defined as the percentage of the meso-diad content, which
was determined by 1H NMR [34]. Based on molecular weight, PNIPAMs are denoted as m and Hm
series. For m-series, Mn is from 34,900 to 42,600 g/mol with PDI in between 1.22 and 1.26. Their
tacticities are 47%, 58%, 66%, and 79%, respectively. For Hm-series, Mn is doubled and ranging from
60,200 to 85,700 g/mol with PDI in between 1.26 and 1.49. Their tacticities are 48%, 57%, 67%, and
78%, respectively.
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Table 1. Characteristics of poly (N-isopropylacrylamides) (PNIPAM) Samples.

Sample Mn (g/mol) PDI Meso-Diad Content (m) (%)

m47 35,400 1.25 47
m58 39,500 1.24 58
m66 34,900 1.22 66
m79 40,300 1.26 79

Hm48 62,900 1.49 48
Hm57 60,200 1.26 57
Hm67 62,800 1.32 67
Hm78 85,700 1.38 78

The ionic liquid was 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([BMIM][TFSI]), from the Center for Green Chemistry and Catalysis of Lanzhou Institute of Chemical
Physics, Chinese Academy of Sciences. [BMIM][TFSI] was dried at 80 °C under vacuum to remove
residue water before use. The polymer/IL solution with a particular concentration (w/v %) was prepared
with the help of a cosolvent (tetrahydrofuran). After sufficient evaporation in a fume-hood, mixtures
were dried in a vacuum to remove residue cosolvent and bubbles. Details for mixture preparation was
reported in Reference [24]. The structures of PNIPAM and [BMIM][TFSI] are presented in Scheme 1.

 
Scheme 1. Structure of PNIPAM and [BMIM][TFSI].

2.2. Rheological Measurements

The solutions were characterized rheologically using a cone-plate geometry with cone angle of 2◦
and diameter of 25 mm on an Anton Paar 302 rheometer. Temperatures were controlled by Peltier
plate. Samples were subjected to temperature ramps between 10 and 60 °C at a heating and cooling
rate of 1 ◦C/min with an angular frequency of 10 rad/s. Heating was performed first followed by
a cooling procedure. The strain amplitude is kept at 0.1%, within the linear viscoelastic regime at
all temperatures. Dynamic frequency sweep was also performed on each sample from 10 to 40 °C
with proper strain to ensure the linear viscoelasticity and enough waiting time to allow the material
to equilibrate.

3. Result and Discussion

3.1. Tacticity Dependence

The temperature dependence of storage (G’) and loss (G”) moduli for 5% m series in ILs is shown
in Figure 1. In heating procedure, moduli first exhibit a moderate decrease at the regime where G’ >
G”. Then, an abrupt decrease in moduli occurs with G” gradually becoming larger than G’, reflecting a
gel-to-sol transition. At higher temperatures (in solution state), data are scattered because the phase
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angle in oscillatory measurement is close to 90◦, i.e., close to Newtonian, which makes G’ difficult to be
precisely determined. Furthermore, the magnitude of the complex modulus |G*| is below 1 Pa, which
corresponds to a torque of 1 nN·m for the setup and parameters used, close to the resolution limit
of the rheometer. In the cooling procedure, the sample state changes from solution to gel, proving
the reversibility of the transition. An increase in moduli is observed followed by the recovery that
G’ becomes larger than G”. The drop of moduli once the gel state is obtained is due to the slippage
of sample, considering the sample becomes heterogeneous and solvophobic, which leads to a phase
separation, partially at the interface between geometry [35]. Despite this artefact, the crossover of G’
and G”, which corresponds to the gelation transition, appears before this drop, so the final result is
not affected. The gel-to-sol transition is located at a higher temperature than the sol-to-gel transition
for all samples. This hysteresis is consistent with that in transmittance measurement [24], where the
globule-to-coil transition is believed to be retarded by the extra hydrogen bonding among polymers in
the aggregates with respect to the coil-to-globule transition [36,37]. Such hydrogen bonding mechanism
may also account for the hysteresis in the sol-gel transition here, since the extra hydrogen bonding can
kinetically delay the breaking of clusters that are the crosslinker of the gel network.

Figure 1. Variations in storage (G’, filled symbol) and loss (G”, open symbol) moduli of 5% (a) m47, (b)
m58, (c) m66, and (d) m79 solutions as a function of temperature at a frequency of ω = 10 rad/s and a
strain amplitude of γ = 0.1%. Symbols (�, �) and (�, �) are for heating and cooling sweeps, respectively.

For Hm series, similar heating/cooling evolutions in rheological behavior are observed in Figure 2.
Compared with m-series, the sol-gel transition in Hm appears at higher temperature, as the case
in transmittance measurement [22–24,38]. This is attributed to a strong entropic contribution to
the phase separation for high-Mn polymers in the thermodynamic aspect [24,39], which favors the
forming of clusters as crosslinkers. The hysteresis in Hm also increases with isotacticity, and the
amplitude is similar with that in m series, implying its insensitivity to molecular weight. In previous
reports [23,24], the hysteresis in transmittance is not Mn dependent above 44,000 g/mol, because chain
associations within aggregates are similar for different Mn. This could be used to account for the
gelation hysteresis and implies the forming/breaking of aggregates (crosslinkers of gels) governs the
gelation/melting procedure.

33



Polymers 2019, 11, 783

Figure 2. Variations in storage (G’, filled symbol) and loss (G”, open symbol) moduli of 5% (a)
Hm48, (b) Hm58, (c) Hm67, and (d) Hm78 solutions as a function of temperature at a frequency of
ω = 10 rad/s and a strain amplitude of γ = 0.1%. Symbols (�, �) and (�, �) are for heating and cooling
sweeps, respectively.

To assess the gel network of different tacticity, we compared their storage moduli at 10 ◦C on
heating curves in Figure 3, which are proportional to the density of network. For both m and Hm series,
G’ slightly decreases with isotacticity, showing a scaling power law slope −2.2 and −1.2, respectively.
This dependence is opposite to the case of PNIPAMs in benzyl alcohol [34], where the plateau G’
increases with isotacticity. However, we note that PNIPAM/benzyl alcohol gel is transparent, while the
PNIPAM/IL gel is opaque. In a transparent gel, partial phase separation takes place only in solvophobic
isotactic segments. These desolvated segments act as junctions to connect other segments that are still
dissolved. With increasing content of meso-diad on the chain, the number of junctions increases, and
hence the gel network is better linked. In an opaque gel, however, macroscopic phase separation takes
places to a much larger extent. Segments are mainly aggregated into globules rather than left in ILs to
act as a bridging chain. This situation is intensified with increasing isotacticity, reducing the number of
connections among globules, and thus thinning out the network. The storage moduli of Hm are higher
than m series, reflecting a better-connected gel because long chains have a higher probability to bridge
different globules and increase the number of interglobular association [34,40,41].

Figure 3. Comparison between G’ of m and Hm series at 10◦C (heating scan) as function of tacticity.
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Two methods are employed to extract the phase transition temperatures from rheological data.
First, we adopt the crossover of G’ and G” at dynamic temperature sweep, which has been widely used to
define transition temperature in hydro- and iono-gels formed by polymers’ phase separation [34,42–52].
Such a method can reflect the scanning rate dependence, making its results comparable with cloud
points, which were also measured at 1 ◦C/min [24]. However, we note that this method suffers
the problem of frequency dependence, making it not a rigorous determination of transition point.
Therefore, we only refer to this point as “crossover point” in the following discussion. Another
method is based on Winter and Chambon criterion [53–56], where the transition point is determined
rheologically by finding the temperature at which the storage and loss moduli share the same power-law
dependence on frequency. This method is independent of test frequency and can reflect the equilibrium
transition temperature, which is insensitive to scanning rate. Lodge and coworkers [44] compared
these two methods by investigating the gelation of PNIPAM-b-PEO-b-PNIPAM triblock copolymers in
[EMIM][TFSI], where polymers have a molecular weight of 29,000 g/mol and concentration of 10%,
close to our systems. They found both methods generate similar transition temperatures, with the
crossover method being 17 ◦C and the Winter-Chambon criterion being 20◦C. They further observed the
consistency of two methods in poly (ethylene-alt-propylene-b-ethylene oxide-b-N-isopropylacrylamide)
aqueous solutions [46] and poly (phenylethyl methacrylate-b-methyl mechacrylate-b-phenylethyl
methacrylate) IL solutions [45]. In the next sections, we use both methods to extract transition
temperatures and compare their results.

The transition points corresponding to both sol-to-gel and gel-to-sol procedures are first determined
by the crossover of G’ and G” and plotted in Figure 4 as a function of meso-diad content (tacticity).
Both temperatures monotonically increase with isotacticity, consistent with the tendency of coil-globule
transition [23,24], implying the structural factors for phase separation also apply to the gelation
procedure. Ray et al. [25] proposed that highly isotactic PNIPAMs have more side groups aligned on
the same side of backbones, which improves hydrogen bonding among amide groups and solvophobic
association among isopropyl groups in the aggregates. Since aggregates act as the crosslinker within
gels, the formation and melting of the gel is affected by tacticity. Likewise, the crossover point for
melting PNIPAM/benzyl alcohol gels also increases with isotacticity [34]. In spite of the same tendency
in both gels, however, the underlying mechanisms are different. The increase in crossover temperatures
for melting PNIPAM/IL gels reflects the increasing difficulty to disaggregate globules, which are formed
by the whole polymer chain, whereas the same dependence for PNIPAM/benzyl alcohol is attributed
to the increasing number of small-size junctions in the network of transparent gels, which are induced
by the partial phase separation of isotactic-rich segments on the chain. The crossover point for melting
procedure is higher than that for gelation. With increasing isotacticity, their difference, ΔTc, is enlarged,
which is inconsistent with the transmittance results where hysteresis is insensitive to tacticity [24].
The value of ΔTc is in the same magnitude as in transmittance transition only when m is lower than
60%. For highly isotactic PNIPAMs (m > 65%), however, ΔTc in sol-gel transition is significantly larger.
This result implies the chain that associates clusters may introduce long-range interactions, which can
improve the difficulty in both forming and breaking of clusters. Such a long-range effect is negligible at
low isotacticity since the inter-and intra-chain interactions are relatively weak, but becomes important
at high isotacticity where polymer interactions are strengthened. The transition temperatures of Hm
series are higher than those of m series, which can be attributed to a stronger entropic contribution
to the phase transition from high molecular weight [24]. The difference in transition temperatures
between Hm and m series also increases with isotacticity, because the intrachain interactions in high-Mn

polymers are relatively important and hence prone to be strengthened by the extra interaction from
isotactic structures, with respect to low-Mn polymers.
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Figure 4. The crossover point for melting (�,�) and gelation (�, �) procedures vs the tacticity for m
(solid symbol) and Hm (open symbol) series.

Dynamic frequency sweep was performed at different temperatures by a heating route (Figures S1
and S2 for m and Hm series, respectively, shown in Supporting Information). The melting
temperature was determined through Winter-Chambon criterion [53–56]. Since the sol-gel transition
point is characterized by the identical power-law dependence on frequency for G’ and G”, the
frequency-independent loss tangent tanδ (= G”/G’) has been extensively employed to determine the
critical transition temperature, time, and concentration [57–59]. In this spirit, tanδ is plotted as a
function of temperature at different frequencies (Figures S3 and S4 for m and Hm series, respectively,
shown in Supporting Information), and the melting temperature was determined via an intersecting or
closest point of tanδ curves [60]. Figure 5a illustrates the melting points from Winter-Chambon criterion,
G’-G” crossover points for melting, as well as the clear point from transmittance measurement for m
series [24]. The crossover point shares the same tacticity dependence as the clear point, considering
both were measured at a 1 ◦C/min scanning rate. The transition point determined by Winter-Chambon
criterion, however, is higher than the G’-G” crossover point at m = 47~66%, because the percolation of
small-size globules from partial phase separation of segments (frequency-independent tanδ) takes place
at higher temperature than the further development of the elastic network (G’ > G”). At m = 79%, the
Winter-Chambon transition temperature is close to the G’-G” crossover value, implying the percolation
of globules and the formation of the elastic gel happen simultaneously. Such synchronization could
be attributed to the fact that high-m PNIPAMs favor the phase separation of the global chain rather
than local segments upon percolation, which bypasses the grow-up of globule junctions and instantly
forms an elastic gel. Figure 5b compared the abovementioned three kinds of temperatures for
Hm series. Likewise, the crossover points monotonically increase with isotacticity as clear points.
The Winter-Chambon melting points are higher than crossover values except for m = 78%, consistent
with the m series and can be explained in the same spirit. The average value of all Winter-Chambon
melting points in both m and Hm series in Figure 5 is 40± 2.2 ◦C, indicating the percolation temperature
is lack of obvious tacticity and molecular weight dependence, different from the monotonic increase in
the G’-G” crossover point, which reflects the formation of elasticity.
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Figure 5. The G’-G” crossover point for melting procedure (�), the melting point determined by
Winter-Chambon criterion (�), and the clear point determined by transmittance measurement (�), as a
function of the tacticity for (a) m and (b) Hm series with concentration of 5%.

3.2. Concentration Dependence

The temperature dependence of moduli for m79 at different concentrations is shown in Figure 6.
The reversible gelation procedure is observed at all concentrations. At 7.5~12.5%, the recovered
moduli are even higher than those before melting. This is probably because the recovered gel bears
a better-established network than the original gel, which experienced both long-term storage and
structural disturbance during sample loading. The heating transition happens at higher temperatures
than cooling transition, with their difference increasing first and then decreasing, reaching the maximum
at the intermediate concentration (7.5%). Such concentration dependence of hysteresis is different from
the concentration-independent result in the transmittance measurements [24]. The larger hysteresis at
intermediate concentrations can be attributed to the strengthened long-range interactions due to the
higher possibility of inter-cluster association. However, the increase in the inter-cluster contact is at the
cost of intra-cluster association, so at the highest concentrations, the hysteresis is reduced since the
inside of clusters is not as strongly bonded as at low concentrations and easier to be disaggregated
during heating.
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Figure 6. Variations in storage (G’, filled symbol) and loss (G”, open symbol) moduli for m79 solutions
at concentrations of (a) 1%, (b) 2.5%, (c) 5%, (d) 7.5%, (e) 10%, and (f) 12.5% as a function of temperature
at a frequency of ω = 10 rad/s and a strain amplitude of γ = 0.1%. Symbols (�, �) and (�, �) are for
heating and cooling sweeps, respectively.

The temperature dependence of moduli for Hm78 at different concentrations is shown in Figure 7.
Since Hm series have the higher molecular weight, their moduli at gel regime are higher and the
transition regime locates at higher temperature in comparison to m series for entropic reason. Like
m series, the gel-state moduli of Hm monotonically increase with concentration, and the hysteresis
between heating and cooling exhibits a maximum at the intermediate concentration. Rheological data
of Hm are less scattered owing to the high stiffness of the gel. Besides, the recovered moduli are higher
than the original ones at high concentrations, consistent with the results in m series, confirming a
denser mesh in reestablished networks.

Figure 7. Variations in storage (G’, filled symbol) and loss (G”, open symbol) moduli for Hm78 solutions
at concentrations of (a) 1%, (b) 2.5%, (c) 5%, (d) 7.5%, (e) 10%, and (f) 12.5% as a function of temperature
at a frequency of ω = 10 rad/s and a strain amplitude of γ = 0.1%. Symbols (�, �) and (�, �) are for
heating and cooling sweeps, respectively.
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The concentration dependence of G’ at 10◦C on heating curves is shown in Figure 8. With increasing
polymer concentrations, the moduli at gel regime gradually increase because the network mesh becomes
denser. Unlike entangled polymer solutions [39], there is not a scaling-law type relationship between
moduli and concentration. Instead, moduli increase moderately at low concentrations and rise rapidly
at higher concentrations. Interestingly, moduli of m79 and Hm78 are similar at low concentration,
suggesting that isolated globules, rather than associating chains, are preferentially formed when
polymers are scarce, which makes the gel network too loose to be affected by molecular weight. Until
concentration is high enough, the association among globules could be established and the gel becomes
increasingly strong. This phenomenon is different from that of PNIPAMs in benzyl alcohol, where
moduli increase rapidly at low concentrations and then tend to saturate at high concentrations [34]. This
is because the partial phase separation mainly generates small-size junctions rather than large globules.
The number of junctions significantly increases at low concentrations but approaches saturation at high
concentrations. The upturn of data occurs at a lower concentration for Hm78 than m79, because the
high molecular weight of Hm78 allows for a lower network percolation concentration. Similar results
were also observed in PNIPAM/benzyl alcohol [34], where the plateau G’ moduli for Hm78 appears at
lower concentrations than that for m79, indicating a lower percolation concentration for Hm.

Figure 8. Comparison between G’ of m79 and Hm78 at 10 ◦C as a function of concentration.

The crossover points for melting and gelation procedure are plotted as function of concentration
in Figure 9. The two kinds of temperatures exhibit a UCST-type phase diagram, consistent with
our previous observation in the transmittance method [24]. This asymmetric UCST phase transition
is similar with that of the conventional polymer solutions [39], so an entropy driven dissolution
mechanism was expected to be responsible for this behavior. Additionally, the similarity between
sol-gel and coil-globule transitions implies the aggregation and disaggregation of clusters govern
the gelation and melting procedures, respectively. The crossover points for melting are higher than
those for gelation because the disaggregation of clusters is relatively delayed due to extra interactions
inside clusters [23,36,37]. Furthermore, the difficulties of both bridging and breaking the inter-cluster
associations further enlarge the hysteresis. As for the molecular weight effect, the crossover points for
gelation of m79 and Hm78 are approximately overlapped at low and high concentration limits, while
at intermediate concentrations, crossover points of Hm are higher than m because of the entropically
induced poor solubility for higher-Mn samples. On the other hand, the crossover points for melting
of m79 and Hm78 are close at low concentration limit, but at higher concentrations, the peak of m79
locates at the right side of Hm78 samples, with the data at the highest three concentrations being even
larger than those of Hm78. This result is in conflict with the cloud-point phase diagram where phase
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separation temperatures of Hm78 are always higher than those of m79 at a fixed concentration [24].
This anomalous phenomenon could be tentatively attributed to the significant hysteresis for m79 at
high concentrations. At a given concentration, the number density of chains in solutions is higher for
low-Mn PNIPAMs than high-Mn PNIPAMs. As a result, low-Mn PNIPAMs favors the establishment of
the stable interchain-associated aggregates, while high-Mn PNIPAMs are relatively isolated so that
they prefer to form the less stable intrachain-associated aggregates [23]. This molecular weight effect
seems to be amplified in the sol-gel transition where the stability of interchain associations plays an
important role in connecting clusters rather than just agglomerating chains into globules. At last, we
note that in PNIPAM/benzyl alcohol [34], the crossover point for gelation monotonically increases
with concentration and lacks an UCST peak. Such difference lies in the distinct constitution within
two kinds of gels. While the gelation of PNIPAM/IL is governed by the coil-to-globule procedure, the
gelation of PNIPAM/benzyl alcohol mainly depends on the number of junctions formed by partial
phase separation of isotactic-rich segments, which monotonically increases with polymer concentration
and results in a higher transition temperature at high concentrations.

Figure 9. The crossover point for melting (�,�) and gelation (�, �) procedures vs the concentration for
m79 (solid symbol) and Hm78 (open symbol) solutions.

In Figure 10, we compared the crossover points for gelation measured by rheology and the cloud
points measured by transmittance test. For m79, the crossover-point line intersects the cloud-point
line and phase diagram is divided into four kinds of status. At high enough temperatures that are
above both crossover-point and cloud-point boundaries, samples are homogenous solutions. With
temperatures decreasing, two different transition routes will happen (illustrated in Scheme 2). At two
ends of the phase diagram, samples experience gelation first and then become turbid. The status
between gelation and phase separation boundaries is called clear gel, while the status after complete
phase separation is called opaque gel. Around the UCST peak, cloud points are higher than the
crossover temperature. Therefore, samples experience an opaque sol first before they become an
opaque gel. Such interference phenomenon between sol-to-gel and coil-to-globule lines was also
reported in isotactic-rich PNIPAM in water [32]. In this system, the gelation phase boundary intersects
the cloud-point phase boundary at a concentration of 2% and then drops below at higher concentrations.
Their phase diagram was divided into four phases, the same as ours. Tanaka et al. [33] proposed a
mechanism to predict such a diagram. In their model, the isotactic-rich PNIPAMs contain two kinds of
hydrogen-bonding sites, i.e., isotactic diad and syndiotactic diad, with the latter showing a greater
bonding strength with solvents than the former. Therefore, when the temperature is approaching the
phase separation boundary, isotactic segments on polymers are desolvated preferentially in comparison
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to stereo-irregular segments. The desolvated isotactic segments are driven into intermolecular junctions
even though other segments are still solvated. By the infrared spectroscopic analysis of the v (C–H)
region of imidazole ring, Wang et al. [29] experimentally confirmed the desolvation mechanism applies
in PNIPAM/IL system, where the interaction experiences a changing process from the dissociation of
polymer-ion interaction to the formation of chain-chain bonding, followed by the final chain shrink to
aggregation. This mechanism successfully rationalizes the formation of clear gel, which takes place
when junctions are formed faster than globules. At concentrations around the CST peak, the formation
of globules is faster than the junction, so an opaque sol was formed first across the phase boundary.
As gelation further approaches the boundary, the junctions among globules are established so the sol is
transformed to an opaque gel.

Figure 10. The comparison of the crossover point for gelation (�) and cloud point (�, Reference [24])
for (a) m79 and (b) Hm78 solutions.
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Scheme 2. The gelation procedure of m79 and Hm78 in [BMIM][TFSI].

For Hm78, all crossover points for gelation are located below the cloud points. As a result, only
one transition procedure exists, i.e., samples transfer from solutions to opaque sols and then to opaque
gels with temperature decreasing. The absence of the clear gel phase could be attributed to the poorer
solubility of high-Mn polymers for entropic reasons, which makes formation of globules as fast as
junctions. The crossover-point phase diagram has a similar shape with the cloud-point one. That
implies the formation of globules is a dominating procedure for the following gelation.

The dynamic frequency sweep at different temperatures was performed on m79 and Hm78
solutions of different concentrations (Figure S5 for m79 and Figure S6 for Hm78 solutions, shown in
Supporting Information). The melting temperature based on Winter-Chambon criterion was extracted
from the intersecting or closest point of tanδ curves as a function of temperature at different frequencies
(Figure S7 for m79 and Figure S8 for Hm78 solutions, shown in Supporting Information). In Figure 11a,
the phase diagram of m79 solutions based on Winter-Chambon melting points is established, along
with the G’-G” crossover points for melting and clear points from transmittance measurement. At all
investigated concentrations, the difference of transition temperatures between Winter-Chambon and
G’-G” crossover definitions is as small as 4◦C, which is within experimental uncertainty. Similar with
the case in Figure 10a, both the melting-point line (Winter-Chambon) and the crossover-point line
intersect the clear-point line, so the phase diagram is divided into four parts, i.e., homogeneous solution,
clear gel, opaque sol, and opaque gel. Such consistency in gelation and melting phase diagrams
confirms the validity of the phase transition procedure in Scheme 2. For Hm78 solutions, the phase
diagram based on the aforementioned three kinds of transition temperatures is shown in Figure 11b.
Again, the difference between Winter-Chambon melting and G’-G” crossover points is within 4 °C.
All melting points are lower than clear points except the Winter-Chambon value in 12.5% solution,
which, however, could be attributed to the experimental uncertainty. Therefore, the validity of gelation
phase diagram in Figure 10b is basically confirmed by Figure 11b, in which the phase mainly transfers
from homogeneous solutions, to opaque sols, and then to opaque gels, or conversely.
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Figure 11. The G’-G” crossover point for melting (�), the melting point determined by Winter-Chambon
criterion (�), and the clear point determined by transmittance measurement (�), as a function of the
concentration for (a) m79 and (b) Hm78 solutions.

4. Conclusions

The sol-gel transition of isotactic-rich PNIPAMs in ionic liquid was investigated by rheological
technique. The G’-G” crossover points for both gelation and melting procedures increase with the
meso-diad content, consistent with the coil-globule transition determined by cloud points at the same
scanning rate, while the melting point based on Winter-Chambon criterion is of a higher average
value (40 ± 2.2 ◦C) and approximately tacticity and Mn independent because it corresponds to the
percolation point rather than the establishment of elasticity for gels (G’ > G”). The UCST-type phase
diagrams composed of both crossover points for gelation and cloud points are determined. For low-Mn

PNIPAMs (m79), the crossover-point line intersects the cloud-point line, so the phase diagram is
divided into four parts: solution, clear gel, opaque sol, and opaque gel. The clear gel is formed because
the isotactic segments on the chain experience desolvation preferentially and then act as junctions
to connect the solvated segments. When the junction formation is faster than the globule formation,
a clear gel appears. Otherwise, an opaque sol will be formed instead of the clear gel prior to the
formation of the opaque gel. For high-Mn PNIPAMs (Hm78), crossover points are below cloud points
at all investigated concentrations, so solutions transfer to opaque sol first and then opaque gel with
decreasing temperatures. This difference in phase diagram could be attributed to the poorer solubility
of high-Mn polymers for entropic reason. Phase diagrams composed of Winter-Chambon melting
points, G’-G” crossover points for melting, and clear points follow the similar tendency as those based
on gelation points, confirming the above transition procedure.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/5/783/s1,
Figure S1: The storage (closed symbol) and loss (open symbol) moduli of m series with concentration of 5%
and different tacticity, Figure S2: The storage (closed symbol) and loss (open symbol) moduli of Hm series with
concentration of 5% and different tacticity, Figure S3: The loss factor as a function of temperature for m series with
concentration of 5% and different tacticity, Figure S4: The loss factor as a function of temperature for Hm series
with concentration of 5% and different tacticity. Symbols are the same as in Figure S3, Figure S5: The storage
(closed symbol) and loss (open symbol) moduli of m79 solutions with different concentration, Figure S6: The
storage (closed symbol) and loss (open symbol) moduli of Hm78 solutions with different concentration, Figure S7:
The loss factor as a function of temperature for m79 solutions with different concentration. Symbols are the
same as in Figure S3, Figure S8: The loss factor as a function of temperature for Hm78 solutions with different
concentration. Symbols are the same as in Figure S3.
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Abstract: For the preparation of thermoresponsive copolymers, for e.g., tissue engineering scaffolds or
drug carriers, a precise control of the synthesis parameters to set the lower critical solution temperature
(LCST) is required. However, the correlations between molecular parameters and LCST are partially
unknown and, furthermore, LCST is defined as an exact temperature, which oversimplifies the
real situation. Here, random N-isopropylacrylamide (NIPAM)/dopamine methacrylamide (DMA)
copolymers were prepared under a systematical variation of molecular weight and comonomer
amount and their LCST in water studied by calorimetry, turbidimetry, and rheology. Structural
information was deduced from observed transitions clarifying the contributions of molecular weight,
comonomer content, end-group effect or polymerization degree on LCST, which were then statistically
modeled. This proved that the LCST can be predicted through molecular structure and conditions of
the solutions. While the hydrophobic DMA lowers the LCST especially the onset, polymerization
degree has an important but smaller influence over all the whole LCST range.

Keywords: N-isopropylacrylamide; lower critical solution temperature; thermoresponsive polymers;
hydrophobic interactions; statistical modeling

1. Introduction

The research on smart polymers is growing, owing to new advances of the scientific community
as well as current and future applications. Some thermoresponsive polymers present an extraordinary
sensitivity to external stimuli related to temperature, pH, light, or solvents, among others. These
properties opened new interesting applications regarding to scaffolds or drug carriers [1–4].

The use of poly(N-isopropylacrylamide) (PNIPAM) as a water-soluble polymer is extended
along numerous publications because its lower critical solution temperature (LCST) is near human
physiological temperature (around 33 ◦C) [5,6]. Generally, a homogenous and transparent solution
is observed below LCST, but higher temperatures lead to insolubility of the polymer in water. This
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transition can be explained based on hydrogen bonding and hydrophobic interactions between polymer
and water, whose balance is temperature dependent [7–9].

Various ways for varying LCST behavior are used in practice—such as adding comonomer,
modification of the end group or introduction of additives [10]. Block copolymers (vs. random
copolymers) can provide a second phase transition promoting new features to the final material and
according to the monomers involved, but synthesis can require more steps than making other structures.

Generally, the preparation of random copolymers is used as a valuable method for adding new
functionalities or increasing the range of properties. In this way, bioinspired materials grow a great
interest owing to simulate the living tissues very useful for developing specific properties and getting
non-invasive therapies. For instance, the use of catechol groups was inspired by marine mussels,
which produce proteinaceous adhesive materials for attaching themselves to rocks in the intertidal
zone [11]. The catechol groups show a great versatility in terms of applications such as biosensors
or biomedicine [12–17]. Moreover, the use of dopamine methacrylamide (DMA) as a comonomer is
suitable due to its main chain structure being similar to N-isopropylacrylamide (NIPAM) [18].

The introduction of reversible addition-fragmentation chain transfer (RAFT) polymerization
allowed getting custom polymers due to a higher control on the final molecular features, namely
polydispersity and molecular weight [19,20]. Additionally, this potential method is convenient for
preparing copolymers, whose properties, such as the LCST, can be tailored to the specific necessities. At
present, the influence of some parameters on LCST is clear but there are still many inconsistences related
to the influence of molecular weights and end-group effects, among others. Important information
associated with LCST transitions is missed, which could partially explain those influences. In general,
all research works are focused on a single temperature value for defining the LCST, but information
about the range of temperature or time of this process is obviated. Thus, a complete evaluation of
LCST transition could be very useful for this purpose.

There are different procedures for detecting LCST as turbidimetry, calorimetry, proton nuclear
magnetic resonance, rheology, or dynamic light scattering, which provide rich information. Specifically,
calorimetric analysis can provide an estimate of the number of hydrogen bonds involved on this
process [21]. In terms of applications, slow LCST transitions could be desired for a specific slow drug
release, while fast LCST transitions could be useful for biosensors.

This work is focused on the preparation of several random copolymers, where molecular weight
and comonomer composition were accurately varied in line to investigate the influence of these
parameters on LCST transition. The use of different characterization methods (calorimetry analysis,
UV-visible spectroscopy, and rheology) allowed for detecting the sudden change from hydrophilic
to hydrophobic behavior, i.e., the LCST. Those changes will be modeled with a statistical regression
analysis to check for the diverse contributions of parameters involved in LCST.

2. Experimental

2.1. Materials

Sodium borate (99%, Macklin Reagent Company, Shanghai, China, sodium bicarbonate (99.8%,
Macklin Reagent Company, Shanghai, China), 3,4-dihydroxyphenethylamine hydrochloride (98%,
Sigma-Aldrich, Hamburg, Germany), azobisisobutyronitrile (99%, Aladdin, Shanghai, China) were
used without pretreatment. Diverse solvents, as tetrahydrofuran (99.9%, Aladdin, Shanghai, China)
and N,N-dimethylformamide (99%, Aladdin, Shanghai, China), were distilled under sodium and
calcium chloride with nitrogen bubbling. N-Isopropylacrylamide (98%, Aladdin, Shanghai, China)
was recrystallized from a mixture of hexane and benzene (65:35). The RAFT-agent I-phenylethyl
phenyldithioacetate was prepared according to literature [22].
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2.2. Synthesis of Dopamine Methacrylamide (DMA)

The preparation of dopamine methacrylamide (DMA) was carried out according to the procedure
of Glass et al. [23]. The resulting powder was purified under a solution of methyl acetate (40 mL), and
subsequently, the obtained monomer was precipitated in 600 mL hexane.

2.3. Synthesis of Random Poly(NIPAM-co-DMA) Copolymers

The different RAFT copolymerizations were carried out under inert conditions in dry Schlenk
tubes where N-isopropylacrylamide (NIPAM) and DMA were placed. Different amounts of
azobisisobutyronitrile (AIBN) and I-phenylethyl phenyldithioacetate (PEPD) were used as initiator
and RAFT agent, respectively. Then, N,N-dimethylformamide was added as a solvent and the mixture
was kept in a nitrogen environment using a Schlenk system. Subsequently, Schlenk tubes were placed
in a thermostatted bath at 70 ◦C for 48 h, and reactions were stopped by freezing in liquid nitrogen.

The random copolymers (SIScheme 1) were purified three times by precipitation in diethyl ether,
and finally, samples were dried under vacuum for 48 h. The samples were stored at room temperature.

Samples were denominated according to the DMA content and the molecular weight. For example,
C5M4000 is associated with a DMA content of 5.5 mol % and a molecular weight of 4300 g/mol. The
NIPAM homopolymers were prepared under similar conditions and used as reference. These were
exclusively denominated according to the molecular weight.

Aqueous polymer solutions with 4, 8, 10, and 15 wt % concentrations were prepared and stored in
a refrigerator for 12 h to ensure the complete dissolution before LCST analysis.

2.4. Analytical Methods

2.4.1. Nuclear Magnetic Resonance

The DMA content was estimated by proton nuclear magnetic resonance for the diverse copolymers
(Table 1). Proton nuclear magnetic resonance spectra were recorded with an AVANCE III 600 MHz
spectrometer (Bruker, Switzerland) at 25 ◦C using deuterated DMSO as a solvent [24].

Table 1. Data of reversible addition-fragmentation chain transfer (RAFT)-polymerization runs and
molecular features.

Samples Monomer
Feed Ratio

DMA Mn * PDI (Mw/Mn) * Tg

mol % g/mol - ◦C
M7000 - - 7000 1.12 131.4

C5M4000 0.06 5.5 4300 1.16 129.0

C5M24000 0.06 5.3 23,900 1.45 137.6

C1M18000 0.0075 0.6 17,900 1.49 134.8

C5M18000 0.06 5.9 17,500 1.44 132.1

M35000 - - 35,400 1.25 137.7

* The molecular weight (Mn) and polydispersity (PDI) were determined from gel permeation chromatography
calibrated with narrow molar mass distribution polystyrenes.

2.4.2. Gel Permeation Chromatography (GPC)

The molecular weights and polydispersities (PDI) were estimated by size exclusion
chromatography in a Beijing Wenfen LC98IIRI (Beijing, China; Table 1). Two polystyrene gel columns
(Shodex, KD-803 and KD-806, Detector: RI-201H) were used, and tetrahydrofuran was selected as a
solvent. The measurements were carried out at 40 ◦C and at a flow rate of 1 mL/min. Narrow molecular
mass distribution polystyrene standards were used to calibrate the experiments. In our previous
paper [11], we found that a polystyrene-calibrated GPC produces ca. 35% lower values for copolymers
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with 2.5 mol% and 5 mol% DMA in comparison to vapor pressure osmometry—an absolute method
for the determination of molar mass Mn. Hence, while the PS-calibrated values are not absolute, they
can be considered to be good approximations of the absolute values.

2.4.3. Thermogravimetric Analysis

Thermo-gravimetric (TGA—TA Instruments Q50, New Castle, PA, USA.) analysis was used
for the confirmation of the real sample concentration in water. The polymer content was evaluated
in a broad range of temperature defined between 25 and 250 ◦C at a heating rate of 20 ◦C/min in
nitrogen atmosphere.

2.4.4. Differential Scanning Calorimetry (DSC)

The calorimetric analysis was performed in a Q200 Differential Scanning Calorimeter (TA
Instruments, New Castle, PA, USA) with a cooling system. The sample weight was around 5 mg and
the machine was calibrated with different standards.

The temperature of the phase transition was analyzed at a heating rate of 5 ◦C/min in the range of
0–60 ◦C for the diverse polymer solutions in water in sealed crucibles to avoid evaporations. Three
scans were performed for each sample to evaluate the reproducibility of results. The resulting data
were normalized, and the baseline was corrected with another experiment performed in the same
conditions with the same amount of pure water.

Moreover, the glass transition temperature was estimated by calorimetric analysis. The experiments
were carried out at 20 ◦C/min with a flow of 40 mL/min nitrogen from 20 to 250 ◦C.

2.4.5. UV-Visible Spectroscopy

The thermal transitions were studied using a UV-vis spectrophotometer, PerkinElmer UV/VIS
Lambda 365 (Seoul, Korea), with temperature control. The transmittance of the diverse polymer
solutions in water was tested in a wide range of temperatures from 15 to 40 ◦C with a heating rate
of 1 ◦C/min at 500 nm. Finally, the cloud points were calculated at 50% transmittance for each
polymer solution.

2.4.6. Rheological Measurements

LCSTs were also evaluated by rheological measurements with a cone plate geometry (15
mm/2◦) where temperature dependence was evaluated with q = 1 K min−1, ω = 0.16 s−1, and
γ0 = 2–5% under linear conditions in an Anton Paar MCR 302 rheometer (Graz, Austria) in a humidity
saturated atmosphere.

2.5. Statistical Modeling

To analyze the relationship between diverse values associated with the LCST (onset temperatures
Tonset, peak temperatures Tpeak, cloud temperatures Tcloud, offset temperatures Tonset, and the LCST
ranges LSCTrange), obtained from calorimetry and turbidimetry, and the characteristics of the polymeric
solutions (comonomer content, polymerization degree, and the polymer concentration in water) a
regression analysis was done by the SPSS software.

3. Results

3.1. Synthesis and Molecular Characterization

The DMA content was estimated by 1H-NMR for the copolymers in d6-DMSO. The proton signals
were elucidated in relation to the data reported in the literature where a good equivalence was observed
(Figure S1) [11]. The integration of NH-CH-(CH3)2 (δ = 3.85 ppm) and benzene signals (δ = 6.52–6.70
ppm) allowed to estimate the content of DMA (Figure S2). The DMA contents are displayed in Table 1
where C5M4000, C5M18000, and C5M24000 samples show similar values.
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The GPC results show a narrow molar mass distribution (PDI) for all materials as can be deduced
from PDI values in Table 1, together the different molecular weights (Mn). The polydispersity values
can be explained through the benefits of RAFT polymerization. Figure 1 shows unimodal curves of the
molecular weight distribution profiles for the copolymers of this research work. Similarities between
C5M18000 and C1M18000 curves allow for getting a great uniformity between size and molecular
weight of polymeric chains. Therefore, these features can be essential for excluding the influence of
polydispersity on the LCST behavior of C5M18000 and C1M18000 samples (Figure 1).
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Figure 1. Molecular weight distribution profiles obtained from GPC curves for the copolymers with
different comonomer content and molecular weights.

A low amount of RAFT agent during polymerization could justify a slight increment into the
polydispersity of C5M24000, C1M18000, and C5M18000 samples (Table 1) because control agents
provide narrow polydispersities [25]. Nevertheless, the polydispersities are relatively narrow for all
materials owing to RAFT polymerization vs. traditional free radical polymerization.

3.2. LCST Behavior

The preparation of diverse aqueous solutions (4, 8, 10, and 15 wt %) was carried out in relation to
studying the LCST behavior for the copolymers by conventional calorimetry, turbidimetry (UV-visible
spectroscopy), and rheology. The real polymer concentration in water was confirmed by TGA analysis,
where as expected a clear equivalence was observed between theoretical concentrations of solutions
and the data estimated from TGA-curves (Figure S2).

The coil to globule transition can be easily observed visually (Figure 2), where a sample below
LCST is a transparent aqueous solution due to hydrogen bonds between polymer–water (Figure 2b),
whereas the polymer–polymer interactions increase over LCST and the hydrogen bonds are broken,
consequently polymer globules are formed and the sample becomes solid and opaque (Figure 2a) [26].
Moreover, the polymers are shown to have statistical DMA distributions—as expected—because block
copolymers tend to form hairy micellar solutions in selective solvents, which likely are often turbid
(Figure 2a) [27–31]. Furthermore, it is clear from Figure 2 that the DMA is not oxidized, as this would
lead to lead to catechol tanning, which turns the sample dark red after an initial pink hue at very low
oxidation levels.
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Figure 2. Polymer solution in water (C5M24000, c = 10 wt %) above LCST (a) and below LCST (b).

3.3. Influence of DMA on LCST

The different endothermic processes of the diverse polymer solutions (4, 8, 10, and 15 wt %) were
carried out by calorimetric analysis for C1M18000 and C518000 (Figure 3). The differences between
both polymers, whose comonomer amount was varied, are evident from the thermograms.
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Figure 3. DSC endotherms of aqueous solutions (4, 8, 10, and 15 wt %) for C1M18000 (a) and C5M18000
(b) samples. The results were compared with M35000 homopolymer (c = 4 wt %, dash-dot green line).

Firstly, the peak temperatures of C1M18000 are over 30 ◦C, whilst LCSTs are found below 25 ◦C
for C5M18000. A higher content of DMA in C5M18000 could explain the decrease of LCST regarding
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to C1M18000. Other influences such as polydispersity or end-group effect were dismissed according
to the GPC results. In general, the incorporation of the hydrophobic comonomers reduces the LCST
whereas hydrophilic comonomers increase the LCST values [32–36]. As the hydrophobicity of DMA
is higher than NIPAM, the LCST tends to decrease when comonomer content increases [11]. The
homopolymer showed a slightly higher LCST than C1M18000 due to low DMA content and high
polymerization degree. A possible end-group effect caused by the differences in molecular weight
between C1M18000 and M35000 was rather small, as will be discussed later. C5M18000 exhibited
lower LCST due to the higher comonomer amount, increasing its hydrophobicity.

Secondly, C1M18000 has sharp and narrow transitions for all solutions with regard to the
endotherms associated with C5M18000. Furthermore, C1M18000 seems to show a better thermal
sensitivity [10] than C5M18000 as endotherms in Figure 3 show. Higher hydrophobic interactions could
promote longer transitions when the DMA content is increased, i.e., lower thermal sensitivity such as
C5M18000 endotherms displayed (Figure 3b). Generally, the LCST transition defines the temperature
where the hydrogen bonds are breaking [37] as C1M18000 endotherms clearly show (Figure 3a).
Nevertheless, C5M18000 displays another effect during the LCST transition, i.e., hydrophobic DMA
could partially slow down the LCST leading to wider transitions where LCST occurs.

Thirdly, DSC shows clearly transitions for C1M18000 in comparison to C5M18000, but less
clear than for M35000. Generally, the calorimetric analysis provides information about the LCST,
i.e., these endotherms allow for determining the number of hydrogen bonds broken during the
LCST transition [21]. The presence of hydrophobic DMA interferes with the LCST transition, and
consequently, the transition width increases (Figure 3b). This can be understood through the fact
that the DMA monomer itself in the chain is hydrophobic enough that it would render the DMA
homopolymer water-insoluble. Thus, in the vicinity of the DMA monomer, the hydrophobicity was
higher ((Figure 4, green circles), the blue line stands for NIPAM monomers, red circles are the RAFT-end
groups and the green circles are the hydrophobic dopamine rings of DMA. The orange shading
stands for the local hydrophobicity). Obviously, this effect becomes more pronounced, when 2 DMA
monomers are adjacent to each other, at 1–6 mol % DMA content is rather unlikely. As a consequence,
the chain has to be considered to have hydrophobicity variation along the chain, depending on the
local comonomer distribution. Furthermore, also the end groups play a role, as their hydrophobicity is
even greater than DMA (Figure 4, red circles), which leads to the same hydrophobicity fluctuations.

 

Figure 4. Scheme of the hydrophobicity fluctuations along the chain.

On the other hand, C1M18000 endotherms show a clear LCST dependence with polymer
concentration in water, i.e., decreasing peak temperatures as polymer concentration increases probably
because a dilute medium reduces the polymer–polymer interactions, and thus hydrogen bonds could
be stronger.

Figure 5 shows the transmittance curves vs. temperature of the diverse polymer solutions in water
(4, 10, and 15 wt %) of C1M18000 (Figure 5a) and C5M18000 (Figure 5b) samples. LCST transitions,
studied by transmittance (50%), are in good agreement with the endotherm peaks (Figure 3).
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Figure 5. Transmittance as a function of temperature of aqueous solutions (4 wt %, 10 wt %, and
15 wt %) for C1M18000 (a) and C5M18000 (b) samples.

However, here, LCST values describe a decrease with increasing polymer concentration in water,
which is observed to a much lower degree in DSC data. The reason for the stronger temperature
dependence of the UV-visible spectroscopic data was concluded to be a lower percentage of the
dissolved polymer will lead to a 50% transmission loss at higher polymer concentration, which means
that the UV-vis data have to be regarded to be less reliable in giving the true LCST temperatures than
DSC, due to their different response characteristics.

The LCST transitions, analyzed from calorimetric curves (Figure 3) and transmittance data
(Figure 5), were evaluated not only with respect to the peak point (TpeakDSC) and the cloud point
(TcloudUV), defined as the half-height of the transmittance transition, as classically done, but also from
the onset and offset temperatures (TonsetDSC and TonsetUV/ToffsetDSC and ToffsetUV). The results were
collected and displayed in Figure 6, where an interesting equivalence can be deduced from peak
temperatures (TpeakDSC) and cloud points (TcloudUV).

Both peak temperatures (TpeakDSC) and cloud points (TcloudUV) exhibit similar values for C1M18000
(Figure 6a) and C5M18000 (Figure 6b), indicating that phase transitions happen in analogous ranges as
the endotherms and transmittance data show. Hence, the different heating rates used (5 vs. 1 ◦C/min)
do not play a significant role for the polymeric aqueous solutions from a physicochemical standpoint.
Therefore, results can be discussed according to the molecular features and the sample conditions.

The cloud points of C1M18000 ranged between 29 and 33 ◦C and seem to describe a trend in
relation to polymer concentration in water, closely resembling the DSC data (TpeakDSC). In contrast
to this, while the cloud points of 5M18000 are located between 21.5 and 26 ◦C, again following
a concentration-dependent trend, the peak temperatures (TpeakDSC) display constant values for all
concentrations in water. The DSC sensitivity to polymer concentrations in water could depend on
the hydrophobic interactions. Nevertheless, calorimetry provides important information of these
interactions such as endotherms exhibited for C5M18000.

It is obvious that a difference between TonsetDSC and ToffsetDSC exists, which is higher for C5M18000
vs. C1M18000. This effect could be explained according to hydrophobic interactions [32–35], produced
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by the presence of DMA in relation to its higher hydrophobicity in comparison with NIPAM [11]
promoting long LCST transitions because these interfere along LCST transition, i.e., the aforementioned
hydrophobicity fluctuations induced by the statistical distribution of DMA induce a distribution of
local hydrophobicity, which will lead to local LCST fluctuations, leading to a broadening of the global
LCST process (Figure 4). This is similar to the work on ethylene–hexene copolymers, where a precise
placement of the comonomer, e.g., every 15th main chain carbon leads to a significantly more narrow
and higher melting point than found for the standard random copolymers [38,39]. Secondly, the
TonsetDSC decreases, while ToffsetDSC increases when the polymer concentration rises for both samples.
The difference between TonsetDSC and ToffsetDSC achieves a maximum for the highest concentration of
15 wt %, especially for C5M18000 where a great number of hydrophobic interactions occur.
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Figure 6. Peak temperatures (TpeakDSC), cloud points (TcloudUV), onset temperatures (TonsetDSC and
TonsetUV), and offset temperatures (ToffsetDSC and ToffsetUV) derived from calorimetric analysis and
transmittance curves, respectively.

Temperature ramps (Figure 7) were tested by rheology for both samples at the same polymer
concentration in water of 15 wt %, with both solutions showing a clear increase in storage and
loss moduli around the LCST. The LCST transitions are located at almost identical temperatures
as those from conventional calorimetry and UV-measurements. Thus, consistent data is achieved
from the diverse detection methods used along this research work. The LCST transitions are wider
than transitions related to UV-measurements and calorimetric analysis. This fact could be related to
rheology, which can detect the primary traces to the coil-to-globule transition earlier than the other
techniques and, furthermore, rheology can also detect the offsets while UV-vis cannot find any more
increment due to complex opacity of the sample. The reasons for the higher sensitivity of rheology
are multifarious. They mainly come from the fact that in general rheology reacts highly sensitively to
the slightest changes in sample structure, such as the first traces of globule formation. Those globule
onsets are too small to be detected by UV-vis due to their size being below the wavelength of visible
light. Furthermore, supposedly the number of H-bonds being formed is too low to produce a clear
calorimetric signal.
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Figure 7. Temperature ramps of homopolymers solutions in water at 15 wt.% for C1M18000
and C5M18000.

It should be mentioned that ca. 8 K above the LCST, the data go through a maximum, which is a
well-known artefact related to the sample loosing contact with both plates due to its LCST induced
contraction [11,40,41]. Consequently, all data at temperatures above this peak should be ignored.

The moduli for C5M18000 are significantly higher than for C1M18000 below the LCST, which can
be understood as the consequence of the sample C5M18000 being able to complex with each other
through radical crosslinking of the dopamine groups as well as through capturing of ions, which
would eventually lead to crosslinking. These ions diffuse away from the surface of the stainless steel
plates and are, thus, supposedly mostly iron and nickel ions in nature, which are known to have strong
interactions with dopamine groups [42]. As Fe3+ ions are known to form di-dopamine complexes with
a dirty greenish color, it is not surprising that the sample C5M18000 had a slightly greenish hue at
the end of the experiment, which of course does not mean that the sample’s dopamine groups were
saturated with ions, but only that a rather small amount of ions diffused in. This can also be seen from
the fact that the samples are not gels.

3.4. LCST for Copolymers with Different Molecular Weight

C5M24000 and C5M4000 aqueous solutions were studied by conventional calorimetric analysis
(Figure 8), and results were also compared with C5M18000. Differences between endotherms were
evident due to LCST transitions of C5M4000 were located around to 5 ◦C below to C5M18000 and
C5M24000. Nevertheless, LCSTs were somewhat lower than it could be expected by the results
previously reported [11]. In that case, the molecular weight was lower (2800 g/mol), as well as the
comonomer content was also somewhat lower (≈4.9 mol %). Nevertheless, some considerations should
take account in order to understand the different results.

On the one hand, the previous work reported a copolymer prepared by free radical polymerization,
whose polydispersity was 2.1 and whose chain ends were far less hydrophobic. Thus, the presence
of the RAFT agent leads to an additional influence on the LCST behavior for C5M24000, C5M18000,
and C5M4000. Furthermore, it needs to be taken into consideration that the data were measured by a
rheometer, whose temperature calibration might be somewhat different from the one used here. In
addition, the polymer concentration was 20 wt % [11] and not max. 15 wt % as studied in this paper.

C5M24000 and C5M18000 endotherms (Figures 3b and 8a) showed higher LCSTs than C5M4000
(Figure 8b) due to a molecular weight increase, leading to a lower hydrophobicity difference as
previously discussed by us for PNIPAM [11], because end-groups are reduced and consequently
hydrophobic interactions. The M7000 homopolymer exhibited the highest LCST showing the strong
effect of the DMA content in C5M24000, C5M18000, and C5M4000. This effect was slightly perceived
for the differences between LCSTs of C5M24000 and C5M18000, but the changes between DMA content
made difficult extracting conclusions. However, it should also be mentioned that, while the comonomer
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contents were similar, they were slightly different. In the next section, we will discuss these effects
in detail.
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Figure 8. DSC endotherms of aqueous solutions for C5M24000 (a) and C5M4000 (b) samples. The
results were compared with M7000 homopolymer (c = 4 wt %).

Nevertheless, the influence of molecular weight on LCST was discussed along the literature
where some inconsistences and contradictions can be observed between trends and behaviors [32].
Some parameters as polymerization degree or end-group effect could significantly contribute on LCST
over the molecular weight, and consequently, could explain the different results reported. Thus, it is
necessary to carry out a deep study, where the influence of each parameter can be explained separately
before reaching conclusions focused only around to molecular weight.

The endotherms of C5M4000 appear more smeared out and wider than transitions from C5M24000
or C5M18000. As said above (Figure 4), the hydrophobic interactions can lead to this kind of
LCST transitions, because they are caused by hydrogen bonds cleavage. Nevertheless, very similar
endotherms should be expected due to very similar DMA contents. Thus, the presence of the
RAFT-agent at the end of the polymer chain must be the responsible of this effect, as the RAFT-agent
content increases as polymerization degree decreases promoting the end-group effect.

The LCST transitions were studied in detail through the estimation of onset, peak, and offset
temperatures (TpeakDSC, TonsetDSC, and ToffsetDSC, analogously to Figure 5) of calorimetric curves for
C5M4000 and C5M24000 solutions with different concentrations. Furthermore, some onset, cloud, and
offset points (TcloudUV, TonsetUV, and ToffsetUV) obtained from transmittance data were included and
an excellent correspondence between LCSTs can be observed. In this way, both peak temperatures
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(TpeakDSC) and cloud points (TcloudUV) exhibit similar values for C5M4000 (Figure 9a) and C5M24000
(Figure 9b).

 

Figure 9. Peak temperatures (TpeakDSC), cloud points (TcloudUV), onset temperatures (TonsetDSC and
TonsetUV), and offset temperatures (ToffsetDSC and ToffsetUV) derived from calorimetric analysis and
transmittance curves for C5M4000 and C5M24000.

Again, the C5M24000 aqueous solutions (Figure 9b) show different cloud points between 22.5 ◦C
and 27 ◦C, whose trend corresponds to the polymer concentration in water. Nevertheless, this tendency
is not observed from peak temperatures of calorimetric analysis. Likewise, this trend is not shown for
C5M4000, whose TcloudUV and TpeakDSC values are around 17 ◦C, probably due to strong hydrophobic
interactions explained before for the copolymers with different DMA amount.

It is obvious from Figure 10a that the differences between onset and offset temperatures increased
significantly with decreasing molar mass, which needs to be explained. For this purpose it was
determined how many DMA groups are on the different chains, assuming a binomial distribution
probability, i.e., that the monomers are incorporated 100% randomly. The result was that for C5M4000
(DPn = 31, end groups’ molar mass 272.42 g/mol) 20.3% of the chains did not have any DMA in
them, 33.3% had 1, 26.2% had 2, 13.3% had 3, and 6.7% had more than 3 (the numbers are not
entirely correct, as it is assumed that the average molar mass per monomer unit was constant, but
that was clearly not the case, as DMA was about twice as heavy as NIPAM and, therefore, chains
with fewer DMA groups but the same DPn as those with more DMA groups had a lower molar mass.
However, this influence was considered to be minor (estimated to be <±2%) and, therefore, ignored for
further discussions). Consequently, there are several species of chains in C5M4000, which differed
in their hydrophilicity—most prominently, the ca. 20% of pure PNIPAM in C5M4000 should have
a slightly lower LCST than M7000 (ca. 25 ◦C), while the observed LCST is at 17 ◦C, ca. 8 K lower.
Considering this difference alone, it is logical that such a material has a much broader LCST than a
homopolymer material or a copolymer with significantly higher comonomer content. For C5M24000,
the six times higher molar mass leads to a negligible homopolymer fraction and 80% of the chains
contain 6–13 DMA functionalities, suggesting the inhomogeneity in comonomer distribution is much
lower. Furthermore, as pointed out previously, the rather hydrophobic RAFT-agent residues at the
chain ends lead to a further gradient in hydrophobicity, which also explains the same kind of effect for
the PNIPAM-homopolymers M7000 and M35000. For low molar masses (e.g., C5M4000 has a DPn

58



Polymers 2019, 11, 991

of only ca. 31), this end group effect plays a significant role, while for C5M24000 (DPn ca. 200) this
effect is much less pronounced. These two effects lead to a higher LCST of C5M24000 taking place in a
narrower temperature range than C5M4000. Hence, the LCST of C5M24000 has to be considered to be
the normal LCST value of copolymer with ca. 5 mol% DMA and the RAFT end groups of C5M4000
lower the LCST due to the end group effect.

 
Figure 10. (a) Peak temperatures (TpeakDSC), cloud points (TcloudUV), onset temperatures (TonsetDSC

and TonsetUV), and offset temperatures (ToffsetDSC and ToffsetUV) derived from calorimetric analysis
and transmittance curves vs. molecular weights for C5M4000, C5M18000, and C5M24000 at the same
polymer concentration in water (10 wt %). (b) Same data but normalized to 5 mol % DMA content
using a statistical model.

This trend seems slightly disturbed by C5M18000 but this fact can be perfectly understood
from its higher amount of DMA. Nevertheless, if the data is normalized according to comonomer
amount, clear trends in relation to molecular weights will be observed for the LCST derived from
calorimetry (TpeakDSC) and UV-vis spectroscopy (TcloudUV) as Figure 10b shows, where the data is
normalized for a DMA content of 5 mol %. Moreover, tendencies are defined according to hydrophobic
interactions for TonsetDSC, and ToffsetDSC regarding to TonsetUV and ToffsetUV. Again, calorimetry seems
more sensitive than UV-vis spectroscopy to these hydrophobic transitions, which could partially
explain the contributions of the end-group effects on LCST.

The rheological properties were tested for both C5M4000 and C5M24000 at the polymer
concentration in water of 10 wt % (Figure 11). Again, the LCST transitions show an excellent
correspondence with the data collected from conventional calorimetric analysis and turbidimetry.

It should be mentioned that just like in our previous paper, a small shoulder is obvious between
15 and 20 ◦C for C5M24000, which might be the consequence of high local DMA concentrations along
the chain [11]. Otherwise, the curves follow the same pattern and exhibit very similar artefacts as
previously discussed.
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Figure 11. Temperature ramps of homopolymers solutions in water at 10 wt % for C5M4000
and C5M24000.

3.5. LCST Ranges

Commonly, LCST is defined as an exact temperature where the transition to coil to globule takes
place. Nevertheless, LCST is a process where the hydrogen bonds are breaking according to the
influence of various factors discussed before [1,37]. Consequently, the LCST is not occurring at a single
temperature, but in a certain interval. Thus, important information can be lost and, consequently,
the study of the transition as a whole is for understanding the real influence of some parameters on
the LCST.

This work defined the LCST ranges as the difference between offset and onset temperatures
(TonsetDSC and ToffsetDSC) derived from DSC endotherms. While other LCST ranges could be estimated
from turbidimetry or rheology, calorimetric analysis could provide an important information because
the endotherm is more precise than the other methods and, furthermore, directly related to the
hydrogen bonds involved on LCST process [21] and, thus, the data are more related to the molecular
processes. As mentioned above, the endotherms could reflect other mechanisms as hydrophobic
interactions shown from C5M4000 and C5M24000.

Figure 12 shows the diverse LCST ranges estimated from the different endotherms (Figures 3
and 8) for all the samples and were displayed as a function of polymer concentration in water. The
LCST ranges changed in respect of the polymer concentration in water. This effect could be ascribed to
the coil-to-globule transition, as less concentrated solutions tend to aggregate and settle easier. On
the other hand, a lower percentage of the dissolved polymer could lead to increase the transition
temperature at higher polymer concentration. Moreover, the LCST range dependence on concentration
of the sample seemed to be connected to the LCST range at high concentrations. When extrapolating
the data to zero concentration, the LCST range for all samples appeared to be around 10 ◦C, suggesting
that this was the minimum width observable for the LCST. As C5M4000 had the broadest LCST, it also
showed the highest slope regarding to other samples in relation to great hydrophobic interactions and
the polymer concentration in water.

Hence, these transitions open a new perspective on LCST behavior because the influence of
end-group effect, presence of comonomer and/or molecular weight could be explained through the
hydrophobic interactions.
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Figure 12. LCST transition ranges versus polymer concentration in water for all samples.

4. Statistical Modeling

In order to understand these complex correlations better, a series of regression analyses were
conducted to study the influence of the comonomer content (DMA), polymerization degree (DPn) and
the polymer concentration in water (wt %; independent variables) on the dependent variables. Those
were the parameters involved in the LCST, such as TonsetDSC, TpeakDSC, ToffsetDSC, and LSCTrangeDSC,
DSC integral derived from calorimetry, and TonsetUV, TcloudUV, ToffsetUV, and LSCTrangeUV, obtained
by turbidimetry.

In general, the regression analysis model can be explained through equation [1], where the
comonomer content (DMA), polymerization degree (DPn), and the polymer concentration in water
(wt %) were independent variables, and the parameters involved in the LCST, such as TonsetDSC,
TpeakDSC, ToffsetDSC, and LSCTrangeDSC, derived from calorimetry, and TonsetUV, TcloudUV, ToffsetUV, and
LSCTrangeUV, were dependent variables.

Dependent variable (one of the LCST characteristics) = B0 + B1 (DMA) + B2 (DPn) + B3 (wt %) (1)

All parameters were displayed in Table 2, were supplemented by the standard error (std. error),
t (t should be higher than 1.96 when independent variable has a significant effect on dependent
variable), the beta distribution (Beta), and Sig (refers to significance level, which indicates whether
independent variable has a significant effect on dependent variable). The regression analysis routine
deletes independent variables that are deemed not relevant, which is denoted in Table 2.

The LCST parameters showed interesting results where the influence of comonomer content,
polymerization degree and polymeric solution in water was clarified. Firstly, LCST value is general
studied by the Tpeak obtained from the endotherms of calorimetry, and/or the Tcloud estimated from
turbidimetry, as the next equations show:

TpeakDSC = 27.586 ◦C − 1.617 ◦C/mol % (DMA) + 0.020 ◦C/monomer (DPn) (2)

TcloudUV = 20.776 ◦C − 0.806 ◦C/mol % (DMA) + 0.042 ◦C/monomer (DPn) (3)

The results of regression analysis of calorimetry showed that DMA had a negative correlation
on Tpeak (b = −1.617, p = 0.000), while DPn had a positive correlation on Tpeak (b = 0.02, p = 0.000),
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and polymer concentration in water (wt %) had no significant effect on Tpeak. Similarly, the results of
regression analysis of turbidimetry showed that DMA was negatively correlated to Tcloud (b = −0.806,
p = 0.000), while DPn had a positive effect on Tcloud (b = 0.042, p = 0.000), and polymer concentration
in water (wt %) had no significant effect on Tpeak. Specifically, the regression analysis of these Tpeak

and Tcloud values, as dependent variables, showed that the comonomer content plays an important
role in the LCST behavior due to its negative correlation with the LCST value. Consequently, while
Figures 6 and 10 seem to suggest a correlation between TpeakDSC and TcloudUV, the regression analysis
clearly shows that DPn and DMA content were significantly more important than the concentration.
The reason can be easily understood from the fact that DPn and DMA content change the molecules’
hydrophobicity, while the concentration only brings them somewhat closer or farther apart. The
effect of the former was logically much stronger than that of the latter, which does not mean that
the concentration does not have an effect—it was just so small that its influence was within the
experimental error.

Table 2. Statistic data obtained for the analysis of the influence of comonomer content (DMA),
polymerization degree (DPn), and the polymer concentration in water (wt %).

Input
Output Calorimetry UV-Spectroscopy

TonsetDSC TpeakDSC ToffsetDSC LSCTrangeDSC TonsetUV TcloudUV ToffsetUV LSCTrangeUV

Constant

B0 24.374 27.586 36.907 13.608 13.607 20.776 24.508 13.783

Std.
Error

1.712 0.943 1.263 2.318 1.975 1.791 2.008 0.924

Beta - - - - - - - -

t 14.241 29.245 29.226 5.871 6.89 11.601 12.208 14.916

Sig 0 0 0 0 0 0 0 0

DMA

B1 −2.618 −1.617 −1.157 1.417 −0.696 −0.806 n.s. n.s.

Std.
Error

0.182 0.139 0.169 0.246 0.305 0.276 n.s. n.s.

Beta −0.813 −0.821 −0.807 0.547 −0.277 −0.384 n.s. n.s.

t −14.401 −11.64 −6.86 5.756 −2.285 −2.917 n.s. n.s.

Sig 0 0 0 0 0.037 0.011 n.s. n.s.

DPn

B2 0.034 0.02 n.s. −0.039 0.058 0.042 0.03 −0.033

Std.
Error

0.006 0.004 n.s. 0.008 0.009 0.008 0.011 0.005

Beta 0.333 0.33 n.s. −0.483 0.774 0.682 0.551 −0.845

t 5.889 4.685 n.s. −5.077 6.391 5.176 2.643 −6.321

Sig 0 0 n.s. 0 0 0 0.018 0

Polymer
concen-tration

in water

B3 −0.367 - 0.319 0.678 n.s. n.s. n.s. n.s.

Std.
Error

0.117 - 0.112 0.159 n.s. n.s. n.s. n.s.

Beta −0.172 - 0.336 0.395 n.s. n.s. n.s. n.s.

t −3.135 - 2.856 4.275 n.s. n.s. n.s. n.s.

Sig 0.006 - 0.01 0.001 n.s. n.s. n.s. n.s.

n.s. = not significant.

Obviously, the presence of the comonomer decreases the LCST as was reported before and we
described it along this work (Figure 6). Nevertheless, the content of DMA seems to influence the
LCST detected calorimetry more than turbidimetry, such as could be observed from a higher b1 value
associated with the calorimetry whose value (−1.617) was double the value related to turbidimetry
(−0.806). This fact can be easily understood because turbidimetry measures optical signals and some
changes can be produced below the detection range, whilst calorimetry can still detect them. On the
other hand, the polymerization degree showed a minor positive correlation with LCST, i.e., the LCST
increased with rising polymerization degree. The data shows that the polymerization degree influence

62



Polymers 2019, 11, 991

on LCST was lower than other parameters, which were responsible of the diverse trends reported and
the discussion in the literature.

In order to visualize the quality of the fits, Figure 13 shows a comparison between input data and
the modeled prediction. The thick dashed line represents an ideal correlation, while the thin dashed
lines indicate a deviation by ±3, which encompasses almost all results. The r2 value of all data in
Figure 13 was found to be 0.95598, suggesting all data can be modeled well. Furthermore, it becomes
obvious that the correlations for the DSC derived quantities were more precise, especially for the Tpeak.

This can be explained from firstly, the cleaner calorimetric signal, especially for the peak, and secondly
from the much higher data density of calorimetry with ca. 100 data per K, while only ca. 1 point could
be measured per K for UV-vis spectroscopy.
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Figure 13. Comparison of input data and modeled data.

The LCST range was also analyzed using the statistical method for calorimetry and turbidimetry
data. The results associated with calorimetry displayed a positive influence of the comonomer content
on LCST range, a lower effect of the polymer solution in water, and finally, a small negative effect of
polymerization degree was observed from the data obtained by calorimetry. Nevertheless, the data
acquired by turbidimetry exclusively showed the negative influence of the polymerization degree
on the range LCST range as shown in Table 2. Thus, calorimetry seems more sensitive to the LCST
transition than turbidimetry for these materials, i.e., endotherms contained a lot of information of all
transition due to the main parameters associated with the molecular features of the samples and the
conditions of the samples involved. This fact is really interesting, because the LCST ranges were not
deeply studied previously, which we concluded to be the consequence of the majority of the LCST
studies being carried out by turbidimetry, where LCST ranges did not seem to be affected by the
diverse parameters involved.

Onset and offset temperatures, derived from calorimetry and turbidimetry, were also examined
by this statistical method. The calorimetry data showed an interesting relation with onset and offset
temperatures through the comonomer content, the polymerization degree and the polymer solution
in water. Both temperatures were negatively correlated with DMA content and polymer content
in water, but positively influenced by polymerization degree. Nevertheless, less information was
obtained by turbidimetry, especially for the offset temperature where polymerization degree effect was
exclusively significant.

Another statistical study was also performed using the areas obtained from the endotherms of
DSC studies (Figure 14), which were previously normalized to the polymer concentration in water and
averaged by concentration. A clear linear regression can be observed from these results, where the error
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bars were estimated through the comparison between experimental data and regression model. The
results clearly exhibited a dependence between polymerization degree and the area of the endotherms,
as those could be associated with the number of hydrogens involved in the LCST [21]. Obviously, the
comonomer content will not affect the final trend so much, because the number of comonomer units
along the polymeric branches was rather low, as all the samples present DMA contents below 6%.

0 50 100 150 200 250 300 350
10

15

20

25

30

35
N

or
m

al
iz

ed
 a

re
a 

of
 e

nd
ot

he
rm

s

Polymerization degree [DPn]

y = 10.7 x + 0.063

Figure 14. Comparison between polymerization degree vs. normalized are of the endotherms obtained
from calorimetry data (dots) and from the simulation (line).

In general, statistical modeling can predict the LCST behavior of DSC results according to
the molecular features (DMA content and DPn) and the polymer concentration in water. Onset
temperatures could exhibit the strongest dependence on those, as these parameters play an important
role during the first stages of the LCST transition, especially the comonomer content, which could
disrupt the starting point of LCST transition. Further, peak temperature has a similar influence, but the
offset temperatures do not seem intensively affected by these factors. Furthermore, the LCST range can
exhibit a good resolution, as the onset temperature plays an important role in that value.

5. Conclusions

RAFT polymerization allowed for obtaining interesting copolymers to study the effect of the
comonomer content and the molecular weight on LCST. A good agreement was observed for the results
obtained from calorimetry, turbidimetry, and rheology.

The content of more hydrophobic DMA decreased the LCST for the copolymers, where the
comonomer amount was varied. Influence of other parameters, such as polydispersity and the
end-group effect were found to be negligible in line with molecular features owing to the high molar
mass of those samples.

LCST transitions derived from calorimetric analysis showed a great sensitivity to the change in
hydrophobic interactions promoting to wider and more smeared out LCST endotherms, which was
quantified in terms of LCST range. Hence, LCST transitions can clearly show the contributions from
various molecular parameters in relation to hydrophobic interactions improving the reported analysis
just focused on a simple value.

The LCSTs clearly showed the end-group effect for low molar masses, related to the presence
of the hydrophobic RAFT-agent, which can be understood as the weight fraction of the RAFT-agent
fragments residing at the chain ends decreases with increasing polymerization degree. The LCST
ranges increase for low polymerization degrees and increasing concentration. While the influence
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of polymerization degree and comonomer content are clearly related to the inhomogeneity of the
polymer chain (RAFT-residues and DMA leads to locally increased hydrophobicity), the influence of the
concentration is probably due to an increasing tendency to phase separate into more or less hydrophobic
chain segments with increasing concentration. The driving force behind this kind of process is that at
higher concentrations, the statistical probability of chain segments of like hydrophobicity meets each
other with a higher probability. That allows for local LCSTs in a wider temperature range.

The statistical model showed that the LCST behavior could be directly related to the comonomer
content, polymerization degree and polymer solution in water with an accuracy of less than ±3 K. The
statistical modeling allowed for discerning the different contributions of these factors on LCST.

The study of the complete transition associated with LCST could elucidate the diverse and partially
contradictory results reported in literature in respect to the influence of parameters involved on LCST.
Furthermore, LCST ranges could be very useful for new applications as biosensors or drug carriers
where the control of the response will be essential.

Lastly, the application of a statistical model, frequently used in humanities and economics, was
able to discern the influences on the different LCST parameters, which could prove a very useful
strategy for many cases, where mixed influences prevail or where the trends are not as clear and
particularly, where the synthesis or production of exactly defined model systems is not feasible.
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Abstract: Viscoelasticity drag-reducing flow by polymer solution can reduce pumping energy of pipe
flow significantly. One of the simulation manners is direct numerical simulation (DNS). However,
the computational time is too long to accept in engineering. Turbulent model is a powerful tool to
solve engineering problems because of its fast computational ability. However, its precision is usually
low. To solve this problem, we introduce DNS to provide accurate data to construct a high-precision
turbulent model. A Reynolds stress model for viscoelastic polymer drag-reducing flow is established.
The rheological behavior of the drag-reducing flow is described by the Giesekus constitutive Equation.
Compared with the DNS data, mean velocity, mean conformation tensor, drag reduction, and stresses
are predicted accurately in low Reynolds numbers and Weissenberg numbers but worsen as the two
numbers increase. The computational time of the Reynolds stress model (RSM) is only 1/120,960 of
DNS, showing the advantage of computational speed.

Keywords: Reynolds stress model; polymer; turbulent model; drag reduction; DNS

1. Introduction

Drag reduction (DR) phenomenon was first discovered by Toms [1]. He observed in his
experiment that the addition of a long-chain polymer (polymethyl methacrylate) in monochlorobenzene
dramatically reduced the turbulent skin friction by as high as 80%. The flow rate could be increased by
the addition of the polymer at constant pressure gradient. Then, he reported these results at the First
International Rheological Congress, so it is usually referred to as the “Toms Effect”. The polymers
that can reduce skin friction were later called drag-reducing agents (DRAs). The energy-saving effect
of DRAs attracts many applications. The first famous application for polymer drag reduction was
its use in the 48 inch diameter 800 mile length Alaska pipeline, carrying crude oil from the North
slope in Alaska to Valdez in the south of Alaska [2]. After injecting a concentrated solution of a
high-molecular-weight polymer downstream of pumping stations at homogeneous concentrations as
low as 1 ppm [3], crude throughput was increased by up to 30%. Polymer DRAs were also successfully
applied in other crude oil pipelines such as Iraq-Turkey, Bass Strait in Australia, Mumbai Offshore [4],
and North Sea Offshore [5], and in finished hydrocarbon product lines [6].

The drag-reducing flow induced by polymer solution usually appears viscoelastic. Direct
numerical simulation (DNS) can simulate this kind of viscoelastic turbulent flow in high precision [7–11].
More recent progresses are as follow. Dubief et al. [12] investigated the energetics of turbulence by
correlating the work done by polymers on the flow with turbulent structures. Polymers are found to
store and to release energy to the flow in a well-organized manner. Graham [13] proposed a tentative
unified description of rheological drag reduction based on his numerical observations. Thais et al. [14]
found that the spectra of its cross-flow component in viscoelastic flows exhibit a significantly higher
energy level at a large scale. Pereira et al. [15] studied the polymer–turbulence interactions from an
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energetic standpoint for a range of Weissenberg numbers and found a cyclic mechanism of energy
exchange between the polymers and turbulence that drives the flow through an oscillatory behavior.
They also addressed the numerical simulation of thermo-fluid characteristics of triangular jets [16].
However, DNS needs numerous storages of the computer because very dense mesh is required to
resolve small eddies in turbulent drag-reducing flow, such that computational time is too long to be
accepted in engineering. Turbulent model computes the turbulent flow very quickly. Compared with
DNS, turbulent model for viscoelastic drag-reducing flows develops slowly. There were zero-Equation
models established by Edwards et al. [17] and Azouz et al. [18]. One-Equation models and two-Equation
models were established by Durst et al. [19], and Hassid and Poreh [20–22]. Cruz et al. [23] and Pinho
et al. [24] considered elongation thickening of drag-reducing fluid based on Newtonian fluid turbulent
flow and derived a new low Reynolds number k-εmodel for polymer drag-reducing flow. Elongation
thickening is a very important factor of drag reduction. Thus, Pinho’s work promoted the turbulent
model greatly, but the precision is still not high enough due to the complexity of viscoelastic turbulent
flow. Reynolds stress model (RSM) can simulate Newtonian turbulent flow in high precision, so that it
has potential advantages to deal with the complex viscoelastic turbulent flow with polymer additives.
If the RSM is established based on DNS data, the precision may be better.

In this paper, an RSM for viscoelastic drag-reducing flow is established based on DNS data.
The goal is to find a new modeling way to solve drag-reducing flows in engineering with fast
computation and good accuracy.

2. Governing Equations

2.1. Instantaneous Equations

Viscoelastic drag-reducing flow can be described by the following governing Equations [25].
(1) Continuity Equation:

∂ui
∂xi

= 0 (1)

(2) Momentum Equation:

∂ui
∂t

+ uk
∂ui
∂xk

= − 1
ρ

∂p
∂xi

+
μ

ρ
∂2ui

∂x2
k

+
1
λρ

∂cik
∂xk

(2)

(3) Giesekus constitutive Equation:

∂cij

∂t
+
∂umcij

∂xm
− cmj

∂ui
∂xm
− cim

∂uj

∂xm
+

1
λ

[
−ηδi j + cij +

α
η
(cim − ηδim)

(
cmj − ηδmj

)]
= 0 (3)

where ρ and λ are the density and the relaxation time of drag-reducing fluid respectively. α is the
mobility factor, which determines the extensional viscosity. p is pressure. ui (i = x, y, z) are the velocity
components in the x, y, z directions. cij is the conformation tensor. μ is the zero-shear-rate viscosity
of solvent. η is the zero-shear-rate viscosity of drag-reducing polymer. We choose the following
dimensionless transformation: x∗i = xi/h, t∗ = t/(h/uτ), u+

i = ui/uτ, p+ = p/
(
ρu2
τ

)
, c+i j = cij/η and

use the definition of Weissenberg number Weτ = ρλu2
τ/(μ+ η), the definition of frictional Reynolds

number Reτ = ρuτh/(μ+ η), and the ratio β = μ/(μ+ η). uτ is the frictional velocity (uτ =
√
τw/ρ,

τw is the wall shear stress). h is the half height of the channel, as shown in Figure 1. Using these
definitions, Equations (1)–(3) can be transformed to be the following dimensionless Equations:
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Figure 1. Computational domain.

(4) Dimensionless continuity Equation:

∂u+
i
∂x∗i

= 0 (4)

(5) Dimensionless momentum Equation:

∂u+
i
∂t∗ + u+

k

∂u+
i
∂x∗k

= −∂p
+

∂x∗i
+
β

Reτ

∂2u+
i

∂x∗2k

+
1− β
Weτ

∂c+ik
∂x∗k

(5)

(6) Dimensionless Giesekus constitutive Equation:

∂c+i j

∂t∗ +
∂u+

mc+i j

∂x∗m
=

Reτ
Weτ

[
δi j − c+i j − α

(
c+im − δim

)(
c+mj − δmj

)]
+
∂u+

i
∂x∗m

c+mj +
∂u+

j

∂x∗m
c+mi (6)

2.2. Time-Average Equations

Reynolds stress model focuses on the time-average effect of turbulent flow. Thus, instantaneous
variables in the above Equations can be considered as the summation of time-average variables and
fluctuation variables, that is, ϕ+ = ϕ+ + ϕ+

′
(ϕ+ represents instantaneous variables (u+

i , p+, c+i j etc.);
superscripts “—” and “’” represent time-average variables and fluctuation variables respectively).
After this decomposition, time-average operations can be made for the instantaneous Equations to
obtain the following time-average Equations:

(1) Time-average momentum Equations:

∂u+
i
∂t∗ + u+

k

∂u+
i
∂x∗k

+
∂u+′

i u+′
k

∂x∗k
= −∂p

+

∂x∗i
+
β

Reτ

∂2u+
i

∂x∗2k

+
1− β
Weτ

∂c+ik
∂x∗k

(7)

(2) Time-average constitutive Equations:

∂c+i j
∂t∗ +

∂u+mc+i j
∂x∗m

+
∂u+′

m c+
′

i j

∂x∗m︸����︷︷����︸
Aij

= Reτ
Weτ

[
δi j − c+i j − α

(
c+imc+mj − 2c+i j + δi j

)]
− α Reτ

Weτ
c+
′

im c+
′

mj︸���������︷︷���������︸
Bij

+
∂u+i
∂x∗m

c+mj +
∂u+j
∂x∗m

c+mi +
∂u+′

i
∂x∗m

c+
′

mj +
∂u+′

j

∂x∗m
c+
′

mi︸�������������������︷︷�������������������︸
Cij

(8)

Equations (2)–(7) so that we can obtain the following fluctuation Equations.
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(3) Fluctuation Equations:

∂u+′
i
∂t∗ + u+′

k

∂u+
i
∂x∗k

+ u+
k

∂u+′
i
∂x∗k

= −∂p
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+
β

Reτ
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+
1− β
Weτ
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′

ik
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− ∂
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u+′

i u+′
k − u+′

i u+′
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(9)

Equation (9) can also be rewrote as:

∂u+′
j
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k

∂u+
j

∂x∗k
+ u+

k

∂u+′
j
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j u+′
k − u+′

j u+′
k

)
(10)

Equation (9) × u+′
j + Equation (10) × u+′

i and do the time average, we can obtain the following
Reynolds stress transport Equations.

(4) Reynolds stress transport Equations:
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′
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′

j
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Eij

−1− β
Weτ
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′

ik

∂u+′
j
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+ c+

′
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Fij

(11)

All these Equations contain high-order moments Aij, Bij, Cij, φi j, Tij, εi j, Eij, Fij and u+′
i u+′

j . They
are new unknowns. Apparently, the number of unknowns exceeds the number of Equations, so that all
the high-order unknowns need to be modeled as functions of time-average variables.

3. Modeling of High-Order Moments of Fluctuations

Different from Newtonian turbulent flow, the above high-order moments of drag-reducing flow
are all related to viscoelasticity. The terms directly related to viscoelasticity (Aij, Bij, Cij, Eij, Fij) do
not appear in the turbulent models of Newtonian flow, such that they are modeled for the first time.
The other terms (φi j, Tij, εi j) have implicit and complex relations with viscoelasticity, such that the
modeling manner of these terms uses the same way of Newtonian flow. The modeling process is
as follows.

3.1. High-Order Moments Directly Related to Viscoelasticity

The additional turbulent diffusion terms introduced by viscoelasticity (Aij, Eij) and the correlation
of conformation tensor Bij are much smaller than turbulent diffusion. Thus, they can be neglected.
To conform the physical process and consider the easy use of the model, Cij is assumed to have relations
with Reynolds stress, mean strain rate, and so on. According to the positive definiteness of Reynolds
stress and nonpositive definiteness of mean strain rate, the dimensional form of Cij can be expressed as:

Cij
dim = ϕ1 fwλ

ρ

Tt
ui′uj′ + ϕ2

1
Tt

(
cij − ηδi j

)
(12)
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where Cij
dim = Cijηuτ/h, fw = 1− exp(−y+/100), y+ is the dimensionless distance to the lower wall

of the channel, Tt (= (ν/ε)1/2) is Kolmogorov time scale calculated from Kolmogorov length scale

(
(
ν3/ε

)1/4
) and Kolmogorov velocity scale ((εν)1/4). ν (= μ/ρ) is kinetic viscosity of fluid.

Equation (8) is nondimensionalized using ε+ = ε/
(
u3
τ/h

)
, fluid density, viscosity, and frictional

velocity and combined with the definitions of Reτ, Weτ, and β. The model of Cij is as follows:

Cij = ϕ1 fw
Weτ

(1− β)√β/(Reτε+)
u+′

i u+′
j + ϕ2

1√
β/(Reτε+)

(
c+i j − δi j

)⎞⎟⎟⎟⎟⎠ (13)

where ϕ1 = 0.05, ϕ2 = −0.01. From observations, Fij and Cij have the following simple relation:

Fij = −1− β
Weτ

Cij (14)

3.2. High-Order Moments Indirectly Related to Viscoelasticity

For turbulent diffusion terms Tij, Daly and Harlow’s model [26] is applied:

Tij =
∂
∂x∗k

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝Cs
k+

ε+
u+′

k u+′
l

∂u+′
i u+′

j

∂x∗l

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ (15)

where k+ and ε+ are dimensionless turbulent kinetic energy and energy dissipation rate. The model
parameter Cs is 0.22.

Turbulent dissipation term εi j and redistribution term φi j are modeled together:

− εi j + φi j = −2
3
δi jε

+ + φ(1)i j + φ(2)i j (16)

where φ(1)i j = −C1
ε+

k+

(
u+′

i u+′
j − 2

3 k+δi j

)
, φ(2)i j = −C2

(
Pij − 2
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−C3

(
Dij − 2
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)
−C4k+
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P = Pkk/2, Dij = −
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j u+′
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∂u+k
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+ u+′
i u+′

k
∂u+k
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)
. Shima [27] gave the expressions of coefficients:

C1 = 1 + 2.45A1/4
2 A3/4

{
1− exp

[
−(7A)2

]}{
1− exp

[
−(RT/60)2

]}
(17)

C2 = 0.7A (18)

C3 = 0.3A1/2 (19)

C4 = 0.65A(0.23C1 + C2 − 1) + 1.3A1/4
2 C3 (20)

where A = 1 − 9A2/8 + 9A3/8, A2 = aijaji, A3 = aijajkaki, aij = u+′
i u+′

j /k+ − 2δi j/3, RT =

k+2/(ε+β/Reτ).
The above modeling introduces two new unknowns, k+ and ε+, which need be modeled. k+ can

be solved from the definition of turbulent kinetic energy (k+ = u+′
i u+′

i /2), where u+′
i u+′

i can be solved
from the Reynolds stress transport Equation (Equation (11)). ε+ can be solved from Shima’s model [27]:

∂ε+

∂t∗ + u+
k
∂ε+

∂x∗k
= Cε1

ε+

k+
P−Cε2

ε+ε̃+

k+
+
∂
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(
Cε

k+
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u+′

k u+′
l
∂ε+
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+
β

Reτ
∂ε+

∂x∗k

)
(21)

where ε̃+ = ε+ − 2 βReτ

[
∂(k+)1/2

∂x∗l

]2
, Cε1 = 1.44 + β1 + β2, Cε = 0.15, Cε2 = 1.92,
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β1 = 0.25Amin(λ′/2.5− 1, 0) − 1.4Amin(P/ε+ − 1, 0), β2 = 1.0Aλ′2max(λ′/2.5− 1, 0),

λ′ = min(λ∗, 4), λ∗ =
[
∂
∂x∗i

(
k+3/2

ε+

)
∂
∂x∗i

(
k+3/2

ε+

)]1/2
.

All the high-order moments are modeled to be the functions of time-average variables. Equations
(8)–(17) combined with Equations (4), (5), and (7) compose a Reynolds stress model.

4. Results and Discussion

The above Reynolds stress model was used to simulate the fully developed viscoelastic
drag-reducing channel flow. The computational domain is shown in Figure 1. Periodic boundary
conditions were imposed in both the streamwise (x-) and spanwise (z-) directions, while nonslip
boundary conditions were adopted for the top and bottom walls. Computational parameters were:
Reτ = 150, Weτ = 10, α = 0.001, β = 0.8.

The numerical method of DNS is a fractional step method. Adams–Bashforth scheme was
used to ensure the second-order accuracy of velocity. An implicit scheme was used for the pressure
term. Staggered grid was applied to avoid unphysical oscillations of pressure. A second-order finite
difference scheme was used for spatial discretization. Uniform mesh was used in the x and z directions
due to the periodic boundary condition. To capture small eddies near the walls, nonuniform mesh was
used in the y direction. Grid number was 64 × 64 × 64. Drag reduction is defined as:

DR% =
C f Dean −C f

C f Dean
× 100% (22)

where Cf is the calculated friction factor, CfDean is evaluated by Dean’s correlation [28], DR% is the
drag reduction.

Mean streamwise velocity, drag reduction, Reynolds stress, and fluctuation intensity were obtained
and compared with the results of DNS to validate the model. Bulk mean variables are listed in Table 1.
The results obtained by the turbulent model (RSM) agree well with the DNS results. The relative
deviations of mean streamwise velocity, Reynolds number, frictional factor, and drag reduction were
0.57%, 0.57%, 1.27%, and 9.3%. Thus, the prediction of the bulk mean variables by RSM is accurate.

Table 1. Comparison of bulk mean variables.

u+m Rem Cf DR%

Direct numerical simulation (DNS) 15.87 4762 0.0079 9.7%
Reynolds stress model (RSM) 15.96 4789 0.0078 10.6%

Figure 2 is the comparison of time-average streamwise velocity profiles between RSM and DNS. The
DNS results for Newtonian turbulent flow agree well with the typical distribution of viscous sublayer
(u+ = y+), buffer layer (u+ = 5 ln y+ − 3.05), and turbulent core region (u+ = 2.5 ln y+ + 5.5) [29],
showing that the fluid has achieved fully developed turbulent flow. The time-average velocity of RSM
coincides well with DNS in the viscous sublayer, is lower than DNS in the buffer layer, and is higher
than DNS in the turbulent core region. The mean deviation is only 9.1%, which is much lower than
previous turbulent models (as high as 30–50% or more). This indicates the established model can
predict the time-average streamwise velocity profile accurately. Fluctuation intensities are compared
in Figure 3. Predicted v+rms and w+

rms are larger than DNS, while u+
rms is smaller than DNS. The peak

value positions of u+
rms v+rms, and w+

rms of RSM are basically the same as DNS.

74



Polymers 2019, 11, 1659

Figure 2. Time-average streamwise velocity profiles.
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Figure 3. Fluctuation intensities.

Stress balance of Reynolds stress, viscous stress, and viscoelastic stress is shown in Figure 4.
Prediction results of the three stresses agree well with those of DNS. Predicted Reynolds stress is
smaller than DNS. Predicted viscoelastic stress is almost the same as that of DNS.

y+
 

Figure 4. Stress balance.
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Cmij represents the mean conformation tensor c+i j . The four main components of the conformation
tensor, with subscripts 1, 2, 3 representing streamwise, wall-normal, and spanwise directions,
are compared in Figure 5. It shows that the four components agree well with DNS. The peak
value of Cm11 is 15% lower than the value in DNS. Cm12 of RSM coincides well with DNS. It determines
the value of viscoelastic stress, such that the deviation of viscoelastic stress is small in Figure 4.

M
ea

n 
C

on
fo

rm
at

io
n 

Te
ns

or

y+

m

m

m

m

m

m

m

m

 
Figure 5. Mean conformation tensor.

The RSM for the above case is basically verified. We further verify the RSM using the DNS results
in literature [30] at different Weissenberg numbers. Table 2 shows the bulk mean variables such as
drag reduction. It is apparent that the RSM can also simulate the drag-reducing flow accurately at
Weτ = 12.5 and 30, which correspond to low and medium drag reduction, respectively. Figures 6 and 7
show that the critical features (e.g., average velocity profile and Reynolds stress distribution) can be
simulated by the RSM in satisfied precision.

Table 2. Comparison of bulk mean variables with literature [30].

u+m Rem Cf DR%

DNS (Weτ = 12.5) [30] 16.13 4838 0.00769 12.1%
RSM (Weτ = 12.5) 16.10 4829 0.00772 11.9%

DNS (Weτ = 30) [30] 20.6 6180 0.00471 42.8%
RSM (Weτ = 30) 21.2 6373 0.00443 45.8%
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Figure 6. Mean velocity profile comparison with literature.
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Figure 7. Reynolds shear stress comparison with literature.

RSM only concerns time-average variables so that it does not need to resolve the small eddies near
the walls like DNS. The complex and time-consuming numerical methods, such as numerous iterations
of pressure, can be avoided. Therefore, the computational time of RSM can be much smaller than that
of DNS. Table 3 verifies that RSM can largely save the computational time because the acceleration
ratio of computational time of DNS and RSM is as high as 120,960.

Table 3. Computational time.

DNS RSM Acceleration Ratio

604,800s 5s 120,960

To further examine the precision of the RSM at higher Reynolds numbers, it is compared with the
typical DNS results made by Housiadas et al. [31] in Table 4. The drag reduction of the RSM agrees
well with the DNS data in low (Reτ = 125) and medium (Reτ = 180) Reynolds numbers. The deviation
becomes larger at higher Reynolds number (Reτ = 395). The model was also used to predict the effect
of Weissenberg number at the higher Reynolds number (Table 5). Drag reduction increases with
increasing Weτ and tends to a stable value about more than 40%.

Table 4. Drag reduction (DR%) comparison with Housiadas’ results [31] at different Reτ.

Case DNS RSM Deviation

Reτ = 125, Weτ = 50, β = 0.9 29.8% 29.2% 2.0%

Reτ = 180, Weτ = 50, β = 0.9 29.9% 28.6% 4.3%

Reτ = 395, Weτ = 50, β = 0.9 29.6% 25.7% 13.2%

Table 5. DR% at different Weτ of the RSM for high Reτ.

Case DR%

Reτ = 395, Weτ = 25, β = 0.9 24.7%

Reτ = 395, Weτ = 50, β = 0.9 25.7%

Reτ = 395, Weτ = 100, β = 0.9 28.0%

Reτ = 395, Weτ = 150, β = 0.9 33.8%

Reτ = 395, Weτ = 200, β = 0.9 41.1%

Reτ = 395, Weτ = 250, β = 0.9 44.4%
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5. Conclusions

Through the discussions, it is apparent that the newly established Reynolds stress turbulent model
can predict bulk mean velocity and drag reduction accurately. The predictions of stresses and mean
conformation tensor are also good. The time-average streamwise velocity outside the viscous sublayer
is quite different from that in DNS. Streamwise fluctuation intensity is much smaller than that in DNS.
This is probably because the modeling of the redistribution term φi j is the same as that for Newtonian
fluid. This term may affect viscoelasticity and pressure in a complex way, which needs further study in
future to find a more accurate modeling manner. The acceleration ratio is as high as 120,960, showing
the extremely high speed of the new turbulent model of polymeric drag-reducing flow. The Reynolds
stress model appears to have good accuracy at lower Reynolds numbers compared with typical DNS
results. The model predictions significantly worsen as the Reynolds number and Weissenberg number
increase, limiting the applicability of the model up to modest levels of drag reduction. This suggests (in
association with the other limitations already stated before) that there is room for model improvement
in future work.
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Abstract: In this study, we obtained novel solid films composed of ciprofloxacin-loaded mesoporous
silica materials (CIP-loaded MCM-41) and polymer coating blends. Polymer coating blends were
composed of ethylcellulose (EC) with various levels of polydimethylsiloxane (PDMS, 0, 1, 2% (v/v)).
The solid films were prepared via the solvent-evaporation molding method and characterized by using
scanning electron microscopy (SEM), optical profilometry, and wettability analyses. The solid-state of
CIP present in the solid films was studied using X-ray diffraction (XRD) and differential scanning
calorimetry (DSC). The release profiles of CIP were examined as a function of PDMS content in solid
films. The surface morphology analysis of solid films indicated the progressive increase in surface
heterogeneity and roughness with increasing PDMS content. The contact angle study confirmed the
hydrophobicity of all solid films and significant impact of both PDMS and CIP-loaded MCM-41 on
surface wettability. DSC and XRD analysis confirmed the presence of amorphous/semi-crystalline
CIP in solid films. The Fickian diffusion-controlled drug release was observed for the CIP-loaded
MCM-41 coated with PDMS-free polymer blend, whereas zero-order drug release was noticed for the
CIP-loaded MCM-41 coated with polymer blends enriched with PDMS. Both the release rate and
initial burst of CIP decreased with increasing PDMS content.

Keywords: coating; drug delivery; surface roughness; polymers; mesoporous silica

1. Introduction

Local drug delivery systems have been widely applied in bone tissue diseases [1,2]. They require
two most pressing goals to be achieved: a controlled initial release and long-term delivery of drug [3]. At
present, mesoporous silica materials, e.g., MCM-41, have been studied as local antibiotic/anticancer drug
delivery systems for the bone treatment of osteomyelitis or osteosarcoma due to their desirable features
such as large surface area (~800 m2/g), uniform pore size (~2–6 nm), modifiable surface properties [4,5].
Moreover, mesoporous silica materials have been found as a nontoxic to the surrounding bone tissue
and biocompatible with the osteoblast cells [6]. Furthermore, Braun et al. reported that mesoporous
silica materials may release small amounts of Si (~60 ppm) through dissolution in simulated body
fluid [7]. It has been confirmed that even relatively low concentration of Si has a positive impact
on bone homeostasis and density [8]. However, another characteristic feature of many drug-loaded
mesoporous silica materials is the high amount of drug released in a burst stage [9]. This can lead to a
high local concentration of drug which may be cytotoxic to surrounding tissue. The reduction of burst
release can be achieved by using polymeric coatings.

Controlled local drug release provides a suitable dosing of drug in a specific area in a prolonged
manner. The use of bone drug delivery systems which provide controlled release is considered
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as an optimal and benign treatment characterized by increased effectiveness, extended duration of
therapeutic effect, and reduced adverse effects, e.g., toxicity [10,11]. Nowadays, polymeric coatings
have been emphasized as an interesting way to modify drug release from mesoporous silica matrices
providing a physical barrier between the drug entrapped in the pores and the fluids [12]. Different
polymers, such as poly(ethylene glycol) (PEG) [13], Eudragit RL and Eudragit S [14] were used for
this purpose. Furthermore, blends of two types of polymers, which are known to be non-toxic and
exhibit different physicochemical characteristics can be also used [15]. In the polymer coatings the
release profiles of drug primarily depend on the polymer/polymer blend ratio. By simply modifying
the polymer/polymer blend ratio, the properties of the obtained film can be effectively altered and thus
broad ranges of drug release profiles can be provided [15,16].

Apart from the appropriate drug release, another requirement for mesoporous silica materials
as local drug delivery systems to bone is their integration with the host tissue. Surface roughness
has been considered as a crucial limiting factor for applied materials in the context of physical and
biological compatibility with surrounding tissue [17]. In recent years, many materials intended for
implantation with various surface structure were designed and examined for cellular response, activity,
and bone formation [18,19]. It was proved for endosseous dental implants that a relatively rough
surface improves implant stability, promotes tissue ingrowth, and enhances bone apposition [19–21].
Multiple methods of textural property modification are available [22,23]. However, two primary
trends can be distinguished: control of the porosity of a material during its synthesis (1), and surface
post-treatment of a synthesized material (2) among which a coating has been considered as one of the
most effective methods [24].

The main features of appropriate implantable coating mixtures are biocompatibility, biostability
and desired mechanical properties [25]. These characteristics are well documented for
polydimethylsiloxane (PDMS) [26] and ethylcellulose (EC) [27]. EC is the most stable cellulose
derivative and a water-insoluble polymer that has been used in many pharmaceutical applications as a
coating or time-release agent. In addition, EC, due to its function as binder, flexible film former, water
barrier and rheology modifier, has been increasingly applied in bone tissue engineering [27–29]. PDMS
is characterized by a water-insoluble hydrophobic nature, good adhesive and plasticizing capacity,
which characterize its influence on drug release and the physical properties of coated materials [30].

Therefore, the use of PDMS:EC combinations as new coating blends for ciprofloxacin-loaded
MCM-41 (CIP-loaded MCM-41) was investigated in this paper. As the MCM-41 has been previously
well described as a drug delivery system, we decided to modify the drug release rate by using a
polymeric coating. Ciprofloxacin was chosen as the model drug due to its broad spectrum activity
and common application in osteomyelitis [31]. The main idea of our studies was to prepare novel
solid films of polymer-coated CIP-loaded MCM-41 which would provide the desired prolonged drug
release with low burst release in vitro. Furthermore, the physicochemical properties of the obtained
solid films were thoroughly investigated.

2. Materials and Methods

2.1. Materials

Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), ethanol, aqueous
ammonia (25%), hydroxyl-terminated polydimethylsiloxane fluid (PDMS, 65 cSt, d = 0.97 mg/mL)
were all obtained from Sigma-Aldrich. Ethylcellulose (EC, Ethocel® 20 cP) was obtained from Dow
Chemical. Acidic solution of ciprofloxacin lactate (pH = 3.5, 10 mg/mL, Proxacin) was obtained from
Polfa S.A. (Warsaw, Poland).

2.2. Synthesis of Mesoporous Silica Materials (MCM-41)

The synthesis of mesoporous silica materials, MCM-41, was carried out by a templating method
using tetraethyl orthosilicate (TEOS) as a silica source and the cationic surfactant cetyltrimethyl-
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ammonium bromide (CTAB) as a template [32]. Briefly, 125 g of water, 12.5 g of ethanol, 9.18 g of
ammonia aq. (25 %), and 2.39 g of CTAB were stirred together in polypropylene beaker on a magnetic
mixer (300 rpm) at 25 ◦C for approx. 15 min until a homogenous solution was formed. The pH of
the solution was 10. Then, 10.03 g of TEOS was added and the resulting mixture was continuously
stirred for 2 h. Next, hydrothermal treatment of the mixture was carried out at 90 ◦C for 5 days without
stirring. The resulting solid product was recovered by vacuum filtration, washed with 100 mL of
absolute ethanol and dried at 40 ◦C for 1 h. The CTAB template was removed from the product by
calcination in air at 550 ◦C (with heating rate of 1 ◦C/min) for a period of 6 h in a muffle furnace
(FCF 7SM, CZYLOK, Jastrzebie-Zdroj, Poland). The final MCM-41 samples in powders form with
the fraction size range of 200–500 μm were obtained by micronisation (Mortar Grinder Pulverisette 2,
Fritsch, Weimar, Germany). The micronisation lasted 10 min at 50 rpm.

2.3. Ciprofloxacin Adsorption onto MCM-41

Ciprofloxacin (CIP) adsorption onto MCM-41 was performed according to the following procedure
(the optimal conditions of adsorption process were determined in preliminary studies). Briefly, the
synthesized MCM-41 (particles fraction in the range of 200 μm–500 μm) was immersed in acidic
solution (pH = 3.5) of ciprofloxacin lactate (10 mg/mL) at ratio 100 mg of silica per 2 mL of solution
and incubated with stirring (300 rpm) at 25 ± 0.5 ◦C for 3 h to ensure the equilibrium state. Then,
CIP-loaded MCM-41 was centrifuged, separated from supernatant, and freeze-dried (−52 ◦C, 0.1 mBar,
24 h). The absorbance of the CIP remaining in the supernatant was measured spectrophotometrically
at 278 nm (model UV-1800 UV-Vis spectrophotometer, Shimadzu, Kyoto, Japan). The amount of
CIP adsorbed onto MCM-41 and adsorption efficiency were calculated using Equations (1) and (2),
respectively:

Qe =
(C0 −Ce)·V

m
(1)

%Ads =
(C0 −Ce

Ce

)
·100% (2)

where Qe (mg/g) is an amount of CIP adsorbed at the equilibrium state, %Ads (%) is an adsorption
efficiency coefficient, C0 (mg/L) is an initial CIP concentration, Ce (mg/L) is a CIP concentration at
equilibrium state, V (L) is a volume of CIP solution, and m (g) is the mass of MCM-41 used.

2.4. Fabrication of Solid Films Composed of CIP-Loaded MCM-41 and Polymer Blends

The polymer coating blends were prepared by mixing 5% (w/w) ethylcellulose (EC) ethanolic
solutions with 0, 1, 2% (v/v) of hydroxyl-terminated polydimethylsiloxane (PDMS, 65 cSt,
d = 0.97 mg/mL), giving the various PDMS:EC ratios (Table 1). 95% (v/v) ethanol was used as a
solvent in each formulation. The prepared coating blends were homogenized by sonication for 20 min
using a cooling bath. The pure solid films of each formulation were prepared via solvent-evaporation
molding method as follows. Equal volumes (250 μL) of F1, F2, and F3 coating blends (Table 1) were
poured into polypropylene molds, and incubated till complete ethanol evaporation (30 ± 0.5 ◦C, 60 ±
10% relative humidity, 24 h). The end of the solidification of the polymer coating blends is regarded
as the moment when no changes in weight (within the limits of instrumental error (± 0.01 g)) were
detected. After complete evaporation of the ethanol, the PDMS:EC ratios in the pure solid films changed
from 1:99 and 2:98 (v/v, before solvent evaporation) into 1:4 and 1:2 (w/w, after solvent evaporation) for
F2 and F3, respectively (Table 1).
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Table 1. Composition of each formulation (F1–F3) with PDMS:EC ratio before (v/v) and after solvent
evaporation (w/w).

Before solvent evaporation

Formulation PDMS:EC ratio PDMS content [μL]
EC ethanolic solution

content [μL]

F1 0:100 - 250.0
F2 1:99 2.5 247.5
F3 2:98 5.0 245.0

After solvent evaporation

Formulation PDMS:EC ratio PDMS content [mg] EC content [mg]

F1 0:1 - 10.0
F2 1:4 2.4 9.9
F3 1:2 4.8 9.8

A constant amount of CIP-loaded MCM-41 (200 μm–500 μm) was immersed in each polymer
blend at a ratio 6 mg per 250 μL. Solid films of CIP-loaded MCM-41 coated with F1, F2, and F3
(MCM-F1, MCM-F2, MCM-F3) were fabricated in the same manner as pure solid films. The obtained
solid films of F1, F2, and F3 and MCM-F1, MCM-F2, MCM-F3 were then removed from the molds and
stored in desiccators at room temperature for further analyses.

2.5. Physicochemical Characterization

Pure solid films of F1, F2, and F3 were characterized using the Fourier transform infrared
spectroscopy (FTIR, Jasco FT/IR-4200, Jasco, Pfungstadt, Germany). Samples for analysis were
prepared using the KBr tablet technique. For a better comparison, the spectra of F2 and F3 were
normalized to a maximum absorption of the dominant peak at 804 cm−1, attributed to the Si-C stretching
in the Si–CH3 group [33].

The morphological characterization of MCM-F1, MCM-F2, and MCM-F3 solid films was carried out
by using scanning electron microscopy (SEM). For comparative purposes, SEM analysis of CIP-loaded
MCM-41 (before polymer coating) and pure solid films of F1, F2, F3 was performed. In order to identify
the components of pure solid films, the samples were analyzed using the energy-dispersive X-ray
spectroscopy (EDX). The samples for SEM were fixed on carbon tape and sputter coated with gold,
prior to the analysis. SEM images was obtained on electron microscope (Hitachi SU-70, Japan) at an
acceleration voltage of 3 kV.

The images of surface roughness with quantitative data of MCM-F1, MCM-F2, MCM-F3 solid
films were obtained using an optical profilometer (Contour GTK, Bruker, Billerica, MA, USA). To obtain
quantitative characterization, mapping of 46.9 μm × 62.5 μm size surface was done for 10 samples of
each formulation and the average values together with standard deviations of roughness parameters
were calculated.

Wettability studies of solid films of F1, F2, F3, and MCM-F1, MCM-F2, MCM-F3 were performed
by contact angle measurement at room temperature (DSA G10 goniometer, Kruss GmbH, Hamburg,
Germany). The images of sessile drop of water and diiodomethane at the point of intersection
(three-phase contact points) between the drop contour and the surface (baseline) were recorded for drop
shape analysis (DSA) and determination of contact angle. The contact angle value was determined as
an average of 10 measurements of each sample.

The X-ray diffraction (XRD) analysis of F3, MCM-F3, CIP-loaded MCM-41, and CIP (as reverence)
and differential scanning calorimetry (DSC) of F3, MCM-F3, CIP-loaded MCM-41, CIP, and MCM-41
(as references) were performed to characterize solid-state of CIP present in the obtained solid films.
XRD data were collected using diffractometer (Empyrean PANalytical, Malvern, UK) with a CuKα

radiation beam operating at 40 kV and 40 mA, in the 2θ range between 5◦ and 70◦ with a step width of
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0.02◦ and at a scanning rate of 0.5◦/min. DSC measurements were carried out using a DSC instrument
(822e Mettler Toledo, Columbus, Ohio, USA). Samples of about 5 mg were placed in an aluminum pan
with a hole in the lid. The experiments were performed under an N2 atmosphere (20 mL/min gas flow
rate). The thermal behavior of the samples was investigated by heating the samples from 25 to 230 ◦C
with 10 ◦C/min step. Calibration of the instrument was performed using an indium standard.

2.6. Drug Release Analysis

The release study was performed under “sink” conditions (considering approx. 100 mg/mL
solubility of CIP in water [34]) according to the following procedure. Each solid film of MCM-F1,
MCM-F2, MCM-F3 was immersed in 2 mL of purified water and shaken at 37 ± 0. 5◦C (80 rpm)
for 7 days. The release medium was exchanged every 24 h, and the amount of CIP released
was measured spectrophotometrically at wavelength of 278 nm (Shimadzu model UV-1800 UV-Vis
spectrophotometer). Quantitative determinations of the amount of released CIP were based on
pre-calibration of the spectrometer using standard water solutions of the CIP.

The results were obtained from data groups of n = 7 and expressed as mean values ± standard
deviation. The release kinetic parameters were calculated using linearized forms of Korsmeyer-Peppas,
Higuchi models and zero order kinetics presented in Equations (3)–(5), respectively:

log Q = log k + n log t (3)

Q = kHt (4)

Q = Q0 + k0t (5)

where Q (%) denotes the fraction released over time t (h; days), Q0 (%) is the initial fraction of released
drug, n is a release exponent related to the drug release mechanism, k (h−n; days−n) is a rate constant,
the kH is a Higuchi dissolution constant (h−1/2; days−1/2), and k0 is the zero order release constant (%
of dose released per day). In Equation (3), n < 0.5 indicates quasi-Fickian diffusion, n = 0.5 indicates
a Fickian diffusion, for n between 0.5 and 1, the drug release is considered as non-Fickian diffusion,
and n = 1 corresponds to zero-order release of case II diffusion. To find out the mechanism of drug
release, the data for first 60% of drug release fraction (Q) were fitted with Korsmeyer-Peppas and
Higuchi models.

3. Results and Discussion

3.1. Ciprofloxacin Adsorption onto MCM-41

The CIP adsorption onto successfully synthesized MCM-41 was verified by the Fourier transform
infrared spectroscopy technique (Jasco model 4700 FTIR). The characteristic bands of the CIP molecule
were observed what confirmed the presence of drug onto MCM-41 after the loading procedure
(Supplementary Materials). The adsorption efficiency was 56 ± 2% what corresponded to the mean
amount of CIP-loaded of 112 ± 4 mg per each 1 g of MCM-41.

3.2. Solid Films Formation

The pure solid films of three formulations of polymer blends were obtained via solvent-evaporation
molding method (F1, F2, F3). The solid films of CIP-loaded MCM-41 coated with polymer blends
(MCM-F1, MCM-F2, MCM-F3) were obtained in the same manner. The final thickness and mass of
the pure solid films of F1, F2, F3 were ranged from 30 to 40 μm, and 10.0 to 14.6 mg, respectively,
whereas solid films of MCM-F1, MCM-F2, MCM-F3 were characterized by thicknesses ranging from 50
to 60 μm and masses ranging from 16.0 to 20.6 mg.
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3.3. Physicochemical Characterization

3.3.1. FTIR Characterization

The bulk molecular structure of F1, F2, and F3 pure polymer solid films was characterized
using FTIR technique (Figure 1). FTIR spectra of the precursors (EC powder and PDMS liquid) are
presented for comparative purposes. The spectrum of F1 (the formulation containing 100% of EC)
showed the characteristic broad peaks at ~1055 cm−1 and ~1095 cm−1 attributed to C–O–C stretching
vibrations, and ~1377 cm−1 attributed to C–H bending vibrations in the EC molecule [35]. For the pure
solid films of F2, F3, the characteristic peak at ~1024 cm−1 corresponding to Si–O–Si asymmetrical
stretching [36] confirmed the presence of PDMS. In addition, sharp peaks at ~1261 cm−1 attributed
to Si–C stretching and ~804 cm−1 attributed to CH3 deformation in Si–CH3 group of PDMS were
noticed [33]. The intensity of the peak at ~1024 cm−1 slightly increased for F3 compared to F2, thus
confirming a higher content of PDMS in the F3 sample. Additionally, a small peak at ~1377 cm−1 of EC
is observed for F2, what confirmed the higher content of EC in F2 compared to F3. For both F2 and F3,
a peak at ~1094 cm−1 was also observed due to the overlapping of Si–O–Si asymmetrical stretching at
~1089 cm−1 from the PDMS together with the C–O–C stretching mode at ~1095 cm−1 from the EC.

 

Figure 1. FTIR spectra of F1, F2, F3 solid films, and precursors: EC and PDMS.
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3.3.2. Surface Morphology

The morphology of MCM-F1, MCM-F2, MCM-F3 solid films was characterized using SEM
analysis (Figure 2). The SEM image of CIP-loaded MCM-41 powder before coating is also presented for
comparative purposes (Figure 2A). The CIP-loaded MCM-41 powder was characterized by spherical
particles loosely connected to each other. After coating with polymer blends the structure of the
obtained solid films was more compact and heterogeneous. Moreover, the results suggested that the
surface roughness increases with the increase of PDMS content in the solid films (Figure 2A). In order
to confirm the observed differences in surface roughness the SEM-EDX analysis of pure solid films
of F1, F2, F3 was also performed (Figure 2B). As it can be seen, the film of EC without PDMS (F1)
was characterized by a smooth, gapless surface, whereas F2 and F3 present plain surface structure
with an increasing number of cavities distributed in the solid films. The higher the PDMS content in
polymer blend, the greater the number of cavities that was observed, indicating that they could be
attributed to PDMS droplets (also confirmed by EDX profile in which the presence of silicon in F2 and
F3 was noticed). It should be noted that no cavities attributed to PDMS were observed for MCM-F2,
MCM-F3 solid films (Figure 2A) contrary to pure solid films of F2, F3 (Figure 2B). This may be related
to occlusion of PDMS in the MCM-41 particles.

 
Figure 2. SEM images of CIP-loaded MCM-41, and solid films of: MCM-F1, MCM-F2, MCM-F3 (A); F1,
F2, F3 (B).

The quantitative characterization of the surface of MCM-F1, MCM-F2, MCM-F3 solid films was
performed by using optical profilometry. Table 2 shows the roughness parameters (Ra—average
roughness, Rq—root-mean-square roughness, and Rt—peak-valley difference) calculated over the
whole tested area (46.9 μm × 62.5 μm) as the means of 10 samples of each formulation together with
standard deviations. As presented in Table 2, the quantitative results confirmed the increase of surface
roughness in the following order: MCM-F1 < MCM-F2 < MCM-F3. The Ra value increased with
the increase of PDMS content in solid film from 0.57 ± 0.10 μm for MCM-F1 to 2.49 ± 0.54 μm for
MCM-F3. The highest values of roughness parameters were observed for MCM-F3 and correlated
with the biggest cavities (Figure 3). These data indicate that the surface roughness of solid films is
significantly dependent on the PDMS content in polymer blend what might be a promising feature in
the context of tissue ingrowth. According to numerous in vitro experiments, implant roughness may
affect osteoblast morphology, growth, proliferation and differentiation. It has been highlighted that the
cells cultured on the rough surfaces show better morphology and proliferation in comparison to the
controls cultured on flat surfaces [37].
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Table 2. Mean roughness parameters with standard deviations of surface of MCM-F1, MCM-F2,
MCM-F3 solid films.

Formulation Ra ± SD [μm] Rq ± SD [μm] Rt ± SD [μm]

MCM-F1 0.57 ± 0.10 0.86 ± 0.17 11.22 ± 2.49
MCM-F2 1.86 ± 0.40 2.30 ± 0.45 19.12 ± 2.85
MCM-F3 2.49 ± 0.54 3.14 ± 0.70 23.67 ± 6.06

SD—standard deviation; Ra—average roughness; Rq—root-mean-square roughness; and Rt—peak-valley difference.

 

Figure 3. The optical profilometer images of 62.5 μm× 46.9 μm surfaces of MCM-F1, MCM-F2, MCM-F3
solid films.

3.3.3. Contact Angle and Wetting Properties

In order to verify the wettability of the solid films of F1, F2, F3, and MCM-F1, MCM-F2, MCM-F3 a
contact angle analysis was performed. The average contact angles and surface free energies determined
for all samples are shown in Table 3. All of the examined samples were characterized as hydrophobic.
For the pure solid films of F1, F2, F3 (Section A in Table 3) the most hydrophilic surface was observed
for F1. As expected, for F2 the addition of hydrophobic hydroxyl-terminated PDMS resulted in a higher
water contact angle value, suggesting an increase in hydrophobicity, compared to F1. Conversely, for F3
a slight decrease of water contact angle and increase of the polar component of the surface free energy
were noticed, compared to F2. This can be explained by gaining insight into the molecular structure of
hydroxyl-terminated PDMS which contains hydrophobic PDMS-rich domains (polydimethylsiloxane
chains) terminated with hydrophilic hydroxyl groups. For MCM-F1, MCM-F2, MCM-F3 solid films
(Section B in Table 3) the water contact angle increased, compared to pure solid films, due to the
presence of CIP-loaded MCM-41. Relatively the most hydrophobic surface was found for the solid
film of MCM-F1 (without PDMS). The increase of polar component of surface energy as a function of
PDMS content was observed. This can be explained by the high adhesion of polydimethylsiloxane
chains to hydrophobic CIP-loaded MCM-41. This behaviour results in an increase of the number of
hydrophilic hydroxyl groups of PDMS oriented to the sample surfaces and thus an increase of surface
polar components.
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Table 3. Average contact angle and surface free energy (γs) with its dispersive (γs
d) and polar (γs

p)
components of solid films of F1, F2, F3 (A), and MCM-F1, MCM-F2, MCM-F3 (B).

Sample

Average Contact Angle [θ, ◦]
Surface Free Energy [mJ/m2]

Measuring Liquid

Water Diiodomethane Total (γs) Dispersive (γs
d) Polar (γs

p)

A
F1 82.2 63.0 29.27 21.35 7.92
F2 86.3 54.2 32.03 27.81 4.22
F3 83.5 54.4 32.50 26.99 5.51

B
MCM-F1 112.9 81.9 16.40 16.07 0.33
MCM-F2 125.1 67.5 29.28 27.97 1.31
MCM-F3 124.5 62.9 32.86 31.21 1.65

3.3.4. Solid-State Characterization of Ciprofloxacin

The XRD patterns of solid films of MCM-F3 and F3 (as representative examples), CIP-loaded
MCM-41 and freeze-dried CIP reference are presented in Figure 4. The freeze-dried CIP reference was
characterized by numerous well-defined sharp diffraction peaks demonstrating the crystalline nature
of the drug. For the CIP-loaded MCM-41 sample the broad halo in the range of 15-35◦ derived from
the amorphous silica with significant reduction of peaks characteristic for the CIP. Two diffraction
peaks at 8 and 27◦ 2θ observed in CIP-loaded MCM-41 sample suggested the semi-crystalline nature
of CIP molecules adsorbed onto the silica surface [38]. In the case of both the F3 and MCM-F3 the
XRD patterns showed two broad amorphous halos at 10-15◦ and 15-30◦ 2θ which clearly revealed the
amorphous nature of the obtained films.

 

Figure 4. The XRD patterns of solid films of MCM-F3 and F3, CIP-loaded MCM-41, and CIP reference.

The DSC thermograms of solid films of MCM-F3, F3, unloaded MCM-41, freeze-dried CIP (as
references) are presented in Figure 5. As selected in the frame the freeze-dried CIP was characterized by
the endothermic peak of melting point at approx. 207 ◦C. MCM-F3 exhibited a small endothermic peak
shifted to lower temperatures (approx. 199 ◦C) corresponding to the melting of drug, which suggested
the presence of the CIP in the amorphous or semi-crystalline state what was also confirmed by the
XRD results (Figure 4). The amorphous nature of drug loaded into the mesoporous silica is already
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known phenomenon [39]. Moreover, the obtained DSC results are in accordance with the observations
of Mesallati et al. [34] who have claimed that solid dispersions of CIP with various polymers displayed
a clear melting endotherm of the drug, which could be taken as confirmation of the amorphous nature
of the CIP inside the polymer matrices.

 

Figure 5. The DSC thermograms of solid films of MCM-F3, F3, unloaded MCM-41 and CIP reference.

3.4. Ciprofloxacin Release

The drug release was studied for MCM-F1, MCM-F2, MCM-F3 solid films to verify the impact of
PDMS content on release profiles. Each solid film contained 6 mg of CIP-loaded MCM-41, corresponding
to 0.67 ± 0.1 mg of CIP. CIP-elution profiles describing the cumulative percent amount of CIP released
as a function of time (1–7 days), are presented in Figure 6A. Inset B shows the non-cumulative percent
amount of released CIP at the sampling point as a function of the initial time period (0–2 days,
Figure 6B). The CIP release from the CIP-loaded MCM-41 (6 mg, 200 μm–500 μm; in the powder form)
and from solid film F3 with addition of pure CIP (CIP-F3, 0.67 ± 0.2 mg of CIP) are shown in Figure 6
for comparative purposes. As presented in Figure 6C, both CIP-loaded MCM-41 and CIP-F3 solid film
were characterised by a relatively rapid release of CIP with a huge burst during the first 24 h (80 and
88%, respectively) with almost complete CIP release after 7 days (98 and 95%, respectively). In contrast,
the initial amount of the drug eluted during the first day (initial burst) was reduced to 39% of the total
amount of loaded CIP for the MCM-F1 solid film (PDMS-free, Figure 6B). Next, the release kinetics
slowed-down and after four exchanges of the medium, the mean value of the recovered CIP from
MCM-F1 corresponded to 50% of the total amount of loaded CIP (Figure 6A), whereas it was 75% after
39 daily exchanges (estimated from the release profile). In the case of the PDMS-containing solid films
F2 and F3, the initial burst was reduced to 16% and 5% of the total amount of loaded CIP (corresponding
to 107.5 and 33.6 μg of CIP released during the first day), respectively (Figure 6B). Then the release
kinetics gently slowed down (Figure 6A). The t25%, t50%, and t75% values (corresponding to 25%, 50%
and 75% of the total amount of loaded CIP, respectively), calculated from the release profiles, were 15,
66, and 107 days or 46, 117, and 168 days for MCM-F2 and MCM-F3 solid films, respectively. Thus,
the release of CIP from MCM-F1, MCM-F2, MCM-F3 solid films presented a significant modification
compared to CIP-loaded MCM-41 and CIP-F3 solid film. The initial burst of CIP was reduced with
the increase in content of PDMS in solid films. That is why the greatest reduction in initial burst was
reported for MCM-F3 solid film characterized by a prolonged release rate similar to already exist
antibiotic drug delivery systems [40].
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Figure 6. The overall CIP release profiles from MCM-F1, MCM-F2, MCM-F3, CIP-F3 solid films, and
CIP-loaded MCM-41 (A); Insets: not-cumulative CIP release during the initial time: 0–2 days; (B) and
initial 24 h CIP release from CIP-loaded MCM-41 and CIP-F3 (C).

The calculated kinetic parameters for the obtained release profiles are summarized in Table 4.
It can be observed that all release profiles of solid films (excluding the first 24 h initial drug release)
were characterized by zero order kinetics (R2 ≥ 0.89) with constant drug release rates per day. It should
be noted that zero-order release CIP kinetics were observed for all PDMS-containing solid films, even
after 7 days of release studies. Moreover, the release profiles of solid films were well described by
both the Higuchi model (R2 ≥ 0.93) and the release exponent n values ≤ 0.55 suggesting the release
of drug is controlled by diffusion of CIP from a non-disintegrating matrix [41]. However the use of
CIP-loaded MCM-41 in solid films instead of pure CIP seemed to be essential in order to reduce the
burst release, what was manifested in reduction of kH values from 27.01 to 8.92 for CIP-F3 and MCM-F1
solid films, respectively.

Table 4. The kinetic parameters of fitted experimental data for MCM-F1, MCM-F2, MCM-F3, CIP-F3
solid films and CIP-loaded MCM-41.

Formulation
Korsmeyer-Peppas Model Higuchi Model Zero Order Kinetics *

n R2 kH R2 k0 R2

CIP-F3 0.51 0.95 27.01 0.94 0.03 0.89
CIP-loaded

MCM-41 0.34 0.92 4.93 0.85 0.02 0.82

MCM-F1 0.17 0.97 8.92 0.93 1.60 0.99
MCM-F2 0.33 0.87 6.80 0.98 0.61 0.99
MCM-F3 0.55 0.93 6.49 0.98 0.48 0.99

R2—coefficient of determination; n—release exponent in Korsmeyer-Peppas model; kH—Higuchi dissolution
constant (h−1/2; days−1/2); k0—zero order release constant (% of dose released per day); * Calculated excluding the
first 24 h initial release of CIP.

Taking into account both the CIP release profile and the kinetic models the possible mechanism
of drug release from CIP-loaded MCM-41 coated with polymer blends can be described as diffusion
controlled [42]. In our case the water-soluble CIP molecules loaded into the mesoporous silica channels
are entrapped in the EC-PDMS polymeric film which acts as a water-insoluble matrix. The structure of
the formed EC film is dependent on the polymer-solvent interaction parameters. Jones et al. found
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that after ethanol evaporation, the structure of EC is heterogeneous, with numerous nanopores [43].
This confirms the release of CIP via simple diffusion from CIP-loaded MCM-41 coated with EC (MCM-F1
solid film) through the formed pores (release exponent n = 0.51, calculated from the Korsmeyer-Peppas
model). However, the observed reduction of both the initial burst and the rate of CIP release from
CIP-loaded MCM-41 coated with PDMS:EC blends may be attributed to the adhesion of PDMS chains
onto the CIP-loaded MCM-41 surface, which is also in agreement with the obtained SEM results
(Figure 2A) and wettability data (Table 3). Another reason can be related to a “locking” of the pore
surface of EC due to the greater surface contact and thus easier penetration of the PDMS into the
pores. The effect of PDMS on the release rate of water-soluble drugs from silica/PDMS composites has
previously been reported [39]. It was found that an increase in PDMS content resulted in a decreasing
rate of drug release, and as reported here, with a simultaneous increase in the values of the release
exponent n. This phenomenon was correlated with a decrease in the porosity of the studied silica/PDMS
composites, explained by the effect of the occlusion of hydrophobic PDMS-rich domains on the silica
particles that may delay the penetration of water molecules into the composites, and hence dissolution
of a loaded drug [44,45]. To sum up, the increase of PDMS content in solid films of MCM-F2, MCM-F3
may result in an increasing number of PDMS-filled nanopores, and also lock the CIP in the pores of
MCM-41, thus slowing down the drug release [46]. Consequently, the zero-order CIP release could be
explained by the very small magnitude of the interfacial partition coefficient of the drug and the small
thickness of the drug depletion layer.

4. Conclusions

Novel solid films were obtained by coating CIP-loaded MCM-41 with PDMS:EC blends. Solid
films with various levels of PDMS addition (0, 1, 2% (v/v)) were characterized in terms of their
physicochemical properties. SEM and optical profilometry results indicated a progressive increase
in the surface heterogeneity and roughness for the solid films of CIP-loaded MCM-41 coated with
polymer blends as a function of PDMS content. The presence of amorphous/semi-crystalline CIP in
the obtained films was confirmed by DSC and XRD analyses. Release studies showed a prolonged
CIP release from all solid films for over 7 days with Fickian diffusion-controlled drug release for the
EC formulation without PDMS and the zero-order drug release for formulations containing PDMS.
This is probably related to the adhesion of hydrophobic chains of PDMS onto CIP-loaded MCM-41.
The physicochemical characterization of the obtained solid films showed that by simple modification
of the PDMS:EC ratio, the roughness and release profile of drug adsorbed into the MCM-41 pores can
be easily altered. As the surface roughness has a fundamental significance for the integration with host
bone tissue, the provided mesoporous silica coated with polymer blends could be a promising drug
delivery system. The most beneficial physicochemical properties in the context of further biological
evaluation, such as the greatest reduction of initial burst of CIP and the highest values of roughness
parameters were observed for MCM-F3 solid film. The findings presented in this paper may be an
excellent starting point for further investigations on the biocompatibility and material/cell interactions
of the systems.
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Abstract: The inclusion of electrospun nanofiber veils was revealed as an effective method for
enhancing the mechanical properties of fiber-reinforced epoxy resin composites. These veils will
eventually allow the incorporation of nanomaterials not only for mechanical reinforcement but also in
multifunctional applications. Therefore, this paper investigates the effect of electrospun nanofibrous
veils made of polyamide 6 modified with TiO2 nanoparticles on the mechanical properties of a
carbon-fiber/epoxy composite. The nanofibers were included in the carbon-fiber/epoxy composite as a
single structure. The effect of positioning these veils in different composite positions was investigated.
Compared to the reference, the use of unmodified and TiO2 modified veils increased the flexural stress
at failure and the fracture toughness of composites. When TiO2 modified veils were incorporated,
new antibacterial properties were achieved due to the photocatalytic properties of the veils, widening
the application area of these composites.

Keywords: carbon-fibers; multifunctional composites; nanocomposites; fracture toughness

1. Introduction

Carbon-fiber reinforced epoxy resin composites have gained popularity over the years as
engineering materials mainly in the marine, aircraft, automotive, and civil engineering sectors.
Among the reasons for their success should be highlighted their lightweight, high stiffness, and
strength [1–4]. However, insufficient fracture toughness, due to the fragility of the epoxy matrix and
poor delamination resistance which could contribute to sudden failure of the composite, affects the
long-term reliability of thermosetting matrix composites [5,6].

In order to improve the delamination resistance of reinforced polymer composites, several
approaches were tested. The most common way is the inclusion of some toughening elements or
thermoplastic binders; nanoparticles, such as carbon nanotubes (CNTs) [7,8], nanoclays [9], and
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rubber/thermoplastic materials [10,11] are often incorporated in the matrix. Nanoparticles, as a result
of their theoretical high stiffness and strength, might improve the fracture toughness and energy at
crack growth initiation of epoxy systems [12–14]. However, the addition of toughener elements to
the matrix resin could produce a decrease in mechanical properties such as compression and shear
strength, also resulting in higher cost and weight. Even more, some disadvantages appear when
adding CNTs and nanoclays, the main difficulty being obtaining a homogeneous dispersion of the
nanoparticles in the resin [15]. At the same time, the increased viscosity arising from the addition of
tougheners could also dramatically reduce the processing ability of matrix resin.

Recently, a method that could potentially overcome these drawbacks has raised interest. It
involves the incorporation of thermoplastic electrospun nanofiber mats between the fiber reinforcing
plies prior to processing. Reneker, Kim, and Dzenis [16,17] pioneered the work in this field to
demonstrate toughness improvement; now, interlayer toughening is used increasingly in the composite
industry [18–20]. Furthermore, due to the ease of embedding thermoplastic nanofibrous structures in
resin and including them in the composite as a nanosized phase without an increase of resin viscosity,
this is presented as a solution for the dispersion issue. Moreover, since their length is on the macro
scale, no health hazards are associated with the production and handling of these nanofibers [21–24].

Recent literature indicates that nanofibers may contribute substantially to the ductility and
fracture toughness of the composites [25–27]. The improvement is highly dependent on the type of
thermoplastic and of their intrinsic properties [28]. The electrospinning technology also provides the
possibility of including charges inside the nanofibers, which can improve their mechanical properties
or give them different properties. The incorporation of metallic or electrically conductive carbonaceous
nanoparticles such as silver nanowires or carbon nanofibers can also produce electrically conductive
nanofiber veils. In recent years, major efforts have been dedicated to the manufacturing of antimicrobial
membranes for ultrafiltration based on modified nanofibers. These antimicrobial functionalities can
be introduced through different methods such as surface treatment or the incorporation of additives
like antibiotics, biocides [29–31], or active agents. These agents include silver nanoparticles and
nanoparticles of metals and metal oxides [32,33] such as Zn [34], Ti [28,35–37], Cu [38], Co [39], and
combinations of Zn and Ti [40–44] among others [45,46]. The availability of functional nanofibers for
the development of composite materials can be a great advantage in many sectors.

As mentioned above, the mechanical properties of thermoplastic electrospun nanofiber mats
have an important effect on the mechanical properties of the reinforced composite. To increase
the mechanical strength of thermoplastic electrospun nanofiber mats, several stronger nanoscale
fillers were incorporated—such as graphene, carbon nanofibers (CNFs), nano clays, nano TiO2, and
carbon nanotubes (CNTs) [47–52]. However, the obtainability of functional composites based on the
incorporation of functional nanofibers was poorly studied.

In this paper, the effect of the inclusion of electrospun TiO2 modified polyamide 6 nanofiber
veils on the mechanical and functional properties of carbon-fiber epoxy composites obtained by the
infusion technique is explored. The nanofibrous veils are incorporated into the composite as single
structures forming different configurations. The mechanical properties of the nanofiber veil-reinforced
composites were investigated via flexural tests, dynamical mechanical analysis, and mode I and mode
II fracture toughness tests against reference specimens. The crack propagation in the loaded sample
was studied through scanning electron microscopy. Furthermore, new functionalities introduced by
the presence of TiO2 nanoparticles in the nanofiber were determined by the analysis of the antibacterial
activity of the composites.

2. Materials and Methods

2.1. Materials

Diglycidyl ether of bisphenol A (DGEBA) was supplied by Momentive (Waterford, NY, USA),
as Epikote 828, with an equivalent weight of 182–190 g/equivalent and a hydroxyl/epoxy ratio of
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0.03. Epikote 828 crosslinking was obtained with 4,4′-diaminodiphenylmethane (DDM), supplied
by Alfa Aesar (Lancashire, UK), which is characterized by a molecular weight of 198 g/mol and an
amine equivalent weight of 49.5 g/mol. Electrospun nanofibers were prepared from PA6 Ultramid®

B24 N 03 pellets supplied by BASF SE (Ludwigshafen, Germany). For the manufacturing of the
veils modified with nanoparticles, AEROXIDE® TiO2 P25 nanoparticles supplied by Evonik (Essen,
Germany) were used. These nanoparticles have a primary particle size of 21 nm and a specific surface
area (BET) of approximately 50 m2/g. Due to the formation of aggregates and agglomerates between
them, the density is approximately 130 g/cm3. They have a predominant structure of anatase, with
an anatase/rutile weight ratio of approximately 80/20. A bidirectional carbon-fiber fabric formed by
HT3k fibers (200 g/m2), supplied by SP Systems (Newport, UK) was employed for the production of
the composite.

The development and characterization of electrospun PA6 and 25 wt.% TiO2 nanoparticle PA6
modified nanofiber veils was reported in previous work [53]. The characterization showed that
TiO2 nanoparticles are widely dispersed on the surface of the nanofibers, providing the excellent
photocatalytic activity of the veils under UV light irradiation (UV lamp Vl-6-L, from Vilber Lourmat
(Collégien, France). Escherichia coli (E. coli) and other coliform bacteria were removed after 24 h of
contact with the PA6/25 wt.% TiO2 electrospun nanofiber veils when irradiated with UV light.

2.2. Sample Preparation

Theoretical composites with two carbon-fiber plies interlayered with PA6 and PA6/25 wt.% TiO2

electrospun nanofibrous veils were prepared. The veils were included only in the interlaminar region
(Figure 1, configuration 1) or in interlaminar and also in the external layers of the composite (Figure 1,
configuration 2). A composite with two carbon-fiber plies was used as a reference for comparison
purposes. The composites were fabricated by vacuum infusion; where the carbon-fiber is impregnated
by the liquid resin with the catalyst due to the vacuum effect by means of a vacuum bagging film. The
infusion methodology is lineal to induce straight resin flow. DGEBA-DDM stoichiometric formulations
were mixed for 10 min at 80 ◦C under stirring [54–56]. The 80 ◦C temperature was maintained during
the vacuum infusion process through the whole laminate, and a slight increase in the infusion time of
the resin for the composites with PA6 veils modified with 25 wt.% TiO2 was observed. Even though
the veils were porous, the impregnation of all the layers of the composite required more processing
time due to the increased areal weight in the veil modified with the nanoparticles—4.30 g/m2 for the
TiO2 modified nanofibers versus 1.94 g/m2 for the unmodified nanofibers, calculated by weighing a
piece of 10 cm × 10 cm of each veil. The same behavior was observed for the configuration with three
veils. The composites were cured at 90 ◦C for 4 h, ensuring that the veils did not melt during curing.
The incorporation of polyamide nanofiber veils did not affect the curing kinetics of the composite. The
thermal characterization by differential scanning calorimetry (DSC) was performed in a DSC1 module
from Mettler-Toledo (Giessen, Germany) can be found in the Supporting Information (Figure S1 and
Table S1). The resulting composites were cut to the dimensions required for the different experimental
analysis. The thicknesses of the fabricated composites with two carbon-fiber layers were between
0.6–0.7 mm. Following the AITM 1.0005 standard for the fracture test analysis (mode I, mode II),
composites with 14 layers of carbon-fiber with one veil in the interlaminar region were fabricated by
vacuum infusion technique, obtaining a thickness between 3.1–3.6 mm.

Figure 1. Configurations of the developed composites.
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2.3. Characterization Techniques

The non-modified and 25 wt.% TiO2 modified PA6 electrospun nanofiber veils were characterized
by Fourier transform infrared spectroscopy (FTIR) (JASCO, Easton, MD, USA) scanning electron
microscopy (SEM) (Carl Zeiss Microscopy, LLC, Thornwood, NY, USA), thermogravimetric analysis
(TGA) (TA instruments, New Castle, DE, USA), and weight measurements in a previous paper [53].
Moreover, the photocatalytic decomposition of an organic pollutant, Remazol Black B (C.I. Reactive
Black 5), and against E. coli and other coliform bacteria (ISO 7704: 1985) under UV radiation was
also evaluated.

In this work, they were characterized by differential scanning calorimetry (DSC) to determine
the TiO2 nanoparticle influence on the crystallinity of the electrospun nanofibers. DSC measurements
were performed with a Mettler-Toledo DSC1. Two successive temperature heating scans from 0 ◦C to
300 ◦C at 10 ◦C/min were performed. The mechanical properties of the composites were characterized
by different techniques. Dynamic mechanical thermal analysis (DMTA) was performed using Polymer
Laboratories Mark II DMTA equipment (Agilent Technologies, Santa Clara, CA, USA). All composite
samples with PA6 and PA6/25 wt.% TiO2, as well as the reference system, were performed in dual
cantilever mode from−50 ◦C to 200 ◦C at a heating rate of 2 ◦C/min, 64 μm strain, and 1 Hz. Rectangular
samples (10 mm × 35 mm) were directly cut from the composite sheets.

A three-point bending test was used to measure the flexural properties of the different composite
samples using an electromechanical Instron 3369 machine with a load cell of 1 kN and a crosshead speed
of 5 mm/min. Samples were cut to 60 mm× 20 mm, whilst avoiding the slipping of the specimens during
the test. To calculate the flexural strength and deformation, the ISO 14125 methodology was followed.
Mode I interlaminar fracture toughness studies were carried out using double cantilever beam (DCB)
specimens following the AITM 1.0005 standard [57]. The DCB test specimens were prepared with
dimensions of 250 mm × 25 mm and an initial crack length of 25 mm. Each experiment was repeated
three times using a test speed of 10 mm/min; in each test, the specific thickness value was considered.
Load, opening displacement, and crack length were recorded for the energy release rate (GIC, GIIC)
calculation during the tests, as was explained in previous work [28]. The specimens employed in the
analyses are the same three specimens that are tested in mode I. Scanning electron microscopy (SEM)
and a Carl Zeiss SMT Ultra Gemini-II system were used to investigate the cross-sections after flexural
analysis and Mode II fracture test of the composites.

A Microinstant® Coliforms Chromogenic Agar (CCA) kit (Scharlab, Barcelona, Spain) was
employed to perform the antibacterial tests and for the detection of E. coli and coliform bacteria. The
water sample was filtered through a 0.45 μm pore size membrane filter, according to ISO 7704:1985.
The membrane was deposited face up on a plate containing the CCA medium. The plate was incubated
under incubation conditions: 18 h at 36 ± 2 ◦C, followed by 6 h if red or colorless colonies appear
to include possible late reactions of ß-galactosidase or ß-glucuronidase. After the incubation period,
colonies colored from salmon pink to red were counted as Coliform bacteria other than E. coli, and
colonies colored from dark blue to violet as E. coli. The total coliform count corresponds to the sum of
the salmon pink to red colonies and the dark blue to violet colonies. The antibacterial capability of the
TiO2 modified PA6 nanofibers has previously been demonstrated [53].

3. Results and Discussion

3.1. Mechanical Characterization

To analyze the modified veil incorporation effect on the mechanical properties of composites, they
were characterized by flexural, dynamic-mechanical, and fracture tests, along with SEM measurements.

DMTA is commonly used to measure viscoelastic properties like storage modulus (E′), which is
related to the elastic stiffness; loss modulus (E”), which is related to the viscous response; and loss
factor (tan δ), the ratio of the loss to the storage (i.e., the damping), which is related to the energy
dissipation of the material. Figure 2 shows the storage modulus (E′) and tan δ change with respect
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to temperature of the composites reinforced with one and three nanofiber veils of PA6 and 25 wt.%
TiO2 modified PA6. The value of E′ in the glassy zone (low temperatures) is lower for composites
modified with veils. Nevertheless, it must be taken into account that the curing degree achieved was
around 96% at this temperature (Table S1); therefore, the resin was not fully cured. In regard to tan δ,
the first peak observed, above 100 ◦C, was related to the curing process of composites at 90 ◦C. As
the temperature increased, the crosslinking continued, and a second peak was obtained above 150 ◦C,
which corresponds to the Tg∞ of the system. The presence of the veils did not seem to have a clear
improvement in the values of Tg∞, but the systems modified with TiO2 seemed to present a wider
Tg∞ peak as a consequence of a more heterogeneous crosslinking due to the presence of nanoparticles.

Figure 2. Storage modulus and tan δ of composites cured at a temperature of 90 ◦C.

The flexural strength and deformation of the carbon-fiber/epoxy composites with PA6 and 25 wt.%
TiO2 modified PA6 electrospun nanofiber veils were carried out, and the main results are shown in
Table 1 along with the values for reference composites. The experimental curves can be found in the
Supporting Information (Figure S2). Unsurprisingly, the composites did not present delamination
during testing. All composites with both PA6 and 25 wt.% TiO2 modified PA6 presented similar
deformation values, but a clear increase in flexural strength against the reference composite was
observed in all cases. For composites modified with one interlayered veil, an increase in flexural
strength of 19.7% and 24.6% was observed for the composite with PA6 and 25 wt.% TiO2 modified
PA6 electrospun nanofiber veils, respectively. The flexural strength increase is lower for the three veils
specimens with and without titanium dioxide nanoparticles, indicating that veils, on the exterior faces,
did not contribute to the improvement of the flexural mechanical properties.

Table 1. Flexural strength (σmax) and deformation at break (δmax) for composites with PA6 [28] and
25 wt.% TiO2 modified PA6 nanofibrous veils.

Sample σmax (MPa) Δσmax (%) δmax (%)

Reference [28] 375.5 ± 33.2 - 2.2 ± 0.2
1veil PA6 [28] 449.5 ± 10.8 19.7 2.1 ± 0.0

3 veils PA6 [28] 415.4 ± 23.8 10.6 2.1 ± 0.2
1veil PA6 + 25 wt.% TiO2 468.1 ± 32.5 24.6 2.2 ± 0.2

3 veils PA6 + 25 wt.% TiO2 411.5 ± 25.4 9.6 2.1 ± 0.1
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After flexural tests, the fracture surfaces of the specimens were characterized by SEM. Figure 3
shows the interlaminar section of the (a) composite with PA6 veil and (b) composite with PA6 modified
with 25 wt.% TiO2 veil. In both cases, fracture waves of the resin ended in the veil. The thicknesses of
modified and non-modified veils were quite similar, 11 μm for unmodified and 20 μm for 25 wt.%
TiO2 modified PA6 electrospun nanofiber veils, so the increase in flexural strength was due to the
presence of the veil which prevented the propagation of the crack through the epoxydic matrix [58].
As reported in previous work [28], the veils on the external and internal faces of the composite did not
seem to contribute to an improvement of the properties. For composites with one or three veils, the
obtained flexural strength values indicated that the presence of TiO2 nanoparticles in the veils did
not significantly affect the mechanical properties of the composites as initially expected [47–52]. On
the one hand, TiO2 nanoparticles could affect crystallization kinetics of the PA6 polymer, reducing
the mechanical properties of the nanofibers themselves. In order to check if the presence of TiO2

nanoparticles affected the crystallinity of PA6, modified and non-modified nanofiber veils were
analyzed by DSC measurements. The PA6 pristine pellets used for obtaining these veils were also
analyzed for a better result understanding. As can be observed in dynamic tests collected in Figure 4,
the presence of a single melting peak almost between 224–225 ◦C in the first DSC scan of PA6 pellets
reveals the presence of a higher proportion of α-form PA6 and a slight content of γ-form, whose
melting temperatures appear at approximately 220 ◦C and 210 ◦C, respectively. For non-modified
veils, apart from a slight peak at temperatures between 30–100 ◦C which was previously ascribed to
the electrospinning process itself and is attributed to molecular rearrangement of PA6 chains within
nanofibers [28,59,60], changes in PA6 nanofibers’ crystallinity have not been observed, and these
nanofibers present a similar higher amount of α-form crystals (even if a lower crystallization degree
was observed). However, for the TiO2 modified nanofibrous veils, the predominant crystalline phase
observed was the γ-phase crystals of PA6. The γ-phase crystals, the predominant crystalline phase in
the TiO2 modified veil, were a lower stable phase than the α-phase crystals (prevalent in the unmodified
veil). This could have negatively affected the mechanical properties of the nanofibers and, therefore,
we did not observe significant variations in mechanical properties.

 
Figure 3. Scanning Electron Microscopy (SEM) images of (a) composite with PA6 veil and (b) composite
with PA6 modified with 25 wt.% TiO2 veil. The dotted lines show the veil presence on the composites.

On the other hand, the presence of the 25 wt.% TiO2 modified PA6 nanofiber veils in the composite
could affect the crosslinking of the epoxy-amine matrix, as was shown in DMTA measurements
(Figure 2), where a widening in the Tg∞ peak for the composites with the TiO2 modified nanofibers
was observed, indicating a formation of a more heterogeneous structure.
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Figure 4. Dynamic differential scanning calorimetry (DSC) thermograms of the PA6 pellets, PA6 veil,
and PA6 modified with 25 wt.% TiO2 veil; (a) first scan and (b) second scan.

Mode I and Mode II fracture toughness tests were conducted on composites with 14 layers of
carbon-fiber fabric and an interlaminar veil. The experimental results of the GIC tests-load-displacement
and mechanical energy-displacement graphs-obtained for the specimens of composites with PA6 and
25 wt.% TiO2 modified PA6 nanofiber veils, as well as the results of the reference specimen, were
presented in Figure 5, and the results were reported in Table 2. Both the force and the mechanical energy
values were normalized to the specimen width. After an initial drop in load for low displacements in
some of the composites, which was associated to the initiation of the crack propagation, composites
with PA6 and 25 wt.% TiO2 modified PA6 nanofibrous veils present higher load values compared
to the reference composite. Via the load-displacement diagram integration, the mechanical energy
propagation was calculated, confirming the trend. The mechanical energy absorbed during the crack
propagation test was improved by the presence of the veil at the crack opening interface. Also, the GIC

values for both composites with veils were higher than for the reference; approximately 20% and 14%
for the composites with PA6 and 25 wt.% TiO2 modified PA6 nanofiber veils, respectively. However, the
presence of the TiO2 nanoparticles did not seem to contribute to an enhancement of the improvement
already obtained with the unmodified PA6 veil but, rather, the properties were maintained.

 
Figure 5. Mode I test results. Load and mechanical energy normalized to specimen width as a function
of displacement.
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Table 2. Mode I results for composites with PA6 [28] and 25 wt.% TiO2 modified PA6 nanofibrous veils.

Sample Energy (J/m) ΔE% GIC (J/m2) ΔGIC%

Reference [28] 62.7 - 389 ± 12.8 -
PA6 [28] 68.1 8.6 466 ± 72.9 20.0

PA6 + 25 wt.% TiO2 70.2 12.0 444 ± 46.1 14.0

Figure 6 and Table 3 show the experimental results of the Mode II tests for composites with PA6
and 25 wt.% TiO2 modified PA6 nanofiber veils, along with results for reference composites. In Figure 6,
the force values were normalized to specimen width. The veils do not influence the stability of the
composites; thus, the initial linear parts of the curves were similar. However, the effect of the veil
on the load capacity was visible as soon as the crack began to propagate. Comparing the GIIC value
obtained for the reference composite, a 4% of improvement was observed for the composite with the
25 wt.% TiO2 modified PA6 nanofiber veils compared to the reference composite. TiO2 nanoparticles
added to the nanofiber polymer had a small influence on the fracture toughness of the composite, as
the presence of the veil caused crack dispersion.

 
Figure 6. Mode II test results. Load normalized to specimen width as a function of displacement.

Table 3. Mode II results for composites with PA6 [28] and 25 wt.% TiO2 modified PA6 nanofibrous veils.

Sample GIIC (J/m2) ΔGIIC (%)

Reference [28] 2536 ± 257 -
PA6 [28] 2544 ± 304 0.28

PA6 + 25 wt.% TiO2 2636 ± 124 3.95

3.2. Antibacterial Behavior Characterization

The efficiency of the 25 wt.% TiO2 modified PA6 nanofiber veils in E. coli and other coliform
bacteria elimination was previously demonstrated [53]. Therefore, in the present work, whether the
veil maintains this capacity once incorporated into the composite was evaluated. For this purpose, the
configuration 2 (Figure 1) of the composites was selected due to the presence of the veils in the external
layers of the composite, which were in contact with the inoculated water. An area of 4 × 4 cm was
cut from the reference composite, as well as from the composites with three veils of PA6 and 25 wt.%
TiO2 modified PA6 nanofiber veils. The same test procedure, as for the case of the veils, was followed.
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The composites were placed in beakers in contact with 100 mL of artificially inoculated water for 24 h.
In some tests, the beakers were irradiated with UV light, and in others, they were kept in the dark.
After this period, the water in contact with the composites was filtered to determine the presence of E.
coli and other coliform bacteria (ISO 7704: 1985). The plate was incubated with the membrane for
different durations (24 and 96 h) at 36 ± 2 ◦C. Figure 7 shows the final appearance of the membranes
that were used to filter the water in contact with the composites after 24 h and 96 h of incubation.
After 96 h of incubation in an oven, all the membranes which were in contact with composites in dark
environments presented purple-colored colonies of bacteria, indicating the simultaneous action of
the enzymes present in E. coli and coliform bacteria. When the study was done under UV radiation,
a significant reduction in the bacterial concentration was observed. However, the membrane that
was used to filter the water in contact with composites with 25 wt.% TiO2 modified PA6 nanofiber
veils did not present any bacteria when the composite was irradiated with UV light. Therefore, the
photocatalytic effect of the composites was confirmed and can be explained by the presence of part of
the veils on the outer surface of the composites having direct contact with the bacteria. SEM images in
Figure 8 confirm the presence of the TiO2 modified PA6 nanofiber in the external part of the composites
or covered by around 20 μm of resin.

 
Figure 7. Antibacterial tests of composites with three veils of PA6, PA6 modified with 25% TiO2,
and reference.

 
Figure 8. SEM images of the fracture surface of the composite specimens with PA6 modified with 25%
TiO2 veils, (a) external part and (b) covered with resin. The dotted lines show the veil presence on
the composites.

4. Conclusions

The present study aimed to investigate the effect of incorporating 25 wt.% TiO2 modified PA6
electrospun nanofiber veils on the mechanical and functional behavior of carbon-fiber/epoxy composites
manufactured by a vacuum infusion process.
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The mechanical performance of the composites was evaluated by dynamic-mechanical tests,
flexural, and fracture (mode I and II) tests. The incorporation of PA6 electrospun nanofiber veils
increased the flexural mechanical properties. For composites modified with one interleafed veil, an
increase in flexural strength of 19.7% and 24.6% was observed for the composite with PA6 and 25
wt.% TiO2 modified PA6 electrospun nanofiber veils, respectively. As the thickness of unmodified
and modified veils was similar in the composites—11 μm for unmodified and 20 μm for 25 wt.% TiO2

modified PA6 electrospun nanofiber veils—the increase in flexural strength was ascribed to the crack
deflection capability of the veils. When 25 wt.% TiO2 modified PA6 electrospun nanofiber veils were
included in the composites, flexural strength values did not significantly increase compared to the
results obtained for composites with unmodified veils. Initially, it was expected that TiO2 modified veils
would increase flexural strength to a greater extent than unmodified veils. However, TiO2 nanoparticles
could affect the crystallization of PA6, reducing the mechanical properties of the nanofibers themselves,
as the γ-phase crystals (prevalent in the TiO2 modified veil) were less stable than the α-phase crystals
(prevalent in the unmodified veil). Also, a negative effect of modified veils in the crosslinking structure
of epoxy-amine network could contribute to this fact, as more heterogeneous networks were observed
by DMTA for composites with 25 wt.% TiO2 modified PA6 electrospun nanofiber veils. For composites
modified with three veils, the veils on the external faces of the conceptual composites did not contribute
to an improvement of the flexural properties. Concerning the fracture behavior of composites, the GIC

values for composites with veils were higher than for the reference; approximately 20% and 14% for
the composites with PA6 and 25 wt.% TiO2 modified PA6 nanofiber veils, respectively. However, the
GIIC values of composites with veils were similar to values for reference composites. In every case, the
presence of the TiO2 nanoparticles had a small influence on the fracture toughness of the composites.

The incorporation of 25 wt.% TiO2 modified PA6 nanofiber veils with already proven antibacterial
properties in the external surface of composites resulted in composites with antibacterial properties
when irradiated with UV light due to the photocatalytic effect of TiO2 nanoparticles. This is due to
the presence of the veils on some areas of the outer surface of the composites, as confirmed by SEM.
The tested antibacterial capacity of composites against E. coli and other coliform bacteria could allow
their use to be extended to applications where materials come into contact with microorganisms. For
example, it could be used in marine applications, where the presence of fouling is a serious economic
and safety problem; or in applications related to contact with people, such as the transport sector,
sanitary sector, or food industry with applications in panels, containers, counters, or elements in
contact with food in order to avoid the proliferation of dangerous bacteria.
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Figure S1: DSC thermographs of the composites with PA6 and PA6 modified with with 25 % TiO2 veils (a) 1st
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composites with PA6 and PA6 modified with with 25 % TiO2 veils.
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Abstract: Acute thrombosis remains the main limitation of small-diameter vascular grafts (inner
diameter <6 mm) for bridging and bypassing of small arteries defects and occlusion. The use of
hydrogel tubes represents a promising strategy. However, their low mechanical strength and high
swelling tendency may limit their further application. In the present study, a hydrogel vascular graft
of Ca alginate/polyacrylamide reinforced with a braided fiber strut was designed and fabricated
with the assistance of a customized casting mold. Morphology, structure, swellability, mechanical
properties, cyto- and hemocompatibility of the reinforced graft were characterized. The results
showed that the reinforced graft was transparent and robust, with a smooth surface. Scanning electron
microscopic examination confirmed a uniform porous structure throughout the hydrogel. The swelling
of the reinforced grafts could be controlled to 100%, obtaining clinically satisfactory mechanical
properties. In particular, the dynamic circumferential compliance reached (1.7 ± 0.1)%/100 mmHg for
50–90 mmHg, a value significantly higher than that of expanded polytetrafluoroethylene (ePTFE)
vascular grafts. Biological tests revealed that the reinforced graft was non-cytotoxic and had a low
hemolysis percentage (HP) corresponding to (0.9 ± 0.2)%. In summary, the braided fiber-reinforced
hydrogel vascular grafts demonstrated both physical and biological superiority, suggesting their
suitability for vascular grafts.

Keywords: hydrogel; vascular graft; braided fiber strut; swellability; mechanical property

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of human mortality worldwide, and the
population of CVD patients has been increasing exponentially [1,2]. Polyethylene terephthalate
(PET) and expanded polytetrafluoroethylene (ePTFE) are the most commonly used materials for
large-diameter vascular grafts, such as an endovascular stent and graft [3,4]. However, small-diameter
vascular grafts (inner diameter <6mm), which are highly demanded coronary artery bypasses for
grafting or substituting lower limb arteries, are prone to causing thrombus formation, stenosis,
pseudo-endothelial hyperplasia, and consequent luminal occlusion [5–7]. Thus, current commercial
products are still far from ideal, and thrombosis is the primary issue limiting their intermediate and
long-term utility [8].

Tissue-engineered small-diameter vascular grafts (TESDVGs) have demonstrated to be promising
for CVD treatment and have been extensively explored in the past few decades [9]. Among the
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critical elements of TESDVG (e.g., scaffolds, cells, and growth factors (GFs)) [10], fabrication of
a porous scaffold is relatively straightforward using established methods such as freeze-drying,
phase separation, particulate leaching, gas foaming, and so on [11–13]. However, it remains a
significant challenge to identify the appropriate cells for regenerating new extracellular matrix close
to the native one, while preventing programmed cell death or apoptosis during implantation [14].
Furthermore, the involvement of multiple GFs in the spatiotemporal regulation of cellular activities also
determines the necessity of synergistically incorporating these GFs in the creation of TESDVGs [15,16].
Up to date, it is not yet imaginable to design and construct a GF-induced, orchestrated cascade system.
In vitro dynamic culture could help improve the functionality of TESDVGs [7]. However, deviation
from in vivo circumstances in terms of mechanical and biological environments occurs. There is still a
long way to go for TESDVGs before their broad adoption for clinical applications.

Because of their hydrophilicity and biocompatibility, hydrogels have found multifaceted
applications in biomedicine [17,18], for example, as scaffolding materials for tissue formation,
vehicles for drug and growth factor delivery [19–22], protection layer for encapsulated cells [23–25],
and so on [21,26,27]. In particular, in consideration of their anti-coagulation and hemocompatibility [28],
hydrogels may find great use in vascular grafts. However, some associated weaknesses such as poor
mechanical properties and high swelling capacities should be addressed. Thus, increasing efforts have
been made to improve the mechanical properties and control the swellability of hydrogels [29,30].

An ideal small-diameter vascular graft should have specific features concerning mechanical
properties (suture retention, longitudinal and circumferential compliance, tensile and compressive
strength, and so forth), biological performance (cyto- and hemocompatibility), blood permeability,
biodegradability, morphological and structural stability, ease for processability, sterilization, packaging,
storage, and transit performance. Therefore, in the present study, sodium alginate and acrylamide
(AAm) were employed to fabricate an interpenetrating double-network hydrogel with a three-step
process modified by a previous method [29,31–33]. By combination with a PET braided fiber strut,
the mechanical properties of the hydrogel tube were enhanced significantly to meet the operational
requirements in terms of tensile strength, tensile elongation, circumferential compliance, compressive
strength, and suture retention. Furthermore, the swellability and inner diameter of the reinforced
hydrogel vascular grafts could be maintained in an aqueous environment within the test time.
As expected, the reinforced hydrogel tubes exhibited high cytocompatibility and meager hemolysis
percentage (HP).

2. Materials and Methods

2.1. Design and Fabrication of a 3D Casting Mold

A stainless-steel casting mold was explicitly designed and fabricated to form a braided fiber
strut reinforced hydrogel vascular graft. Briefly, the mold was composed of seven parts, i.e., base,
base adaptor, lower adaptor, upper adaptor, rod, and two half pipes (Figure 1). The inner and outer
diameters of the reinforced graft were designed to be 6 and 12 mm, respectively. Thus, the diameter of
the rod was 6 mm. The outer diameters of the lower and upper adaptors and the inner diameter of the
braided fiber strut were the same, i.e., 9 mm.

2.2. Preparation of the Ca Alginate/Polyacrylamide Hydrogel

The Ca alginate/polyacrylamide (PAAm) hydrogels were prepared as described previously [29]
with some modifications. Three steps were involved. First, acrylamide (AAm) and sodium alginate
(SA) were dissolved to form an aqueous solution. Ammonium persulfate (APS) as a photo-initiator,
N, N’-methylenebisacrylamide (MBAA) as a crosslinker, and N, N, N’, N’-tetramethylethylenediamine
(TEMED) as an accelerator for polyacrylamide, were mixed into the aqueous solution to form a
pre-gel. Second, the pre-gel was immersed into 1.0 M CaCl2 aqueous solution to crosslink the alginate.
Third, the crosslinked hydrogel was soaked in distilled water for 12 h to remove the residual monomers
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and finally obtain the Ca alginate/polyacrylamide hydrogel. The concentrations used were as follows:
16.8% (w/v) for AAm, 2.3% (w/v) for SA, 0.1% (w/v) for APS, 0.01% (w/v) for MBAA, and 0.09% (w/v) for
TEMED. Various immersion times (3h, 4h, 5h, and 6h) of CaCl2 aqueous solution were tested to identify
the optimum crosslinking time, and the samples were correspondingly labeled as S1, S2, S3, and S4.
All the raw materials were provided by Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.

Figure 1. Schematic diagram of the stereo-casting mold.

2.3. Scanning Electron Microscopy (SEM) of the Hydrogels

The hydrogels with a size of 30 mm × 3 mm × 3 mm were freeze-dried by liquid nitrogen and
broken into half for exposure of cross sections to SEM. Gold powder was sprayed on the samples prior
to microscopy. A scanning electron microscope (TM 3000, Hitachi, Tokyo, Japan) was used to examine
the microscopic morphology of the hydrogels. The accelerating voltage was 15 kV.

2.4. Volume Swellability of the Hydrogels

Swellability can be characterized by the swelling ratio in weight and in volume [30,34]. Since the
focus of the present work was to attain a vascular graft with higher mechanical properties and lower
swellability to maintain a constant diameter during implantation, the swelling ratio in volume was
more important. The swelling ratio (SR) in volume was calculated according to Equation (1) [30]:

SR(%) =
V
V0
× 100 (1)

where SR is the swelling ratio, V is the hydrogel volume upon swelling equilibrium, and V0 is the
initial hydrogel volume.

For measurement, the as-prepared hydrogels were cut into strips with a size of
50 mm × 20 mm × 3 mm. Volumes could be calculated by measuring the length, the width, and the
height of the bulk hydrogels.

2.5. Tensile Strength and Elongation of the Hydrogels

The tensile strength of the hydrogels was tested on an automatic versatile mechanical property
tester (YG(B)026G-500, Darong Textile Instrument Co., Ltd., Wenzhou, China) following the Chinese
National standard GB/T 528-2009. The hydrogels reaching swelling equilibrium (swelling for 24 h)
were cut into strips with a size of 50 mm × 20 mm × 3 mm, the gap was set to 25 mm, and the stretching
speed was set to 500 mm/min.
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2.6. Design and Fabrication of a Braided Fiber Strut

PET monofilaments (medical grade) with a diameter of 0.25 mm (Suzhou Suture Needle Company,
Suzhou, China) were braided with a 32-bobbin braiding machine to form a tube with the inner diameter
of 9 mm. The braided fiber strut on a rod was then heated at 190 ◦C for 10 min. Varying braiding
angles (50◦, 55◦, and 60◦) were chosen to adjust the strain of the braided fiber strut to match the strain
of the hydrogel tube. Deformation of the braided fiber strut and of the hydrogel tube and their hybrid
were evaluated using diameter reduction rate (DR) %, which was calculated following Equation (2):

DR(%) =
Di −Dd

Di
× 100 (2)

where DR (%) is the diameter reduction rate (%), Di is the initial inner diameter of a tube, and Dd is the
inner diameter of the tube when strained at 50%.

2.7. Fabrication of Braided Fiber Strut-Reinforced Hydrogel Vascular Grafts

With the assistance of a mold, a braided fiber strut reinforced hydrogel vascular graft was
fabricated from the Ca alginate/polyacrylamide hydrogel and PET strut (Figure 2). Briefly, the braided
fiber strut was wrapped around the rod, and both ends of the braided fiber strut were tied to the upper
adaptor and the lower adaptor. Two half pipes were combined to form a complete pipe outside the
braided fiber strut, and then the pre-gel aqueous solution was poured into the cavity between the rod
and the pipe. Upon pre-gelation, the two half pipes were removed, and the pre-gel structure was
soaked into 1.0 M CaCl2 aqueous solution for crosslinking, followed by water immersion to remove the
residuals. Actually, the pre-gel was a network of PAAm embedding alginate chains. Afterward, the rod,
the upper adaptor, and the lower adaptor were removed to release the braided fiber strut-reinforced
hydrogel vascular grafts.

Figure 2. Schematic illustration of the preparation process of the reinforced hydrogel vascular
graft. APS: ammonium persulfate, MBAA: N, N’-methylenebisacrylamide, TEMED: N, N, N’,
N’-tetramethylethylenediamine.

2.8. Mechanical Properties of the Reinforced Grafts

The mechanical properties of the reinforced graft were similarly tested for tensile strength,
dynamic circumferential compliance, compressive strength, and suture retention force as previously
described [35,36]. Briefly, the tensile strength was longitudinally tested on an automatic versatile
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mechanical property tester (YG(B)026G-500, Darong Textile Instrument Co., Ltd., Wenzhou, China)
by Chinese national standard GB/T 528-2009. The maximum strain was set to 50%. The dynamic
circumferential compliance was tested under a sinusoidal wave formed at a 1 aHz frequency with a
BioDynamicTM Test Instrument (Bose Corporation, The Mountain Framingham, MA, USA) using the
following three pressure ranges: 50–90, 80–120, and 110–150 mmHg, in accordance to the standard
ISO 7198:2016. The compressive strength was circumferentially tested on a specially designed radial
compression measuring apparatus (Model LLY-06D, Laizhou Electronic Instrument Co., Ltd., Laizhou,
China) according to ISO 25539-2:2012. The presser foot of the apparatus was 5 mm in diameter,
and the reinforced graft was compressed to 50% of the outer diameter and then released at the same
rate of 10 mm/min. The displacement of the presser foot was recorded to calculate elastic recovery.
The suture retention force was measured on a universal mechanical property tester (Model YG-B 026H,
Laizhou Electronic Instrument Co., Ltd., Laizhou, China) following the standard ISO 7198: 2016. A 2-0
braided polyester suture (Jinhuan Medical Supplies Co. Ltd., Shanghai, China) was used. The suture
was passed through the reinforced graft at the site exactly 2 mm away from the edge of the end.
Then, the suture was pulled at a speed of 50 mm/min until the specimen failed. Tubular hydrogels
were also prepared and characterized as control samples.

For the swellability tests, the grafts were cut into segments with a size of 50 mm in length. Volumes
could be calculated by measuring the inner and outer diameters of the tubes.

2.9. In Vitro Cytotoxicity Assay of the Reinforced Grafts

Porcine iliac artery endothelial cells (PIECs, Cell Bank, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences, Shanghai, China) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% fetal bovine serum and 1% penicillin/streptomycin (complete culture media, Thermo
Fisher Scientific, Carlsbad, CA, USA) in a 37 ◦C, 5% CO2 environment. Conditioned cell culture media
(CM) was prepared by incubating the reinforced grafts in the media for 24 h to determine the effect of
grafts eluates on PIECs. According to the standard ISO 10993-12:2012, 1 g of the reinforced graft was put
into 10 mL cell culture media in a 37 ◦C, 5% CO2 environment to prepare CM. The WST (water-soluble
tetrazolium) assay was performed with CCK-8 (Yeasen Biotechnology Co., Ltd., Shanghai, China)
according to the manufacturer’s instructions. In total, 2000 cells/well were seeded in 100 μL complete
culture media in 96-well plates for 4 h before changing to 100 μL CM. The absorbance was measured at
450 nm using a BioTek plate reader (BioTek, Winooski, VT, USA). Relative proliferation rate (RPR, %)
was calculated on the basis of optical density values by equation (3):

RPR(%) =
ODs

ODc
× 100 (3)

where ODs is the absorbance of the sample, and ODc is the absorbance of the negative controls.

2.10. Hemolysis Test of the Graft

Fresh whole blood obtained from New Zealand white rabbits’ ear veins was anticoagulated
and utilized to test the hemolytic performance of the reinforced grafts. The blood was centrifuged
(Biofuge Primo Model R centrifuge, Thermo Fisher Scientific, Carlsbad, CA, USA) and washed with
PBS five times following standard procedures as reported [37,38]. A volume of 1 mL of red blood
cells (RBCs) was suspended in 34 mL PBS. Then, 0.2 mL of the RBCs suspension was transferred
to a 5 mL Eppendorf tube, which was filled with either 0.8 mL of deionized water as the positive
control, or PBS buffer as the negative control. The reinforced graft samples were incubated in the
suspension containing 0.2 mL of diluted RBCs and 0.8 mL of PBS buffer at 37 ◦C for 2 h, followed
by centrifugation for 3 min at 10,000 rpm with an Eppendorf 5415 Model R centrifuge (Eppendorf,
Hamburg, Germany). Then, the optical density of the supernatant was determined by a Perkin Elmer
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Lambda 25 UV–visible spectrophotometer (Perkin Elmer, Waltham, MA, USA) at 540 nm. The HP was
calculated using Equation (4) [39,40]:

HP(%) =
Ds −Dnc

Dpc −Dnc
× 100 (4)

where Ds is the absorbance of the sample, and Dpc and Dnc are the absorbances of the positive and
negative controls, respectively.

2.11. Statistical Analysis

All data obtained in the present work were expressed as mean ± standard deviation (SD),
and a significant difference was analyzed using ANOVA and unpaired student t-test; p < 0.05 was
considered significant.

3. Results and Discussion

3.1. Morphology and Porous Structure of the Ca Alginate/Polyacrylamide Hydrogel

The Ca alginate/polyacrylamide hydrogel prepared in the present work was transparent and
smooth (Figure 3a). The hydrogel was stretchable, flexible and elastic when tested for tensile and
compressive strength. SEM examination revealed a porous structure of the hydrogel (Figure 3b).
A wide range of pore size (pore area), i.e., 287–6150 μm2 was measured, and the average pore size
was 3556 ± 995 μm2 (Figure 3c). In the present work, the as-prepared pre-gel was soaked in a CaCl2
aqueous solution for gelation instead of adding the CaCl2 solution into the mixed solution [41] or
soaking in the CaSO4·2H2O aqueous solution [29], so the gelation rate could be tuned, which led to a
homogeneous hydrogel.

 
Figure 3. Images of the Ca alginate/polyacrylamide hydrogels (a), SEM microphotograph of a cross
section (b) and distribution of the pore sizes (c).

3.2. Tensile Strength of the Ca Alginate/Polyacrylamide Hydrogel

A series of tensile tests were performed on the hydrogels with different immersion times (S1: 3h,
S2: 4h, S3: 5h, and S4: 6h) to determine the optimal crosslinking time. Figure 4 shows the results
of the tensile breaking strength and tensile breaking elongation of four types of hydrogel (S1–S4)
(n = 3). The tensile breaking strengths of S1 and S2 decreased significantly after reaching the swelling
equilibrium compared to those of the as-prepared hydrogels (Figure 4a). Meanwhile, a significant
increase in water content and volume were seen for S1 and S2 hydrogels upon reaching the swelling
equilibrium. While no apparent changes were observed for S3 and S4 before and after swelling
equilibrium, the tensile breaking strength of S3 was much higher than those of S1 and S2. This
phenomenon could be explained by the fact that the ionic crosslinking increased over prolonged
immersion times till 5 h, and then the crosslinking of G blocks of alginate with Ca2+ reached its plateau
by 5 h; as a result, the tensile strength increased with the increase of the crosslinking degree.

Figure 4b shows that the tensile breaking elongations of the four hydrogels decreased significantly
because of swelling compared to those of the as-prepared hydrogels. However, no significant difference
was identified among four hydrogels either before or after swelling, suggesting that the immersion
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time in CaCl2 solution had a minimal effect on the elongation performance of the hydrogels. On the
one hand, the amount of Ca2+ was meager for crosslinking; on the other hand, the influence of the
difference of immersion time on crosslinking saturation could not be shown, since 3 h might be enough
for almost complete crosslinking. Combined with the above results, the optimal immersion time
selected was 5 h.

Figure 4. Results of the tensile breaking strength and tensile breaking elongation tests of four hydrogels
(S1: 3h; S2: 4h; S3: 5h; S4: 6h). (a) Tensile breaking strength. (b) Tensile breaking elongation; * means
significant difference at p < 0.05, AP: as-prepared hydrogels, SE: hydrogels at swelling equilibrium.

3.3. Volume Swellability of the Ca Alginate/Polyacrylamide Hydrogel

Representative swelling properties of the hydrogels as a function of time in deionized water are
presented in Figure 5a. The results showed that the swelling ratios of all four types of hydrogels
increased as a function of the immersion time (3 to 6 h) in deionized water until equilibrium. Meanwhile,
the equilibrium times for hydrogels S1, S2, S3, and S4 were determined as 12, 12, 0, and 0 h, respectively.
In other words, no volume changes were found for S3 and S4; that is, the swelling ratios were 100%.
Figure 5b showed that the swelling ratios of S1 and S2 were significantly higher than those of S3 and
S4 when they reached the swelling equilibrium. This observation indicates that vascular grafts derived
from both S3 and S4 would have satisfying structural stability, and the volume and configuration
(e.g., the inner diameter) would remain constant. This point is of critical importance for hydrogel-based
vascular grafts, especially for small-diameter vascular grafts, as any subtle change to the diameter
of vascular grafts may evoke enormous turbulence of the blood flow, which would induce acute
thrombosis and, consequently, luminal occlusion [41]. These results are in good agreement with those of
the mechanical properties. In combination, S3 would be an excellent choice to fabricate small-diameter
vascular grafts possessing not only robust mechanical properties but also constant structural stability,
suitable for in vivo implantation. Hence, S3 was selected for the following experiments.

 
Figure 5. Swellability of four hydrogels. Processes of approaching the swelling equilibrium (a),
equilibrium swelling ratios (b) (* p < 0. 05).
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3.4. Fabrication of Strut-Reinforced Hydrogel Vascular Grafts

With the assistance of a customized stainless-steel casting mold (Figure 6a), hydrogel-based
vascular grafts (Figure 6d) reinforced with a braided fiber strut (Figure 6b) could be fabricated.
To maintain the integrity between hydrogel and fiber strut, it became necessary to assure a similar
deformation behavior of hydrogel tubes and fiber struts. In this regard, several fiber struts with
different braiding angles (Table 1) were chosen and compared to S3 hydrogel tubes. In consideration of
the typical shrinking rate of a native blood vessel of about 33% [42], an elongation rate of 50% was
used for the tensile test. As shown in Table 1, the braided fiber strut with a braiding angle 55◦ had a
deformation comparable to that of the S3 hydrogel tube (Table 1, n = 3). Therefore, this braided fiber
strut was selected to fabricate reinforced hydrogel vascular grafts for the following experiments.

Table 1. Diameter reduction rate (%) of the braided fiber struts and S3 hydrogel tubes.

Number Braiding Angle (◦) Diameter Reduction Rate (%)

1 50 ± 0.5 26.52 ± 0.64
2 55 ± 0.5 18.73 ± 0.68
3 60 ± 0.5 7.98 ± 0.22

S3 / 18.14 ± 0.94

Figure 6. Images of the stereo-casting mold (a), braided polyethylene terephthalate (PET) tube (b),
hydrogel tube (c), and reinforced hydrogel graft (d).

With the desired hydrogel and braided fiber struts, strut-reinforced hydrogel vascular grafts could
be readily fabricated. During the fabrication, the inner diameter of the vascular graft and the thickness
of the wall could be precisely adjusted and controlled by adjusting the mold parameters. Moreover,
the braided fiber strut could be positioned in the middle, inner, or outer layer of the wall. Compared to
other crimp small-diameter vascular grafts made of PET and ePTFE, a prominent advantage of the
vascular graft described in the present work is that the lumen would not close while bending even
without a crimp wall, because its morphology is similar to that of a native blood vessel possessing
a layered thick and elastic wall. Hydrogel tubes without a braided fiber strut (Figure 6c) were also
fabricated as controls.

3.5. Mechanical Properties of the Strut-Reinforced Hydrogel Grafts

Native blood vessels are strained inside the body and they are shortened upon cut-off from the
primary site, e.g., the length of a swine carotid artery is reduced to 2/3 of its original length upon
cut-off from the body [42]. Therefore, the length of an implanted vascular graft should refer to the
original length of a target native blood vessel, and, ideally, the graft should have the same elongation
rate as the native vessels. The tensile properties of the reinforced grafts were evaluated, setting the
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strain to 50%. The results showed that the incorporation of a braided fiber strut significantly improved
the mechanical properties of the grafts (Figure 7), and the reinforced graft could almost completely
recover to its original shape upon relief of the force. More importantly, a simultaneous response of the
braided fiber strut and the hydrogel tube was invariably found, without any mismatch or interfacial
separations. The measured stress of the reinforced grafts was almost the sum of those of the braided
fiber strut and of the hydrogel tube and reached 201.3 ± 6.91 kPa with a set strain of 50%, close to but
still higher than that of a swine carotid artery (p < 0.05) (Figure 7 inset). This observation implies that
the strut-reinforced grafts can meet the tensile strength requirements for clinical application.

 
Figure 7. Strain—tress tensile curves of the strut-reinforced hydrogel grafts, hydrogel tubes, and braided
fiber struts. Inset: results of the quantitative analysis.

The compliance of a vascular graft plays a pivotal role in maintaining a healthy blood flow,
avoiding abnormal tissue hyperplasia and thrombosis [43,44]. However, the compliance of the existing
vascular grafts made of either PET or ePTFE was low, corresponding to less than 1% [41], which partly
accounts for the unsuitability of such grafts for small-diameter vessels [45]. The circumferential
compliances of the reinforced graft, hydrogel tube, and a commercial ePTFE vascular graft were
respectively tested according to the standard ISO 7198: 2016 on the BOSE platform under three spans
of pressures, i.e., 50–90, 80–120, and 110–150 mmHg. The measurement revealed that the compliances
of the hydrogel tubes and the reinforced grafts were much higher than that of the ePTFE vascular
grafts (p < 0.05) in all three pressure conditions, despite a decreased compliance of the reinforced
grafts by the braided fiber strut (Figure 8). The compliance of reinforced hydrogel grafts under a
pressure of 50–90 mmHg reached (1.7 ± 0.1)%/100 mmHg, significantly higher than that of the ePTFE
vascular grafts, indicating the superiority of reinforced hydrogel grafts for the substitution or bypass
of small-diameter blood vessels.

In addition to the tensile strength, the compressive strength of both the hydrogel tube and the
reinforced graft was tested. As shown in Figure 9, the incorporation of the braided fiber strut in the
reinforced grafts significantly increased the compressive strength of the grafts, demonstrating the
vital role of the braided fiber strut in strengthening the radial mechanical properties. Upon relief after
compression to 50% of the outer diameter, the radial elastic recovery could reach (90.1 ± 1.3)%.
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Figure 8. Circumferential compliance of the hydrogel tubes, strut-reinforced hydrogel grafts, and an
approved expanded polytetrafluoroethylene (ePTFE) vascular graft (n=3).

 
Figure 9. Compressive strength of the strut-reinforced grafts and hydrogel tubes.

Considering suturing is the first step of surgery, suture retention force is another essential
parameter for the mechanical characterization of vascular grafts. Thus, a vascular graft should be
able to suture to the native blood vessels. The suture retention force measurement showed that the
reinforced graft yielded 8.4 ± 0.5 N retention force, remarkably higher than those of a canine femur
artery (7.9 ± 0.4 N, p < 0.05) [46] or of hydrogel tubes (6.8 ± 1.3 N, p < 0.05). This finding implies that
the braided fiber strut would be the dominant contributor to strengthen the suture retention force.
Taken together, it becomes clear that the reinforced grafts can not only meet the mechanical need for
surgery but also provide satisfactory structural flexibility.

3.6. Swellability of the Strut-Reinforced Vascular Grafts

The swellability of grafts, especially upon implantation, is critical to graft stability [47].
Thus, the swellability and inner diameter of hydrogel (S3) tubes and braided fiber strut-reinforced
vascular grafts were evaluated for 24 h. As shown in Figure 10, the swellability and inner diameters
of both samples kept constant. The swellability remained 100% for the entire testing period, with no
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volume changes. The inner diameters also remained regularly at 6.5 mm. These observations indicate
that the strut-reinforced vascular grafts would maintain their structural stability during implantation.

 

Figure 10. Evolution of swellability in volume and inner diameters of the reinforced hydrogel grafts
and hydrogel tubes over time.

3.7. In Vitro Cellular Viability of the Strut-Reinforced Vascular Grafts

Strut-reinforced vascular grafts sterilized by autoclave were incubated in cell culture media
for 24 h to prepare the conditioned cell culture media (CM). PIECs were divided into two groups,
i.e., graft-incubated group (CM) and control group (CG, complete culture media). The cells cultured in
either CM or CG media for 1, 3, and 5 days were analyzed with the WST assay. As shown in Figure 11,
the optical density (OD), proportional to the cell number, increased over the culture time, and the
relative proliferation ratio (RPR, %) in CM and CG for 1, 3, and 5 days was 81.3%, 90.6%, and 93.7%,
respectively. On the basis of the criteria for cytocompatibility [48], the strut-reinforced vascular graft
can be defined as non-cytotoxicity, consistently with previously reported results [31].

 

Figure 11. Results of cell culture in conditioned cell culture media (CM) and complete culture media.
RPR: relative proliferation ratio.

3.8. Hemolysis Percentage of the Reinforced Graft

Vascular grafts are also required to be hemocompatible. HP is usually used to evaluate the
destructive properties of biomaterials with respect to erythrocytes, especially for blood contact
biomaterials [49]. The results of the hemolysis tests for the strut-reinforced graft showed that its
HP was as low as (0.9 ± 0.2)%. Thus, it can be considered as a non-hemolytic material according
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to the standard ASTM F756-00, where the non-hemolytic range is defined as 0–2% [50,51]. On the
basis of both biological test results, the strut-reinforced vascular graft showed satisfactory cyto-
and hemocompatibilities. In summary, the newly developed vascular grafts have not only robust
mechanical properties but also stable structure and excellent biocompatibility. In particular, they have
a much higher circumferential compliance and lower swellability in volume.

4. Conclusions

A braided PET tubular strut-reinforced Ca alginate/polyacrylamide hydrogel vascular graft
was fabricated with the assistance of a customized 3D casting mold. The mechanical properties
concerning tensile strength, tensile elongation, dynamic circumferential compliance, compressive
strength, and suture retention performance of the strut-reinforced grafts were improved significantly
in comparison to native blood vessels and ePTFE prostheses. Furthermore, the shape of
strut-reinforced grafts could be maintained upon prolonged incubation in an aqueous environment.
Thus, this strut-reinforced graft holds great promise to meet the necessary requisites for clinical
operations. More importantly, it has a satisfying cytocompatibility, hemocompatibility, suturing
retention, and dynamic circumferential compliance. The present work paves the way to develop a new
product-oriented small-diameter vascular graft.
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Abstract: Implant anchorage remains a challenge, especially in porous osteoporotic bone with
high osteoclast activity. The implant surface is modified with osteogenic molecules to stimulate
osseointegration. Strontium (Sr) is known for its osteogenic and anti-osteoclastogenic effects. In this
study, Sr was immobilized on a titanium (Ti) surface using bioinspired polyphenol tannic acid (pTAN)
coating as an ad-layer (Ti-pTAN). Two separate coating techniques were employed for comparative
analysis. In the first technique, Ti was coated with a tannic acid solution containing Sr (Ti-pTAN-1Stp).
In the second method, Ti was first coated with pTAN, before being immersed in a SrCl2 solution to
immobilize Sr on Ti-pTAN (Ti-pTAN-2Stp). Ti-pTAN-1Stp and Ti-pTAN-2Stp augmented the alkaline
phosphatase activity, collagen secretion, osteocalcin production and calcium deposition of MC3T3-E1
cells as compared to those of Ti and Ti-pTAN. However, osteoclast differentiation of RAW 264.7,
as studied by TRAP activity, total DNA, and multinucleated cell formation, were decreased on
Ti-pTAN, Ti-pTAN-1Stp and Ti-pTAN-2Stp as compared to Ti. Of all the substrates, osteoclast activity
on Ti-pTAN-2Stp was the lowest. Hence, an economical and simple coating technique using pTAN
as an adlayer preserved the dual biological effects of Sr. These results indicate a promising new
approach to tailoring the cellular responses of implant surfaces.

Keywords: osteoporosis; strontium; polyphenol tannic acid; titanium; osteoblasts; osteoclasts

1. Introduction

Low bone mineral density and altered microarchitecture are prominent characteristics of
osteoporotic bone, especially in post-menopausal, elderly women [1]. Apart from being susceptible to
fractures, the porous architecture of fragile osteoporotic bones affects the anchorage of screws, leading
to post-surgical complications and implant failures [2]. Balanced regulation of osteoblast and osteoclast
activity in the peri-implant region is crucial for successful osseointegration [3,4]. Thus, the surfaces of
implants were functionalized with osteogenic molecules to promote bone-implant integration [5,6].
The physiochemical properties of the implant surface, such as roughness, topography and chemical
modifications, play a crucial role in modulating the activity of bone cells at the bone-implant interface,
and hence, influence osseointegration [7–9]. Surfaces were also functionalized with bone morphogenetic
protein-2 (BMP-2), BMP-7, vascular endothelial growth factor and hydroxyapatite to regulate the
cellular behavior on the implant surface and augment ossteointegration [6,10–12]. Anti-osteoporotic
drugs, such as bisphosphonates, have gained research interest in surface science by demonstrating an
improvement of bone-implant integration in osteoporotic rats [13]. Yet, atypical fractures caused by
bisphosphonates remain a concern [14].
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Strontium ranelate was shown to augment bone mineral density and reduce the risk of fragility
fractures in post-menopausal, elderly women [15,16]. Along with long-term beneficial effects,
the medication was cost-effective and was approved in Europe for osteoporosis treatment [16].
Oral administration of strontium ranelate to ovariectomized rats reduced osteoporosis-induced bone
loss, while bone quality was preserved [17]. At a cellular level, the effects of Sr are cell specific.
For instance, the differentiation of osteoblasts improved with strontium ranelate, whereas osteoclast
activity was impeded by strontium ranelate treatment [18]. These established the suitability of the
dual actions of strontium (Sr) for osteoporotic bone. Apart from oral administration, research has been
carried out to immobilize Sr on implant surfaces [19]. A titanium surface was functionalized with
strontium-substituted hydroxyapatite (HA) by electrochemical deposition, which boosted implant
integration in osteopenic rats [20]. In another study, a Ti surface modified with Sr-loaded nanotubules
promoted new bone formation and improved bone-implant contact in an in vivo rat model [21]. In a
comparative analysis, HA, substituted with three different osteogenic metals, i.e., zinc, magnesium and
strontium, was coated onto a Ti surface by electrochemical deposition [22]. All metal-HA substitutions
revealed improved osseointegration in osteopenic rats as compared to that of unsubstituted-HA, with
the osteopromotive effect of Sr being the highest of all. Because of the osteopromotive effects of Sr,
in this study, Sr was shortlisted to functionalize Ti via an economical and facile coating technique using
a bioinspired polyphenol coating.

Surface modification of bone implants is evolving from coating with passive materials having a
composition similar to bone to the immobilization of active compounds via coatings which trigger
desired biological responses and result in rapid and permanent implant fixations within native
bone. Recently, bioinspired coatings were achieved using natural polyphenols such as polyphenol
tannic acid (pTAN) [23]. These molecules oligomerized by successive autooxidation reactions. Thus,
the formed oligomers have reduced solubility and a high affinity for surfaces on which to be deposited.
Polyphenols form complexes with metal ions, providing the stability that is dependent on pH and
valency states of the metal ions [24]. For example, metals ions (sodium) from a reaction buffer used
for the coating were detected in the surface coatings of pTAN. The concentration of these metal ions
influences the kinetics of pTAN coating, suggesting that apart from oxidation reactions, metal ion
coordination bonds are involved in the coating process [25]. In a separate study, pTAN was shown to
coat different surfaces rapidly by forming pH-dependent coordination bonds with Fe(III) ions [26].
Apart from the ability of pTAN to interact with metal ions, pTAN coatings possess anti-bacterial and
anti-oxidant properties [23]. Moreover, U.S. Food and Drug Administration classifies tannic acid as
generally regarded as safe (GRAS). These findings outline the advantages of using pTAN as an adlayer.

Consequently, this study exploited the metal binding capability of pTAN coating to immobilize
Sr2+ on Ti. The potency of the immobilized Sr was monitored by studying osteoblast and osteoclast
differentiation. Sr immobilized substrates were studied for osteoblasts markers such as alkaline
phosphatase (ALP) activity, collagen type 1 (COLL 1), osteocalcin and calcium deposition. Osteoclast
markers such as tartarate resistance acid phosphatase (TRAP) activity, total DNA, and multinucleated
cell formation were also assessed on the surface coatings.

2. Materials and Methods

2.1. Materials

All chemicals obtained from Sigma-Aldrich (Darmstadt, Germany) were utilized as received.
Chemicals and reagents purchased elsewhere are mentioned in the text. All experiments used milli-Q
water (>18.2 MΩ·cm) unless otherwise stated (ultrapure water system, Arium 611UF, Sartorius Stedim
Biotech GmbH, Göttingen, Germany).
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2.2. Material Preparation

Sandpaper (600- and 1200-grit) was used to polish titanium alloy (Ti-6Al-4V foils, 10 mm × 10 mm,
Goodfellow Cambridge Ltd. Huntingdon, England). The titanium (Ti) foils were then rinsed in
water-bath ultrasonicator for 10 min. Sonication was further carried out in Kroll′s reagent (4.0% HF,
7.2% HNO3, 88.8% water) to remove the accumulated carbide resulted from polishing [10]. Next,
the reaction was stopped by 1 N sodium hydroxide addition, and subsequently, the substrates were
sonicated 10 min each in dichloromethane, acetone, and water. The substrates were immersed for
30 min in 40% nitric acid for surface passivation and thoroughly washed with water to remove
nitric acid.

The procedure for polyphenol tannic acid (pTAN) coating for Ti (named as Ti-pTAN) was followed
as previously reported with slight modification [23]. In brief, Ti foils were immersed for 24 h in 2 mg/mL
solution of pTAN prepared in bicine buffer (100 mM) with 0.6 M NaCl at 7.8 pH. The procedure was
carried out in dark with gentle shaking. The substrates were washed thoroughly in water and further
submerged in water for 2 days at 37 ◦C; the water was changed every 24 h.

Ti-pTAN substrates were functionalized with Sr by two different methods (Figure 1). In the
first one-step method, Ti foils were incubated in pTAN solution (2 mg/mL, 100 mM bicine buffer,
pH = 7.8) containing SrCl2 (0.3 M Sr) for 24 h with gentle shaking in dark. 0.3 M SrCl2 was used to
maintain the similar ionic stoichiometry as 0.6 M NaCl in bicine buffer. These substrates were named
Ti-pTAN-1Stp. The second method was a 48 h-long, two-step process wherein pTAN coating and Sr
coating were carried out separately. In the first 24 h, Ti was coated with pTAN, as discussed above.
Subsequently, Ti-pTAN substrates were immersed in a SrCl2 solution (0.1 M Sr in milli-Q water) for
another 24 h in the dark. In this case, the Sr solution comprising minimum Sr concentration with
maximum immobilisation efficiency was used. These substrates were denoted as Ti-pTAN-2Stp. After
the Sr coating, Ti-pTAN-1Stp and Ti-pTAN-2Stp were sonicated for 5 min and washed thoroughly
with milli-Q water to remove unbound Sr. The substrates were irradiated with UV for 30 min and
transferred to a 24-well cell culture plate prior to cell seeding.

Figure 1. Schematic representation of the workflow of Ti-pTAN-1Stp-Sr and Ti-pTAN-2tp-Sr coatings.
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2.3. Substrate Characterization

Surface chemical composition of all the substrates were analyzed using X-ray photoelectron
spectroscopy (XPS) (Kratos AXIS Ultra DLD spectrometer, Kratos Analytical Ltd, Manchester, UK).
The binding energies of all the elements were referenced to C 1s signal at 284.6 eV. The surface roughness
was studied using a contact based Nanomap-LS 3D profilometer (AEP Technologies, Santa Clara, CA,
USA). Water contact angle (WCA) analysis for all the substrates were performed using contact angle
analyzer Phoenix 300 touch (Surface Electro Optics, Gyeonggi-do, Korea). The measurements were
carried out according to the sessile drop technique and a video camera. Ten microliters of sessile
drop of distilled water was transferred onto the substrate using a micro-syringe. The contact angle
values on both sides of the drop were measured using tangent rule to ensure symmetry and horizontal
level. To estimate the amount of bound Sr ions, Ti-pTAN-1Stp and Ti-pTAN-2Stp substrates were
soaked in a 2% nitric acid solution overnight with shaking. Sr ions dissolved in the nitric acid solution
were quantified using inductively coupled plasma mass spectrometry (ICP-MS, CX 7700x Agilent,
Santa Clara, CA, USA).

2.4. Strontium Ions Release Study

Ti-pTAN-1Stp and Ti-pTAN-2Stp substrates were immersed in 1 mL of phosphate buffer saline
(PBS) at 37 ◦C for 14 days. PBS was collected at regular intervals and replenished with fresh PBS. Sr ions
in released in PBS were measured using inductively coupled plasma mass spectrometry (ICP-MS, CX
7700x Agilent, CA, USA).

2.5. Cell Culture

Mouse pre-osteoblasts MC3T3-E1 (ATCC, Manassa, VA, USA) were grown in complete Minimum
Essential Medium Alpha (MEM-α, 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). Osteoblast differentiation media was
prepared by adding 10 mM sodium β-glycerophosphate and 50 μg/mL ascorbic acid to complete
phenol red free MEM-α. Then, 40,000 cells were seeded per substrate placed in a 24-well plate.

RAW 264.7 (ATCC, Manassa, VA, USA) murine pre-osteoclasts were cultured in complete
Dulbecco′s Modified Eagle Medium (10% heat inactivated FBS, 100 U/mL penicillin and 100 μg/mL
streptomycin (Invitrogen, Waltham, MA, USA). For osteoclast differentiation studies, RAW 264.7 were
cultured in presence of 50 ng/mL murine RANKL (R&D Systems, Minneapolis, MN, USA) in complete
phenol red free MEM-α (10% heat inactivated FBS, 100 U/mL penicillin, 100 μg/mL streptomycin) at
cell density of 2000/cm2 on all the substrates. 100 μL of cell suspension was loaded on the substrates.
After 6 h of incubation, an additional 400 μL of cell culture media was added to the wells. Cells were
maintained in a humid environment at 37 ◦C with 5% CO2, and the spent media were changed every
2–3 days.

2.6. MC3T3-E1 Proliferation

Cell proliferation of MC3T3-E1 on all the substrates was assessed on day 1, day 4, day 7 and day 14.
Cells were incubated in Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan) working
reagent, prepared by mixing CCK-8 in complete MEM-α (1:10 v/v). After 4 h, the absorbance was
measured at 450 nm by microplate reader (Synergy H1, BioTek Instruments, Inc. Winooski, VT, USA).

2.7. ALP Activity, Collagen-1 and Osteocalcin Production of MC3T3-E1 Cells

ALP activity of osteoblasts was estimated in the cell culture supernatant at various time points
with QuantiChrom Alkaline Phosphatase Assay Kit (BioAssay Systems, Hayward, CA, USA). In brief,
50 μL of sample was incubated with 150 μL ALP working reagent for 4 min. Absorbance of 405 nm
was measured at 0 and 4 min using microplate reader (Synergy H1). The ALP activity in terms of pNP
produced was estimated as per the formula provided in the kit, and normalized with the total protein.
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The unit for ALP was μM of pNP produced per minute per mg of protein. Collagen 1 and osteocalcin
were also measured in cell culture supernatant on day 14 by using Pro-Collagen I alpha 1 SimpleStep
ELISA kit (Abcam, Cambridge, UK) and Osteocalcin ELISA kit (Cloud-Clone Corp., Katy, TX, USA)
respectively, and the values were normalized to total protein.

2.8. Collagen Staining of Osteoblasts

MC3T3-E1 was cultured on various substrates for 14 days. After washing with phosphate buffer
saline (PBS), cells were fixed for 15 min in 4% paraformaldehyde which was followed by 5 min treatment
with 0.1% triton X-100 to permeabilise cell membrane. Non-specific binding was blocked by overnight
incubation of cells in 3% bovine serum albumin (BSA) at 4 ◦C. Cells were incubated with anti-mouse
collage type I primary antibody (Merck, Darmstadt, Germany) for 90 min. Secondary antibody Alexa
Fluor 546 tagged anti-rabbit IgG (H + L) (Invitrogen) and alexa Fluor 488 phalloidin (Invitrogen) for
actin staining were added to cells for 30 min followed by nuclei labelling using DAPI. Cells images were
acquired using Olympus FV1000 confocal laser scanning microscope (CSLM, Olympus, Tokyo, Japan).

2.9. Alizarin Staining and Calcium Estimation

After 14 days of culture MC3T3-E1 cells in osteogenic medium, the cells were washed with PBS
and fixed with 70% ethanol at 4 ◦C for 1 h. Alizarin red solution (2% in water) was added to the
cells for 1 h. The cells were washed with copious amount of water to remove unbound alizarin and
observed under microscope (Leica Microsystems, Wetzlar, Germany).

Calcium deposited by MC3T3-E1 cells was also quantified after 14 days of culture. The substrates
were submerged in 500 μL of 2% nitric acid overnight with gentle shaking, to dissolve the deposited
calcium. The eluted calcium was then quantified using QuantiChrom Calcium Assay Kit (BioAssay
Systems, Hayward, CA, USA) according to manufacturer′s instructions. In brief, 5 μL of the sample
was incubated with 200 μL of kit′s working solution for 5 min. Absorbance was measured at 612 nm
using a microplate reader (Synergy H1).

2.10. TRAP Activity

To trigger osteoclastogenesis, RAW 264.7 cells were exposed to 50 ng/mL of RANKL for 3 and
5 days. TRAP activity of the cells was estimated in cell culture supernatant at day 3 and day 5 of
culture using TRAP activity assay kit (Takara Bio Inc, Shiga, Japan). Sample was mixed with acid
phosphatase buffer (1:1 v/v) provided with the kit and incubated for 60 min at 37 ◦C. Stop solution, 0.5 N
sodium hydroxide, was added and absorbance was taken at 405 nm by microplate reader (Synergy H1).
The calculation of TRAP activity was based on pNP generated, which were normalized to total protein.
Hence, the unit of TRAP activity was μM of pNP produced per minute per mg of protein.

2.11. DNA Quantification

RAW 264.7 cells were lysed by three freeze thaw cycles in milli-Q water following 5 days of culture
with RANKL. After centrifugation for 20 min at 12,000 g (4 ◦C), the samples were mixed with picogreen
reagent (Thermo Fisher Scientific, Waltham, MA, USA) and incubated for 5 min at RT. A microplate
reader (Synergy H1) was used to excite the samples at 480 nm, and emission was measured at 520 nm.

2.12. Actin and TRAP Staining of Osteoclasts

RAW 264.7 cells were cultured on various substrates. After 5 days of RANKL exposure, the cells
were fixed with 4% paraformaldehyde for 15 min and incubated for 5 min in triton 0.1% X-100 to
increase cell membrane permeability. To prevent non-specific binding, the cells were immersed in
3% BSA (overnight, 4 ◦C). 90 min incubation in anti-TRAP primary antibody (Takara Bio Inc, Shiga,
Japan) followed by 30 min incubation in premixed solution of secondary antibody (Alexa Fluor 546
tagged-Goat anti-Mouse IgG (H + L), Thermo Fisher Scientific) and phalloidin (Alexa fluor 488 tagged,
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Thermo Fisher Scientific) was carried out to stain TRAP and actin in the cells. After nuclei staining
with DAPI, the cells were imaged with Olympus FV1000 CLSM (Olympus, Japan). Multinucleated
cells with more than three nuclei (blue), and positive for TRAP (red) were classified as osteoclasts.

2.13. Statistics

All experiments were replicated more than three times and the data were presented as mean ±
standard deviation (SD). The statistical analysis was carried out by one-way analysis-of-variance and
Tukey post hoc test. p < 0.05 was considered as statistically significant.

3. Results

3.1. Surface Characterization

In the current study, polyphenol tannic acid chemistry is utilized to immobilize Sr on a Ti surface.
The elemental compositions of the surfaces were examined by XPS. Signal peaks for elements such as
O 1s (530 eV), Ti 2p (460 eV) and C 1s (285 eV) were observed on pristine Ti (Figure 2A and Table 1).
C 1s signal on Ti was present due to inevitable hydrocarbon contamination. Therefore, C 1s signals are
commonly used as reference for signal calibrations in XPS scans [27]. Ti-pTAN substrates displayed
a decrease in Ti 2P signal signifying successful deposition of pTAN on Ti (Figure 2B and Table 1).
Ti-pTAN-1Stp and Ti-pTAN-2Stp also displayed a drop in Ti 2P signals. However, Ti 2P signals on
Ti-pTAN-1Stp was higher than the Ti 2P signals on Ti-pTAN and Ti-pTAN-2Stp. This suggested that
the substitution of Na with Sr in bicine buffer for 1 step coating method resulted in a comparatively
thinner pTAN coating.

Figure 2. XPS wide spectra scan of (A) Ti; (B) Ti-pTAN; (C) Ti-pTAN-1Stp-Sr; (D) Ti-pTAN-2Stp-Sr.

132



Polymers 2019, 11, 1256

Table 1. Elemental composition as percentages a assessed by XPS.

Substrates C% O% Ti% Sr%

Ti 38.11 50.75 11.14 0
Ti-pTAN 66.03 30.43 3.54 0

Ti-pTAN-1Stp 55.49 36.38 7.68 0.45
Ti-pTAN-2Stp 58.84 35.8 4.47 0.89

a Percentage estimation of elements were based on C, O, Ti and Sr only.

An increased C 1s signal was detected on Ti-pTAN substrate. The observed carbon to oxygen
ratio (C/O, 2.17) was slightly higher than theoretical C/O ratio of pTAN (1.65), which may be the result
of carbon contamination. Nonetheless, for Ti-pTAN-1Stp (Figure 2C and Table 1) and Ti-pTAN-2Stp
(Figure 2D and Table 1), the C/O ratios were 1.52 and 1.64 respectively. Moreover, distinct Sr 3d signals
were observed on Ti-pTAN-1Stp and Ti-pTAN-2Stp, suggesting the successful immobilization of Sr by
pTAN coating.

The surface roughness of the coatings was comparable to Ti. The Ra values of Ti, Ti-pTAN,
pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr were 0.44 ± 0.10 μm, 0.46 ± 0.05 μm, 0.46 ± 0.09 μm and
0.42 ± 0.06 μm, respectively. Water contact angle of the surface were examined. The contact angle
of pristine Ti was 82◦ ± 0.9◦ (Figure 3). Hydrophilicity was conferred by pTAN coating, as contact
was decreased to 48◦ ± 2.2◦ on Ti-pTAN. This is expected as multiple hydrophilic phenol moieties in
pTAN increase wettability of the surface [28]. However, the water contact angles of Ti-pTAN-1Stp-Sr
and Ti-pTAN-2Stp-Sr were 49◦ ± 1.7◦ and 51◦ ± 2.6◦ respectively, which were comparable to Ti-pTAN.
Hence, Sr immobilization did not have any significant effect on contact angle of pTAN coating. Surface
density of Sr on Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr determined ICP-MS were 0.32 ± 0.02 μg/cm2

and 5.8 ± 0.18 μg/cm2 respectively.

Figure 3. Contact angle analysis of Ti, Ti-pTAN, Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr.

3.2. Strontium Release

The release of Sr from Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr was estimated by ICP-MS. A burst
release was observed after 24 h (Figure 4). However, subsequent time points revealed minimal release,
with about 20% remaining on Ti-pTAN-1Stp-Sr and about 70% of the immobilized Sr remaining on
Ti-pTAN-2Stp-Sr for 2 weeks. This shows that the binding of Sr2+ ions on Ti-pTAN-2Stp-Sr were
stronger, compared to Ti-pTAN-1Stp-Sr.

133



Polymers 2019, 11, 1256

Figure 4. Sr release from Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr after incubation in PBS at 37 ◦C.

3.3. MC3T3-E1 Cell Viability

The cell viability of MC3T3-E1 cells on Ti, Ti-pTAN, Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr were
monitored by CCK-8 assay kit. No difference in cell viability was observed for day 1, day 4 and day 7
of cell culture (Figure 5). However, a statistically significant decrease in cell metabolism was observed
on day 14 for the MC3T3-E1 cells cultured on Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr as compared to Ti
(p < 0.01) and Ti-pTAN (p < 0.01).

Figure 5. Proliferation study: CCK8 assay of MC3T3-E1 cells cultured on Ti, Ti-pTAN, Ti-pTAN-1Stp-Sr
and Ti-pTAN-2Stp-Sr at various time points. (**) represents a statistically significant difference with
p < 0.01 as compared to Ti and (##) represents the p < 0.01 as compared to Ti-pTAN for the same
time point.

3.4. Osteoblast Differentiation

The effects of the substrates on ALP activity of MC3T3-E1 cells were monitored at day 3, day 5,
day 7 and day 14 of culture (Figure 6A). For day 3 cultures, ALP activity of osteoblasts on Ti was
at a similar level as those on the other substrates. ALP values reached peak at day 5. Osteoblasts
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on Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr had significantly higher ALP activity as compared to
Ti (p < 0.01) and pTAN (p < 0.05). From day 7 onwards, decrease in ALP activity was observed.
Nevertheless, ALP activity was significantly higher on Ti-pTAN-1Stp-Sr as compared to Ti (p < 0.01),
and for Ti-pTAN-2Stp-Sr, the activity was higher as compared to both Ti (p < 0.01) and Ti-pTAN
(p < 0.01) at the same time point. ALP activity on day 14 was the lowest for all the substrates, but the
activity was still higher on Ti-pTAN-2Stp-Sr (p < 0.01) and Ti-pTAN (p < 0.05) as compared to Ti.

Figure 6. Early differentiation marker of MC3T3-E1: (A) ALP activity of MC3T3-E1 cells cultured on Ti,
Ti-pTAN, Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr were studied on day 3, day 5, day 7 and day 14 of cell
culture. Statistically significant differences are denoted as (**) p < 0.01 for Ti-pTAN-1Stp compared to Ti;
(#) p < 0.05 for Ti-pTAN-1Stp compared to Ti-pTAN; (oo) for Ti-pTAN-2Stp compared to Ti; ($) p < 0.05
or ($$) p < 0.01 for Ti-pTAN-2Stp compared to Ti-pTAN and (ˆ) p < 0.05 for Ti-pTAN compared to Ti. All
the statistical comparisons were performed within the same time point; (B) Collagen 1 estimation was
performed after 14 days of MC3T3-E1 culture on various substrates. Statistical significance is marked
as (**) p < 0.01 as compared to Ti and (#) p < 0.05 as compare to Ti-pTAN.

COLL 1 production of osteoblast cultured on Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr was
statistically higher as compared to osteoblast cultured on Ti (p < 0.01, Figure 6B). Unlike the osteoblasts
cultured on Ti-pTAN-1Stp-Sr, the osteoblasts cultured on Ti-pTAN-2Stp-Sr had higher COLL1 secretion
as compared to Ti-pTAN (p < 0.05), suggesting superior osteogenic effects of Ti-pTAN-2Stp-Sr over
Ti-pTAN-1Stp-Sr. The COLL 1 amounts were statistically similar for osteoblast cultured on Ti and
Ti-pTAN. Immunofluorescence labelling of cells further confirmed these results for COLL 1. After
21 days of culture, MC3T3-E1 cells were stained for COLL1 using anti-COLL 1 antibody (Figure 7).
MC3T3-E1 cells cultured on Ti-pTAN-1Stp-Sr (Figure 7c3) and Ti-pTAN-2Stp-Sr (Figure 6d3) displayed
higher COLL 1 production as compared to cells cultured on Ti (Figure 7a3) and Ti-pTAN (Figure 7b3).
Actin staining was also performed for the cells (Figure 7a2,b2,c2,d2) to monitor cell morphology and
density. The cells cultured on all the substrates were confluent with uniform cell density. Cuboidal
morphology was observed for the cells cultured on Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr. But the
cells on Ti and Ti-pTAN had fusiform morphologies.
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Figure 7. CSLM images of MC3T3-E1 cells after 21 days of culture on Ti (a1–a4); Ti-pTAN (b1–b4);
Ti-pTAN-1Stp-Sr (c1–c4); Ti-pTAN-2Stp-Sr (d1–d4). MC3T3-E1 cells were stained for nucleus (blue, a1,
b1, c1and d1); actin (green, a2, b2, c2and d2); collagen 1 (red, a3, b3, c3 and d3).

The effect of immobilized Sr on late differentiation markers such as osteocalcin [29] and matrix
mineralization were investigated after 14 days of culture. Alizarin S stain and calcium estimation were
performed to monitor the effects of Sr immobilized substrates on osteoblast mineralization. Stronger
alizarin stain was observed on Ti-pTAN-1Stp-Sr (Figure 8Ac) and Ti-pTAN-2Stp-Sr (Figure 8Ad)
as compared to Ti (Figure 7Aa) and Ti-pTAN (Figure 7Ab). Similarly, calcium estimated on
Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr was higher than on Ti (p < 0.01) and Ti-pTAN (p < 0.01)
(Figure 8B). Moreover, calcium amounts on Ti-pTAN were elevated as compared to Ti (p < 0.05),
suggesting that pTAN coatings have a positive influence on osteoblast mineralization. Osteocalcin
production was also higher on Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr as compared to Ti (p < 0.01) and
Ti-pTAN (p < 0.05 and p < 0.01, respectively).
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Figure 8. Calcium deposition and osteocalcin production of MC3T3-E1 cells after 14 days of culture on
various substrates. (A) Alizarin S stain of calcium deposited by MC3T3-E1 cell on Ti (a); Ti-pTAN (b);
Ti-pTAN-1Stp-Sr (c) and Ti-pTAN-2Stp-Sr (d); Scale bar 200 μm. (B) Estimation of calcium deposition
by MC3T3-E1 cells; (C) Osteocalcin production by MC3T3-E1 cells cultured on the substrates. Statistical
significance is represented as (*) p < 0.05 or (**) p < 0.01 as compared to Ti and (#) p < 0.05 or (##)
p < 0.01 as compared to Ti-pTAN.

3.5. Osteoclast Differentiation

TRAP activity was estimated after day 3 and day 5 of culture in cell culture supernatant. For day 3
cultures, TRAP activity was reduced on Ti-pTAN, Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr as compared
to Ti (p < 0.01) (Figure 9A). This suggested that the decrease of TRAP on all the substrates was due to
pTAN coating. On day 5, cells on Ti-pTAN, Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr substrates also
showed a reduction in TRAP as compared to Ti (p < 0.01). TRAP activity on Ti-pTAN-2Stp-Sr was even
lower than cells on Ti-pTAN (p < 0.01), Ti-pTAN-1Stp-Sr (p < 0.01). This suggested that Sr immobilized
on Ti-pTAN-2Stp-Sr with higher surface density has superior inhibitory effects towards osteoclast
differentiation as compared to Ti-pTAN-1Stp-Sr. Total cell DNA estimation was used to study cell
proliferation as per previous reports [30,31]. Cell proliferation after 5 days of RANKL stimulation of
RAW 264.7 was also monitored. Total DNA was significantly reduced on Ti-pTAN, Ti-pTAN-1Stp-Sr
and Ti-pTAN-2Stp-Sr as compared to Ti (p < 0.01) (Figure 9B).

Figure 9. Osteoclast TRAP activity (A) and total DNA; (B) after 5 days of culture on Ti, Ti-pTAN,
Ti-pTAN-1Stp-Sr, Ti-pTAN-2Stp-Sr.
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Cells after 5 days of culture on Ti, Ti-pTAN, Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr were stained
for actin and TRAP (Figure 10). TRAP positive multi-nucleated cells with more than 3 nuclei were
considered as osteoclasts. Unlike Ti (Figure 10a1–4), which displayed large multinucleated TRAP
positive osteoclasts, smaller and reduced number of multinucleated TRAP positive cells were observed
on Ti-pTAN (Figure 9b1–4), Ti-pTAN-1Stp-Sr (Figure 10c1–4) and Ti-pTAN-2Stp-Sr (Figure 10d1–4).
Similar to the TRAP activity estimation data of cell culture supernatant, intracellular TRAP production
was decreased for cells on Ti-pTAN (Figure 10b3), Ti-pTAN-1Stp-Sr (Figure 9c3) and Ti-pTAN-2Stp-Sr
(Figure 9d3) as compared to Ti (Figure 10a3). Cells especially on Ti-pTAN-2Stp-Sr depicted the
lowest TRAP production of all the substrates. This suggested that the osteoclast inhibitory effects of
Ti-pTAN-2Stp-Sr were superior to both Ti-pTAN-1Stp-Sr and Ti-pTAN.

Figure 10. CSLM images of RAW 264.7 cells after 5 days of culture in presence of RANKL. Cells were
cultured on Ti (a1–a4), Ti-pTAN (b1–b4), Ti-pTAN-1Stp-Sr (c1–c4), Ti-pTAN-2Stp-Sr (d1–d4) and were
stained for nucleus (blue, a1, b1, c1and d1), actin (green, a2, b2, c2and d2), TRAP (red, a3, b3, c3
and d3).

4. Discussion

Since the imbalance in osteoclast and osteoblast activity in patients with bone metabolic disease
can be an obstacle to bone implant success, coatings that actively aim at correcting this imbalance
are required to recover bone turnover and improve the osseointegration of bone implants. In this
study, a pTAN coating was used to immobilize Sr on a Ti surface. Two separate schemes were
employed (Figure 1); the first scheme was a one-step process, wherein Ti-pTAN-1Stp-Sr substrates were
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prepared by replacing sodium with Sr in tannic acid solution in bicine buffer. In the second scheme,
Ti-pTAN-2Stp-Sr substrates were prepared by a two-step method, wherein a pTAN coating was carried
out in a bicine buffer containing sodium, before coating the substrates with Sr. The Sr metal ions were
immobilized on pTAN-coated Ti (Figure 2 and Table 1). The surface immobilization efficiency was
higher for the two-step coating method. Hence, unlike the one-step coating method, the two-step
coating method not only displayed higher surface density of immobilized Sr, but also showed stronger
binding, as 70% of the Sr remained bound and was not released for two weeks (Figure 4). The thicker
tannic acid coating conferred by the two-step method could contribute to more phenol groups increasing
their interactions with Sr2+ ions to increase immobilization efficiency. pTAN coating kinetics and
mechanisms have been described previously [32]. It is proposed that the first layer of pTAN on the
Ti surface is though the formation of TiO(OH)pTAN hydroxo complexes [25,32]. Subsequent layers
are built up by the heterogeneous polymers formed by the autooxidation of pTAN [25]. pTAN is
also known to form polymers through the formation of multivalent coordination bonding with metal
ions [24,26]. Hence, it is assumed that the pTAN-Sr coatings on Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr
are formed by auto-oxidation of pTAN and multivalent coordination bonding with Sr.

A decrease in osteoblast proliferation was observed for cells cultured on Ti-pTAN-1Stp-Sr and
Ti-pTAN-2Stp-Sr (Figure 5). Joseph Caverzasio observed that the addition of Sr to a cell culture
medium enhanced osteoblast proliferation [3]. Almeida et al. reported that a Sr salt supplemented
in media did not affect MC3T3-E1 proliferation at lower concentrations (0.05 and 1 mM), but at
higher concentrations such as 0.5 mM, a decrease in proliferation was observed as compared to
that of untreated controls [33,34]. Furthermore, Ti functionalized by Sr via magnetron co-sputtering
technology also decreased proliferation of human dental pulp stem cells. [19] Yet, in both studies,
osteoblast differentiation was augmented due to Sr introduction, which was consistent with our results,
as described below. It is known that a decrease in osteoblast proliferation and growth arrest are
associated with the elevated production of differentiation markers such as ALP, COLL 1 etc. [35,36]
As such, the effects of Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr on osteoblast differentiation markers
were investigated.

ALP and COLL 1 are early differentiation markers for osteoblasts, whereas osteocalcin is a late
differentiation marker [29]. By secreting ALP and collagen 1 in the early phases of differentiation
and mineralizing matrix in the later stages, MC3T3-E1 exhibits successive differentiation sequence
which is comparable to osteoblast in bone [35]. Hence, this cell line is widely used as in vitro model
for osteoblasts research. Generally, the ALP expression of differentiating osteoblasts augments in
the early phases of differentiation, leading to matrix maturation, while the level drops before matrix
mineralization [37]. As presented, ALP production was enhanced on day 5 for all the substrates with a
decline in the activity on day 7 and day 14, suggesting the progression of the cells to the mineralization
phase (Figure 6A). Yet, compared to Ti, Sr-immobilized substrates such as Ti-pTAN-1Stp-Sr and
Ti-pTAN-2Stp-Sr boosted ALP activity on day 5 and day 7. COLL 1 secretion, which is also an early
differentiation marker of osteoblasts, was monitored after 14 days of culture (Figures 6B and 7) [29].
Sr surface coated substrates displayed higher COLL 1 production. The majority of MC3T3-E1 cells on
Sr immobilized substrates, in particular the cells on Ti-pTAN-1Stp-Sr, exhibited cuboidal morphology
(Figure 6), which is a characteristic feature of differentiating cells [38]. On the other hand, the majority
of cells cultured on Ti and Ti-pTAN displayed a fusiform appearance (Figure 6), which is a predominant
feature of proliferating cells [38]. This further corroborates the osteogenic potential of Sr immobilized
substrates. Furthermore, the Sr-based surface coatings also augmented in the osteocalcin and matrix
mineralization by the osteoblasts (Figure 8).

Studies had shown that strontium supplementation in media inhibited osteoblast mineralization
in vitro [39,40]. Contrastingly, another report established that Sr enhanced ALP, osteocalcin secretion
and the mineralization of mouse bone marrow stromal cells [41], and human primary osteoblasts [42].
Sr supplemented in cell culture media as a SrCl2 triggered osteogenic differentiation of human
mesenchymal stem cells (MSCs) and stimulated in vivo bone deposition when delivered locally as
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Sr-HA-collagen scaffold to treat rat calvarial defect via Wnt signal transduction [43]. In this study,
Sr-immobilized substrates such as Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr augmented ALP activity,
COLL 1 production, osteocalcin secretion and calcium deposition of MC3T3-E1 cells. However,
Ti-pTAN-2Stp-Sr showed a higher surface density of Sr as compared to Ti-pTAN-1Stp-Sr, although the
potential to augment osteogenesis was similar for both the substrates. This suggests that even if the
two-step method of coating resulted in a higher efficiency of Sr binding properties, a low Sr density on
the surface, such as 0.32 ± 0.02 μg/cm2, is sufficient in promoting osteoblast differentiation.

Osteoclasts are important cells for bone remodeling [44]; hence, the regulation of their activity
on implant surfaces is crucial for osseointegration. The effects of osteoclasts on Sr-modified surfaces
were also investigated. As a RANKL-sensitive pre-osteoclast population, RAW 264.7 can be easily
procured and is easy to handle as compared to primary cultures, which makes is an attractive in vitro
model for osteoclast research [45]. Osteoclastic differentiation of RAW 264.7 cells on Ti, Ti-pTAN,
Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr were studied by estimating TRAP activity. TRAP activity was
used as a marker for osteoclast differentiation and resorption [46–48]. pTAN coated substrates such as
Ti-pTAN, Ti-pTAN-1Stp-Sr and Ti-pTAN-2Stp-Sr decreased TRAP activity and total DNA (Figure 9).
However, on day 5, the decrease in TRAP production was greatest in Ti-pTAN-2Stp-Sr. Likewise,
immunofluorescence labelling of intracellular TRAP production was also lowest on the Ti-pTAN-2Stp-Sr
substrate (Figure 10d3). Strontium ranelate was shown to inhibit RANKL mediated osteoclastogenesis
of RAW 264.7 and human peripheral blood monocyte cells [49]. As shown by Chung et al., Ti modified
with Sr substituted HA by micro-arc treatment reduced osteoclast differentiation of RAW 264.7 cells [50].
Equally, this study demonstrated that Ti-pTAN-2Stp-Sr reduced osteoclast activity as compared to Ti
and Ti-pTAN. Florencio-Silva et al. reported that osteoclast precursors fuse, polarize, and rearrange
actin cytoskeleton to form actin rings and a sealing zone [51]. The formation of multinucleated
cells was also reduced on all the pTAN coated substrates such as Ti-pTAN, Ti-pTAN-1Stp-Sr and
Ti-pTAN-2Stp-Sr (Figure 10). However, the inhibitory effects of Ti-pTAN-2Stp-Sr were superior to
those of Ti, Ti-pTAN and Ti-pTAN-1Stp-Sr substrates.

5. Conclusions

In this study, a pTAN coating was used to immobilize Sr on a Ti surface. Although Ti-pTAN-2Stp-Sr
showed a higher surface density of Sr as compared to Ti-pTAN-1Stp-Sr, the ability to augment
osteogenesis was similar for both the substrates. Osteoclast differentiation studies revealed that the
Ti-pTAN-2Stp-Sr substrates decreased the TRAP activity of osteoclast significantly as compared to Ti,
Ti-pTAN and Ti-pTAN-1Stp-Sr. The pTAN coating also had an influence on the negative regulation of
osteoclast differentiation, as reported [52]. Henceforth, this economical and simple coating of pTAN
with inherent anti-osteoclastogenic properties could be exploited to immobilize osteogenic metal ions
such as Sr2+ on surfaces. The two-step method was more efficient to immobilize Sr, as well as to
modulate osteoblast and osteoclast cells.

It is hoped that these findings will be beneficial to deliver Sr in order to tailor cellular responses at
bone-implant interfaces, especially for osteoporotic bone. The imbalance in osteoclasts and osteoblasts
activity in patients with bone metabolic disease such as osteoporosis can be an obstacle to bone implant
success [53–55]. Coatings that actively aim at correcting this imbalance are required to recover bone
turnover and improve the osseointegration of bone implants [56,57]. We believe that these surface
coatings will be beneficial to regulate osteoclast and osteoblast development at implant surfaces.
Nonetheless, we acknowledge that the in vitro results presented here are conducted in controlled
laboratory settings and could not be extrapolated to in vivo or clinical conditions. The coupling of
bone formation and bone resorption in a basic multicellular unit of a healthy bone is a multifaceted
process which involves the interplay of various regulatory molecules and bone cells [58,59]. Further
studies are needed to understand the viability of coatings and the potential to regulate the molecular
and cellular interplay in in vivo settings.
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Abstract: The photon induced radical-initiated polymerization in polymer gels can be used for
high-resolution tissue equivalent dosimeters in quality control of radiation therapy. The dose (D)
distribution in radiation therapy can be measured as a change of the physical measurement parameter
T2 using T2-weighted magnetic resonance imaging. The detection by T2 is relying on the local
change of the molecular mobility due to local polymerization initiated by radicals generated by
the ionizing radiation. The dosimetric signals R2 = 1/T2 of many of the current polymer gels
are dose-rate dependent, which reduces the reliability of the gel for clinical use. A novel gel
dosimeter, based on methacrylic acid, gelatin and the newly added dithiothreitol (MAGADIT) as an
oxygen-scavenger was analyzed for basic properties, such as sensitivity, reproducibility, accuracy
and dose-rate dependence. Dithiothreitol features no toxic classification with a difference to THPC
and offers a stronger negative redox-potential than ascorbic acid. Polymer gels with three different
concentration levels of dithiothreitol were irradiated with a preclinical research X-ray unit and
MR-scanned (T2) for quantitative dosimetry after calibration. The polymer gel with the lowest
concentration of the oxygen scavenger was about factor 3 more sensitive to dose as compared to
the gel with the highest concentration. The dose sensitivity (α = ΔR2/ΔD) of MAGADIT gels was
significantly dependent on the applied dose rate Ḋ (≈48% reduction between Ḋ = 0.6 Gy/min and
Ḋ = 4 Gy/min). However, this undesirable dose-rate effect reduced between 4–8 Gy/min (≈23%) and
almost disappeared in the high dose-rate range (8 ≤ Ḋ ≤ 12 Gy/min) used in flattening-filter-free
(FFF) irradiations. The dose response varied for different samples within one manufacturing batch
within 3%–6% (reproducibility). The accuracy ranged between 3.5% and 7.9%. The impact of the dose
rate on the spatial integrity is demonstrated in the example of a linear accelerator (LINAC) small
sized 5 × 10 mm2 10 MV photon field. For MAGADIT the maximum shift in the flanks in this field
is limited to about 0.8 mm at a FFF dose rate of 15 Gy/min. Dose rate sensitive polymer gels likely
perform better at high dose rates; MAGADIT exhibits a slightly improved performance compared
to the reference normoxic polymer gel methacrylic and ascorbic acid in gelatin initiated by copper
(MAGIC) using ascorbic acid.
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1. Introduction

Modern advanced radiation therapy allows for a highly conformal application of high radiation
doses to a well-defined target volume while keeping the dose to the surrounding tissue at a relatively
low level. Technological advances over the past decades include intensity-modulated radiation therapy
(IMRT) and volumetric modulated arc therapy (VMAT), which allow to deliver the complex dose
distributions in three-dimensions (3D) [1–3] with a nominal spatial accuracy of a few mm adapted to
the planning target volume (PTV); the PTV is usually defined as the area in the human body, to which a
prescribed dose is to be applied to, related, e.g., to a tumor region sparing nearby dose sensitive healthy
tissue. Absolute values of dose and even the applied dose rate might vary from step to step [4–7].
For extended quality control, especially in the process of introducing new technologies and treatment
techniques, it is necessary to validate the calculated dose distributions experimentally. This is typically
done on the basis of simple cylindrical or rectangular phantoms with insert openings for point-wise
detection (0-dimensional) of dose (e.g., ionization chambers). Alternatively, 2-dimensional (2-D) dose
distributions can be obtained with dosimetric films or detector arrays. Even 3-dimensional (3-D) dose
distributions can be evaluated with a 3-D dosimeter, positioned in cavities in phantoms simulating
the human body, which can measure a spatially different dose in all of the three dimensions at the
same time.

Ideally, a 3-D-dose detector should provide the ability to measure the 3-D dose distribution
quantitatively at high spatial resolution Furthermore, it should feature dose linearity and tissue equivalence.
The dose signal should be energy and dose rate independent. Both of these features might be varied during
delivery with modern linear accelerators (LINAC). Most of the proposed tissue equivalent 3-D integrative
dosimeters are based mainly on three types of detection mechanisms: (1) Radiochromic dosimeters such as
plastic dosimeters, e.g., PRESAGE® [8] gel, micelle dosimeters [9,10] and tetrazolium hydrogels rely on
color changes of a dye after irradiation. Tetrazolium gellan gum gel dosimeters [11] and the newly proposed
flexible polymer/silicone based dosimeters also rely on color changes during irradiation [12]. (2) “Fricke”
types of gels are sensitive to the oxidation of ferrous to ferric ions during irradiation [13,14]. The change of
oxidation status can be detected by optical methods in radiochromic gels or magnetic resonance imaging
(MRI) using R1 = 1/T1 or R2 = 1/T2 contrast. (3) Radiation induced polymerization (the corresponding
dosimeters are usually specified as “polymer gels” and can be read out by optical methods [15] using
an increased scattering of light). Their dose response can also be visualized by computed tomography
(CT) [16], ultrasonography [17] and magnetic resonance imaging (MRI).

MRI has been mostly used as a reading method of dosimetric response using relative changes
in the MRI contrast parameter T2, i.e., the transverse relaxation time. The transverse relaxation rate
R2 = 1/T2 might exhibit an increase by several 100% after irradiation and thus serves very well as a
sensitive measurement parameter of the applied dose [18]. Radiation therapy planning is increasingly
performed on the basis of MRI due to the high soft tissue contrast with comparison to CT. Thus,
MRI-scanners also become increasingly available in radiation therapy sites at hospitals. We focused
subsequently on this sensitive MR-based polymer gel dosimetry (MRPD).

1.1. Principles of MR-Based Polymer Gel Dosimetry: An Introduction

Polymer gels used for the dosimetric imaging of ionizing radiation [17] mainly consist of radiation
sensitive chemicals and a mobility reducing agent, e.g., gelatin or agarose and water. The radiation
sensitive agent polymerizes in several steps from dimers to multimers even building up networks
upon irradiation according to a dose response function, i.e., the change of a measurement parameter
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with dose, which is specific for the individual chemical composition. The polymerization degree can
be measured and visualized using T2-weighted magnetic resonance imaging (MRI) [18]. MRI has been
mostly applied [19–23] as the reading method of the dosimetric response using relative changes in the
MRI contrast parameter T2 (transverse relaxation time). The measured reciprocal R2 = 1/T2 features in
most of the gel dosimeters in use a linear dependence on the applied dose D within a certain dose
range typically used in radiation therapy (e.g., 0–20 Gy):

R2 = R20 + α D (1)

R20 indicates the transverse relaxation rate of the polymer gel at dose D = 0 Gy. In the following,
the measured relaxation rate R2 as a function of the dose is called the dose response (R2(D)). The
polymer gel response might be characterized by the dose sensitivity defined as the slope α in the linear
increase of the relaxation rate R2 with dose:

α = ΔR2/ΔD (2)

The chemicals mostly used for radiation detection by polymerization are based on acrylic
monomers, e.g., (a) methacrylic acid (MA) in the gel types methacrylic and ascorbic acid in gelatin
initiated by copper (MAGIC) [22] and MAGAT (Methacrylic acid gel and (hydroxymethyl)phosphonium
chloride (THPC)) [17]; MA is also used within this manuscript in methacrylic acid, gelatin and the newly
added dithiothreitol (MAGADIT); (b) acryl-amide and the co-monomer N,N-methylene-bis-acrylamide
(BIS), applied, e.g., in the polymer gels: Bis acryl amide nitrogen gel (BANG) [16], polyacrylamide gel
(PAG) [21] and PAGAT (PAG and THPC) [17]); (c) N-isopropylacrylamide (NIPAM) [24] replacing the
extremely toxic acrylamide in PAGAT gels and (d) N-vinyl pyrrolidone (NVP) [25], e.g., in the polymer
gel dosimeters VIPAR (VIPAR N-vinylpyrrolidone argon) [25], N-vinylpyrrolidone with computed
tomography (VIC) [26] and N-vinylpyrrolidone and THPC with inorganic add-on (iVIPET) [27].

Before ionizing radiation the monomer–gelatin–water mixture is usually heated (e.g., 50 ◦C) above
the gelification temperature of the gelatin such that the polymer gel becomes liquid (polymer gel
solution) and it may be poured into arbitrarily shaped containers. After cooling below gelification
temperature (e.g., about 26 ◦C) the polymer gel becomes semi-rigid for preserving the multimer or
polymer network location and consequently dosimetric spatial information after being irradiated.
The gelatin or agarose ingredient is mainly used for the immobilization of the initially produced
multimer/polymer after irradiation.

The oxygen scavenging ingredient is added to the polymer gel, usually in millimolarconcentrations,
to remove chemically active, dissolved oxygen, which suppresses the radical initiated polymerization.
The mostly used oxygen scavenging chemicals are ascorbic acid with initiation by copper sulfate as
proposed in the pioneering article by Fong et al. [22]. This type of gel was called MAGIC (methacrylic
and ascorbic acid in gelatin initiated by copper). THPC represents a very effective oxygen scavenger
and is therefore often used in different types of polymer gels [17].

Polymer gels feature mainly the subsequent advantages with comparison to standard one-dimensional
dosimeters, e.g., ionization chambers:

(1) The dose distribution can be read out by three-dimensional or multi slice 2D- imaging
techniques within one scanning procedure (3D-dosimetric imaging) and a 3D dose representation
might be calculated quickly.

(2) The polymer gels are tissue equivalent and consequently, do not disturb the fluency and
the spatial distribution of ionizing radiation. This is relevant especially with reference to a possible
multi array 3D-matrix of single point detectors, e.g., ionization chambers, which might absorb parts
of the radiation due to, e.g., metal housing. Such a 3D-arrangement might result in a reduction of
the measured dose in lower layers due to absorption in the upper layers when being irradiated from
the top.
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(3) Polymer gels can be designed easily by pouring them in liquid status using arbitrarily shaped
containers to cover and simulate different shapes of organs or tissue.

(4) The polymer agglomerates and network structure initiated by the irradiation dose feature
only small size (�μm [18]) and thus high resolution comparable to film dosimetry might be obtained
in principle. However, the spatial resolution is ultimately limited by the voxel size of the imaging
modality, typically about 1 mm3.

These advantages are especially important for high resolution dosimetric imaging quality control
i.e., checking the spatial accuracy of dose delivery in irradiation fields with strong dose gradients on
tumor patients. These strong dose fall-offs are especially necessary when there are areas that have to
be avoided by irradiation namely risk organs, e.g., the optical nerve in the brain close to tumor areas,
which demand the maximum dose.

In quantitative dosimetric imaging usually the dose response function for a certain manufacturing
batch of polymer gels is obtained (Equation (1)) for a subset of calibrations samples. Alternatively a
reference irradiation with known dose distribution with minimum two measurements of R2i at two
different dose levels Di can be evaluated. Thus the two unknown parameters characterizing the dose
response: the polymer gel relaxation rate without dose (R20) and the sensitivity α can be evaluated.
For relative dosimetry also a region outside the irradiated region (D = 0 Gy) can be evaluated for
obtaining R20 without dose (R20).

The difference ΔR2 = R2 − R20 of the locally measured R2 to the background (R20) is according to
Equation (1) proportional to the applied dose and thus can be used for quantifying the relative changes
in the measured dose distribution (relative dosimetry).

1.2. Actual Status in Polymer Gel Dosimetry with Respect to Dose Rate and Motivation

In the last few years, there has been a growing interest in magnetic resonance imaging based
polymer gel dosimetry (MRPD) due to its tissue equivalence and potential to determine quantitatively
complex 3D dose distributions with high spatial resolution [19–23,28–33].

Since the proposal and manufacturing of the first polymer gels, there is a continuous process
to check individual preparation and evaluation parameters for achieving precision and accuracy for
different radiation properties over various experiments [16,34]. Good reproducibility of gel dosimeter
needs strict control of ingredient purity, manufacturing, storage and measurement parameters [34,35].
Distinctive factors like gel cooling, gel structure, MRI related artifacts and dose-rate affect the accuracy of
the polymer gel [20,34–36]. Other sources of deviations in dose reading are represented by temperature
variations of the gel dosimeter during scanning and irradiation [15,17,18,37–39].

Unfortunately, the dosimetric signals of many of the existing polymer gels are dose-rate dependent.
This dose-rate impact—among other factors—reduces in many cases the dosimetric accuracy below
the clinical standard [40].

It has been shown, that the acrylamide based PAGAT (polyacryl-amide gel and THPC) type gel
exhibited only a small dose rate dependence of the sensitivity α (dose rate effect). Consequently,
a PAGAT dosimeter passed the quality criterion checks for clinical use [41]. However, the used
acrylamide is extremely toxic [24] and features mutagenic and teratogenic risks. Polymer gels using
N-vinylpyrrolidone (NVP) [25] as a monomer were reported to exhibit a low dose rate dependence [42]
but featured significantly reduced sensitivity [15]. Recently modifications of these NVP gels using
specific inorganic salts have been proposed (“iVIPET”-gels) for increased sensitivity [27]. These are
reported to exhibit higher sensitivities in comparison to the VIPET dosimeter (αiVIPET/αVIPET ≈ 3)
up to αiVIPET = 0.26 Gy−1 s−1, which is still significantly less than some of the MA based polymer gels
(e.g., αMAGAT � 2 Gy−1 s−1) [39]. These modified NVP polymer gels (iVIPET) are very promising also
for reduced dose rate dependence. However, NVP is categorized (level 2) as likely carcinogenic in
humans in addition to inhalation, skin and eye harms and the very effective but toxic THPC is used as
an oxygen scavenger.
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In parallel, several dosimetric scanning methods using radiation induced polymerization have
been commissioned [43–46]. In particular, little research has been conducted, to our knowledge, to show
quantitative proposals for the improvements of the dose rate dependence of the most sensitive polymer
gels based on MA [17,39]. The dose rate might vary for different points in a treatment volume even in
single beam irradiation by an order of magnitude [20,35] due to the lateral dose distribution created by
collimation. In the case of intensity modulated radiation therapy (IMRT) and volumetric modulated arc
therapy (VMAT), characterized by varying collimation beam areas during irradiation, the lateral dose
rate variation of a single beam might even be changed afterwards by the time course of beam directions.
Even the applied dose rates might vary from step to step. However, the dose-rate dependence has not
been documented for many gel dosimeter systems [17]. Previous research showed that the sensitivity
of polymer gels was enhanced for a lower dose rate, e.g., 0.6 Gy/min with comparison to the higher
dose rates (≈2–5 Gy/min) as applied often in standard clinical radiation therapy on a linear accelerator
(LINAC) [20,47]. For instance, methacrylic acid gel and THPC (MAGAT) gels, which were found to
be most sensitive to irradiation, showed maximum dose rate dependence [39]. The first type of a
normoxic polymer gel, which was manufactured using ascorbic acid as an oxygen scavenger (MAGIC),
had also been shown to feature this dose-rate effect [17,47]. Adding oxygen scavengers to polymer gels
avoids the application of nitrogen or other passive gases as argon [25,42] to blow out the oxygen, which
suppresses the radical initiated polymerization in polymer gels [17]. The most efficient scavenger
(THPC) in MAGAT-type gels features severe toxicity and danger for acid burns. We suspected a
possible impact of the oxygen scavenger concentration on the dose-rate effect. We also assumed
dithiothreitol (dithio, IUPAC name: 1,4-bis (sulfanyl) butane-2.3-diol) due to its low redox potential
(−0.33 V) [48] in comparison to ascorbic acid (Eh = −0.081 V) [49] and usage in biochemistry [50]
for preventing oxidation of thiol groups, being a candidate for a new oxygen scavenger in polymer
gel dosimetry with less impact on radical initiated polymerization. High concentrations of oxygen
scavengers are capable of reducing the dose-rate effect, but also reduce the sensitivity of the polymer
gel to dose [47]. Dithio features the advantage of non-toxic nature. After having checked the principle
effectiveness of this new oxygen scavenger with reference to radiation initiated polymerization in MA
based polymer gels, we report here about the basic properties of this new polymer gel type (MAGADIT)
with three different concentration levels of dithio (2, 10 and 50 mmol/kg).

First of all, the impact of the oxygen scavenger concentration on sensitivity α is reported
in Section 3.1. The dose-rate dependence of the sensitivity was investigated for all of the different
MAGADIT gels, particularly in the range of clinically applied high dose rates as, e.g., in FFF irradiations
(5–12 Gy/min), but also the low dose rate range down to

.
Dmin = 0.6 Gy/min. Absolute and sensitivity

normalized dose rate dependence Δα/
.

D were evaluated comparing the performance of the three
different polymer gel implementations (Section 3.2). In Section 3.3 the reproducibility (σr) i.e., the
relative standard deviation of the dose response, measured as relaxation rate R2(D) for a set of different
polymer gel dosimeters and relative accuracy ar defined as normalized deviation between applied and
measured dose are presented for all of the different dithio concentration levels. Finally, the impact of
potential dose rate effects, i.e., the influence of varying dose rates across the delivered dose distribution
on the geometric accuracy is shown for a small 5 × 10 mm2 10 MV photon field on a clinically used
LINAC. Two protocols at different dose rates applied in the center are compared: a) at standard IMRT
dose rate of

.
D = 4.2 Gy/min and b) that of a FFF high dose rate (

.
D = 15 Gy/min). The results on

geometric accuracy, evaluated as deviation of the width of the measured dose profile from the true one,
are compared for the FFF and standard dose rate protocol in Section 3.4.

2. Materials and Methods

2.1. Gel Manufacturing

The polymer gel was prepared at normal atmospheric conditions in a chemical laboratory with
standard equipment [47]. The MAGADIT preparation involved methacrylic acid, porcine gelatin,
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(300 Bloom, SIGMA-ALDRICH, Vienna, Austria) and dithiothreitol (Lactan Chemikalien und Laborger.,
Graz, Austria) as an oxygen scavenger. Dithiothreitol (dithio) is also known as Cleland’s reagent and
used in biochemistry as a reducing and protective reagent for SH groups [51]. Table 1 indicates the gel
composition for three different concentrations of dithio: DIT1, DIT2 and DIT3.

Table 1. MAGADIT polymer gel composition with three different oxygen scavenger concentrations.
The relative weight of the chemicals is indicated (w/w) unless otherwise mentioned.

Ingredients DIT 1 DIT 2 DIT 3

Distilled water 82% 82% 82%
Gelatin 10% 10% 10%

Methacrylic acid 8% 8% 8%
Dithio 2 mmol/kg 10 mmol/kg 50 mmol/kg

The gelatin was added to distilled water at around 50 ◦C within a procedure of steady magnetic
stirring and moderate mixing. The dissolving process required approximately 50 minutes until a
transparent solution was obtained. Then, MA was added to the solution accompanied by continuous
mixing for 5 minutes. Lastly, dithio was added to the gel solution followed by thorough mixing using
an automated high-speed propeller machine. High speed mixing was necessary for direct chemical
contact between the scavenger molecules and oxygen. After mixing the entire mixture including the
monomer MA, gelatin, dithio and water was still in the liquid state due to the temperature above
gelification (T ≈ 26 ◦C). However, the entire solution turned into a cloudy froth-type shape. The foamy
polymer gel then was moved to a water bath at about 54 ◦C to guarantee for the settling of the foam
until a clear solution was achieved. Polyethylene terephthalate (PET) containers of about 34 mL volume
(wall thickness ≈ 1 mm) were filled with the liquid gel solution. An additional protection for oxygen
penetration at cap was provided using a layer of oxygen dense SaranTM film (Merkur-market, Vienna,
Austria) at the top opening side. All the filled containers were placed at room temperature in the dark
to cool down in a position of topside upward to collect left oxygen bubbles at the top side far distant
from the irradiation target region at the bottom. After cooling down to room temperature, the gel
containers were positioned in a separate big glass container filled with an oxygen scavenger solution
(2–5 mmol/L ascorbic acid and 100 μmol/L copper-sulfate) to avoid oxygen penetration in addition.

We add some information on our practical experience and aspects related to manufacturing and
storage of polymer gels in general and in specific for the MAGADIT species:

(a) Retaining oxygen scavenging is crucial for a stable dose response. Especially small containers
have to be oxygen sealed. Standard plastic material like polyethylene at mm thickness is not
sufficient for avoiding oxygen penetration through the plastic wall container material. Otherwise,
the in-diffusing oxygen saturates after some time the oxygen scavenging capacity in any scavenger
add-on. The material best suited as the container material with photon absorption characteristics close
to tissue—in our experience—is represented by a copolymer of acrylonitrile and methyl methacrylate
(BAREXR). However, this material is hardly available on the market anymore. Therefore other
protection modalities, e.g., thick container walls or additional closed glass containers, being removed
just before irradiation, are proposed to be used. For these reasons we stored the MAGADIT polymer
gel containers about 12–24 hours after manufacturing in an oxygen impermeable glass container with
a metal cap filled with an aqueous solution of an oxygen scavenger (e.g., 2–5 mmol/L ascorbic acid and
100 μmol/L copper-sulfate). Such a procedure is especially recommended if the normoxic dosimeter
container is made of plastics and features small wall thickness.

(b) The time and temperature course between preparation, irradiation and evaluation might in
principle have an impact on the absolute values of the dose response [17,18,33,52]. We, therefore, advise
(see also [20]) for accurate absolute dosimetry to prepare, irradiate, store (incl. time after irradiation)
and evaluate the calibration gels in the same way as the 3D-dosimeters for quantitative evaluation.
Thus eventual changes in dose response due to co-factors are minimized.

150



Polymers 2019, 11, 1717

(c) From our practical experience, the polymerization in the clear MAGADIT polymer gels can be
visualized at medium dose levels within linear range as turbid areas within 1 hour after irradiation
without visual changes after about 3 hours. After measuring (we advise, e.g., up to 5 days after
irradiation) and storing in the fridge these polymer gels have not changed their visual appearance
(turbid area size) even after 3 months. We, therefore, think that these types of polymer gels (MAGADIT)
still can be quantitatively accurately evaluated after this time (month), if the calibration and evaluation
polymer gels are treated and stored in the same way. For relative dosimetry they might be used
even after longer adequate storage times in a fridge at 4–8 ◦C. Actually the FFF photon field was
applied to the MAGADIT D3 dosimeter about 12 months after preparation. The stability of the linear
dose response might be quantitatively proved in further investigations related to the practical aspects
of applications (see also Section 4.2. Limitations of the Study and Possible Future Investigations, in the
chapter discussion).

2.2. Irradiation and MR-Dosimetric Evaluation

Two different types of irradiation protocols were performed: (a) A low energy 200 kV protocol on
a preclinical irradiation unit for the investigation of the basic properties of the MAGADIT dosimeter
and best control of the dose rate and (b) a high energy (10 MV), close to clinical IMRT irradiation
protocol with two different dose rates applying an (a): standard dose rate (FF) (�4.2 Gy/min) and (b):
a high dose rate, FFF-typical protocol (�15 Gy/min). A 5 × 10 mm2 small photon field on a clinically
used LINAC was utilized for demonstrating the impact of the LINAC accelerator dose rate, applied to
the center region, on the measured lateral spatial dose distribution determined by the collimation set
up in the specific irradiation set-up. These different protocols are described subsequently:

2.2.1. Low Energy 200 kV-Protocol (Yxlon) for Basic Properties of MAGADIT

A preclinical research, X-ray machine (YXLON International GmbH, Hamburg, Germany, with
X-ray tube Y.TU/320-D03, E = 200 kV, filtered with 3 mm Al and 3 mm Be) was utilized to irradiate
MAGADIT dosimeters [53]. This machine offered an improved availability and simple adjustment of
dose rate at low drop-out probability (interlocking) and high dose levels within short administration
time. LINACs for clinical therapy at high photon energy might experience short deficiencies and
drop-out in continuous dose delivery, which results in prolonged dose delivery time. Thus the dose
rate might be effectively reduced and not constant in time. No significant difference in the dose
response of polymer gels is expected between low and high energy (>1 MeV) LINAC photons [54].
All gel containers were kept in the X-ray machine room for at least 1 hour before irradiation in order to
achieve nearly uniform temperature for radiation. The first irradiations (see Figure 1) were performed
for calibration and checking the sensitivity and linear dose range at

.
D = 2 Gy/min. A second gel set was

used for measuring the dose-rate impact on the different types of gel: DIT1, DIT2 and DIT3. The last
set served for checking the reproducibility and accuracy.

For the systematic dose measurements, the gel containers were placed in a Perspex®holder with
different holes in a position such that the bottom parts of the containers were directed towards the
radiation source (Figure 2). After the irradiation, all the containers were moved and retained for
36 hours in the MR room for temperature equilibration and subsequent MR scanning.

Calibration

Gel containers for calibrations were irradiated at YXLON with 200 kV x-rays. A set of three
different types of gels (DIT1, DIT2 and DIT3) was irradiated one day after manufacturing. For
calibration, the irradiations of the gel dosimeters were performed such that the bottom surfaces of
the gel containers were positioned perpendicular to the radiation beam (Figure 2). All the applied
dose levels and dose rates were cross-checked with a calibrated ionization chamber (type 31013,
PTW-Freiburg, Freiburg, Germany) with a sensitive volume of 0.3 cm3. For accurate dose measurement,
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the ionization chamber was placed in the same gel container type filled with water at the same reference
level (at 1 cm depth from bottom side), as used for the gel evaluation.

 
Figure 1. Irradiation scheme procedure for the measurements of the basic dosimetric characteristics of
the three types of MAGADIT polymer gels: dose response, calibration, reproducibility and accuracy.
In addition, the dependence of the dose response on the dose rate was evaluated.
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Figure 2. Gel irradiation set-up (non-scaled) indicating the position of the gel container with reference
to the radiation source without collimation. The source to detector distance (SDD) was adjusted to
37 cm for the calibration set-up. For investigations of the dose-rate effect the SDD and tube current was
adjusted differently (SDD = 23, 25, 27 and 65 cm). The reference position at 1 cm depth distant from the
bottom side in the container is indicated.

The various absolute dose levels of 2, 4, 8, 16 and 24 Gy (
.

D = 2 Gy/min) were delivered to the
gel samples for obtaining the calibration curves for each type of dosimeter. The polymer gels were
positioned at a source to surface (gel container bottom side) distance of about 36 cm. A current of
10.4 mA resulted in a dose rate of 2 Gy/min at the prefixed distance.

Reproducibility and Accuracy

We defined reproducibility here as the variation of outcome (dose response: relaxation rate
R2 = 1/T2) for different samples of the same type of gel, manufactured in the same batch within
one MRI measurement sequence. For the quality check on reproducibility, four samples of each
type of gel (DIT1, DIT2 and DIT3) of the same batch were irradiated at a dose level of 25 Gy at
5 Gy/min (Figure 1 right). The set of gels used for calibration was not used for the reproducibility
test. Reproducibility (σr) was quantitatively evaluated using the standard deviation in the relaxation
rate (σR2) and the average value (μR2 ) of the measured relaxation rate, obtained from an ROI analysis
(about 60–100 pixel) for four different samples (Equation (3)):

σr =
σR2

μR2
(3)

For accuracy, four samples from the manufacturing set for precision were used, but the quantitative
dose levels were calculated using the calibration curve obtained from the fifth polymer gel out of the
same manufacturing batch, irradiated at 5 Gy/min and a reference sample without dose (D = 0 Gy).
The calibration curve was therefore obtained for the same batch of samples but an independent
calibration sample set. We thus used only two reference points for calibration similar to an evaluation
with subtracted background R2–R20 imaging, with R20 obtained from regions outside the irradiated
area at D = 0 Gy. This procedure is often performed in simple dosimetric imaging with a limited
number of calibration reference data.

In addition we aimed to demonstrate also the consequences of evaluating dose levels from
calibration data with different dose rates (here 2 Gy/min instead of correct 5 Gy/min). Therefore,

153



Polymers 2019, 11, 1717

we also used calibration data from gel set 1 (Figure 1) obtained at
.

D= 2 Gy/min and evaluated the
corresponding dose for this calibration data. The corresponding differences in evaluated dose D from
those actually applied are listed in Table 3. The relative accuracy (ar) was defined as the difference (ΔD)
of the actual dose (Da), measured by the ionization chamber in the same reference position as the gel in
the container and the calculated dose (Dm) from the calibration curve, divided by the actual dose.

ar =
Dm −Dar

Da
(4)

The results for reproducibility and accuracy are shown in Table 3 and Figure 6.

Dose Rate Dependence

Polymer gels from the same manufacturing batch as used for calibration and reproducibility
served for the investigations on the dose-rate impact. Four different dose rates (

.
D) ranging from

.
Dmin = 0.6 Gy/min to

.
Dmax = 12 Gy/min with three different dose levels were applied. The dose rates

were adjusted either by varying the current of the x-ray tube or by changing the source detector
distance (SDD). Varying both at the same time allowed for the broad range of dose rates. Three different
(low, medium and high) dose levels and a sample with zero dose at all were investigated for each
dosimeter type assuming linear dose range and sensitivity to a maximum dose of 15, 20 and 30 Gy
respectively (Figure 4). The absolute reference dose was delivered at 1 cm distance from the bottom of
the gel container.

MRI Measurements on the Basic Properties

All the gel containers for Yxlon irradiation were scanned at a minimum of 36 hours after the
irradiation using a high-field 7 T MR scanner (Siemens, Magnetom 7T, Erlangen, Germany) installed at
the High field MR Center Vienna. The small gel containers were kept in the scanning room at least two
hours before the measurements to reduce any variations on T2 values during measurements due to
temperature imbalance. For the purpose of comparability, the reference (non-irradiated) polymer gels
(D = 0 Gy) were controlled throughout the process in the same way as the irradiated ones. Using a head
coil, parameter selective T2 mapping was performed on all gels. T2-weighted imaging was applied
with a multiple spin echo sequence of 15 echoes, echo time spacing TE = 10 ms (10, ..., 150 ms) for
accurate measurement of fast decaying magnetization in the high dose range, repetition time TR = 8.4 s,
field of view (FOV) = 100 mm, matrix size (Mtx) = 128 × 128, slice thickness (slth) = 5 mm, number of
slices (nrsl) = 5. The analysis for quantitative T2 evaluation was performed using a mono-exponential
fitting tool, which was developed for ImageJ (National Institute of Health, USA) by Karl Schmidt
(Harvard, USA). In order to get more accurate T2-results, the first echo was removed before processing
as proposed in the standard for highly accurate T2-measurements [47,55].

2.2.2. Dosimetry of a Small Sized 5 × 10 mm2 FFF Field of a LINAC Used for Clinical Radiation therapy

Using a linear accelerator (LINAC, Elekta Instrument AB Stockholm, Sweden) for patient therapy
a flattening filter free (FFF) photon (10 MV) radiation field of small asymmetric size (5 mm × 10 mm)
was applied to (a) polymer gel D3 and (b) Gafchromic®EBT3 film used as reference for high resolution
dosimetry (SSD = 90 cm and ref. depth = 24 mm). Two different dose rates were applied in order to
simulate and demonstrate the impact of applying very high dose rates as typical for FFF irradiation vs.
standard high dose rate on the geometric dosimetric accuracy:

(a) High dose rate (
.

D = 15.3 Gy/min) protocol as used for clinical FFF-irradiations and;
(b) Lower dose rate (

.
D = 4.2 Gy/min) protocol with the same geometric configuration.

Polymer gels of type D3 in the small containers (outer diameter ≈ 30 mm) were left from the
same batch as for the investigations on the basic properties and irradiated. They did not exhibit any
color change or polymerization after being stored in a fridge in an oxygen-sealed water container for
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about 12 months. After thermal equilibration two of these were exposed to the small sized 5 × 10 mm2

radiation field. A high resolution MR protocol, slightly different from the investigations on the basic
properties, was used in order to investigate the dose profiles of the small radiation field for the two
different dose rates (FOV: 30 mm Mtx: 192 × 192; TR = 3960 ms; TE = 15, 30, ..., 300 ms and voxel
size: 0.156 × 0.156 × 1 mm3). The first echo was removed in the evaluation of T2-relaxation maps
for avoiding non-exponential decay artifacts due to stimulated echoes [55]. The dose response was
calibrated using linear interpolation and two reference regions of interest (ROIs) in the polymer
gel of dose levels known from the treatment planning system (TPS). The TPS represents a software
interface for calculation of an expected dose distribution from radiation parameters, its visualization
and comparison of the planned dose distribution with reference to the object, e.g., patient in radiation
therapy. These ROIs have been: a circular rim outside of the central 5 × 10 mm2 LINAC photon field
for reference dose (D1 = 0 Gy) and a small ROI in the center of the field (D2 = 60 Gy). Dose images
were obtained from R2 maps (images of the reciprocal T2) using this calibration data according to
Equation (1) [44] assuming a linear dose response (Figures 3 and 4) between these reference dose levels
(D1 = 0 Gy and D2 = 60 Gy).

Film dosimetric evaluations were performed with radiochromic films (Gafchromic®EBT3). They
were based on the evaluation of the optical density using all of the three channels and six calibration
data points up to Dmax = 6 Gy [56]. For the evaluation of the impact of dose rate on the geometry of
the profile, MR and film dosimetric profiles were normalized (relative dosimetry) to the maximum
dose evaluated as the mean value in the center of the 5 × 10 mm2 radiation field such, that the dose
profiles from film and polymer gel can be compared.

3. Results

3.1. The Impact of the Oxygen Scavenger Concentration on Polymer Gel Sensitivity

Gels from all three types were irradiated for calibration with 200 kV of x-rays up to 24 Gy dose
at a dose rate of 2 Gy/min. Thereafter, MRI was applied to these irradiated dosimeters samples
together with non-irradiated polymer gels as a reference. The gel with the lowest oxygen scavenger
concentration (DIT1) featured a relaxation rate R2 = 10 s−1 at the highest dose level applied (24 Gy),
representing high sensitivity (Figure 3).
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Figure 3. Calibration gel (Gel_ref,
.

Dstand=2 Gy/min) dose response with three concentrations of dithio
oxygen scavenger. DIT1 featured minimum (cd = 2 mmol/kg) and DIT3 (cd = 50 mmol/kg) maximum
concentration. A reduction in dose response R2 can be seen from low scavenger concentration (DIT1)
to the highest scavenger concentration (DIT3) for dose levels D > 7.5 Gy. This drop was highest for the
high dose level (D = 24 Gy). Note the high offset R2 values below 7.5 Gy for DIT3. Error bars were
acquired as the standard deviation of R2 in the selected regions of interest (ROI). These were generally
smaller than the symbol for measurement data.

Further enhancing the concentration levels of oxygen scavenger resulted in lowered relaxation
rates in MRI for DIT2: R2DIT2 = 6.5 s−1 and for DIT3: R2DIT3 = 5.6 s−1 (D = 24 Gy). The highest
concentration of oxygen scavenger decreased the dose sensitivity measured as the slope of the relaxation
rate R2 with dose (α = ΔR2/ΔD; Figure 3). In general, increasing the concentration of oxygen scavengers
decreased the sensitivity of the polymer gels (Figure 3).

3.2. Dose Rate Dependence of the Dose Response in Dithio Gel Samples

The dose-rate effect was quantitatively evaluated using the sensitivity of the polymer gel measured
as the slope (α = ΔR2/ΔD) in dependence of the dose rate varying the dithio concentration as a control
parameter. At first, the impact of the dose rate on the absolute R2 response at certain discrete dose
levels was evaluated (Figure 4). The reference gel with the lowest concentration, DIT1, showed a
significant decrease in the dose response from low to high dose rates at D = 15 Gy: R20.6Gy/min = 9.8 s−1

and R212Gy/min = 4.9 s−1. This reduction corresponds to about 50% relative change.
We further increased the scavenger concentration (cd = 10 mmol/kg) in DIT2 as compared to

DIT1 (cd = 2 mmol/kg). All of the gel containers of DIT2 were irradiated with the same dose rates as
in DIT1, but low, medium and high dose ranges were set differently due to the lower sensitivity of
DIT2 (Figure 3). The results of the MRI showed, that the R2 values were reduced for all dose rates as
compared to DIT1 (Figure 4b). Concerning the dose-rate impact, at 20 Gy, R2 dropped from about 8.5
to 4.2 s−1 while changing the dose rate from 0.6 to 12 Gy/min. The relative dose-response reduction
with increasing dose rate reported here amounted to about 63.6%. The dose-rate effect measured as a
change of sensitivity (slope) with a difference in dose rate reduced approaching the higher dose rates,
typical for flattening filter free irradiation (Figure 5 left). DIT2 resulted almost in a similar percentage
drop in the sensitivity, as in DIT1 in the high dose rate region.
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Figure 4. Dithio polymer gel dose response with three concentrations of oxygen scavenger for various
dose rates ranging up to

.
Dmax = 12 Gy/min. Error bars were acquired from the standard deviation of R2

in ROI. Commonly these were smaller than the measurement data symbols. Results of linear regression
analysis are plotted. a (left): DIT1 dose response for the lowest concentration of oxygen scavenger.
b (middle): Dose rate dependence of DIT2. c (right): DIT3 dose response for highest concentration
(50 mmol/kg). The relaxation rate R2 at the high dose level (e.g., D = 15 Gy) was strongly reduced for
all types of gel with higher dose rates. The R2 offset value (R2D = 0Gy) was quite prominent in DIT3

for all dose rates. Please note, that the variation in slope with high dose rates
.

D ≥ 8 Gy/min almost
disappeared for all types.

Finally, we investigated DIT3 for the dose rate-effect using the same dose rates as DIT1 and DIT2.
Due to the low sensitivity of DIT3 (Figure 3), the low, medium and high-dose levels were chosen higher
than for DIT1 and DIT2. The MRI results showed that the relaxation rate R2 was reduced by about
64% while changing dose rates from 0.6 Gy/min to 12 Gy/min at 30 Gy (Figure 4c). Here, the drop in
sensitivity was nearly the same as in the case of DIT1 and DIT2. Please note that the changes in the
sensitivities reduced at higher dose rates

.
D ≥ 4 Gy/min and finally disappeared within errors at a dose

rate:
.

D > 7 Gy/min.
The dose sensitivities of the different polymer gel types were evaluated as the slope from Figure 4

using linear regression analysis of the data. The results are summarized in Table 2 and visualized in
Figure 5.
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Figure 5. Absolute (left) and normalized (right) sensitivity versus dose rate for different dithio
concentrations (DIT1, DIT2 and DIT3). Note the substantial variation of sensitivity with dose rate,
particularly in the region between 0.6 Gy/min to 4 Gy/min, for all polymer gels, but almost vanishing
for dose rates

.
D > 4 Gy/min. A significant reduction in dose rate sensitivity at higher dose rates was

observed. The regression analysis result was added using a power law fitting curve.

Table 2. Dose sensitivity variations with dose rates for different gels. The relative change in sensitivity
apparently disappeared (within errors) for the high dose rate range between

.
D = 8 Gy/min and

.
D = 12 Gy/min for all types of MAGADIT.

Dose Rate (Gy/min) Dose Sensitivity α (s−1 Gy−1)

DIT1 DIT2 DIT3
0.6 0.54 ± 0.04 0.33 ± 0.01 0.17 ± 0.01
4 0.24 ± 0.01 0.15 ± 0.01 0.09 ± 0.01
8 0.20 ± 0.01 0.12 ± 0.02 0.06 ± 0.01

12 0.20 ± 0.02 0.12 ± 0.02 0.06 ± 0.00

For quantitative dose calculations and relative errors due to the dose rate effect the relative change
of sensitivities with dose rate normalized to the specific sensitivity of each gel is relevant. Therefore
we normalized the dose sensitivities for each type of gel to the dose sensitivity at the lowest dose
rate (

.
D = 0.6 Gy/min): nα = α/α0.6 Gy/min (Figure 5 right). The reduction of sensitivity with dose rate

appeared to be almost identical for all of the different types of polymer gel (Figure 5 right).

3.3. Reproducibility and Accuracy

Table 3 lists the reproducibility and accuracy results of different gel types.
Using Equations (3) and (4), the calculated reproducibility for DIT1, DIT2 and DIT3 were equal to

3.3%, 6% and 3.6%, respectively.
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Table 3. Summary of the evaluations on reproducibility σr and accuracy ar, defined as the relative
deviation of measured dose values from the actually applied dose. Reproducibility and accuracy were
evaluated for the highest dose level (D = 25 Gy). Note the high errors in the accuracy (ar �16%–20%),
if the calibration is performed at a dose rate (

.
D cal = 2 Gy/min), different from the accuracy irradiations

(
.

D dos = 5 Gy/min).

Gel Type Relative Accuracy ar (%)
Reproducibility

σr (%) at 5 Gy/min
Average R2 of 4 Samples (s−1)

and Standard Deviation

5 Gy/min 2 Gy/min

DIT1 3.5 20.2 3.3 8.5 ± 0.28
DIT2 7.4 23.6 6 5.5 ± 0.33
DIT3 7.9 16.0 3.6 5.3 ± 0.19

The evaluation of accuracy resulted in significantly improved values, when calibration and
accuracy irradiations were performed at the same dose rates (3.5%, 7.4% and 7.9% respectively).
We found significantly worse values in the accuracy, when calibration and accuracy experiments were
practiced at different dose rates (2 and 5 Gy/min) for DIT1, DIT2 and DIT3 (20.2%, 23.6% and 16.0%
respectively).

An overview of the results for the different types of polymer gels (DIT1, DIT2 and DIT3) is shown
in Figure 6.

Figure 6. Box plots of the dose response R2 for the evaluation of reproducibility of the three different
types of gel dosimeters. For each MAGADIT type, four samples were irradiated to 25 Gy at 5 Gy/min.
Quartiles, median levels and whiskers for minimum and maximum values are also indicated.

3.4. Dosimetry of a Small Sized 5 × 10 mm2 FFF Field of a LINAC used for Clinical Radiation Therapy

Two dose profiles were obtained for:

(a) The FFF type irradiation protocol at a dose rate of 15.3 Gy/min (FFF) and;
(b) A standard high dose rate (4 Gy/min) protocol (FF).

These were compared to the results of the film dosimetry assumed to represent the best reference
for high resolution dosimetry after normalization to the dose levels in the same region of interest in
the center of the radiation field. The impact of the dose rate on the dosimetric geometric accuracy,
as evaluated by the dose profiles along the 10 mm axis, is shown in Figure 7.
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Figure 7. Lateral dose profiles along the 10 mm axis of a small sized 10 MV linear accelerator (LINAC)
photon field for the MAGADIT polymer gel DIT3, applied at a dose rate of (a) FF: 4.2 Gy/min (center of
field) and (b) FFF: 15.3 Gy/min (center of field). Dose profiles from the film as references are indicated
in blue color. Note the small but significant geometric deviations in the profiles between MAGADIT
and film in the flanks of the dose profiles at about 25% isodose levels (see arrows) for the relatively
low incident dose rate in (a) FF and the significantly reduced deviations in (b) FFF for the high dose
rate. The width of the measured dose profiles is evaluated as the full width at half maximum height
(FWHM) and indicated in legend for the film and MAGADIT polymer gels separately.

The dose and dose rates along the lateral profile varied proportionally and significantly in the
same way due to the same geometric application. Thereby consequences of a reduced relative dose
rate dependence at the higher dose rate range as typical for FFF applications were demonstrated.
In both cases, the dose rate effect on the spatial accuracy of the results could be detected. For the low
dose rate of 4.2 Gy/min applied in the center, the increased polymer gel sensitivity at 25% isodose line,
corresponding to the reduced rate (

.
D = 1.05 Gy/min), results in an increased relative dose response,

which appeared geometrically in a widening of the profile and a lateral shift of the flank (see arrows
in Figure 7) at that position by about 1.5 mm (15% of 10 mm radiation field). The full width at half
maximum height (FWHM) obtained from the overall profile regression analysis was increased to
11.72 mm instead of 9.75 mm as obtained from the film measurements, assumed as the “gold standard”
for high resolution dosimetry.

When applying the high dose rates typical for FFF at 15.3 Gy/min this shift in the flanks (relevant,
e.g., for quality control using gamma criterion) was significantly reduced to about 0.8 mm.

4. Discussion

4.1. MAGADIT in Comparison to Existing Methacrylic Acid Based Polymer Gels (MAG)

This study reported on the main fundamental characteristics of a methacrylic acid based polymer
gel (MA) using a new oxygen scavenger (dithio). The novel MAGADIT gels showed promising
results and an improved performance regarding the dose rate dependence in the high dose rate
range, a well-known issue observed in MAGAT and MAGIC type of polymer gels. This dose-rate
effect was one of the key factors in limiting the dosimetric accuracy compared to other dosimetric
systems, especially in complex dose distributions with steep dose gradients. Most of the investigations
on the dose-rate effect and the impact of oxygen scavenger concentration on sensitivity have been
performed on the very sensitive MAGAT-type of gels using THPC, an oxygen scavenger of toxic
nature [20,35,39,52,57,58].

Dithio features a redox potential Eh = −0.33 V [48] and thus represents a stronger reduction agent
than ascorbic acid (Eh = −0.081 V) [46]. It is used as Cleland’s reagent in biochemistry due to its oxygen
protective behavior for avoiding disulfide bonds in cysteine based proteins [51]. Though it features
some hazard warnings (H302, H315, H319 and H335 according to EC regulation (No 1272/2008) it is
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classified as non-toxic in contrast to the very effective—but skin contaminative—oxygen scavenger
THPC, used in MAGAT gels. However, we would like to indicate here, that also the monomer (MA)
used in the MAGADIT gels at 8% concentration, is classified as toxic in contact with skin and demands
for corresponding additional protective, storage and administrative efforts. However, MA does not
feature mutagenic (H340) and teratogenic risks (H361f) compared to the toxic acrylamide as used in the
relatively dose rate tolerant PAGAT gel. Non-toxicity and reduced harm in manufacturing are subject
to continuous improvements in polymer gel manufacturing [24]. Recently Abtahi [59] proposed to
replace the extremely toxic acrylamide by the less harmful 2-acrylamido-2-methyl-propane sulfonic
acid (AMPS); the sensitivity of this new polymer gel was reported to be an order of magnitude less than
that for MAGAT (methacrylic acid gel and THPC) gels using methacrylic acid (MA). Future variations
might use these other monomers along with dithio.

The basic properties of the novel MAGADIT have been analyzed with respect to: sensitivity,
linearity, precision and accuracy as well as dependence on dose rate. To evaluate the best performance,
especially regarding dose rate independency, all tests were performed with three different levels of
dithio concentration.

The linear change of the dose response (Figures 3 and 4) with dose demonstrated the efficient
oxygen scavenging in MA based polymer gels even at low concentrations (2 mmol/kg) of Cleland’s
reagent combined with the high sensitivity of ΔR2/ΔD = 0.54 Gy−1 s−1 (

.
D = 0.6 Gy/min). However,

the sensitivity reduced (Figures 3–5) with higher dithio concentrations, similar to the reports for
other oxygen scavengers [39,47] down to about ΔR2/ΔD = 0.17 /Gy−1 s−1 (

.
D = 0.6 Gy/min) at highest

dithio concentration (50 mmol/kg). This impact of oxygen scavenger concentration on sensitivity is
generally observed. We attributed this observation to a capacity of strong reducing agents, as oxygen
scavengers usually are, for chemical interaction with molecules carrying unpaired electrons by electron
release. The number of polymerization initiating radicals was reduced within this model. Even higher
sensitivities might be obtained for even less concentrations of dithio.

In contrast to MAGIC type polymer gels using ascorbic acid [27] an increase in relaxation rate offset
(at dose D = 0 Gy) with oxygen scavenger concentration was observed (Figure 3) from R20Dit1 � 1.7 s−1

up to R20Dit3 � 3.5 s−1 for the highest dithio concentration (c_DIT3 = 50 mmol/kg). We attributed this
increase in the R20 response to a direct impact of the non-oxidized dithio molecule on the relaxation
rate R2 of the water molecules in their vicinity. This might be mediated by a dissociation of the protons
connected to the end sulfur atoms of the thiol-group in the dithio molecule in aqueous solution.

Regarding the dose rate dependency of MAGDIT-gels we evaluated a broad dose rate range
starting at the low dose rate (0.6 Gy/min), which might be used in brachytherapy, and ranging
up to the high dose rates (12 Gy/min) applied in modern radiotherapy and flattening filter free (FFF)
applications [17,47,60–62]. The MAGADIT sample with the lowest oxygen scavenger concentration
(DIT1) yielded the highest sensitivity and thus showed the largest absolute decrease in dose sensitivity
with dose rate. Sensitivity was reduced from α = 0.54 s−1 Gy−1 for 0.6 Gy/min to α = 0.2 s−1 Gy−1 for
12 Gy/min, resulting in a difference of ΔαDIT1 = 0.34 s−1 Gy−1, thus demonstrating also a dose-rate
effect for dithio type polymer gels. For the highest concentration of oxygen scavenger (DIT3) the
absolute difference in sensitivity between the lowest and highest dose rate was ΔαDIT3 = 0.11 s−1 Gy−1

(Figure 5; Table 2). Thus the absolute values in dose rate sensitivity changed by a factor of three
(Δα DIT1/ΔαDIT3 ≈ 3).

However, as a downside, the sensitivity was also reduced with increasing oxygen scavenger
concentration. When normalizing the dose rate dependence to the sensitivity of the lowest dose rate
for each type of the MAGADIT gels (Figure 5 right) the following observations could be made:

(1). There was a strong dose rate-effect for dose rates in between
.

D = 0.6 Gy/min and about
.

D = 8 Gy/min for all investigated dithio concentrations.
(2). This dose rate dependence of sensitivity almost disappeared within the accuracy of the results in

the high dose rate range
.

D ≥ 8 Gy/min (Figure 5).
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(3). The change of normalized dose sensitivities with dose rate appeared to be independent of the
oxygen scavenger concentration for MAGADIT dosimeters. This suggests a more universal
correlation of the impact of oxygen scavengers (or presumably other additives) on dose rate and
sensitivity evaluated as the slope of the dose response.

We would like to note here, that—in a previous investigation on the influence of ascorbic acid
on the dose rate dependence [47]—we found a similar behavior up to about

.
D = 5 Gy/min. Even

beyond that a dose rate dependence was documented, with a drop in sensitivity of up to 20% between
5 Gy/min and 12 G/min for all of the different ascorbic acid concentrations [47]. For MAGADIT
we did not observe any change of sensitivity beyond the critical dose rate

.
Dcrit � 8 Gy/min within

measurement accuracy (Table 2, Figure 5). Therefore this critical dose rate
.

Dcrit might depend on
the specific oxygen scavenger and its effectiveness on radical scavenging. In a THPC based MA gel
(MAGAT) a decrease by about 34% in the dose response was reported, if the dose rate increased from
0.3 Gy/min to 4 Gy/min [39]. Data provided in the same source [39,52] already indicates that a reduction
in dose rate dependency might be observed also for MAGAT gels, supported by measurement at the
highest investigated dose rate of 4–5 Gy/min. We more systematically investigated this indication by
extending the dose rate range to the high dose rates typical of FFF irradiation schemes in clinics and
the impact of the oxygen scavenger dithio on this dose rate dependence (4 Gy/min << 12 Gy/min).
Moreover, we demonstrated the consequences for this reduced dose rate dependence at FFF typical
dose rates for a 10 × 5 mm2 photon field (10 MV) applied on a clinically used LINAC by quantitative
comparisons to calibrated reference film dosimetry.

It has been reported also, that the dose rate impacts R2 response at higher dose regions more
effectively than at low measurement ranges [52]. Our results (Figures 3 and 4) showed a similar
behavior for low dose rates and high dose regions. In the case of radiation fields using collimation
the dose rate impact definitely changes the measured dose distribution. This is due to the fact that in
collimation treatment techniques, the dose rate is highly non-uniform across the treated volume [17,47].

Polyacrylamide-type gels had indicated less dose rate dependence, but feature toxic behavior [20].
Similarly, NIPAM gels showed negligible variation in dose response due to the dose-rate effect [63] but
also exhibited a significantly reduced sensitivity in comparison to methacrylic acid based polymer
gels [17]. Different methacrylic acid (MA) based gels containing THPC as an oxygen scavenger had
been distinctly impacted by the dose rate [39,52,58]. In general, polymer gels with higher sensitivity
showed a linear dose-response up to lower-level dose [64]. Highly sensitive polymer gels appeared
to be more sensitive to the dose-rate effect, e.g., MAGAT type of gel dosimeters. We also observed a
higher linear dose range for the less sensitive type of dithio polymer gels (Figure 4).

For MAGADIT the dose-rate effect was more pronounced for the more sensitive type of dithio
dosimeters at lower concentration with regard to absolute value changes in sensitivity (Figure 5).
This might be explained by the non-linear dependence of radical recombination and multimer
termination on dose, effective at high dose rates: Radical generation and concentration are high at
high dose rates. If the number of radical carrying molecules created in a gel becomes high in the local
vicinity of radical generation, the probability, that the radicals react with each other and terminate
polymerization reactions is significantly increased [20,58]. Therefore, the radical recombination rate
increases non-linearly with dose rate and the dose sensitivity evaluated as a change of R2 with dose is
reduced [35].

In this study, we exemplified the importance of calibrating the polymer gel at the same dose
rate range as the target measurement, especially below the critical threshold

.
Dcrit � 8 Gy/min. When

calibrated at
.

D = 2 Gy/min the accuracy for polymer gels irradiated at the same dose with an increased
dose rate

.
D = 5 Gy/min dropped significantly, with deviations of up to 20% for all types of polymer

gels. This example demonstrates already the amount of error when using non-adapted dose rate
calibration. Standard accuracy varied around 7% for dosimeters originating from the same batch
and using calibration data at the same dose rate (Table 3). Consequently, calibration is strongly
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recommended to be performed at the same dose rates or dose fraction delivery as for the actual final
gel dosimetric evaluation below

.
D = 8 Gy/min.

The applicability of the MAGADIT gels for clinical small fields (5× 10 mm2) has been demonstrated
at high dose rates of 15 Gy/min in an FFF beam. Inaccurate measurements of dose distributions could
be reduced to a maximum shift of the dose side flanks in the dose profile to about 0.8 mm compared to
radiochromic film as a gold standard. Lower dose rates applied to the center result in significantly
larger inaccuracies in spatial dosimetric measurements, especially in the low dose region outside the
center of the field, where even lower dose rates are present. We therefore strongly recommend that the
novel MAGADIT polymer gels are used for any complex irradiations at the highest available dose rate
spectrum. Within the range of the indicated dose rates (

.
D > 8 Gy/min) MAGADIT polymer gels are

well suited for FFF irradiations on LINACS and also pre-clinical investigations on animals using low
energy, e.g., 50–200 kV radiation machine with high dose rates. Dithio polymer gels perform even
slightly better than MAGIC type of gels with this respect.

4.2. Limitations of the Study and Possible Future Investigations

There are several aspects of polymer gel dosimeters in general, which could not be covered
by this first report on the basic dosimetric properties using the new sulfur based oxygen scavenger
dithiothreitol due to the limited scope. We will discuss shortly these aspects in the following in order
to offer additional information on possible dosimetric performance limitations for clinical applications
and possible future scientific work.

4.2.1. Edge Enhancement Effect

The loss of spatial integrity and overshoot of dose response near sharp dose gradients (edge
enhancement effect) is related to the diffusivity of monomers as a consequence of the inhomogeneous
monomer consumption close to dose edges [17,57,65,66]. This edge enhancement effect has been
mainly investigated on acrylamide based BANG polymer gels [18,65,66] and methacrylic acid based
polymer gels [39]. Most of the other polymer gels have not been explored systematically. For any
polymer gel type, the relevance of gelatin concentration can be assumed due to its impact on the
diffusivity of the monomers. Edge enhancement is mainly present at low concentrations of gelatin at
about 2%–6% [66] as a consequence of the higher monomer diffusivity at low gelatin concentration.
No edge enhancement is observed for MAGAS (methacrylic acid gel and ascorbic acid) polymer gels
at 8% gelatin concentration [57]. For MAGAT polymer gels at 8% gelatin concentration a significant
overshoot of the dose response has only been observed at dose levels in the nonlinear dose response
range close to saturation end especially prominent 6 days after irradiation [39]. For the reason of
a reduced edge enhancement we therefore used in our experiments the even higher concentration
of 10% gelatin with high bloom strength (300) for reduced mobility and diffusivity of the polymer
agglomerates in MAGADIT gels. The irradiation was applied in the linear range and the high resolution
MR reading was performed within 3 days after irradiation. Due to the same diffusivity limiting
ingredient in the polymer recipe i.e., gelatin it could, therefore, be expected that the edge enhancement
effect in MAGADIT gels did not differ significantly from the previously reported ones at high gelatin
concentration showing no appearance of edge enhancement. We, therefore, did not expect prominent
edge enhancement effects for the proposed MAGADIT compositions. Actually, therefore, the results
on the dosimetric profiles for the small field of 5 × 10 mm2 with dose gradients of 6 Gy/mm (Figure 7)
did not show an overshoot of dose response at the dose edge.

4.2.2. Temperature Dependence

The polymer gel dose response for all polymer gels evaluated as relaxivity R2 is dependent on
the temperature during manufacturing, irradiation, storage and MR-reading and also depends on
the specific composition, mainly of the monomer and gelatin type, but also on their concentration
in quantitative numbers, which has been documented in several publications, e.g., in [17,18,33,39].
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This observation represents a consequence of the chemical processes during polymerization involved,
as these are sensitive to temperature. The relaxivity R2 measured by MRI during the reading of
the polymer gels depends on the mobility of (mainly water) molecules according to basic physical
principles (BPP-theory [67]). As temperature represents the main physical parameter on the mobility
of biomolecules and water, the impact of temperature on T2-measurement and consequently dose
response in polymer gels is likely and has been reported already in the first proposals and investigations
on polymer gels, e.g., [18,33,39]. It is therefore only rarely reported for each new proposal of a polymer
gel composition.

We also did not investigate this temperature dependence, as the main mechanisms and
dependencies for the most important acrylic acid, methacrylic acid and acrylamide/bisacrylamide
gel systems have already been explored [17,18,39] and no fundamental differences can be expected
for temperatures distant from sol–gel transition for exchanging the low concentration ascorbic acid
by dithio. In general, identical experimental protocols including temperature time courses and MR
scanning temperature are strongly recommended for the measurement of calibration gels and final
evaluation for dosimetric accuracy in absolute 3D-dosimetry based on polymer gels. We would
like to indicate that a wide range of temperature during measurement of the gel response might
be used for relative dosimetry as long as the dose response is linearly dependent on dose, the
temperature distribution is homogeneous in the polymer gel and the gelatin remains in a rigid state
below getting liquid.

4.2.3. Stability of the Dose Response with Time after Manufacturing

The absolute values in dose sensitivity might vary with time after manufacturing and irradiation
and time interval after irradiation and MR scanning due to the time dependent behavior of the chemical
processes involved and additional gelatinization taking place (cf., e.g., [39,52]. However, this might
not be relevant for relative dosimetry as long as the polymer gel dosimeter remains homogeneous and
the response of the polymer is linearly dependent on dose for relative dosimetric purposes such that
known or measured applied dose levels in single points can be used for linear interpolation.

We did not investigate that aspect systematically but here report about some aspects and
qualitative experience on the investigated MAGADIT and the previously investigated MAGIC-type of
polymer gels:

(a) Chemical Stability

We did observe for MAGIC type gels (2 mmol/kg oxygen scavenger ascorbic acid concentration)
a change from transparent to a red brown color, even when being stored in the fridge in oxygen
dense containers after several weeks. This change in color indicates chemical processes ongoing in
the chemical dosimeter and might be related to the degradation of gelatin [68]. The relaxivity at zero
dose (R20 offset) also slightly increased with time for the used high gelatin concentrations (8%–10%).
We attributed this change in relaxivity to an ongoing gelatinization process even at low temperatures.
Such an impact has already been assumed and reported earlier [17,69].

We did not observe a corresponding change in transparency or color for the MAGADIT gels
even 12 months after manufacturing with storage in the fridge at 4–8 ◦C. The dithio polymer gels still
showed a response R2 linearly dependent on dose. The results for the dose profiles at a center dose
rate of 15.3 Gy/min are shown in Figure 7 and did exhibit agreement with the film dosimetric reference
data within 0. 8 mm distance.

(b) Oxygen Penetration

As indicated in the chapter materials and methods, polymer gel containers often are made of
plastics, as this material behaves similarly to water with regard to absorption properties for different
radiation qualities. However, the available container materials for polymer gels are often restricted
with regard to oxygen impermeability. We used PET containers with a wall thickness of about 1 mm,
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instead of the previously used BAREXR material, which is not available any more on the market,
but actually had to realize that even after few weeks after manufacturing the dose response was
suppressed, especially at the edges close to the container wall. The scavenger add-on in the polymer
gel is capable of trapping some amount of the penetrating oxygen, but when its capacity is exhausted
the dose response at the corresponding locations especially at the rim to the container material will be
suppressed. We think that oxygen transport from outside passing the low-permeable PET barrier is
responsible for that observation. We recommend storing normoxic polymer gel containers, made of
plastics after manufacturing in an oxygen impermeable outer container filled with an aqueous solution
of an oxygen scavenger, e.g., 2–10 mmol/L ascorbic acid (cheap and non-toxic).

5. Conclusions

Polymer gels with the novel oxygen scavenger dithiothreitol (MAGADIT) were investigated at
varying concentrations for their basic dosimetric properties: linear dose range, sensitivity, precision,
accuracy and the dose rate dependence of their dose sensitivity. The dithio polymer gels have
demonstrated a linear dose-response up to a dose range of a minimum of 24 Gy. The dosimeter with the
lowest investigated scavenger concentration (2 mmol/kg) featured the highest sensitivity (0.54 Gy−1 s−1)
at

.
D = 0.6 Gy/min. This sensitivity was a little lower than reported for the MAGIC-type of polymer

gels. All types of investigated polymer gels featured a significant dose-rate effect in the dose rate range
between 0.6 Gy/min to about 8 Gy/min. The dose rate dependence decreased for higher dose rates and
apparently vanished for

.
D ≥ 8 Gy/min within measurement errors for all types of dithio polymer gels.

The absolute sensitivity change was distinctly reduced for higher dithio concentrations on the cost of
absolute sensitivity. The absolute accuracy in gel dosimetry might be strongly degraded in the low
dose rate range, if the dose rates for the calibration differ from the dose rates of the actual measurement.

An application of MAGADIT for small field measurements in a clinical 10MV FFF beam
demonstrated its suitability as a multi-dimensional dose detector providing good agreement with
reference to radiochromic film measurements. However, the MAGADIT gels, similarly to other
sensitive MA based gels, are not suited for the low dose rate range for complex radiation fields with
locally strongly varying dose rates.

Methacrylic acid based polymer gels using the new oxygen scavenger dithio (MAGADIT) feature
advantages over standard type of polymer gels like MAGIC or MAGAT type of dosimeters, i.e.,
fewer hazards in comparison to MAGAT and almost disappearing dose rate effect at high dose rates
.

D ≥ 8 Gy/min in comparison to MAGIC. This high dose rate region is generally utilized as a part of
contemporary clinical treatments with FFF irradiations. The qualitative results presented in this study
should be applicable to other types of polymer gels as well.

The source files of the investigations referring to the tables and figures i.e., excel evaluation data
incl. graphs, MRI T2-images of the polymer gels can be downloaded from a server at the Medical
University of Vienna after contact to the author per e-mail.
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Abbreviations

AMPS 2-acrylamido-2-methyl-propane sulfonic acid
BIS N,N-methylene-bis-acrylamide
α Dose sensitivity (ΔR2/ΔD)
Δα/Δ

.
D Absolute dose rate dependence (ΔR2/ΔD)/Δ

.
D) of the dose sensitivity

BANG Bis acryl amide nitrogen gel
c Concentration of the oxygen scavenger
CT Computer tomography
D Dose
.

D Dose rate: (
.

D = ΔD/Δt)
Dithio Dithiothreitol (IUPAC name: 1,4-bis(sulfanyl)butane-2.3-diol)
DIT1 Polymer gel with dithiothreitol at lowest concentration (cdit1 = 2 mmol/kg)
DIT2 Polymer gel with dithiothreitol at medium concentration (cdit2 = 10 mmol/kg)
DIT3 Polymer gel with dithiothreitol at highest concentration (cdit3 = 50 mmol/kg)
EBT3 Classification specification of a commercial radiochromic film
FFF Flattening filter free
FWHM Full width at half maximum
IMRT Intensity modulated radiation therapy
iVIPET Vinylpyrrolidone and THPC with inorganic add-on
LINAC Linear accelerator
MA Methacrylic acid (IUPAC name: 2-methylprop-2-enoic acid)
MAGIC Methacrylic and ascorbic acid in gelatin initiated by copper
MAGAS Methacrylic acid gel and ascorbic acid
MAGAT Methacrylic acid gel and THPC
MRI Magnetic resonance imaging
MRPD Magnetic resonance imaging based polymer gel dosimetry
NIPAM N-isopropylacrylamide
NVP N-vinylpyrrolidone
PAG Polyacrylamide gel
PAGAT Polyacrylamide gel and THPC
PTV Planning target volume
ROI Region of interest, frame in the image to be investigated
R2 Transverse relaxation rate (R2 = 1/T2)
R20 Transverse relaxation rate of the polymer gel at Dose D = 0 Gy
T2 Transverse relaxation time (spin-spin relaxation time)
SSD Source to surface distance
THPC Tetrakis(hydroxymethyl)phosphonium chloride
TPS Treatment planning system
VIC Vinylpyrrolidone with computed tomography
VIPAR VIPAR N-vinylpyrrolidone argon
VIPET Vinylpyrrolidone and THPC
VMAT Volumetric modulated arc therapy
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Abstract: Radio-fluorogenic (RFG) gels become permanently fluorescent when exposed to high-energy
radiation with the intensity of the emission proportional to the local dose of radiation absorbed.
An apparatus is described, FluoroTome 1, that is capable of taking a series of tomographic images
(thin slices) of the fluorescence of such an irradiated RFG gel on-site and within minutes of radiation
exposure. These images can then be compiled to construct a 3D movie of the dose distribution within
the gel. The historical development via a laboratory-bench prototype to a readily transportable,
user-friendly apparatus is described. Instrumental details and performance tests are presented.

Keywords: fluorescent gels; radio-fluorogenic (RFG) gel; tomographic fluorescence imaging;
polymer-gel radiation dosimetry; 3D radiation dosimetry

1. Introduction

Several bulk media have been proposed for the creation of three-dimensional images of the energy
deposited in materials by complex fields of high-energy photon or particle radiation [1]. The need
for such media has been driven by the increasing sophistication and subtlety of dose delivery in
radiotherapy clinics and the requirement for quality control of treatment protocols and equipment [2–4].
The use of such media as phantoms for the training of clinical personnel is an additional, important
role they may play.

The media proposed are based on physico-chemical effects induced at a molecular level that
change the local optical, dielectric or nuclear spin properties of the medium. The changes are spatially
“fixed” in a quasi-rigid-gel or polymer matrix. The apparatus and data handling required to derive
3D dose mapping using such systems has been covered in the literature [1,5]. None of the methods
reviewed are capable of rapid, on-site data analysis and no single method has received universal
acceptance in the clinic. Multiple-arrays of solid-state devices or multi-layers of radiochromic films
have also been proposed but are incapable of providing the sub-millimeter spatial resolution desired.

Here we describe a readily transportable, user-friendly apparatus that has been developed to
allow on-site analysis of radio-fluorogenic (RFG) gel media within minutes of radiation exposure. The
use of RFG gels to monitor dose deposition by a variety of radiation sources, from a brachytherapy
radioisotope to an 80 MeV proton beam, has been recently reviewed [6]. In these early measurements,
images of the bulk medium were made. An advance has been the incorporation of slits, forming a thin
sheet of UV excitation light, that allowed the apparatus to make tomographic (multiple slice) images
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of the radiation-induced fluorescence within the gel. These slices can then be compiled to form 3D
images that can be displayed in video mode [7,8]. This report describes the design, construction and
testing of an apparatus based on this laboratory prototype by a firm that specializes in devices based
on UV solid state sources.

2. Historical Background

The first application of a bulk radio-fluorogenic gel to monitor a non-homogeneous radiation field
was reported in 2011 by Warman et al. [9]. Application to a variety of radiation sources, including x-ray
beams, proton beams and radio-isotopic seeds followed [6]. These measurements of bulk fluorescence
were carried out initially with an extremely simple set-up consisting of two Mercury discharge lamps
and a standard Ricoh “Caplio RX” digital camera, as illustrated in Figure 14 of reference 6. The mercury
lamps were eventually replaced by LED lamps from 4PICO.BV. These had a 16 cm, linear array of UV
light emitting diodes with a linear collimating Fresnel lens. Using these lamps pseudo-3D images of
bulk 40 × 40 × 40 mm3 gel samples irradiated with multiple proton beams were made, as shown in
Figure 2 of reference [10].

The development to the prototype of the present apparatus required the introduction of plates on
both sides of the sample that had slits which restricted the UV light to a thin sheet passing through
the sample. A translatable stage was incorporated to transport the sample through the UV sheet and
multiple images were taken of the fluorescence as a function of position. This procedure has been fully
described and illustrated in reference 7. A photograph of the bench-top prototype is shown in Figure 1.

Figure 1. The bench-top prototype to FluoroTome 1.

The operation of the prototype in making tomographic, “sliced” images of the fluorescence of a
gel sample is illustrated schematically in Figure 2. The application to crossed-beam irradiation of an
RFG gel [7] and to irradiation of an eye phantom with a 3 mm X-ray beam [8] have been reported.
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Figure 2. A schematic of the prototype shown in Figure 1 illustrating the mode of operation.

What is hidden in Figure 1 is the spaghetti-like complexity of power supplies and cable connections
that made transportation to and operation at distant venues difficult. The prototype also required a
dark room in the vicinity of the measurements for fast read-out. Clearly a compacter, transportable
and user-friendly apparatus was required.

3. The FluoroTome 1 Apparatus

FluoroTome 1, shown in Figure 3, was designed and constructed by 4PICO BV (Sint Oedenrode,
The Netherlands) in consultation with members of the Fluorodose project at the Reactor Institute of the
Technical University of Delft, which provided the funding.

Figure 3. The complete FluoroTome 1 apparatus including laptop with software for camera and stage
control and data management.

The apparatus was delivered on September 10th 2018 and further development of the software
continued into January 2019.

Detailed schematics of the external and internal aspects of the apparatus are shown in Figure 4a,b
with downloadable versions given in the supplemental information. A schematic of the basic layout is
shown in Figure 5. This is somewhat different to that of the prototype shown in Figure 2, with the
major difference being the placement of the camera on the opposite side of the sample to the observer
with a 45-degree mirror acting to turn the fluorescent image of the sample through 90 degrees. This
results in compactness and allows for a longer, 300 mm, image distance and a greater depth of field.
As can be seen in the figure, because of the mirror, the left side of an image as taken by the camera is
also the left side as viewed by the operator from the front.
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(a) 

 
(b) 

Figure 4. (a) (upper) and (b) (lower) are schematic drawings of the internal and external details of the
apparatus respectively. See supplemental information for downloadable .jpg files.
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Figure 5. A schematic of the basic design of FluoroTome 1 with LED-array UV lamps, a CCD camera,
and a translation stage in grey.

The basic functioning of the apparatus is as follows: with the light-tight flap open a 40 mm square
borosilicate glass cell containing a fluorescent gel or solution is positioned in a holder on the translation
stage. For the smaller (20 or 10 mm) sized cells the adapters shown adjacent to the flap in Figure 3 are
used. The flap is closed and the translation stage with cell is moved to a given position with respect to
the UV slits using the laptop software. The maximum travel of the stage is 50 mm; ±25 mm about the
central position. An image of the fluorescence is taken and the raw file downloaded via a USB3 cable
to the laptop where it is converted to 16-bit TIFF or 8-bit JPEG files. The camera exposure time can be
varied by the user but the camera gain and color balance are fixed. Multiple images can be made in
scanning mode with the width of the scan about the central position and the total number of images
chosen. The images can then be individually analyzed using ImageJ or other software applications for
compiling and 3D reconstruction of multiple tomographic images. A user manual has been compiled
and is included in the supplemental information.

The main apparatus can be lifted and carried by a moderately fit person, see Figure 6. For
transport over substantial distances a more stable and reliable form of carriage is advised in view of
the somewhat critical optical alignments involved. A small bench space with two 220 V outlets is
sufficient for operation. Darkroom facilities are not necessary. This makes it possible to carry out
on-site measurements and analysis of the radiation-induced fluorescence in RFG gels within minutes
of their radiation exposure.
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Figure 6. Portability test of FluoroTome 1.

4. Test Procedures

Prior and subsequent to delivery tests have been carried out on the various components, the
operational functions and the data acquisition and handling operations of the complete apparatus.
These tests are described in this section. Use of the apparatus for preliminary measurements on an
irradiated gel sample are the subject of Section 5.

4.1. UV Excitation

The collimated, linear-array UV-LED lamps used were designed and constructed by 4PICO.
They consist of a 16 cm long, vertical linear-array of 22 LEDs, covered by a rectangular Fresnel lens
creating a 20 mm wide collimated beam. The individual LEDs were provided by High Power Lighting
Corporation, New Taipei City, Taiwan (model HPL-H44DV1C0, High efficiency 3W UV LED). Passage
through the slits results in a uniform sheet of UV light 2 mm thick, 60 mm high and 60 mm wide in
the cell containment region. The output spectrum of the UV lamps is Gaussian with a wavelength
maximum at 384 nm and a half-width (FWHM) of 10 nm. A 1 mm thick UG-1 polished optical filter
(Phillips Safety Products, Middlesex, NJ, USA) attenuated any visible-light components.

The intensity of the beam transmitted by the slits was measured as a function of height above
the stage using a photodiode detector and the values are listed in Table 1. The left and right side slit
intensities differ by less than 2% and the sum is constant within ±2% over the distance from 30 to 90
mm. At 20 mm, the smallest height possible using the photodiode, the intensity is 10% lower than this

176



Polymers 2019, 11, 1729

average. This indicated that raising the base level of the cell mounts by 20 mm would result in better
uniformity of illumination, as has actually been found.

Table 1. The UV intensity, measured using the photodiode, of light transmitted by the left and right
side slits as a function of height above the cell holder.

Probe Height (mm)
Intensity (mW/cm2)

Left Right Mean

20 10.2 9.6 9.9

30 11.2 10.5 10.9

40 11.0 10.4 10.7

50 11.2 10.9 11.1

60 11.5 11.0 11.3

70 11.1 11.0 11.1

80 11.1 11.0 11.1

90 10.4 11.2 10.8

100 3.0 6.5 4.8

A further test of beam uniformity was carried out using a very dilute (micromolar) solution in
cyclohexane of the fluorescence standard diphenyl-anthracene (DPA). This has a fluorescence maximum
at approximately 400 nm (close to that of the fluorescent version of the RFG gel) with a high extinction
coefficient of 14,000 L/mol.cm and a quantum yield of fluorescence close to unity. The fluorescence of
such a solution, by nature of its low-viscosity, is directly proportional to the intensity of the incident
excitation light. It gives therefore a measure of any spatial variation in the incident UV light intensity.

A fluorescence image of a 40 mm ID square cell containing 30 mm of a DPA solution is shown in
Figure 7 together with vertical and horizontal scans of the blue pixel intensity using ImageJ. Aside
from optical artifacts at the solution/air meniscus, and solution/glass interface in the former and the
solution/glass/air interfaces in the latter, the intensities are seen to be fairly uniform. The horizontal
intensities display an increase in the center of the cell by 5%. Since, if anything, a slight decrease
would have been expected due to UV absorption, this indicates a non-uniformity on the detection side
of the apparatus which should be corrected for. The levels at the left and right side of the scan are
equal within 1%, in agreement with the close similarities of the photodiode measurements of the beam
intensities at the left and right hand side slits given in Table 1.

The high-power LEDs used displayed an appreciable decrease in intensity with time after turning
on due to heating. Using the photodiode detector this was found to be 13 % after 5 min. Due to this,
the maximum “on time” of the lamps was automatically limited to 5 min. A test, using the fluorescent
solution mentioned in the previous paragraph, was also carried out and is shown in Figure 8. The
decrease in the fluorescence intensity (the blue-pixel grey-scale value, PB) of 13% over 5 min matched
that found for the photodiode output measurements. Due to these observations the lamps were held
in a default, “standby” off mode when carrying out measurements.

When taking an image the lamps were triggered to be on for only a short period (seconds) before
and after the camera exposure that was set to a maximum value of 2 s. A dummy test has been carried
out using the DPA solution in which a scan involving taking 40 images was carried out without the
stage moving an appreciable distance. The change in the intensity of the image with scan time is shown
in Figure 9 to be less than 1% over the total scan. Figure 9 also shows the statistical error from sample
to sample in the scan to be extremely small.
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Figure 7. A fluorescence image of a 40 mm square cell containing 30 mm of a dilute liquid solution of
diphenyl anthracene with vertical and horizontal intensity profiles made using ImageJ at 6.6 pixels
per mm.

Figure 8. The decrease in fluorescence intensity of a DPA solution with time after turning on the UV
lamps continuously.

Figure 9. The variation in intensity of images of a DPA solution during a dummy 40 image scan
without appreciable movement of the stage using the default standby mode of operation with pulsed
UV illumination.

4.2. Fluorescence Detection

Images were made of the cell, containing a fluorescent solution or gel, using an HIKVISION
(Hangzhou, China) model MV-CB060-10UC camera with a 4P07421-A lens. An example of such an
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image of a fluorescent DPA solution is shown in Figure 7. When the stage is at its median position, the
center of a cell is 300 mm from the camera. As can be seen in Figures 4b and 5, the image is taken in
reflection via a 45 degree mirror which results in the view of the image by the camera being the same
as that of the operator; i.e., the left side of the camera image (viewed from the rear of the cell) is also
the left side as viewed from the front by the operator.

The raw images taken by the camera are transferred directly via a USB3 cable to the laptop where
they are converted to 16-bit TIFF and 8-bit “JPEG” files. These files can be uploaded to the freely
down-loadable software program ImageJ [11] which is used for data analysis including RGB color
separation, determination of the average pixel grey levels for a specific rectangular area of an image
(as in Figures 8 and 9) and making profile scans of pixel intensity (as in Figure 7).

In Figure 10 blue-pixel grey-scale values are plotted as a function of the camera exposure time for
a fixed area of a fluorescent DPA solution. As can be seen, both the TIFF and “JPEG” files display a very
good linear dependence on the integrated photon intensity up to saturation. In fact, the “JPEG” values
are exactly 8 bits down on the TIFF values indicating that the more complex JPEG corrections, usual in
commercial digital cameras, have not been applied. For most purposes therefore using the 8-bit JPEG
files within the linear region is sufficient and has the advantage of being considerably smaller than the
16-bit TIFF version. This is a particularly important factor when making 3D reconstructions involving
many files.

Figure 10. Blue-pixel grey-scale values of the 16-bit TIFF (upper) and 8-bit “JPEG” (lower) image files
of an area of a fluorescent DPA solution as a function of the camera exposure time setting.

The camera outputs RGB files, and the color balance can be adjusted by varying the red, green
and blue pixel levels individually between 0 and 4095, i.e., 12 bits. Since the fluorescence of present
interest lies in the blue spectral region (±400 nm maximum), the sensitivities were set at red = 0, green
= 0, and blue = 4095. This allows files in which the blue pixels in an RGB file may be saturated to be
discarded. The overall gain factor could also be varied, between 1 and 20. The effect of varying the
gain on the magnitude of the output for a constant light intensity is shown in Figure 11A. Changing the
gain factor did not appear to influence the signal to noise ratio as shown in Figure 11B. It is important
that any changes in the gain factor or the color balance are made only by acknowledged technicians
and noted. These parameter changes should not be possible in the normal user interface.
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Figure 11. The dependence on the gain parameter of (A), the pixel level and (B), the signal-to-noise
ratio with 16-bit images in blue and 8-bit images in orange.

A phenomenon that must be taken into account in the scanning measurements is that the length
of the dielectric medium in the cell between the fluorescent sheet and the camera changes. This has
the effect of changing the apparent dimensions of the object. This can be seen in Figure 12, where
the apparent width of the cell measured in pixels is plotted against the length of the dielectric layer
between the fluorescent layer and the camera as the scan proceeds. The width appears to decrease by
approximately 10% over the 40 mm scan. This effect should be taken into account when compiling
images for 3D representation.

Figure 12. The apparent width of the cell as a function of the length of liquid dielectric between the UV
sheet and the camera.

The magnitude of the average blue pixel level in a small, defined area of the bulk of the DPA
solution as a function of the scan position is shown in Figure 13. Initial results indicated a non-uniform
variation in the intensity (Figure 13 blue points). Masking of either the upper part of the slits or the cap
and shoulder of the cell reduced the non-uniformity and the average pixel level by approximately 5%.
The additional intensity is attributed to spurious reflections from the upper, empty regions of the cell
as can be seen in Figure 14 (left). A black paper, non-fluorescent mask that covers the cap and shoulder
of the cell is therefore advised. Using this the intensity is found to be constant within 3% over 35 mm
for a 40 mm square cell.
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Figure 13. The average blue pixel level in a small area of the DPA solution as a function of the stage
position. Upper, blue points: cell cap and slits uncovered; central, grey points: cell cap and shoulder
masked; lower, orange points: top of slits masked.

Figure 14. Images of the cell containing the fluorescent DPA solution. Left; no cover. Right; black paper
cover over cap and shoulder of the cell.

4.3. The Translation Stage

The translation stage used was a model 8MT175-50 from Standa Ltd. (Vilnius, Lithuania) with a
maximum travel range of 50 mm and micrometer resolution. The scanning parameters were software
controlled as described in the user manual (downloadable in the supplementary information). The
position of the stage was defined with respect to the UV slits with position 25 corresponding to the
center of the stage and the mounted cell. In positions 1 or 50 the stage is farthest from or nearest to the
camera respectively. For scanning, a choice is made of the width of the scan about the central position,
ΔW. As an example, a choice of 30 mm results in a scan from position 10 (25 − ΔW/2) to position 40
(25 + ΔW/2). The number of images to be taken during the scan, N, is then chosen with a choice of 31
resulting in images being taken every mm. A choice of 7 would result in images being taken every 5
mm. The step size between images is in general ΔW/(N − 1).

5. Preliminary, Irradiated RFG Gel Measurements

To test the overall functioning of the apparatus, we have carried out measurements on an RFG
gel sample irradiated using our in-house x-ray source (YXLON model Y.MG325/4.5). The gel was
contained in a 20 mm square cell and was 30 mm long. It was irradiated with 4, 3 mm square collimated
300 kVp x-ray beams separated vertically by approximately 7 mm center-to-center. The incident dose
rates, calibrated using an ionization chamber, varied from 3.9 to 1.3 Gy/min. The exposures were
adjusted to give the same (15.9 ± 0.3 Gy) accumulated dose. Images taken using FluoroTome 1 with
the UV sheet at the center of the cell are shown in Figure 15 with the x-ray beam direction parallel or
perpendicular to the plane of the UV sheet.

181



Polymers 2019, 11, 1729

Figure 15. Images taken with Fluorotome 1 of a 20 × 20 mm square, ±30 mm long RFG gel that has
been irradiated with four 3 mm square 300 kVp x-ray beams, denoted B1-B4 in the figure. All have
total entrance doses of 15.9 ± 0.3 Gy with dose rates from 3.9 to 1.3 Gy/min (top to bottom). The plane
of the UV-sheet was at the center of the cell (depth 10 mm) and parallel (left) or orthogonal (right) to
the x-ray penetration direction.

Linear pixel profile scans, PB versus distance, across the irradiated areas in Figure 15 (right) are
shown in Figure 16, with and without background subtraction.

 

Figure 16. Linear pixel profile scans through the irradiated areas of image 15 (right) without, upper,
and with, lower, baseline subtraction. The colour code is orange, B1; blue, B2; yellow, B3; green, B4.
The total dose for all beams was 15.9 ± 0.3 Gy with dose rates 3.9, 2.7, 2.0, 1.3 Gy/min for B1, B2, B3, B4.

The following parameters derived from the profiles in Figure 16 are listed in Table 2: The maximum
increase in intensity (pixel grey scale level, PB) on irradiation measured at the center of the beam cross
section, ΔI(10) = [Pmax - Pbkgd](10); the FWHM of the beam image cross section, W; the 20–80% rise
and fall of the beam image (the “penumbra”), δW.
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Table 2. The parameters derived from the pixel profile scans in Figure 16, the symbols are defined in
the text.

Beam
Dose Rate, D’

(Gy/min)
Dose, D

(Gy)
ΔI(10) ΔI(18)/ΔI(2)

W
(mm)

δW
(mm)

B1 3.9 15.6 12,800 0.834 2.62 0.41

B2 2.7 16.2 14,600 0.827 2.65 0.52

B3 2.0 16.0 15,000 0.841 2.64 0.50

B4 1.3 15.6 15,200 0.841 2.71 0.54

averages 15.9 0.836 2.66 0.49

The decrease in ΔI, by 16%, in going from a dose rate of 1.3 to 3.9 Gy/min is much greater than the
4% found between 1.3 and 2.7 Gy/min. We conclude that the dependence on dose rate is not strong
but, because of the high background levels and signal noise in the present results, a more thorough
investigation of this dependence should be carried out.

The FWHM of the fluorescence resulting from energy deposition by the 3.0 mm square collimated
x-ray beams has a half-width of 2.7 mm with a 20–80% rise and fall of 0.49 mm. This 0.49 mm
“penumbra” value is a measure of the overall sub-millimeter spatial resolution of detection including
beam diffusion. The ultimate resolution possible is expected to be that corresponding to the interpixel
distance, which is 0.15 mm/pixel for the present images.

In scanning the gel, images were taken every millimeter along the beam axis and the value of the
radiation-induced fluorescence, ΔI(z), as a function of penetration depth z is plotted in Figure 17 for
the four beams. Values for distances less than 2 mm from the cell walls have been omitted because of
optical artifacts close to the interfaces. The ratio of the intensity at 18 mm to that at 2 mm is given in
Table 2. This decrease with depth by a factor of 0.836 can be ascribed to attenuation of the x-ray beam
over 1.6 cm in the medium i.e.,

ΔI(18)/ΔI(2) = exp[−1.6ρμ] (1)

Figure 17. The radiation-induced fluorescence as a function of penetration depth along the x-ray beam
for the four beams shown in Figure 15. The ratios of the value at 18 mm to that at 2 mm are listed in
Table 2.

In (1), ρ is the density of the medium, 0.91 g/cm3, and μ is the mass attenuation coefficient in g/cm2.
With ΔI(18)/ΔI(2) = 0.836, μ is 0.123 g/cm2 for the 300 kVp x-rays used. Values of 0.154 g/cm2 [12] and
0.163 g/cm2 [8] for a similar tertiary-butyl acrylate gel have been determined previously for 200 kVp
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x-rays. The values found are close to those of 0.115, 0.138 and 0.164 g/cm2 reported for 300, 200 and 100
keV x-rays for the chemically similar compound polymethylmethacrylate (PMMA) [13].

The procedure for forming 3D video images of the fluorescence within the irradiated gel from
a series of tomographic images has been described in a previous publications [7,12]. A 3D video of
the present irradiated gel, constructed from 20 images taken along the axis of the beams is given in
the supporting information. In Figure 18, four still frames from the video are shown. The bright
spots that appear outside of the irradiated beams arise from spurious fluorescent dust particles in the
gel. They emphasize the importance of physical as well as chemical purity of the gels at all stages of
their preparation.

Figure 18. Still frames from the 3D video reconstructed from 20 tomographic images taken of the
irradiated gel along the axis of the beams. The bright areas are related to spurious fluorescent dust
particles in the gel.

6. Conclusions

FluoroTome 1 has been found to be capable of fulfilling the following product specifications:

(1) producing a thin sheet of uniform ultraviolet light.
(2) transporting a liquid or gel medium through this UV sheet using a remote control translation

stage over a distance of at least 50 mm.
(3) making multiple digital photographic images of the fluorescence of an irradiated medium

produced by the UV excitation as the sheet is scanned through the medium.
(4) having a light-tight encasement; no darkroom requirement.
(5) being readily portable and transportable with no special local facilities required.
(6) capable of preliminary data processing on-site, within minutes of radiation exposure of a

gel medium.
(7) having a user-friendly software interface.

It is intended to apply RFG gels and FluoroTome 1 to the study of energy deposition by proton
(pencil) beams produced at the Holland Proton Therapy Centre which was recently constructed on a
site adjacent to the Reactor Institute of the Delft University of Technology. In addition to fundamental
studies of parameters affecting energy deposition, more general applications to dosimetric aspects
of quality control and personnel training in radiotherapy are envisaged. Other formulations of
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radio-fluorogenic gels than that used by the present authors have been reported [14,15]. These should
also be amenable to tomographic measurement using FluoroTome 1.

Supplementary Materials: Supplementary Materials: The following are available online at http://www.mdpi.
com/2073-4360/11/11/1729/s1.
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Abstract: Styrene Butadiene Styrene (SBS) polymer-modified asphalt binders have become widely
used in asphalt pavement because of their advantages in high- and low-temperature performance and
fatigue resistance. Asphalt pavement is inevitably exposed to sunlight and ultraviolet (UV) radiation
during its construction and service life. However, consideration of the aging effect of UV radiation is
still limited in current pavement design and evaluation systems. In order to evaluate the impact of
UV radiation on the aging properties of SBS-modified asphalt binders, UV aging tests were performed
on Rolling Thin Film Oven Test (RTFOT)-aged samples with different UV radiation intensities and
aging times. Sixteen different groups of tests were conducted to compare the rheological properties
and functional group characteristics of SBS-modified asphalt binders. Dynamic Shear Rheometer
(DSR), Bending Beam Rheometer (BBR), FTIR, and SEM tests were conducted to evaluate the aging
mechanisms in various UV aging conditions. The results found that UV radiation seriously destroys
the network structure formed by the cross-linking effect in SBS-modified asphalt binders, which
aggravates the degradation of SBS and results in a great change of rheological properties after UV
aging. The nature of SBS-modified asphalt binder aging resulted from the degradation of SBS and the
changes of asphalt binder base composition, which lead to the transformation of colloidal structure
and the deterioration of asphalt binder performance. The tests also found that continuous UV
radiation can increase shrinkage stress in the asphalt binder surface and leads to surface cracking of
the asphalt binder.

Keywords: SBS-modified asphalt binder; UV aging; rheological properties; functional group; cracking

1. Introduction

Asphalt pavements are widely used in the construction of roads because of their advantages of
having a smooth surface, seamlessness, lower driving noise, easy maintenance, and recyclability [1,2].
Among all asphalt binder modification types, Styrene Butadiene Styrene (SBS)-modified asphalt
binders are widely used in pavement areas because of their excellent performance under high and low
temperature and their fatigue resistance, and they have been applied in a huge percentage of global
asphalt pavement construction projects [3].

Normally, asphalt binder aging is characterized into short-term aging and long-term aging.
The short-term aging typically occurs at the mixing and paving process, and the long-term aging
occurs during the whole service life. Researches have pointed out that a wide range of factors impact
the properties of the polymer/asphalt system [4,5]. As asphalt pavements are inevitably exposed to UV
radiation, water, and thermal and other environments during their whole service life, the long-term

Polymers 2019, 11, 1111; doi:10.3390/polym11071111 www.mdpi.com/journal/polymers187



Polymers 2019, 11, 1111

aging is a combined impact of various factors. Consequently, different countries have developed
several standardized accelerated aging methods in laboratory to simulate the in-field aging process.
However, very little consideration has been given to the impact of UV radiation on aging.

Researchers have found that the impact of UV radiation has led to the aging of asphalt pavements,
which results in the deterioration of road performance and the reduction of road service life [6].
Furthermore, UV radiation from sunlight has become more and more intense because of global
warming and environmental changes, and thus the impact of UV aging on asphalt pavements is
becoming more and more serious.

Some researchers pointed out that UV radiation might only impact the upper layers of the asphalt
pavement surfacing, and the influence of UV radiation on asphalt aging has always been ignored in
laboratory simulations of aging [7]. However, Durrieu [8] pointed out that the impact of UV radiation
on the aging of asphalt pavements cannot be ignored, and the research found that the aging of asphalt
samples under 10 hours of UV radiation in the lab was equal to the same level of Rolling Thin Film
Oven Test (RTFOT) and Pressure Aging Vessel (PAV) aging, or aging equal to one year of service
in field.

In order to quantify the rate and degree of UV aging of asphalt binders, Zheng et al. [9] established
the nonlinear equation of the performance attenuation of asphalt binders after UV aging by using three
indexes of penetration, viscosity, and ductility, respectively. Wang et al. [10] studied the effect of UV
aging on the aggregated state of asphalt binders by various test methods, and found that UV aging
reduced the rheological characteristics of asphalt binders, and that asphalt material is transformed
from a viscous material to an elastic material under normal temperature. Xiao et al. [11] compared the
impacts of long-term thermal and UV aging on foamed Warm Mix Asphalt (WMA) mixtures, and found
that UV-aged mixtures had reduced the Indirect Tension Strength (ITS) values and increased dissipated
energy compared to other asphalt mixtures. Kemp et al. [12] found that a 5–10 μm-thick layer of harder
film forms above the asphalt binder under UV radiation. When the asphalt film thickness is greater
than 200 μm, the change of the asphalt binder functional group is obviously decreased.

By means of Dynamic Shear Rheometer (DSR), FTIR, the Indirect Tension Strength (GPC), nuclear
magnetic resonance hydrogen spectroscopy (1H-NMR), and other experiments, Ran [13] explored the
changes of the macroscopic properties and microstructure of base asphalt binders and SBS-modified
asphalt binders under the coupling of heat, light, and water, and, based on the physical and rheological
properties, the nonlinear coupled aging rate prediction differential equation and the aromaticity
microstructure aging kinetic equation were established. Wei et al. [14] evaluated the aging behavior
of SBS-modified asphalt binders under various UV and water conditions, and found that water
aggravates the UV aging of asphalt binder material, and the presence of acid or salt worsens UV aging.
Zeng et al. [15] found that UV radiation can only transmit within 4.5 μm of the surface layer, but the
UV aging depth can reach deeper and increases with the UV radiation time. The research pointed
out that the different components of surface-aged asphalt binders diffuse to the lower parts of the
asphalt binders, leading to the increasing of aging. Mouillet et al. [16] evaluated the impacts of UV
radiation on elastomer-modified asphalt binders through FTIR and Scanning Electron Microscope
(SEC) methods, and their results found that the elastomer architecture did not impact the degradation
under UV radiation.

Hou et al. [17] pointed out that Fourier transform infrared spectroscopy (FTIR) is able to evaluate
the aging characteristics and mechanisms of asphalt binder materials. Hu et al. [18] evaluated the
impacts of different wavebands of UV radiation on the aging of asphalt binder materials, and found that
UV aging has a great impact on the low-temperature performance of asphalt binders. Zeng et al. [19]
pointed out that the effect of temperature on UV aging cannot be ignored, and suggested that the UV
aging tests should be performed below 50 ◦C. Their research also pointed out that the coupling of high
temperature and UV radiation accelerated the volatilization rate and oxidation rate of light components.

In recent years, scholars have made certain achievements in the study of asphalt binder UV
aging. However, due to the variability of asphalt binder components and the complexity of the UV
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aging process, the understanding of the mechanism of asphalt binder UV aging is still not clear, and a
standard asphalt binder UV aging evaluation system has not been established. In addition, the existing
UV aging studies of asphalt binders are mainly focused on the base asphalt, while the studies on
polymer-modified asphalt binders are relatively few in number. Therefore, in order to evaluate the
macroscopic properties and the microstructure of SBS-modified asphalt binders, this paper conducted
rheological tests and FTIR tests to reveal the aging characteristics and mechanisms of SBS-modified
asphalt binders under different UV light intensities and time conditions.

2. Materials and Methods

2.1. Materials

SBS-modified asphalt binders supplied by Hua Te Asphalt Co., Ltd. (Xiamen, China) were used
in this research, with an SBS concentration of 4%. The conventional tests were conducted following the
procedures of “Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering”
(JTG E20-2011) [20]. The test results and specification requirements are shown in Table 1, and it can be
seen from that table that the asphalt binders satisfied the specification requirements.

Table 1. Physical properties of Styrene Butadiene Styrene (SBS)-modified asphalt binders.

Item Value Specification

Penetration (25 ◦C, 0.1 mm) 55 40–60
Ductility (5 ◦C, cm) 34 ≥20
R&B temperature, softening point, (◦C) 87 ≥60
Viscosity (135 ◦C, Pa·s) 2.1 ≤3
Flash point (COC, ◦C) 318 ≥230

RTFOT
Mass loss (%) 0.06 ≤±1.0
Residual penetration ratio (%) 80 ≥65
Residual ductility ratio (%) 21.0 ≥15

The flow chart of the experimental design is shown in Figure 1. Firstly, the virgin asphalt binder
was short-time aged by RTFOT, and then UV aging was conducted on the short-time aged samples.
Then, the Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR) tests were conducted
to evaluate the rheological properties of the aged samples, and Fourier Transform Infrared Spectroscopy
(FTIR) and Scanning Electron Microscope (SEM) tests were conducted to evaluate the microstructure
of the aged samples. Three duplicated samples were prepared for each test.

Figure 1. The flowchart of experimental design.

2.2. Aging Procedure

RTFOT short-term aging tests was conducted following the procedure of “Standard Test Methods
of Bitumen and Bituminous Mixtures for Highway Engineering” (JTG E20-2011) [20]. UV aging tests
were performed in an UV weathering chamber at a wavelength of ultraviolet long-wave (UVA) 365 nm.
The steps for UV aging preparation are shown below:

Firstly, we poured around 15 ± 0.1 g of the RTFOT-aged SBS-modified asphalt binder into a
85 × 85 mm silicone paper carton, then placed it in an oven at 160 ◦C for 3 min, and then took it out
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to allow it cool down to room temperature. Then, a sample of asphalt binder with film thickness of
2 mm was prepared. Then, the samples were put into a UV radiation (UVA 365 nm; LED) chamber
to conduct UV aging, and the UV radiation chamber was set at a temperature of 25 ◦C to eliminate
the impact of temperature changes. The UV radiation tests were conducted at a range from 40 to
160 h, with an interval of 40 h. As the environmental UV radiation intensity between the Class-I and
Class-II standards of China is close to 5 mW/cm2, and for the consideration of accelerated aging, the
UV intensity ranged from 5 to 20 mW/cm2, with an interval of 5 mW/cm2 [21]. In this research, the
naming and UV radiation tests schematic are shown in Table 2.

Table 2. UV radiation tests schematic.

Naming (Radiation Intensity) UV Radiation Time

UV1 (UV = 5 mW/cm2) 40 h 80 h 120 h 160 h
UV2 (UV = 10 mW/cm2) 40 h 80 h 120 h 160 h
UV3 (UV = 15 mW/cm2) 40 h 80 h 120 h 160 h
UV4 (UV = 20 mW/cm2) 40 h 80 h 120 h 160 h

2.3. Dynamic Shear Rheometer (DSR)

The rheological properties (complex modulus and phase angle) of the SBS-modified asphalt
binders before and after UV aging with different UV aging times and intensities were investigated by
the DSR test. The DSR test instrument was Physica MCR 301 by Anton Paar (Ostfildern, Germany).
Temperature sweep tests were conducted under the strain-controlled mode with a constant frequency
of 10 rad/s, and the temperature ranged from 40 to 90 ◦C, with an increment of 2 ◦C/min. The test
specimens were prepared with a set of parallel plates of 25 mm diameter, with a 1 mm gap between
each plate according to the AASHTO T315-05 [22].

2.4. Bending Beam Rheometer (BBR)

BBR tests were carried on RTFOT- and UV-aged specimens by a Cannon thermoelectric rheometer
at two different temperatures of −12 and −18 ◦C, following the procedures of American Association of
State Highway and Transportation Officials (AASHTO) T313-12 [23]. The load and deformation of all
specimens at 8, 15, 30, 60, 120, and 240 s were collected, and the stiffness modulus S and creep rate
m were calculated. Three duplicated samples were prepared for each test. The values of S and m at
60 s were used to characterize the low-temperature properties of SBS-modified asphalt binders with
different UV aging degrees.

2.5. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a quantitative and qualitative technique for analyzing the contents of organic components
based on the changes of functional groups, which has been demonstrated to be an effective tool to
describe the aging characterization of asphalt binders [17,24,25]. The principle of FTIR is that the
molecules vibrate when organic compounds absorb infrared light at the corresponding wavelength,
and the molecular vibration can be divided into stretching vibration and bending vibration (see
Figure 2). Since those two vibrational types have their corresponding absorption peaks in infrared
spectra, the existence of functional groups and the contents of components in the molecules can be
identified according to the positions and intensities of the absorption peaks.
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Figure 2. Molecular vibration form: (a) Stretching vibration and (b) bending vibration.

In this study, the changes of specific functional groups of asphalt binders with different aging
degrees were evaluated by FTIR (Tensor 27 of Bruker manufactured by Germany). The absorbance
spectra of asphalt binders were recorded, ranging from 4000 to 400 cm−1, and the spectral resolution
was 1–0.4 cm−1. The main functional group band assignments and positions are summarized in Table 3.
Furthermore, the main aging indexes, including carbonyl group (C=O) and sulfoxide group (S=O),
were introduced for a more intuitive result [16,26], as shown in Equations (1)–(4):

IC=O =
A1700

A1460 + A1375
(1)

IS=O =
A1030

A1460 + A1375
(2)

IPB =
A966

A1460 + A1375
(3)

IPS =
A699

A1460 + A1375
(4)

where IC=O is the aging index of the carbonyl group (C=O), IS=O is the aging index of the sulfoxide
group (S=O), IPB is the aging index of butadiene (PB), and IPS is the aging index of styrene (PS). A is
the area of the corresponding absorption peak. For example, A1700 refers to the absorption peak at
a wavenumber of 1700 cm−1. Figure 3 shows a typical FTIR spectra and the functional groups of
petroleum asphalt and biobinders [27].
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Figure 3. Spectra and functional groups: (a) Spectra and functional groups for the asphalt binder;
(b) spectra and functional groups for the biobinder [27].

Table 3. Functional groups and corresponding wavenumber in infrared spectra [28].

Wavenumber (cm−1) Assignment

2951 ν as CH3-aryl
2921 ν as CH3, CH2
2852 ν s CH3, CH2
1710 ν C=O
1600 ν C=C
1456 δ as CH3, CH2
1376 δ s CH3
1311 ν SO2, or ester groups
1168 ν C–O–C (anhydrides), –S–C
1021 ν O-C=O, C–S=O, ether or ester groups
865 δ CH aromatic (out-of-plane bending)
813 δ CH aromatic (out-of-plane bending)
744 δ CH aromatic (out-of-plane bending)
723 r CH2 (rocking CH2 groups chains (CH2)n)
966 ν butadiene(PB)
699 ν styrene (PS)

ν = stretching; δ = bending; s = symmetric; as = asymmetric.
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2.6. Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) is an important tool which can be used to observe the
micro-morphology and microstructure of materials. The principle is that by emitting high-energy
electron beams on a sample, when the electron beams come into contact with the surface of the sample,
they will produce information such as secondary electron, scattered back electron, and so on, and the
information will be changed from optical signals to electric signals through systematic processing.
After the video amplifier is amplified, the image of the sample surface can be formed on the screen of
the picture tube. In this paper, the aging asphalt binder samples were scanned by SEM under different
conditions to observe the surface cracking characteristics of the asphalt binder samples after UV aging.

3. Results

3.1. High-Temperature Performance

The temperature sweep data from the DSR testing was used to obtain the indexes of the complex
modulus and phase angle, as shown in Figures 4 and 5. It was concluded from Figure 4 that, together
with the UV aging time or UV intensity increment, the complex modulus of SBS-modified asphalt
binders also increased. With the prolongation of aging time and the increase of UV intensity, asphalt
binder aging became worse, and the light component of the asphalt binder was transferred to the
recombination fraction. In addition, the more serious the aging, the more volatile the light components.
After aging, the viscosity of the asphalt binder decreased, the elastic component increased, and the
asphaltene content increased, which show that the asphalt binder hardens, so the composite modulus
gradually becomes larger. It can be observed that SBS-modified asphalt aging kept approximately the
same complex modulus under the same aging time when the UV intensity was 15 mW/cm2 or less.
However, when the UV intensity was greater than 15 mW/cm2, the complex modulus was greatly
increased. In addition, the curves have different slopes, indicating different temperature susceptibilities
between virgin, RTFOT-aged, and UV-aged asphalt.

  

  

Figure 4. Complex modulus of SBS-modified asphalt binders under different UV intensities:
(a) UV = 5 mW/cm2; (b) UV = 10 mW/cm2; (c) UV = 15 mW/cm2; (d) UV = 20 mW/cm2.
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Figure 5. Phase angle of SBS-modified asphalt binders under different UV intensities:
(a) UV = 5 mW/cm2; (b) UV = 10 mW/cm2; (c) UV = 15 mW/cm2; (d) UV = 20 mW/cm2.

The phase angle represents the ratio of viscosity to elastic composition of the asphalt binder.
The smaller the phase angle, the greater the proportion of the elastic component. It can be seen from
Figure 5 that the phase angle of SBS-modified asphalt binders gradually decreases with increasing test
temperature at the beginning, and then increases regardless of aging type and aging time, showing
different characteristics to virgin asphalt binders. Generally speaking, with the increase of temperature,
asphalt binders will gradually change from viscoelastic to viscosity properties, and the phase angle
increases gradually. The reduction of phase angle at the beginning is mainly attributed to the existence
of SBS. At a certain temperature, SBS has high elasticity and fatigue resistance. When the temperature
continues to rise, the polystyrene phase gradually softens and flows to make the SBS plastic. Under
the same conditions, the longer the aging time or the greater the UV intensity is, the smaller the phase
angle and the greater the level of asphalt binder aging is. Compared with the original asphalt binder
and the short-term aging asphalt binder, the turning point temperature of the UV-aging asphalt binder
decreases first and then increases, which is due to the serious destruction of the network structure
formed by the crosslinking effect in the SB-modified asphalt binder by UV radiation, and the aggravated
degradation of SBS. Regardless of UV intensity and aging time, the turning point of the phase angle of
SBS-modified asphalt binders was approximately 70 ◦C, which was about 6 ◦C higher than that of the
virgin asphalt binder and the one after short-term aging.

3.2. Low-Temperature Performance

Strategic Highway Research Program (SHRP) demonstrated that asphalt binder properties greatly
impact the low temperatures performance of asphalt mixture [29]. According to the mechanism of
low-temperature cracking of asphalt pavement, low-temperature rheology is the most important factor
affecting low-temperature cracking of asphalt pavement [30]. Therefore, the aging behavior of asphalt
binders can be theoretically evaluated from the perspective of the rheological properties of asphalt
binders at low temperature. The test results show that at −18 ◦C, the SBS-modified asphalt binders
with different aging conditions have S > 300 MPa and m < 0.3. This indicates that the low-temperature
performance of SBS-modified asphalt binders has failed at −18 ◦C, according to the specifications.
Therefore, only the BBR test results of asphalt binder samples at −12 ◦C are listed in this paper, as
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shown in Figures 6 and 7. The stiffness modulus S basically increases with the increase of aging
time or UV radiation intensity. However, when the UV radiation intensity reaches a certain level, the
stiffness modulus decreases as the strength increases. The creep rate m of UV-aged samples shows a
slight degree of a decreasing trend, however, the trend is not significant. The reason is mainly due to
the fact that UV only affects the surfaces of asphalt binders, and the aging part of the asphalt binder
distribution in the beam is different.

Figure 6. Creep stiffness (S value) of SBS-modified asphalt binders under UV and Rolling Thin Film
Oven Test (RTFOT) aging.

m
)

 
Figure 7. Creep rate (m value) of SBS-modified asphalt binders under UV and RTFOT aging.

3.3. Functional Group Change

Due to the influences of coating thickness, environmental noise, instrument, and background
interference on the infrared spectrum test, the spectrum will drift and tilt to a certain extent, so it is
necessary to optimize the processing of the original spectral data [31]. In this paper, the normalized
preprocessing method is used to eliminate the adverse effects of interference information on the test
results and to enhance the differences between spectra. The corresponding functional group aging
index is shown in Figure 8.
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Figure 8. Aging indices of different functional groups in SBS-modified asphalt binders.

It can be seen that, after UV aging, the intensities of the stretching vibration absorption peaks of
C=O at 1700 cm−1 and S=O at 1030 cm−1 fluctuate slightly, but the amplitudes are not large. This is due
to the C–O oxygenation to C=O and the C–O and C–S breakage to produce S=O during asphalt binder
aging. Studies have shown that the degree of aging can be characterized by the IC=O and IS=O indices.
However, the amplitudes of the C=O and S=O bands in the spectrogram caused by the aging effect are
too weak to calculate the peak area accurately. In addition, as the content of S in asphalt binders is
fixed, the IC=O and IS=O indices are inappropriate to represent the degree of asphalt binder aging.

The symmetric and asymmetric bending vibration absorption peaks of methyl and methylene at
1460 and 1375 cm−1, respectively, are the most stable in the spectrum, and therefore, they are often
used as the reference bands for quantitative analysis of infrared spectra. The absorption peaks of virgin
and SBS-modified asphalt binders at 1460 and 1375 cm−1 are basically the same as those of short-term
aging asphalt binders. However, after UV aging, the absorption peaks of these two sites increase
slightly, and the amplitudes of absorption spectra increase with the increase of UV aging time. This is
mainly due to the destruction of C=C bonds of unsaturated olefins in asphalt binders irradiated by
UV radiation, and the formation of C–H bonds. The absorption peaks at 966 and 699 cm−1 are the
differences between SBS-modified asphalt binders and base asphalt binders. The peak at 966 cm−1

represents the bending vibration absorption peak of PB C=C in SBS, and the 699 cm−1 peak represents
the bending vibration peak of PS C–H in SBS. Compared with the virgin asphalt binder and the
short-term aging asphalt binder, the amplitudes of these two bands decrease slightly after UV aging,
and the decrease in amplitude became greater with the prolongation of UV aging time. It is believed
that this is due to the breakdown of SBS segment structure and the decrease of molecular weight with
the increase of aging time and UV radiation intensity, which is the main reason for SBS degradation in
the aging process of SBS-modified asphalt binders. The results show that the greater the degree of
degradation, the stronger the intermolecular conjugation effect.

3.4. Apparent Topography

In general, asphalt pavement cracking is mostly in the form of fatigue and low-temperature
cracking caused under driving loads and temperature stress, or in the other form of reflective cracking
due to the existence of cracks in the base layer. The results of SEM show that UV radiation can also
cause top-down cracking of the asphalt binder surfaces at a room temperature of 25 ◦C. Based on the
UV aging level, the asphalt binder surface cracking process can be roughly divided into four stages (as
shown in Figure 9).
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Figure 9. The four stages of asphalt binder base topography change under UV radiation: (a) The
asphalt binder surface is smooth and flat, (b) the asphalt binder surface is wrinkled, (c) micro-cracks
occur in the asphalt binder surface, and (d) the cracks are further extended and expanded to be wider
and deeper.

Figure 10 shows the apparent topography of SBS-modified asphalt binders under different UV
radiation (365 nm, 10 mW/cm2) times (magnification 300 times). After 40 h of UV radiation, the surfaces
of SBS-modified asphalt binders appeared wrinkled, and there were micro-cracks beginning to be
produced. When the UV radiation time reached 80 h, the small cracks extended to become dense
cracks on the surfaces of SBS-modified asphalt binders. When the UV radiation time increased to 120 h,
the surface cracks further developed and extended, and the surfaces began to fragment. When the UV
radiation time reached 160 h, the micro-cracks in the surfaces were further connected and expanded,
and the asphalt binder surfaces were completely fragmented and the corners became warped.

 
Figure 10. SEM scanning of SBS-modified asphalt binders under different UV radiation times.

According to the cracking criterion of pavements, when the stress of an asphalt pavement reaches
the tensile strength of asphalt concrete under load, it will crack. When the stress intensity factor of the
crack tip exceeds the fracture toughness of the material, the crack will expand. The cracking criterion
of pavement considers that when the stress of an asphalt pavement reaches the tensile strength of
asphalt concrete under the action of load, the crack will expand when the stress intensity factor at
the crack tip exceeds the fracture toughness of the material [32]. Therefore, the author considers that
under UV radiation, the asphalt binder surface will produce a kind of shrinkage stress similar to the
temperature stress. In addition, the UV aging will cause the stiffness modulus of the asphalt binders to
increase, causing the stress relaxation performance and the ultimate strength of the asphalt binders to
decrease. When the shrinkage stress is greater than the limit stress, cracking will occur, and with the
increase of the aging level, the crack will expand further.

4. Conclusions

In this paper, rheology tests and spectroscopy tests were conducted to investigate the UV aging of
asphalt binders. Based on the test results of SBS-modified asphalt binders at different aging states, the
following conclusions can be drawn:

(1) UV seriously destroyed the network structure formed by the crosslinking effect in SBS-modified
asphalt binders, and the degradation of SBS was aggravated, which resulted in the SBS-modified
asphalt binders becoming more homogeneous after aging. The nature of the UV aging includes
the change of component content and degradation of SBS, which leads to the transformation of
colloidal structure, manifested by the increase of asphaltene, the dynamic stability of resin, and a
reduction in the molecular weight of SBS.

(2) The complex modulus of SBS-modified asphalt binders increases continuously, and the phase
angle decreases with the increase of aging. Although this means that the rutting resistance is
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improved, the aging asphalt binders are more rigid and brittle, which can easily lead to the
pavement cracking at low temperature. With the increase of temperature, the phase angle
decreases at the beginning and then increases, and the turning point temperature of the phase
angle increases after UV aging.

(3) Continuous UV radiation can induce a kind of shrinkage stress similar to the temperature stress
in the surface asphalt binders at mild constant temperature. When the shrinkage stress exceeds
the limit stress of the material, it will lead to the formation of top-down cracks in the surface
layers of the asphalt binders.
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Abstract: Although asphalt-aggregate bonding provides contacting strength for hot mix asphalt
(HMA), it is still ignorant in dynamic shear test, due to the only use of metal parallel plate.
Modified parallel plates cored from different types of aggregate were provided to simulate
aggregate-asphalt-aggregate (AAA) sandwich in HMA, aiming at the comprehensive interpretation
on bonding’s influence. This study began with an experimental design, aggregate plates, and joint
clamps were processed to be installed into the rheometer. Aggregate type and loading conditions were
set as essential variables. Subsequently, microscopic tests were utilized to obtain chemical components
of aggregate, micro morphology of interface, and roughness of plates. The shearing tests for poly
(styrene-butadiene-styrene)-modified asphalt were conducted in bonding with aggregate plates.
Meanwhile, contrasting groups adopting metal plates followed the same experimental procedures.
The results indicate that the influence of aggregate type on binder’s rheological characteristics is
dependent on the experimental variables, and microscopic characteristics and component differences
should be taken into consideration when selecting aggregates in designing asphalt mixtures.

Keywords: rheology; microscopic characteristic; poly (styrene-butadiene-styrene)-modified asphalt;
modified clamps; adhesion

1. Introduction

Adhesive bonding [1] has been a major concern for many decades. The corresponding theory
is being employed as a cutting-edge technique in the study for composite materials [2], and current
research related to adhesion characteristics of asphalt-aggregate bonding has been taken account into hot
mix asphalt (HMA). The corresponding methodologies can be divided into three major categorizations
that are dependent on physical scales: micro-scale [3], meso-scale [4], and macro-scale [5]. Numerical
simulations and analytical approaches are commonly applied at these scales, such as molecular
dynamics (MD) [6], finite element method (FEM) [7], and discrete element method (DEM) [8]. A fact
was known, as that asphalt-aggregate bonding illustrates an important impact on the performance of
HMA. However, several assumptions contribute to be a trend analysis, rather than an accurate value
for numerical methods.

Except for numerical methods, microscopic characteristics and mechanical tests were used to
evaluate the impact of factors associated with the bonding interaction at the asphalt-aggregate bonding
interface. Force-displacement curves that were provided by atomic force microscopy (AFM) were
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developed to obtain adhesive energy for thin asphalt films [9]. Instead of the silicon AFM tip,
a calcium carbonate tip was modified to evaluate the bonding strength by simulating the microscopic
interaction between asphalt and limestone [10]. Furthermore, a chemical model was provided to
express a fundamental explanation of asphalt-aggregate bonding characteristics [11]. A former study
found that the modulus of asphalt film fluctuated with the distance between asphalt and aggregate
while using AFM [12]. Additionally, the size limitation of scanning at the micro-scale is insufficient for
comprehensively understanding the impact of several factors at a larger scale, such as mineralogy [13],
texture [13], and film thickness [14]. Currently, mechanical tests are generally conducted to exhibit
adhering responses that were subjected to a given loading condition [15]. However, asphalt pavement
is directly exposed to the environment, and temperature, moisture, and stress/strain are dominant
factors. Thus, complicated filed conditions that are associated with multiple scales are challenges to
completely understand the bonding interaction at the asphalt-aggregate interface.

The rheological characterization of asphalt is generally measured by a dynamic shear rheometer
(DSR). Complex modulus (|G*|), phase angle (δ), and viscosity (η) are the typical outputs related
to performance evaluation for binder [16], which are widely used to predict the stability [17] and
the durability of polymer [18]. The variables for dynamic shear test consist of sample geometry,
temperature, stress or strain level [19], and loading duration [20]. Thus, an appropriate experimental
design is essential prior to the material preparation in this study. Moreover, instead of metal parallel
plates, rock parallel plates were cored according to the protocols that were described in the Superpave
binder specification. Several similar experimental designs have been provided to evaluate the
asphalt-aggregate bonding behavior under various loading conditions, such as aging [21], changing
film thicknesses [22], and moisture damage [23]. The rock plates were applied to test the shearing
properties of asphalt [24] and asphalt mastic effectively [25], and aggregate-mastic interaction was
finally illustrated based on a modulus model [26]. However, the obvious issue for those studies is
that only one plate size was adopted, which limits the temperature range and loading form for the
dynamic shear test.

The primary motivation of this study is to design rock cylinders that can cover a wider temperature
range based on a rectangle clamp of DHR-II (Discovery Hybrid Rheometer, TA Instruments, Lindon, UT,
USA). One significant advantage for DHR-II is that the air bath has less interference rather than the water
bath. An Φ 25 mm rock cylinder and an Φ 8 mm rock cylinder were both included in the experimental
design. Therefore, the rheological properties of asphalt could be characterized at high, intermediate,
and low temperatures that were subjected to different types of modified parallel plates. Another
motivation is to conduct several tests by changing the variables to simulate the binder layer in real asphalt
pavement (Figure 1), such as temperature, loading, aggregate type, and frequency. It aims at explaining
how those fundamental variables affect the rheological characteristics of aggregate-asphalt-aggregate
(AAA) system. This setup is designed to simulate the real conditions in asphalt pavement engineering
partially. In addition, this study tries to provide a preliminary protocol to evaluate the influence of the
aggregate plates on binder performances, and it will be improved based on the future works.

Figure 1. Schematic image to illustrate the purpose of aggregate-asphalt-aggregate dynamic shear
rheometer (DSR) tests.
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2. Materials and Experimental Design

2.1. Materials

Strategic Highway Research Program (SHRP) developed Superpave PG (performance gradate)
asphalt binder specification. It defines a series of standard experiments that characterize the viscoelastic
behavior of binder at multiple temperatures [27]. In this specification, the Φ 8 mm parallel plate is
selected at intermedium temperatures, even low temperatures applying to a sample with 2000 μm
thickness,Φ 25 mm plate is the corresponding clamps for oscillation experiments at high temperatures
applying to a sample with 1000 μm thickness. Two types of rock were cored intoΦ 8 mm andΦ 25 mm
cylinders with a thickness of 5 mm. Two types of aggregate plate (limestone and basalt) were chosen,
because they are used as the universal aggregate type in China. While the asphalt type was not
designed to be a variable in this study, it is significant to select poly (Styrene-Butadiene-Styrene,
SBS)-modified asphalt, because it is widely used. Based on several physical properties tests, the testing
results are shown, as follows: penetration value is 58.3 (0.1 mm, 100 g, and 25 ◦C), softening point
is 56.0 ◦C (ball and ring) while using the ring and ball method, and ductility is 40.1 mm (25 ◦C).
Its fundamental properties meet the specification requirements of China.

2.2. Metal Base and Rock Cylinder Design

The first step was to process a base that is used as a joint part to connect a rock cylinder and
a rectangle clamp of DHR. The base is divided into two parts: one part is an upper cylinder and other
part is a lower polygon. The rock cylinder was fixed onto the upper part through the super glue [24];
the polygon bottom was fastened into the rectangle clamp of DHR through bolts and shims (Figure 2).
A key procession was to ensure that the cylinder top should be concentric with the loading top of DHR,
and thus several precise procedures were presented to generate the metal base. Ultimately, modified
clamps were designed to have the same axis of symmetry with the loading system of DHR (Figure 2),
which avoids eccentric force.

The next step was to core the rock cylinder into different diameters (8 mm and 25 mm), and two
types of aggregate (limestone and basalt) were selected. Two types of upper cylinder were designed to
be with 8 mm or 25 mm diameter, correspondingly. The rock cylinders were cored from aggregate
slabs with a 5 mm height, and those cubic slabs were initially polished to create the parallel surfaces
with a height tolerance of 0.02 mm [24]. However, there is no further polishing to reach a smooth
surface, thus the microscopic roughness is still kept as the variable. Furthermore, the microscopic
roughness of the rock cylinders was inspected by AFM and the chemical components were identified
by X-ray fluorescence (XRF) and X-ray diffraction (XRD). Finally, gel epoxy was utilized to fix the rock
cylinders onto the upper cylinder of the base. Super glue must be effective at temperatures ranging
from −30 ◦C to 250 ◦C.

2.3. Experimental Description

Instead of metal plates, a pair of modified clamps can simulate an asphalt film that is sandwiched
between two pieces of aggregate in HMA. It is essential to conduct the glue operation in the zero-gapped
pattern [24]. Consequently, the upper and lower aggregate plate can be easily assembled to be concentric.
When the epoxy is soft, the rock cylinders must be adjusted to be concentric with the upper cylinder.
After 12 hours’ curing time, the modified parallel plates can then be installed into the rectangle clamps
of DHR (Figure 2).
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Figure 2. Experimental procedures: (a) rock cylinders (Φ 8 mm and Φ 25 mm) and bases after the
glue operation, (b) installation in the Discovery Hybrid Rheometer (DHR) for the Φ 8 mm cylinder,
and (c) installation in the DHR for the Φ 25 mm cylinder.

DHR is widely applied in the rheological research for poly-modified asphalt. Precise
displacement/force control is the biggest advantage for DHR. The zero-gapping and trimming
operations follow the same protocol that was described in the Superpave specifications, except for
an additional curing process to generate the adhesive strength for the asphalt-aggregate interface
(60 ◦C, 10 min). The aggregate plates must be heated to approximate 160 ◦C in an oven prior to the
curing process and binder film installation. The function of this step is to dry out moisture and simulate
the preheating process while blending for HMA.

In this study, the first test is the oscillatory sweep at a wide temperature range by adoptingΦ 8 mm
and Φ 25 mm plates, the second test is the relaxation test, and the last one is the multiple stress creep
recovery test (MSCR). Each test has several groups: (a) three types of parallel plates, called basalt (BS),
limestone (LS), and metal, respectively; (b) three pairs of parallel plates, named aggregate-aggregate
(AA), aggregate-metal (AM), and metal-metal (MM), respectively; and, (c) several kinds of loading
form, plate type, and frequency.

3. Results and Discussion

All of the tests were conducted within the upper limitation of LVE (Linear Viscoelasticity) range,
and DHR was applied to measure the rheological outputs of asphalt film under different conditions.
Complex modulus, relaxation modulus, and creep-recovery responses were the main outputs in this
study. Afterwards, major results and discussion are described, as follows.

3.1. Microscopic Characteristics

3.1.1. Morphology Analysis

The microscopic characteristics of aggregate surfaces cannot be ignored with respect to the
asphalt-aggregate interface; SEM (Scanning Electron Microscope) and AFM are the effective observation
methods [28]. SEM was used to investigate the morphology of asphalt-aggregate interface, and AFM
determined the microscopic roughness of the cutting surface of aggregate.

Images that were taken by SEM and AFM in Figure 3 show conditions of the asphalt-aggregate
bonding boundary at micro-scale. The samples were prepared by following the same procedures
adopted in the experimental design in order to control the variable. Additionally, the average roughness
(Ra) of plates was calculated via NanoScope Analysis Software, which is known as a specific tool for AFM.
In this paper, it mainly aims at micro roughness, except for macro shape of aggregate. Consequently,
the aggregate plate surface was polished under the same polishing conditions. It is concluded that
DHR metal plate (Ra, 7.5 nm) has the smallest average roughness, followed by limestone (Ra, 206.4 nm),
and the largest one is basalt (Ra, 264.8 nm). Micro roughness differences should be directly related to
mineral components of various plates. The AFM phase images differentiate the surface morphology
for BS and LS at micro-scale. Figure 3c exhibits that the valley is narrow and the peak is granular for
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the rough surface of BS. On the contrary, the valley is broad and the peak is flat for LS, as shown in
Figure 3d.

Moreover, those differences can also be depicted from the SEM images. The microscopic defects
in basalt is bigger than limestone, which could be clearly seen in Figure 3a,b. Therefore, hot asphalt
can flow into the voids and easily fill the defects for basalt. Consequently, the boundary along the
asphalt-basalt interface in Figure 3a was coated well. However, the boundary of asphalt-limestone
interface in Figure 3b seems like an accumulation of binder without flowing into defects. The SEM
images exhibit that the particles in limestone appear to be large cubic, which should block the flowing
of hot asphalt. On the contrary, hot asphalt might coat those flat particles in basalt well. Therefore,
it is concluded that basalt shows a better coating at the micro-scale due to the better distribution of
microscopic morphology.

 
Figure 3. Microscopic characteristics: (a) Scanning Electron Microscope (SEM) images of basalt (BS),
(b) SEM images of limestone (LS), (c) atomic force microscopy (AFM) image of BS, and (d) AFM images
of LS.

3.1.2. Component Analysis

Not only microscopic morphology, but also the chemical component, are decisive factors that
affect the microscopic interaction, because different chemical minerals must have a significant impact
on absorbed asphalt proportion. In this part, the main objective is to differentiate mineral components.
Besides, chemical component analysis can be used to check that the type of aggregate is correct.
Consequently, XRF (X-Ray Fluorescence) and XRD (X-Ray Diffraction) were utilized to investigate
chemical components of aggregate. XRF first determined the chemical elements of aggregate, and XRD
was then applied into the elementary analysis of chemical components. For basalt, silicon takes the
largest proportion, followed by iron and calcium. For limestone, silicon and calcium are the primary
elements, followed by aluminum.

On the basis of the XRD results, the main compositions in aggregates were achieved. Calcite and
quartz are the primary minerals for the limestone, which are mainly composed of CaCO3 and SiO2.
Diopside, nepheline, and forsterite are the primary minerals for the basalt, being known as typical
silicates. Based on the contact angle test [29], limestone has a smaller angle than basalt with respect to
asphalt. A former study described that limestone exhibited a greater adsorption proportion of asphalt
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than quartzite and granite [30]. Additionally, numerical studies conclude that the limestone-asphalt
samples have a better adhesive capability after boiling in the water bath. Therefore, it is estimated
that limestone has the stronger adhesive capability that is associated with asphalt than basalt while
accounting for chemical component differences.

3.2. Shearing Testing Results

Aiming at comprehensively evaluating the factors mentioned above, experimental plans focus on
a wide temperature range that covers high, intermediate, and low temperatures. The outputs that
were obtained through strain sweep, frequency sweep, relaxation test, and MSCR test are discussed,
as follows.

3.2.1. Strain Sweep

The low temperature cracking is a predominant issue that results in several early distresses
of asphalt pavement. As the temperature drops, the pavement shrinks, then the aggregate-asphalt
bonding zone tends to easily fracture because of the increasing tensile stress. In this part, the strain
sweep experiment attempts to investigate the influence of strain on |G*| at a low temperature undergoing
different bonding conditions. In addition, the test temperature was 0 ◦C with a constant frequency of
10 rad/s; Figure 4 shows the results.

The initial |G*| shows significant differences especially for different plate types. The AA plates
have the greatest modulus, and followed by the AM plate, the MM plate has the smallest value.
As strain increases, |G*|, as obtained from the AM plate significantly decreases, and followed by the AA
plates and the MM plate. The largest decreasing percentage is clearly found in the AM plate, the MM
plate shows the smallest reduction rate. Additionally, the LS plate generates the better resistance to the
increasing strain than the BS plate at 0 ◦C, no matter what pair type is. These findings indicate that
limestone-asphalt-limestone system is the strongest interaction among those plates at 0 ◦C. However,
the |G*| that was measured from aggregate plates are easier to decrease with the increase of strain than
metal plates. This finding implies that smooth aggregate surface could be concluded as an advantage
when asphalt pavement is located in the cold region.

 

Figure 4. Strain sweep curves at 0 ◦C with different parallel plates (2000 μm, gap).

3.2.2. Frequency Sweep Using Φ 8 mm Plates

Modified 8 mm parallel plates were used to obtain master curves at intermediate temperatures
and low temperatures. The shearing modulus was measured by DHR with various frequencies ranging
from 0.01 Hz to 30 Hz, and the tests were conducted at four temperatures (−15 ◦C, 0 ◦C, 15 ◦C,
and 30 ◦C). Figure 5 shows the master curves of modulus at 15 ◦C, and the results and discussion are
presented, as follows.

206



Polymers 2019, 11, 2100

It is clear that the AA plates contribute to the largest modulus with respect to low-frequency
shearing. While, the master curve of the MM plate moves upward in Figure 5 as the frequency increases
via contrasting with the AA plate and the AM plate. However, the modulus curves for the AA and
AM plates tend to be smaller than the MM plate as the frequency increases. The modulus differences
between the AA plates and the MM plate become larger with the increase of gap. It is summarized that
|G*| for the MM plate is nearly the largest when the frequency is around 104 Hz. It could be concluded
that smooth surface might be a good property for the AAA system associated with high-frequency
loading, as well as low-frequency loading at intermediate temperature.

 
Figure 5. Master curves at 15 ◦C with different types of aggregates and plates (2000 μm, gap).

Table 1 and Figure 5 present a comparison between the AM plate and the MM plate. The modulus
between the AM plate and MM plate are close when the frequency is low. As the frequency gets
higher, |G*| for the AM plate becomes smaller than the MM plates. In Table 1, SBS binder modulus
are significantly affected by the type of aggregate verified by experimental results from the BS and LS
groups, and the basalt generate a stiffer AAA system than limestone at an intermediate temperature.
This finding demonstrates that aggregate chemical components should be treated as factors when
designing intermediate temperature properties of mixtures, such as fatigue.

Table 1. Dynamic modulus at 15 ◦C with different frequencies and plates (2000 μm, gap).

Frequency (Hz)
Dynamic Modulus (Pa)

Metal-MM BS-AM BS-AA LS-AM LS-AA

0.01 8.04 × 104 7.21 × 104 1.72 × 105 6.27 × 104 1.74 × 105

1 2.40 × 106 2.24 × 106 4.61 × 106 2.06 × 106 4.21 × 106

10 9.86 × 106 9.00 × 106 1.65 × 107 8.27 × 106 1.51 × 107

30 1.74 × 107 1.59 × 107 2.73 × 107 1.44 × 107 2.52 × 107

3.2.3. Frequency Sweep Using Φ 25 mm Plates

Modified Φ 25 mm plates were employed into frequency sweep at high temperatures. In this
section, the frequency sweep tests were generally conducted at four temperatures (45 ◦C, 60 ◦C, 75 ◦C,
and 90 ◦C). The dynamic frequency changed from 0.1 Hz to 30 Hz. Figure 6 illustrates the aster curves
at 60 ◦C; the results can be concluded, as follows.

All of the solid plates are less sensitive to the frequency when comparing Figure 6 with Figure 5.
As seen from Figure 6 and Table 2, |G*| for the AA plates is greater than the MM plates, and the smallest
|G*| is found in AM plates. Therefore, the homogeneous aggregate property is also an index in selecting
aggregates that are subjected to high temperatures. The largest |G*| for the AA plates and AM plates
are both found in limestone. In Figure 3, the microscopic roughness of limestone is not the greatest
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one, but the well-coating boundary might result in the largest |G*| at high temperature. Consequently,
the strong bonding could predominate the shearing flow behavior of AAA system, being associated
with the high-temperature stability of HMA.

 

Figure 6. Master curves at 60 ◦C with different types of aggregates and plates (1000 μm, gap).

Table 2. Dynamic modulus at 60 ◦C with different frequencies and plates (1000 μm, gap).

Frequency (Hz)
Dynamic Modulus (Pa)

Metal-MM BS-AM BS-AA LS-AM LS-AA

0.01 4.35 × 102 3.31 × 102 8.42 × 102 3.64 × 102 1.17 × 103

1 3.34 × 103 2.55 × 103 5.68 × 103 2.82 × 103 7.66 × 103

10 2.14 × 104 1.63 × 104 3.41 × 104 1.80 × 104 4.51 × 104

30 5.07 × 104 3.87 × 104 7.95 × 104 4.29 × 104 1.02 × 105

3.2.4. Relaxation Test

The relaxation phenomenon is defined as modulus decreases undergoing a constant strain. It is
a typical factor that is related to the resistance to the cracking of asphalt pavement at low temperatures.
A rapid decrease of relaxation modulus (G(t)) refers to the strong resistance to the thermal cracking.
The relaxation test of AAA system was conducted under strain mode, based on the modified parallel
plates. The experimental temperature was 0 ◦C, and the shear strain was kept as a constant (1%). G(t)
versus time data was measured by DHR for the AA and the MM plates, Figure 7 presents the findings
depicted, as below.

Figure 7. Relaxation modulus curves at 0 ◦C with different parallel plates: metal-metal (MM) plates,
basalt-aggregate-aggregate (BS-AA) plates, and limestone-AA (LS-AA) plates (2000 μm, gap).
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In Figure 7, the initial SBS binder stiffness is related to the plate type. The smooth metal plate
leads to the smallest initial G(t), which means that the thermal stress would be reduced in the
metal-binder-metal system. Although the G(t) curves of the BS-AA plate and the LS-AA plate seem
to be similar, the curve of the BS-AA plate tends to be flat when comparing with the LS-AA plate
and MM plate. Thus, it could be summarized that the smooth surface results in easy thermal stress
relaxation. This observation denotes that rough aggregate surface at the micro-scale could degrade
the resistance to thermal cracking of asphalt mixture, especially suffering a long-term cold climate or
a sharp temperature dropping climate.

3.2.5. MSCR Test

Instead of the rutting factor, the multiple stress creep recovery test (MSCR) is widely used to amend
the evaluation index at high temperatures for poly-modified asphalt [31]. This test generally covers
two stresses (100 Pa, 3200 Pa), and each test repeats ten cycles. Each cycle endures one second creep
loading and then recovers for nine seconds without loading. The creep strain at the end of one second’
loading is StrainAi, the recoverable strain at the end of nine seconds’ recovery is StrainBi. Namely,
the non-recoverable strain (StrainCi) is the difference between StrainAi and StrainBi. The recoverable
rate (R, %) and non-recoverable creep compliance (Jnr, kPa−1) are effective parameters for analyze
results [32].

According to the strain illustration (Figure 8), all of the parameters could be calculated via
formulas exhibited as below, and i means the cycle number. The MSCR test for SBS-modified asphalt
utilizing different plates was conducted at four temperatures (45 ◦C, 50 ◦C, 55 ◦C, and 60 ◦C) with
a gap of 1000 μm. The strain versus time was recorded by DHR, and strain can be drawn and found in
Figure 9. In Figure 10, the bars represent R and the plots represent Jnr, the results and discussion are
shown, as follows.

R100 = (1/10)

⎧⎪⎪⎨⎪⎪⎩
10∑

i=1

StrainBi/StrainAi

⎫⎪⎪⎬⎪⎪⎭ ∗ 100 (1)

R3200 = (1/10)

⎧⎪⎪⎨⎪⎪⎩
10∑

i=1

StrainBi/StrainAi

⎫⎪⎪⎬⎪⎪⎭ ∗ 100 (2)

Jnr100 = (1/10)

⎧⎪⎪⎨⎪⎪⎩
10∑

i=1

StrainCi/0.1

⎫⎪⎪⎬⎪⎪⎭ (3)

Jnr3200 = (1/10)

⎧⎪⎪⎨⎪⎪⎩
10∑

i=1

StrainCi/3.2

⎫⎪⎪⎬⎪⎪⎭ (4)

 
Figure 8. Strain illustration for the multiple stress creep recovery test (MSCR) test and the initial strain
is assumed to be zero for the first cycle.
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It can be found that the Jnr increases as the temperature goes up no matter what kind of plate
and stress were applied. In Figure 10a, the curves of Jnr for different stress are similar. However,
the differences between Jnr100 and Jnr3200 present an undeniable increase when the temperature
changes from 45 ◦C to 60 ◦C, and the greatest gap is approximately 60 kPa−1. The AA plate has
a smaller Jnr than others, and the AA plate with limestone delivers a better recoverable performance
than the basalt. The AM plate with basalt exhibits the highest Jnr while excluding the Jnr100 at 55 ◦C,
which indicates that the microscopic roughness could be a critical factor affecting the recoverable
resistance of the AAA system in HMA at high temperatures.

Figure 9. Strain versus time plots of different types of aggregates and plates (1000 μm, gap): (a) 100 Pa,
and (b) 3200 Pa.

 
Figure 10. Two parameters calculated from the MSCR test: (a) 45 ◦C, (b) 50 ◦C, (c) 55 ◦C, and (d) 60 ◦C,
the error bar is equal to the standard deviation, 100 means 100 Pa, and 3200 represents 3200 Pa.
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Accounting for R bars, one finding is that value gap between R100 and R3200 becomes larger with
the increase of temperature. It is summarized like that a high temperature combined with a heavy traffic
would significantly degrade the displacement recoverable capability of the asphalt mixture. Another
finding can be concluded as that the AA plate shows the best resistance to the creep deformation.
However, the R100 at 55 ◦C for the AM plate with basalt rises from 37% to 75%, the gap ranks as the
highest increasing rate. This observation might be related to a better binder coating at the micro-scale
for the basalt-asphalt interface zone that is shown in Figure 3.

The R3200 decreases as the temperature increases, but R100 presents more complicated fluctuation
when it comes to the AA plate. First, the R100 of two types of plate increases to around 70% at 50 ◦C.
Subsequently, it decreases by approximate 5% at 55 ◦C. Finally, the R100 of the AA plate with basalt
and limestone reduces to 54% and 60%. The microscopic roughness could be a major index that results
in the fluctuation of R, just when the shearing loading is not too heavy. At the highest temperature of
60 ◦C, the maximum R100 occurs in the AA plate with limestone, and the maximum R3200 occurs in
the AA plate with basalt, which might be owed to its microscopic roughness. When considering the
rutting issue at high temperatures, limestone would be a good choice while undergoing regular traffic,
but the basalt should be the preferred aggregate type subjected to a heavy traffic.

4. Conclusions

This study aims at understanding how different aggregate-modified plates affect the rheological
characteristics of poly (SBS)-modified asphalt, and a development of this study is to conduct modified
shearing tests at a wide temperature range as compared with former studies. Several conclusions can
be summarized based on the analysis mentioned above.

Aggregate selection in the asphalt mixture design is a dominant procedure for generating a strong
asphalt mixture. Additionally, the aggregate-plate-modified DSR testes developed in this study could
provide instructions to choose an optimum aggregate type. The testing methods would be further
used to predict HMA performances under various conditions, such as different temperatures and
traffic volumes.

One obvious fact is that the MM plate is less sensitive to DSR testes than other plates, which
lacks the capability to illustrate AAA properties in HMA. Aggregate-modified DSR tests are effective
in investigating the influence of AAA bonding and simulate a real AAA system in asphalt mixtures,
which involves binder coating at the micro-scale and aggregate chemical components.

The effects of microscopic roughness and chemical components are dependent on temperature,
frequency, and loading form. Rough aggregates combined with strong adhesive capability could
improve the asphalt mixture performances. In this study, similarity among aggregate particles is also
known as a critical index, because it might contribute to homogeneous interaction within the AAA
system. Therefore, the source of stone must be seriously controlled to avoid large property variability.

5. Future Research

More aggregate types and asphalt types will be included in future works. Additionally, the macro
shape of an aggregate needs to be involved to interpret the shearing behavior of the AAA system.
Next, the experimental design will focus on the thickness effect as well as the compliance verification
of DSR testing subjected to difference film thinness.
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Abstract: Hydrophilic molecularly imprinted chitosan (HMICS) were synthesized based on
hydrophilic deep eutectic solvents (DESs) and the DESs was used as both a template and
functional monomer for the enrichment of gallic acid (GA) from red ginseng tea using a solid
phase microextraction (SPME) method. Using the response surface methodology (RSM) strategy,
the optimal extraction amount (8.57 mg·g−1) was found to be an extraction time of 30 min, a solid to
liquid ratio of 20 mg·mL−1, and five adsorption/desorption cycles. Compared to traditional methods,
the produced HMICS-SPME exhibited the advantages of simplicity of operation, higher recovery and
selectivity, improved analytical characteristics and reduced sample and reagent consumption, and it
is expected to promote the rapid development and wide applications of molecular imprinting.

Keywords: hydrophilic molecularly imprinted chitosan; deep eutectic solvents; solid phase
microextraction; gallic acid; response surface methodology

1. Introduction

Gallic acid (GA) is one of the major polyphenolic compounds in plants, such as green tea,
vegetables and fruits [1,2]. GA is used in the pharmaceutical and biomedical industries owing to their
anti-oxidant, anti-inflammatory, anti-cancer, and anti-viral activities [3,4].

Chitosan (CS) is the deacetylated form of chitin and has been used widely in material-formulations
because of its distinct advantages, such as biocompatible, biodegradable, less toxic, and bioactive
chemistry properties [5–7]. Moreover, CS is an eco-friendly and cost-effective biopolymer that can be
modified easily by various chemical reactions to improve its physicochemical properties [8]. CS can be
modified mainly using its amine group, by crosslinking reactions to make it insoluble in acidic pH or
by grafting new functional groups to the amine and hydroxyl groups to add new chemical properties
and improve the selectivity for the targets [9]. With the addition of new functional groups on CS, it is
possible to increase the number of adsorption sites [10].

Currently, the molecular imprinting technique has attracted increasing attention for the production
of artificial materials with selective recognition for the target molecules [11]. Molecular imprinting
is an approach of artificially generating recognition sites in polymer structures to specifically rebind
the target molecules. These materials are obtained by polymerizing functional and cross-linking
monomers around a template molecule, leading to a highly cross-linked three-dimensional network
polymer. With different kinds of imprinting methods, many products of the molecular imprinting
technique have been shown with excellent selectivity and unique structural predictability, such as
molecularly imprinted polymers (MIPs) [12], molecular imprinted resins (MIRs) [13,14], and molecular
imprinted nanoparticles (MINs) [15]. Practical molecular imprinting materials (MIMs) have become a
rapidly evolving research area, providing key factors for understanding the separation, recognition,
and regenerative properties toward biological molecules [16].
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For further applications, however, MIMs should have good water compatibility because many
targeted molecules are present in the aqueous biological matrix [17]. Therefore, imprinting materials
need to be modified for use in the aqueous phase system. In molecular imprinting techniques,
deep eutectic solvents (DESs) has been used as the solvent for template elution and additive in
the preparation of imprinting materials for higher adsorption capacity, acting as monomers [18],
solvents [19], or others [20]. DESs are a eutectic mixture of a quaternary ammonium salt as a hydrogen
bond acceptor (HBA) with either the organic amine, alcohol, or organic acid as the hydrogen bond
donor (HBD) [21], which are characterized by a melting point lower than those of each individual
component. Recently, some efforts have been made to introduce DESs in the fields of molecular
imprinting [22] and for the separation of bioactive compounds because of their unique properties,
including low vapor pressure, easy preparation, and benign biodegradability [23].

In this study, a novel hydrophilic molecularly imprinted chitosan (HMICS) was synthesized using
DESs for the selective enrichment of GA in red ginseng tea leaves via a solid phase microextraction (SPME)
method. The DESs were used as both the template and functional monomer. The materials obtained were
characterized by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR),
thermogravimetric analysis (TGA), and nuclear magnetic resonance spectroscopy (NMR). The adsorption
kinetics and isotherms for the adsorption models were also investigated. The optimal extraction conditions
for GA were optimized using a response surface methodology (RSM).

2. Experimental

2.1. Chemical and Reagents

Red ginseng tea was purchased from a local market (Incheon, Korea). Methanol, GA, acetic acid,
sodium hydroxide, protocatechuic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, protocatechuic
acid, and 3,5-dihydroxybenzoic acid were supplied by Sigma-Aldrich. Co, Ltd. (St Louis, MO,
United Stated). CS powder (molecular weight (Mw), 75 kDa; degree of deacetylation (DD), 80 mol %) was
obtained from Seafresh Chitosan (Lab, Incheon, Korea) Co. Acetonitrile, acetone, hexane, ethyl acetate,
liquid paraffin, span-80, glutaraldehyde, isopropanol, choline chloride, and azobisisobutyronitrile
(AIBN) were acquired from Daejung Chemicals & Metals Co., Ltd. (Gyonggido, Yongin, Korea).
The other chemicals used were of high performance liquid chromatography (HPLC) grade.

2.2. Instrument

The surface morphology was examined by field emission SEM (Hitachi S-4200, Hitachi, Toronto,
ON, Canada). FT-IR (Vertex 80 V, Bruker, Billerica, MA, USA) spectroscopy was conducted to examine
the functional groups between 4000 and 400 cm−1 using KBr pellet samples. The formation of particles
was confirmed by TGA (TG 209 F3, Netzsch, Selb, Germany) under a nitrogen atmosphere from room
temperature to 800 ◦C at a heating rate of 10 ◦C·min−1. The chromatographic measurements were
performed on a high performance liquid chromatography (HPLC) system using YL9110 equipment from
Younglin Co. Ltd. (Daegu, Korea) consisting of a Rheodyne injector (20μL sample loop), Waters 600 s Multi
solvent Delivery System, Waters 1515 liquid chromatography (Waters, Bedford, MA, USA), and variable
wavelength 2489 UV dual channel detector. EmpowerTM 3 software (Waters, Bedford, MA, USA) was
used as the data acquisition system. The analysis was performed on an OptimaPak C18 column (5 μm,
250.0 mm × 4.6 mm, i.d., RStech Corporation, Daejeon, Korea). All the 1H NMR experiments were carried
out with a Bruker DMX 300 spectrometer (Bruker, Karlsruhe, Germany), equipped with a diffusion probe
capable of producing magnetic field gradient pulses up to 11.76 T/m in the z-direction. The measurements
were carried out in a temperature range between 293.8 and 300 K. A Bruker Variable Temperature unit,
BVT 3000 (Bruker, Karlsruhe, Germany), was used to set the required temperature for each experiment.
The sample was placed in a 5 mm NMR glass tube with a height of approximately 20 mm and left for 20
min at the desired temperature in order to reach thermal equilibrium.
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2.3. Preparation of the Materials

2.3.1. Synthesis of Hydrophilic DESs

Three types of hydrophilic DESs were prepared by mixing choline chloride with GA (1:1, n/n,
DES-1), (1:2, n/n, DES-2), (1:3, n/n, DES-3) heated under 80 ◦C with constant stirring. After 8 h,
the resulting DESs were obtained until a homogeneous colorless liquid had formed. Table S1 lists the
basic physicochemical properties of the obtained hydrophilic DES. Only DES-2 (1:2, n/n) had a stable
form prepared and was used in the following procedure.

2.3.2. Preparation of HMICS and NICS

CS microspheres were obtained using an emulsion polymerization technique considering the
requirements of high adsorptive surface areas and controllable preparation route [24]. A 10.0 g sample
of CS was dissolved in 50.0 mL of a 5.0% (w/v) acetic acid solution and 25.0 mL isopropanol with
constant stirring. A 2.0 mL sample of the above CS liquid mixture was then dispersed as the aqueous
phase into 2.0 mL of liquid paraffin containing 10% (v/v) Span 80. Subsequently, 2.0 mL of the obtained
hydrophilic DES-2 (both as a template and monomer) was added followed by the dropwise addition
of (5%, 1.0 mL) glutaraldehyde solution (as a crosslinker). Following this, 0.5 g of AIBN was added
as an initiator, and the homogeneous mixture was stirred at 60 ◦C for 3 h. The reacting mixture was
left to stand at room temperature overnight for complete polymerization. The obtained materials
were washed sequentially with petroleum ether and deionized water, and dried in a vacuum oven at
60 ◦C until a constant weight was reached. Figure 1 shows a schematic diagram of the preparation of
HMICS with DES. Non-imprinted chitosan (NICS) was obtained in an identical manner, except that
the template was not added during the preparing process of HIMCS, and Figure S1 shows the NMR
spectroscopy of HMICS (a) and NICS (b).

 

Figure 1. Schematic diagram of the preparation of hydrophilic molecularly imprinted chitosan (HMICS)
with deep eutectic solvents (DES).
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2.3.3. Adsorption Properties of HMICS and NICS

Static and dynamic adsorption experiments were conducted to evaluate the adsorption properties
of the obtained HMICS and NICS. The adsorption capability for HMICS and NICS was determined by
the following procedure and model. Briefly, 20 mg of HMICS and NICS were suspended in 10 mL of a
GA solution at concentrations ranging from 5 to 200 μg·mL−1. The series of mixtures were shaken for
240 min under 25 ◦C to ensure the equilibrium.

The adsorption capacity (Q) was calculated according to the following equation:

Q =
(C0 −Cfree) ×V

W
(1)

where Cfree (μg·mL−1) is the free concentration of GA; C0 (μg·mL−1) is the initial concentration; V (mL)
is the volume of the GA solution; and W (mg) is the mass of the materials.

For the adsorption kinetics study, 20 mg of HMICS and NICS was suspended in 10 mL of a 100
μg·mL−1 GA solution and shaken at 25 ◦C. The concentrations of GA from 30 to 360 min at a certain
interval (30 min) were centrifuged and calculated using the following equation:

ln(Qe −Qt) = ln(Qe) − k1t (2)

where Qt (mg·g−1) and Qe (mg·g−1) are the amount adsorbed at the given time and equilibrium,
respectively; k1 (min−1) is the rate constant of the adsorption.

2.3.4. Selectivity and Reusability Experiments

To estimate the selectivity of the obtained imprinted materials, selectivity experiments were
conducted on GA along with protocatechuic acid, 3,5-dihydroxybenzoic acid, 3-hydroxybenzoic acid,
and 4-hydroxybenzoic acid as competitive compounds. A 2 mg sample of HMICS or NICS was added
to 1 mL of the mixture solution containing 100 μg/mL of the above five compounds. After shaking for
4 h, the solutions were collected by centrifugation and analyzed by HPLC.

The imprinting factor (α) and selectivity factor (β) were used to evaluate the properties of
selectivity of HMICS and NICS toward the template molecule (GA) and analogs (protocatechuic acid,
3,5-dihydroxybenzoic acid, 3-hydroxybenzoic acid, and 4-hydroxybenzoic acid). The α and β were
calculated from the following equations:

α =
QHMICS

QNICS
(3)

β =
αtemplate

αanalog
(4)

where QHMICS and QNICS, and αtemplate and αanalog are the sorption capacity and imprinting factor
toward GA (template) or the analog on the HMICS and NICS, respectively.

To test the regeneration capability, a 2 mg sample of HMICS or NICS mixed in the 1 mL of GA
standard solution were evaluated by ten sequential cycles of adsorption-regeneration.

2.3.5. Optimization of the SPME Conditions

Red ginseng tea was cleaned, dried in an oven at 60 ◦C, and ground to a powder. A 10 g sample
dried powder was ultrasonicated in 200 mL MeOH/water (80:20, v/v) at room temperature for 6 h.
The suspension was then filtered as the extraction samples. The miniature SPME procedure was
performed using SPE unit. A 20.0 mg sample of the obtained adsorbents was packed into SPE cartridges
and connected to a conventional syringe to ensure a suitable and constant flow rate, and capped with
decreased cotton in the middle of the SPE cartridges and the syringe. Figure 2 presents a schematic
diagram of the miniature SPME procedure.
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Figure 2. Schematic illustration of the miniature solid phase microextraction (SPME) procedure.

To remove interferents from matrix, different washing solvents, including methanol, acetonitrile,
acetone, hexane, and ethyl acetate solutions, with different volumes (0.2–2.0 mL) were tested.
The washing solvent was forced to pass through the system by regulating the vacuum of approximately
20 kPa to obtain a flow rate of 0.5 mL·min−1.

To select the most appropriate eluent to desorb GA from the prepared HMICS, several eluent
solvents (methanol, methanol-acetic acid (85:15, v/v), methanol-ammonia water (85:15, v/v),
acetonitrile-acetic acid (85:15, v/v), and acetone-acetic acid (85:15, v/v)) were tested. The washing solvent
was forced to pass through the system by regulating the vacuum of approximately 20 kPa to obtain a
flow rate of 0.5 mL·min−1.

2.3.6. SPME Procedure with Real Samples Using the RSM

The RSM was applied to determine the optimal levels of the three variables having a significant
effect on the extraction efficiency. After determining the preliminary range of the analysis variables
through a single-factor test, the experimental variables were designed to optimize the adsorption
efficiency of GA. The effects of the three independent variables, namely extraction time (X1, min),
solid to liquid ratio (X2, mg·mL−1), and number of adsorption/desorption cycles (X3) on the extraction
yields of analytes were investigated using a Box-Behnken design (BBD) of 17 experimental points.

Each variable coded at its three levels (−1, 0, 1) represents the lower, middle and higher value
(Table S2). The generalized second-order polynomial Equation (5) used in response surface analysis is
as follows:

Y = A0 +
3∑

i=1

AiXi +
3∑

i=1

AiiX2
i +

2∑
i=1

3∑
j=i+1

AijXiXj (5)

where Y is the measured response; A0 is a constant; Ai, Aii, and Aij are linear, quadratic, and interaction
coefficients, respectively; and Xi and Xj are the levels being studied. Data analysis was performed
using Design-Expert software (v.7.1.6, Stat-Ease, Inc., Minneapolis, MN, USA) and evaluated by an
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analysis of variance (ANOVA). The fitness of the polynomial equation to the responses was estimated
using the coefficient of determination (R2), and the differences with a p-value less than 0.05 were
considered significant.

3. Results and Discussion

3.1. Adsorption Properties

The binding capacity of HMICS and NICS increased with increasing GA concentration, and the
adsorption capacity of HMICS with DES-2 was much higher than NICS without DES (Figure 3a).
The additional GA bound to HMICS compared to NICS could be attributed to the binding of GA to the
imprinting sites with higher specificity.

Figure 3. Equilibrium adsorption isotherms (a) and kinetic adsorption curves (b) of HMICS with DES,
and non-imprinted chitosan (INCS) without DES.

The adsorption kinetics of GA onto HMICS and NICS was investigated by varying the adsorption
time from 30 to 360 min (Figure 3b). The adsorption capacity increased rapidly in the first 0–100 min,
and then the increment from 125–225 min until the process approximately reached equilibrium after
225 min. At the beginning of the adsorption process, the GA could enter many empty specific binding
sites easily and rapidly and mass-transfer resistance was significantly small. With time prolonging,
it became difficult to find an imprinted site for target. Therefore, the adsorption rate decelerated up
to reaching equilibrium. A sharp increase in the adsorption amounts towards GA by HMICS and
NICS occurred within 240 min. The adsorption capacity of GA on HMICS with DES was 10.13 mg·g−1,
which is approximately 2.36 times as high as that (4.30 mg·g−1) of NICS without DES. The fast and
greater dynamics of HMICS adsorption were attributable to the imprinted sites.

3.2. Characterization

Figure 4a presents the FT-IR spectra of HMICS and NICS. The absorbance at 3400−3500 cm−1 was
assigned to the overlapping stretching vibration of the O-H bonds and N–H bonds on the NICS surface.
The absorption at approximately 1620 cm−1 in HMICS was attributed to the bending vibration of NH2,
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which provides evidence of the presence of DES in the HMICS skeleton. In addition, a characteristic
absorption band at approximately 1154 cm−1 is related to a C−N stretching vibration. The absorbances
at 2900 and 1650 cm−1 were assigned to the overlapped stretching vibration of CH groups and CO
groups, respectively. These results demonstrate the successful formation of HMICS.

Figure 4. FT-IR spectra (a) and thermogravimetric analysis (b) of HMICS with DES, and NICS
without DES.

TGA was conducted to estimate the thermal stability of the prepared HMICS and NICS, as shown
in Figure 4b. HMICS showed 9.2% weight loss between 25 and 300 ◦C, which was attributed to the
elimination of free water and structural water molecules, whereas NICS showed a small mass loss
due to the evaporation of residual water from 0 ◦C and 50 ◦C. When the temperature was increased to
more than 200 ◦C, the organic shell gradually lost weight and decomposed completely at 400 ◦C. TGA
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of HMICS showed significant mass loss from 300 ◦C to 450 ◦C, whereas NICS without DES showed
significant mass loss from 50 to 420 ◦C. These weight losses were attributed to the decomposition and
vaporization of a grafted macromolecular microsphere. The weight loss of both of HMICS and NICS
remained relatively constant from 450 ◦C to 800 ◦C. Therefore, HMICS had good thermal stability
below 300 ◦C, whereas NICS was stable below 50 ◦C.

SEM images were obtained to observe the shape and morphology of HMICS and NICS; the images
revealed a uniform structure with a spherical morphology. As shown in Figure 5, HMICS had a
more uniform structure with a more regular spherical morphology than NICS. Moreover, the HMICS
possessed a slightly spherical structure with a relatively greater size distribution, which facilitated
mass transfer and rapid sorption kinetics.

 
Figure 5. SEM images of HMICS with DES, (a), and NICS without DES (b).
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3.3. Optimization of the Extraction Conditions

Owing to the complex of the tea sample matrices, it is essential for further validation and
optimization of the washing and elution conditions. A washing step was required to remove the other
constituents of the tea samples bound nonspecifically to the imprinted sorbent. Regarding the chemical
structure of the GA, solubility of the target analyte and its compatibility with chromatographic system,
the washing solvents (acetonitrile/acetone/hexane/ethylacetate), showed efficient, which may be due
to the similarity between the polarity of the target and the washing solvents could break hydrogen
bonds between trapped analyte and sorbent easily. The cleanest extract with the highest recovery was
obtained using hexane as the washing solvent. Different hexane volumes (0.2–2.0 mL) were tested and
the optimal value (91.4%) was 1.0 mL (Figure 6a). Because of the hydrophilicity of HMICS and high
potential of hexane to dissolve non-polar compounds, most of the matrix interfaces were washed with
hexane without interfering with the interactions between the GA and sorbent.

Figure 6. Optimization of the HMICS in the SPME procedure for GA ((a): Washing solvents, (b):
Elution solvents).

The selection of a suitable eluent solute has a great influence on the extraction recovery of a target
molecule. According to the experimental results, the best recovery was achieved using acetone-acetic
acid (85:15, v/v) as the eluent (Figure 6b). Different eluent volumes (0.2–2.0 mL) were tested and a
volume of 1.6 mL of acetone-acetic acid (85:15, v/v) was found to be sufficient to desorb the analyte.
The addition of acetic acid could impede hydrogen bonding between GA and the stationary phase,
leading to the easier removal of GA.
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3.4. Selectivity and Reusability of HMICS and NICS

Imprinting factor and selectivity factor are the chief and prominent advantages of imprinted
materials. The imprinting and selectivity capability of HMICS were evaluated by comparing
the imprinting factor (α) and selectivity (β) of GA in the presence of competitive compounds.
As shown in Figure 7a, α values of HMICS for GA, protocatechuic acid, 3,5-dihydroxybenzoic acid,
3-hydroxybenzoic acid, and 4-hydroxybenzoic acid were 3.67, 1.62, 1.53, 1.09, and 1.07, respectively,
and the β values of HMICS for GA, protocatechuic acid, 3,5-dihydroxybenzoic acid, 3-hydroxybenzoic
acid, and 4-hydroxybenzoic acid were 0.70, 0.22, 0.20, 0.14, and 0.13, respectively. It was shown that the
HMICS had the highest selectivity value toward GA, and it was further verified that GA was adsorbed
onto the HMICS by means of specified imprinted sites. Moreover, these results show that HMICS had
highly selective recognition capability toward GA.

 

Figure 7. Selectivity (a) and reusability (b) of HMICS with DES, and INCS without DES. (GA: Gallic
acid; PA: Protocatechuic acid; 3,5-DA: 3,5-Dihydroxybenzoic acid. 3-HA: 3-Hydroxybenzoic acid; 4-HA:
4-Hydroxybenzoic acid)
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Reproducibility and reusability are very important for designing an advanced and effectual
sorbent. As shown in Figure 7b, the extraction efficiency of the HMICS remained at a relatively high
level, even after seven cycles, whereas NICS showed an obvious decrease at the fourth cycle, indicating
that the HMICS sorbent can be employed frequently as an effective sorbent for GA recovery.

3.5. RSM Model Fitting and Statistical Analysis

The extraction variables optimized for the extraction efficiency for GA were the extraction time,
solid to liquid ratio, and number of adsorption/desorption cycles. Table S3 lists the central composite
experimental design with the independent variables. The quadratic response surface regression model
was used to predict the extraction efficiency in terms of the extraction parameters (coded factors),
as expressed in Equation (6):

Y = 92.92 + 0.29X1 − 1.34X2 + 1.72X3 + 0.025X1X2 + 0.75X1X3 + 0.25X2X3

− 0.70X1
2 + 1.00X2

2 − 4.42X3
2 (6)

Table S4 lists the ANOVA results for the quadratic response surface regression model and the
significance of the regression coefficients to maximize the extraction recovery. The F-value of the
model was 13.47 and the p-value was less than 0.0001, indicating that the model was significant in
predicting the extraction yield. The Model F-value of 13.47 suggested that the model was not significant
relative to the noise, and there was only a 0.12% probability that a “Model F-Value” could occur due to
noise. The “Lack of Fit F-value” of 5.46 suggested that the Lack of Fit was not significant relative to
the pure error, and there was a 6.74 % chance that a “Lack of Fit F-value” could occur due to noise.
Moreover, its corresponding p-value was 0.0674, indicating that the model fitted the experimental
data well.

The coefficient of determination (R2 = 0.9454) indicated that 94.54% of the variability in the
extraction recovery could be explained by this model (Table S5). Moreover, the predicted extraction
recovery values were close to those from the BBD, which confirmed the reliability of the model.
The difference between the predicted R2

Pred (0.2814) and adjusted R2
Adj (0.8752) indicates there is

reasonable agreement in the regression polynomial model. The signal to noise ratio was measured
using “Adeq. Precision”; a ratio of greater than four was normally desirable. The “Adeq. Precision” of
11.623 suggested that this model could be used to navigate the design space.

The contour plot and three-dimensional (3D) response surfaces were plotted to investigate the
interactions among the variables (Figure 8). The extraction yield decreased with increasing extraction
time ranged from 30 min to 50 min, increased with increasing solid to liquid ratio from 20 mg·mL−1

to 30 mg·mL−1, and then decreased from 30 mg·mL−1 to 40 mg·mL−1. Regarding the number of
adsorption/desorption cycles, in the designed ranges of one to nine, the extraction recovery increased
and then decreased. The theoretical maximum extraction recovery (94.6%) for GA was obtained at an
extraction time of 30 min, solid to liquid ratio of 20 mg·mL−1, and five adsorption/desorption cycles.
Under the optimal extraction conditions, the actual extraction recovery was 93.9%, which is close to
94.6%, highlighting the suitability and accuracy of the suggested models.
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Figure 8. The contour plot (a–c), and reciprocal 3D response interaction (d–f) on the HMICS
extraction recovery yield of three variables (effects of extraction time, ratio of solid to liquid, cycles for
adsorption/desorption).

3.6. Method Validation and Real Sample Analysis

The standard curve for GA was linear over the range, 5.00–100.00 μg·mL−1, by assaying five data
points in triplicate (Y = 3.78 × 104 + 2.54 × 104X, R2 = 0.9997). To validate the developed method for
the determination of GA, further experiments with regard to the calibration linearity range, limit of
detection (LOD), limit of quantification (LOQ), recovery, and relative standard deviation (RSD) were
conducted under the optimized experimental conditions (Table 1). The LOD (0.32–0.41 μg·mL−1) and
LOQ (0.22–0.36 μg·mL−1) were calculated as three and ten times the standard deviation of the noise
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signal, respectively. The recoveries of the targets extracted did not differ significantly and the RSD was
no higher than 4.16%, demonstrating the high selectivity of the proposed method.

Table 1. Intra-day and Inter-day precisions and accuracy of GA.

Targets
Concentration

(μg·mL−1)

Inter-day Intra-day

Limit of
Detection
(μg·mL−1)

Limit of
Quantification

(μg·mL−1)

Recovery
(%)

Relative
Standard
Deviation
(%, n = 4)

Recovery
(%)

Relative
Standard
Deviation
(%, n=4)

Gallic Acid
50 0.21 0.24 90.13 4.16 90.04 3.68
100 0.15 0.18 94.82 3.84 93.68 3.15
200 0.08 0.13 102.68 2.65 100.84 3.06

As shown in Figure 9, the red ginseng tea extract is a complex matrix and there were some peaks
other than that for GA. After pretreatment with HMICS, the interfering peaks weakened. A significant
peak for GA was observed, confirming that GA in the tea extract sample could be extracted selectively
by HMICS, and the GA content in red ginseng tea was 8.57 mg·g−1.

Figure 9. Extraction chromatograms of red ginseng tea extracts with HMICS with DES, and INCS
without DES. (Column: C18 column, mobile phase: (Acetonitrile-0.05% phosphoric acid solution = 5:95,
v/v), flow rate: 1.0 mL·min−1, UV: 270 nm, injection: 20 μL).

3.7. Comparison with other Methods

To highlight the distinct merits of the HMICS and present method, a comparison with other
reported studies was made, as shown in Table 2. The obtained HMICS had lower LODs than previous
imprinted materials for the extraction of GA.

The developed method provided a wide linear range and a much lower LOD than the other
methods, whereas the recovery and precision of this method were comparable to or better than the other
methods. Therefore, the developed HMICS-SPME method can be used as an effective method for the
simple, rapid, cost-effective, sensitive, and selective determination of GA in red ginseng tea samples.
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Table 2. Comparison of different materials for extraction of GA.

Materials Types
Function
Monomer

Source Recovery (%) Reference

Molecularly imprinted
microparticles Methacrylic acid Olive mill

wastewaters 85.0–97.0 [25]

Molecularly imprinted
microspheres and

nanoparticles
Acrylic acid Emblica officinalis 75.0–83.4 [26]

Hydrophilic molecularly
imprinted chitosan

microsphere
DES Tea sample 90.0–102.7 This research

4. Conclusions

A novel HMICS was synthesized based on a hydrophilic DES used as both the template and
functional monomer for the enrichment of GA from red ginseng tea using the SPME method.
The optimal extraction amount (8.57 mg·g−1) was found at an extraction time of 30 min, solid to liquid
ratio of 20 mg·mL−1, and five adsorption/desorption cycles using the RSM strategy. Compared to
the traditional CS microspheres, the HMICS produced using the hydrophilic DESs exhibited higher
extraction capacity. Such improvements will allow an extension of the field of application of the new
imprinted CS, which could become a new tool used routinely in analytical laboratories in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/9/1434/s1,
Table S1 Density (ρ), viscosity (μ), and conductivity (σ) of the three kinds of DESs at 293.15 K and atmospheric
pressure (1.01 bar); Table S2 Independent variables their levels used for BBD; Table S3 Central composite
experimental design with the independent variables; Table S4 Analysis of variance of the experimental results of
the BBD; Table S5 Analysis of variance for the fitted quadratic polynomial model of extraction of GA; Figure S1.
1H NMR spectra of the HMICS (a) and NICS (b).
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Abstract: To improve the adsorption selectivity towards hexavalent chromium anion (Cr(VI)), surface
Cr(VI)-imprinted polypropylene (PP) fibers were fabricated by the plasma-mediated grafting strategy.
Hence, a non-thermal Rradio frequency discharge plasma irradiation followed by a gaseous phase
grafting was used to load acrylic acid (AA) onto PP fibers, which was afterwards amidated with
triethylenetetramine and subjected to imprinting with a Cr(VI) template. The plasma irradiation
conditions, i.e., gas species, output power, pressure, and time, were optimized and then the influence
of grafting time, pressure, and temperature on the grafting degree of AA was investigated. Scanning
electron microscopy and Fourier transform infrared spectroscopy were used for the characterization
of pristine and modified fibers and to confirm the synthesis success. The hydrophilicity of modified
fibers was greatly improved compared with pristine PP fibers. The adsorption thermodynamics and
kinetics of Cr(VI) were investigated, as well as the elution efficiency and reusability. The prepared
imprinted fibers showed superior adsorption selectivity to Cr(VI) compared with non-imprinted
fibers. Finally, the stability of the imprinted fibers against the oxidation ability of Cr(VI) is discussed.

Keywords: polypropylene; nonwoven fibers; plasma; imprinted polymer; chromium

1. Introduction

Electroplating, metallurgy, and leather tanning industries produce a large amount of waste water
containing hexavalent chromium anions (Cr(VI)), mainly in the form of oxyanions (e.g., HCrO4

−).
Cr(VI) has a strong oxidation character and mobility, as well as strong carcinogenic, teratogenic,
and mutagenesis effects on humans [1,2]. Therefore, industrial wastewater containing a high
concentration of Cr(VI) must be treated before being discharged. The usual methods include
chemical reduction [3], membrane separation [4], the photocatalytic method [5], microbial removal [6],
and adsorption. Among the chemical methods, the most commonly used are reduction and precipitation,
but the cost is high and the sludge treatment is difficult, frequently causing secondary pollution.
The recycling and utilization of Cr(VI) is considered to be the most environmentally friendly and
economical approach [7]. Due to its advantages, such as high removal efficiency, low treatment cost,
and reusability, the adsorption is one of the most efficient methods for the removal of Cr(VI) [8,9].
Although many adsorbents have been used for the adsorption of Cr(VI), there are still shortcomings to
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overcome, such as the adsorption capacity, adsorption rate, stability, and selectivity [10]. For instance,
in the presence of competing ions, e.g., sulfate and phosphate, it is difficult to achieve a high adsorption
capacity for Cr(VI) with the currently used adsorbents. Hence, there is a real demand for development
of novel adsorbents.

Polypropylene (PP) melt-blown non-woven fabric has been widely used as an adsorbent due to its
excellent chemical stability and good flexibility [11]. Grafting modification allows the polymerization of
other monomers with polarity and functionality to the molecular chain of PP, which is the most effective
way to improve the surface chemistry of PP. The plasma method requires mild process conditions,
it is environmentally friendly, and it does not damage the internal structure of polymer materials.
The principle of plasma grafting consists of using ionized high-energy particles to bombard the surface
of the material to produce active sites (e.g., free radicals), triggering the grafting reaction of monomers
on the surface. Grafting modification of PP fibers can greatly improve the hydrophilicity, functionality,
and other physical and chemical properties [12]. Basarir et al. found that the electrochemical properties
of PP films were improved as a result of activation with plasma followed by polymerization of the
acrylic monomers on the surface [13]. Chen et al. grafted glycidyl methacrylate (GMA) on the surface
of PP fibers, and the chelated fibers effectively adsorbed Cd(II) from water [14]. Tseng et al. used
plasma to treat PP fibers on which GMA was grafted [15]. Then, the chelating fibers were modified with
diethanolamine for Ag+ adsorption. Generally, gaseous plasma treatment and grafting of a monomer
from the liquid phase are applied into two steps [16–18] or the plasma discharge treatment and grafting
process occur simultaneously in monomer solution [19,20]. If the monomer gas is directly used for
plasma pretreatment and grafting, the preparation steps can be simplified and the grafting efficiency
can be improved [21].

Surface grafting modification of PP fibers for the adsorption of heavy metal ions can take
advantage of the excellent properties of the polymer fibers, and high efficiency and selectivity of
ion adsorption can be further achieved by using the surface ion-imprinted polymers. The essence
of ion-imprinted polymers is to create specific adsorption sites on the surface, so as to improve
the adsorption selectivity and capacity. The preparation steps generally include the preparation of
polymeric adsorbent, adsorption of template metal ions, crosslinking, and elution of heavy metal
templates [22]. Li et al. grafted the polyacrylic acid onto PP fiber surfaces followed by the reaction
with polyethylene imine to prepare a Cu2+-imprinted polymer [23]. The resulted adsorbent exhibited
good selectivity and regenerability. Zhang et al. prepared surface imprinted PP fibers induced by 60Co
radiation to selectively adsorb uranyl carbonate from the seawater [24,25].

Plasma modification has been used to improve the adsorption performance of PP fibers for the
removal of heavy metal cations. However, few studies have been conducted on the preparation of
PP fiber-imprinted material by plasma grafting and its application for the adsorption of high valent
oxyanions. Hence, this paper reports on the use of the gaseous plasma grafting method to load an acrylic
acid (AA) group on the surface of a melt-blown non-woven PP fiber, which was further amidated
to prepare a Cr(VI)-imprinted fiber. The parameters of the plasma grafting process were optimized,
and the morphology, hydrophilicity, and surface structure of the fiber were analyzed. The adsorption
performance and reuse efficiency of the ion-imprinted fiber toward the Cr(VI) anion are also discussed.

2. Experimental

2.1. Reagents and Instruments

A PP melt-blown non-woven fabric with a fiber diameter of 2–10 μm and specific surface area of
1.50 m2/g was homemade using a previously reported method [26]. Argon and air (purity of 99.99%)
were supplied by Nanjing Shangyuan Industrial Gas Company (Nanjing, China). Other reagents,
i.e., acrylic acid (AA), triethylenetetramine (TETA), HCl, acetone, ethanol, N, N-dimethylformamide
(DMF), 1-hydroxybenzotriazole (HOBT), N, N’-dicycloethyl carbamide (DCC), formaldehyde, glutaral,
epichlorohydrin, and sodium hydroxide were of analytic grade and used as received.
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A pulsed radio frequency (RF) power source (500 W, MSY–I) and radio frequency matcher (2000 W,
SP-II) were supplied by the Institute of Microelectronics, Chinese Academy of Sciences (Beijing, China).
A rotary-vane vacuum pump (2X-8B, 1.1 kW) was supplied by Nanjing Vacuum Pump Co., Ltd
(Nanjing, China).

2.2. Preparation of Ion-Imprinted Fibers

The reactions involved in the preparation of ion-imprinted fibers are shown in Scheme 1. First,
AA was grafted onto the surface of a PP fiber [14,17]. As shown in Figure 1, three gases, namely AA,
air, and argon, were used for the radio frequency discharge plasma irradiation to generate free radicals
on PP fibers, respectively. Afterwards, AA gas was induced into the reactor at a certain pressure and
temperature and grafted onto PP fibers through reaction with the free radicals. Then, the resultant
AA-grafted PP fiber (PA) was amidated using 0.1 mol/L TETA in the medium of 50 mL DMF solution
with DCC and HOBT concentrations of 0.1 and 0.15 mol/L, respectively. After grafting, the sample was
washed three times with acetone and deionized water to remove the remaining reactants on the fiber
surface. The amidated fiber (PAT) was obtained after drying in vacuum at 50 ◦C to a constant mass.

Scheme 1. Schematic representation of the preparation process of ion-imprinted PP fibers (IPAT)
(i: plasma treatment of PP fibers to form radicals; ii: grafting of acrylic acid (AA) on PP fibers to form
AA-grafted PP (PA); iii: amidation of AA with triethylene tetramine (TETA) to form PAT; iv: imprinting
of Cr(VI) template and crosslinking; v: elution of Cr(VI) template using a NaOH solution).

 

Figure 1. Illustration of the experiment setup of the plasma-induced polymerization of AA.
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The PAT was weighed and soaked in 100 mL potassium dichromate solution (200 mg/L, pH = 3),
followed by shaking and adsorption at 300 rpm for 2 h, and then immersed in a 50 mL aqueous
solution of 30% TETA (pH = 3) for 30 min. The resulting fibers were crosslinked using 30% aqueous
epoxy chloropropane, formaldehyde, and glutaraldehyde-ethanol solution at constant temperature,
respectively. To remove template ions, the fibers were washed with 0.1 mol/L NaOH until Cr(VI) was
not detected in the washing solution. After washing with deionized water and acetone, and drying at
50 ◦C to a constant mass, the Cr(VI)-imprinted fibers, denoted as IPAT, were obtained. At the same
time, non-imprinted fibers (NIPAT) were prepared following the same preparation steps as for IPAT,
except for the templating step, and used as a reference.

2.3. Analytic Methods

2.3.1. Grafting Degree

The grafting degree of the PA fiber was determined by the titration method. The PA fiber was
weighed and dissolved in 100 mL of xylene, then 20 mL of 0.05 mol/L NaOH-ethanol solution was added
and refluxed for 30 min. After cooling to room temperature, titration with 0.05 mol/L HCl-isopropanol
solution to the end point was performed using bromothymol blue as a pH indicator. The grafting
degree, Gr (mmol/g), was calculated as:

Gr = (M1 × V1 −M2 × V2)/m × 100% (1)

where V1 (mL) and V2 (mL) are the consumed volumes of NaOH and HCl solutions, respectively,
M1 (mol/L) and M2 (mol/L) are the molar concentrations of NaOH and HCl solutions, respectively,
and m (g) is the mass of PA. Each experiment was performed in triplicate.

2.3.2. Amino Content

The PAT was weighed and placed in a 100 mL conical flask with a stopper. An HCl-ethanol
solution (50 mL) was added and shaken well. The flask was tightly sealed and immersed in a water
bath at 40 ◦C for 2 h. After cooling to room temperature, 10 mL of solution was taken and placed in
a new conical flask. After adding 10 mL of ethanol and 2 drops of phenolphthalein indicator solution,
titration with the NaOH-ethanol solution to the end point was carried out. The amine group content,
E (mmol/g), in the sample was calculated with Equation (2).

E = (50 × C1 − 5 × C2 × V1)/m (2)

where C1 (mol/L) is the concentration of the HCl-ethanol solution, C2 (mol/L) is the concentration of
the NaOH–ethanol solution, V1 (mL) is the volume of the NaOH-ethanol solution consumed for the
titration, and m (g) is the mass of PAT.

2.3.3. Crosslink Degree of IPAT

The IPAT fiber sample was weighed, immersed in 50 mL acetic acid, and then soaked for 24 h. Then,
it was washed three times with deionized water and dried to a constant mass at 50 ◦C. The crosslinking
degree, C (%), was calculated as:

C = m1/m0 × 100% (3)

where m1 (g) is the mass of IPAT after soaking and drying, and m0 (g) is the mass of IPAT before soaking.

2.4. Characterizations

The fiber morphology was observed by scanning electron microscopy (SEM, S-3400N II, Hitachi,
Japan). The surface functional groups of fibers were analyzed by Fourier transform infrared spectrometry
(FTIR, NEXUS870, Nicolet, Japan). Elemental analyzer (Vario MACRO cube, Elementar, Germany)
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was used to evaluate the elemental composition (C, H, N, O) of the fibers. Non-woven fabric samples
were cut into pieces of about 1 cm × 1 cm, pasted on the glass slide, and placed in the water contact
angle tester (JC2000C, Shanghai Zhongchen Digital Technic Apparatus Co., Ltd, Shanghai, China).
The water contact angle was measured by dripping about 1 L ultrapure water on the fiber surface.

2.5. Adsorption and Regeneration

The fibers were immersed into 100 mL of Cr(VI) solution (400 mg/L) in a shaker (300 rpm) and
allowed to adsorb for 60 min. The Cr(VI) concentration before and after adsorption was determined on
a inductively coupled plasma emission spectrometer (iCAP 6300, Thermo Fisher Scientific, Cambridge,
UK). The adsorption capacity, Q (mg/g), was calculated as:

Q = 0.05 × (C0 − C1)/m (4)

where C0 (mg/L) and C1 (mg/L) are the concentrations of Cr(VI) before and after adsorption, respectively,
and m (g) is the mass of fibers.

The adsorption kinetics were fitted with pseudo-first-order (Equation (5)) and pseudo-second-order
(Equation (6)) models.

ln(qe − qt) = ln qe − k1t (5)

t
qt

=
1

k2q2
e
+

t
qe

(6)

where qe and qt are the amount of adsorbed Cr(VI) at equilibrium and at an arbitrary time t, respectively,
and k1 (min−1) and k2 (mg g−1 min−1) are the pseudo-first-order and pseudo-second-order rate constants
of adsorption, respectively.

The adsorption isotherm was analyzed with the Langmuir and Freundlich models:

Ce

Qe
=
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Qm
+

1
KLQm

(7)

ln Qe = ln KF +
1
n

ln Ce (8)

where Ce (mg/L) is the concentration of Cr(VI) in solution at equilibrium, Qe (mg/g) is the equilibrium
adsorption capacity, Qm (mg/g) is the maximum adsorption capacity, KL (L/mg) is the Langmuir
constant, KF is the Freundlich constant indicative of the adsorption capacity, and n is a parameter
related to the sorption intensity.

After the adsorption of Cr(VI), the fibers were washed with 50 mL of NaOH solution (0.2%) for
30 min (150 rpm) to remove the adsorbed Cr(VI). The cleaning process was repeated until no Cr(VI)
was detected in the washing solution. Elution efficiency, Dn (%), was calculated as:

Dn =Mn/Qm × 100% (9)

where n is the number of washes, Mn (mg) is the total amount of eluted Cr(VI) after n times elution,
and Qm (mg) is the adsorption capacity of fibers.

The regeneration efficiency, Rn, of fibers was calculated as:

Rn = Qn/Q × 100% (10)

where Qn (mg/g) is the adsorption capacity of fibers after n cycles, and Q (mg/g) is the adsorption
capacity of fibers in the first cycle.
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To assess the adsorption selectivity of IPAT for Cr(VI), the fibers were placed into a mixed
solution containing Cr(VI) (200 mg/L, pH = 3) and competing ions (phosphate, sulfate, and carbonate),
and allowed to adsorb for 30 min. The adsorption selectivity, S (%), was calculated as:

S = Qn/Q0 × 100% (11)

where Qn (mg/g) and Q0 (mg/g) are the adsorption capacity of fibers towards Cr(VI) in the presence
and absence of competing ions, respectively.

3. Results and Discussion

3.1. Optimization of Preparation Conditions

3.1.1. Plasma Irradiation

The etching effect of plasma irradiation on PP fibers and the effects of the applied power, plasma
irradiation pressure, and irradiation time on the grafting degree of AA monomers are depicted in
Figure 2. Figure 2a shows that the PP fibers lose weight under the three atmospheres (i.e., AA, Ar,
and air) due to the plasma etching. After 13 min of irradiation, the high-energy particles in the plasma
are consumed and the energy of particles in the atmosphere is reduced, so the etching effect on the
PP fiber surface is weakened and no change in mass of fibers is noticed. The weight loss of PP fibers
observed in the three gases at the same applied power (120 W) and pressure (10 Pa) follows the order
of air > Ar > AA. This may be explained by the fact that the high-energy particles generated by air
ionization have the maximum energy, while the particles generated by the AA monomer have the
minimum energy. Particles with higher energy tend to bombard the material surface more violently
and lead to higher mass loss. In general, the weight loss within 19 min was less than 2.0%, which could
be ignored in the calculation of the grafting degree [17].

Figure 2b shows the effect of different powers on the AA grafting degree under the three gases.
As can be seen, the grafting degree follows the order of AA > Ar > air. Unlike the latter two, when AA
gas is used, active free radicals are generated by the ionization and fragmentation of the AA monomers,
which are more likely to bind to the surface of the PP fibers and create active free radical sites. On the
contrary, air and Ar atmospheres are more prone to etch the fiber surface, which is not favorable for the
formation of free radicals. In addition, the oxygen in the air may remove the active free radical sites
due to oxidation, which makes the grafting degree in the air atmosphere slightly lower than that in the
inert Ar atmosphere [27]. As for grafting in an AA atmosphere, the applied power has an obvious
effect. Hence, the grafting is favored until a power of 120 W, then the efficiency of grafting strongly
decreases as the power increases from 120 to 240 W. The rationale for this behavior is related to the
increase in dissociation degree of AA for a power between 70 and 120 W when the active particles
move fast, increasing the number of free radicals on the surface of the PP fiber and favoring grafting of
AA. When the discharge power exceeds 120 W, the etching effect generated by bombarding the PP
surface is too large, so the grafting degree gradually decreases [28].

Figure 2c shows the effect of plasma irradiation pressure on the grafting degree efficiency.
Compared with the applied power, the irradiation pressure has a slight influence on the grafting
degree. Under an AA atmosphere, a grafting degree of almost 50% is seen between 5 and 12 Pa,
which then decreases to 40% with the increase in irradiation pressure to 20 Pa. Figure 2d shows the
effect of the irradiation time on the grafting degree of the PA fiber at 120 W and 10 Pa. Irrespective of
the atmosphere used, an increase is noticed within the first 5–6 min of irradiation, but it then decreases.
This behavior is explained by the saturation of the fiber surface with free radicals, which corresponds
to the highest degree of grafting. When the discharge time is too long, the adjacent radicals are easily
coupled and annihilated, a phenomenon associated with a decrease in grafting degree.
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Figure 2. (a) The effect of the irradiation time on the weight loss of fibers and the effects of (b) the
irradiation power, (c) pressure, and (d) time on the grafting degree of AA (grafting conditions: 150 Pa,
90 min, and 45 ◦C).

3.1.2. Grafting Conditions

The effects of the gas pressure, duration and temperature on the grafting degree were studied,
as shown in Figure 3a–c, respectively. As displayed in Figure 3a, the grafting degree of PA decreases
with the increase in gas pressure. This is explained by the high concentration of AA in the reaction
system when the pressure is low and thus, a higher number of monomers can be grafted on the surface
active sites of PP fibers. The lowest pressure in this reaction system is controlled at 150 Pa using an AA
atmosphere. The grafting degree of modified fibers increases with the extension of grafting time from
0 to 90 min, and then it is stable, as illustrated in Figure 3b. As the reaction progresses, the active sites
on the surface of the fibers are consumed and the grafting reaction is gradually completed. As can
be seen from Figure 3c, the reaction temperature increase results in an increase in grafting degree of
PA in the temperature range of 25–45 ◦C, afterwards, it remains stable. In the first temperature range,
when the temperature increases while the pressure is constant, the saturated vapor pressure of the
AA monomer increases in the reaction system, as well as the concentration, enhancing the reaction
rate and thus, the grafting degree. However, the grafting degree is stopped at temperatures higher
than 45 ◦C because the number of active sites on the surface of the PP fiber is limited and the high
temperature favors the self-polymerization of a fraction of the AA monomer.
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Figure 3. The effects of (a) the pressure, (b) reaction time, and (c) temperature on the grafting degree of
PA (plasma irradiation conditions: 120 W, 10 Pa, and 5 min).

3.1.3. Amidation Efficiency of PAT and Grafting Degree of PA

Amidation of PA was carried out with different AA grafting degrees, and the relationship between
the AA grafting degree of PA and the amidation efficiency of PAT is shown in Figure 4. From the
first-order equation obtained by fitting, the concentration of the amino groups was 2.78 times higher
than that of AA. According to the theoretical calculation, the highest number of amine groups on the
polymer should be three times higher than that of AA. Hence, the amidation efficiency of the reaction
is 92.7%.
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Figure 4. Relationship between the amidation efficiency of PAT and the grafting degree of PA.

3.1.4. Crosslinking Reaction

First, the effect of the crosslinking agent on the crosslinking degree was studied. Figure 5a
shows the weight gain of fibers when formaldehyde, epichlorohydrin, and glutaraldehyde were used
as crosslinking agents. When formaldehyde was used, the change in fiber weight was very small;
only about 10% after 180 min of reaction. When epichlorohydrin was used as the crosslinking agent,
the crosslinking effect was poor, and the fiber mass decreased by 7.8% after 180 min of crosslinking
reaction. This effect is attributed to the ability of epichlorohydrin to desorb amines or AA chains on
the surface of fibers. Among the three crosslinking agents, glutaraldehyde was the most appropriate,
since an obvious gain of 214% was noticed after 180 min of reaction. According to the reaction scheme
shown in Figure 1, two TETA molecules can be connected by glutaraldehyde during the cross-linking
condensation reaction to bridge the polymeric spatial network.

Figure 5. The effects of (a) the crosslinking agents, (b) time, (c) temperature, and (d) crosslinking agent
concentration on the crosslinking degree of IPAT.
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Once the cross-linking agent was identified, i.e., glutaraldehyde, the factors affecting the
crosslinking degree of IPAT were further investigated. According to Figure 5b, the increase in
crosslinking time results in an increase in the crosslinking degree of IPAT, so that an optimum time
of 4 h was established. As Figure 5c shows, increasing the temperature from 40 to 60 ◦C leads to an
increase in the degree of crosslinking. At higher temperatures (60–80 ◦C), the cross-linking degree
decreases significantly due to the partial loss of fiber structural organization. According to Figure 5d,
the optimum amount of glutaraldehyde concentration is 30%. Therefore, the optimal crosslinking
conditions for IPAT are 30% glutaraldehyde at 60 ◦C for 4 h of reaction.

3.2. Characterization

3.2.1. SEM

Figure 6 shows SEM images of pristine and modified PP fibers. It can be seen from Figure 6 that
the pristine PP fiber, whose diameter is in the micron range, displays a smooth surface. After gas phase
grafting, the PA fiber surface is slightly rough, and corrugated layers can be seen. After amidation,
the surface of PAT became rougher. After cross-linking with glutaraldehyde, the entire surface of
the fiber is covered with a large number of granular polymers, thus denoting the formation of large
local agglomerates. These results show that the fiber surface was successfully modified by grafting,
amidation, and crosslinking.

 
Figure 6. SEM images of PP, PA, PAT, and IPAT fibers.

3.2.2. FTIR

Figure 7 shows FTIR spectra of the fibers. The characteristic vibration bands of C–C, –CH3,
and –CH2 could be observed only in the infrared spectrum of the pristine PP fiber. The vibration bands
at 3171.1, 1708.7, and 1250.9 cm−1 displayed by the spectrum of PA are attributed to the stretching
vibrations of –OH, C=O, and C–O, respectively, in the carboxyl group. After amidation, the band
that appeared at 3346 cm−1 is the telescopic vibration of the –NH in the amide group. The bending
vibration of –NH2 and the stretching vibration of C–N were identified at 1648.5 and 1403.8 cm−1,
respectively. However, the strong vibration band at 1560.7 cm−1 is attributed to C=O in the amide
group, which shifted to the right relative to the vibration band of C=O in the carboxyl group. This is
because the π electrons in the amide group and the P electron conjugation on the nitrogen atom
lead to the increase of C–N stretching vibration frequency. Compared with PAT, the intensity of the
C–N telescopic vibration at 1051.6 cm−1 (mostly in the fingerprint area) increased in the spectrum
of IPAT. On the other hand, the elemental analysis showed a large amount of the N element in the
PAT fibers, which indicates successful amidation of the fiber surface. The content of the N element in
IPAT increased significantly, pointing out that a larger amount of TETA was fixed on the surface of
imprinted fibers by the crosslinking reaction. In addition, the content of the O element significantly
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increased as a result of the hydroxyl groups generated on the fiber by the acetal reaction between
glutaraldehyde and TETA.

Figure 7. FTIR spectra and elemental analyses of PP, PA, PAT, and IPAT.

3.2.3. Water Contact Angle

The change in water contact angle of fibers is depicted in Figure 8. Compared with PP fibers,
the water contact angle of PA fibers decreased significantly from 123.1◦ to 10.7◦, indicating that grafting
with the AA monomer significantly improved the hydrophilicity of the PP fibers. It can be seen from
the illustration inset that PP fibers float on the water surface due to hydrophobicity, while PA fibers can
be immersed in water after grafting with the AA monomer. The hydrophilicity of PAT and IPAT was
further increased, and the water contact angle was reduced from 10.7◦ to nearly 0◦, i.e., water droplets
were immediately adsorbed on the fabric surface. The amines grafted on the surface of the fiber
through the amidation reaction enhanced the surface polarity of the fibers, resulting in an enhanced
hydrophilicity, which is conducive to the adsorption process in an aqueous solution.

 
Figure 8. Water contact angle and hydrophilicity analysis of PP, PA, PAT, and IPAT.
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3.3. Adsorption of Cr(VI)

3.3.1. Effect of pH on the Adsorption Capacity of IPAT

The effect of the pH on the adsorption of Cr(VI) on IPAT is shown in Figure 9. In the pH range
of 1–3, the adsorption capacity of IPAT to Cr(VI) is high with a slight increase tendency, reaching
the maximum adsorption capacity of about 167 mg/g at pH = 3. As the pH continues to increase,
the adsorption capacity of the fiber decreases rapidly, and when the pH value is 8, the adsorption
capacity drops to about 10 mg/g. When the solution is acidic, the protons in solution easily combine
with the lone pair electrons of the N in the amino groups on the surface of IPAT, making the amine
groups positively charged. As Cr(VI) is an anion in solution, the adsorption on the protonated amine
groups is facilitated by electrostatic forces [29]. Meanwhile, IPAT was prepared at pH = 3, so the
microstructure of imprinted areas is favorable for the adsorption of Cr(VI). When the pH is less than 3,
part of HCrO4

− is converted into non-ionic H2CrO4, which is difficult to bind to the protonated amine
groups, so the adsorption capacity of the fiber is slightly reduced. When the pH is higher than 3 and
increases gradually, the amine groups on the fiber surface are deprotonated and negatively charged,
which negatively impacts the adsorption of Cr(VI).

Figure 9. The effect of the pH on the adsorption capacity of IPAT towards Cr(VI).

3.3.2. Adsorption Kinetics

The kinetics for the adsorption of Cr(VI) onto IPAT was studied and the results are illustrated in
Figure 10a. The adsorption of Cr(VI) was very fast in the first 10 min of adsorption. As the functional
groups of fiber materials are evenly distributed on the surface and all available for the adsorption,
the saturation is achieved in a short time. After 35 min, the surface amine groups are all occupied by
Cr(VI), and the sorption process reaches equilibrium. The linear fitting results and parameters are
shown in Figure 10b,c. Generally, the adsorption process that conforms to the pseudo-first-order kinetic
model is considered to be physical adsorption, and the adsorption rate is proportional to the number
of adsorption sites on the surface of the adsorbent. The adsorption process of the pseudo-second-order
kinetic model is a chemical adsorption process. The surface of the adsorbent and Cr(VI) achieve
a chemical adsorption by sharing electron pairs, charge exchange, or electrostatic attraction. The R2

of the pseudo-first-order kinetic model is 0.8794, while for the pseudo-second-order kinetic model,
R2 is 0.9973. Hence, the adsorption of Cr(VI) on fibers is better fitted by the pseudo-second-order
kinetic model, indicating that the adsorption of Cr(VI) is controlled by chemical phenomena [30].
Hence, the electrostatic attraction between the protonated amine groups and Cr(VI) anions under
acidic conditions is the main driving force for Cr(VI) adsorption on the modified fibers.
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Figure 10. (a) The kinetics curve of Cr(VI) adsorption onto IPAT and the linearized (b) pseudo-first-order
and (c) pseudo-second-order kinetics.

3.3.3. Adsorption Isotherm

The adsorption isotherm was drawn based on the results obtained using different initial
concentrations of Cr(VI) (30–400 mg/L). As can be seen from Figure 11a, the adsorption capacity of IPAT
increased with the increase in initial Cr(VI) concentration. The linearized versions of the two models
are illustrated in Figure 11b,c and the values of the kinetic parameters are listed in Table 1. It was found
that the R2 value of Langmuir and Freundlich was 0.993 and 0.996, respectively. Although both models
fit the data, the adsorption of Cr(VI) is better fitted by the Freundlich model, showing a multilayer
adsorption, and the adsorption process varies at different areas on the surface of the fiber. In the
Freundlich model, the value of n is 4.76, indicative of an favorable adsorption of Cr(VI) onto the surface
of IPAT fibers [31].
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Figure 11. (a) The effect of the initial Cr(VI) concentration on the adsorption capacity of Cr(VI) onto
IPAT and the linearization of the (b) Langmuir and (c) Freundlich models.

Table 1. Langmuir and Freundlich isotherm parameters for Cr(VI) adsorption onto IPAT.

Langmuir Freundlich

Qm (mg/g) KL (L/mg) R2 n KF (mg/g) R2

238.1 0.024 0.993 4.76 62.8 0.996

Comparisons between maximum adsorption capacities (qmax) of IPAT and other ion imprinted
adsorbents for Cr(VI) reported in the literature are presented in Table 2. The results show that IPAT
exhibits a reasonable capacity for Cr(VI) adsorption from aqueous solutions.
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Table 2. Adsorption capacities of various ion imprinted adsorbents for Cr(VI).

Adsorbents Morphology qmax (mg/g) References

styrene/4-VP/EDGMA Particles 53–90 μm 37.58 [32]
4-VP/HEMA Particles 75–150 μm 172.12 [33]

Magnetic poly(4-VP) - 6.20 [34]
4-VP/EDGMA Particles 50–100 μm 286.56 [35]

SCC/Epichlorohydrin - 177.62 [36]
Magnetic Particles ~70 nm 39.3 [29]

Pebax/chitosan/GO/APTES Nanofibers ~90 nm 204 5 [37]
IPAT Fiberous ~7 μm 167 This work

4-VP: 4-vinylpyridine; EGDMA: ethylene glycol dimethacrylate; HEMA: hydroxyethyl methacrylate;
HEMAH: 2-methacryloylamido histidine; SCC: sodium carboxymethyl cellulose; GO: graphene oxide;
APTES: 3-aminopropyltriethoxysilane.

3.3.4. Adsorption Selectivity

It can be seen from Figure 12a that the adsorption capacity of IPAT for Cr(VI) decreases as the
concentration of competing ions (i.e., phosphate, sulfate, and carbonate) increases, which demonstrates
that the competing ions reduce the adsorption capacity of fibers for Cr(VI) due to the similar affinity
for the adsorption sites on the fiber surface. The strength of adsorption of the three competing ions
increases in the order of phosphate > sulfate > carbonate, among which phosphate and sulfate have
a greater effect on the adsorption of Cr(VI) than that of carbonate. When the concentration of the
three competing ions (i.e., phosphate, sulfate, and carbonate) is 2.5 times higher than that of Cr(VI),
the adsorption selectivity of IPAT fibers towards Cr(VI) is 32.7, 35.3, and 76.7%, respectively. Compared
with IPAT, the adsorption selectivity of NIPAT is significantly lower. When the concentration of three
ions (i.e., phosphate, sulfate, and carbonate) is 2.5 times higher than that of Cr(VI), the adsorption
selectivity of NIPAT fibers to Cr(VI) is 17.3, 19.3, and 51.2%, respectively.

Figure 12. The effects of the competing ions on the adsorption selectivity of (a) IPAT and (b) NIPAT.
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3.3.5. Desorption and Regeneration

It can be seen from Figure 13a that nearly 80% of Cr(VI) can be removed after the first desorption
cycle, the adsorbed Cr(VI) being almost completely removed after five cycles, indicating that NaOH
solution has a good elution effect on the adsorbed Cr(VI) on the fiber. Under acidic conditions,
the positively charged amine groups on the surface of the fibers attract the negatively charged Cr(VI)
anions thus promoting the adsorption process. On the other hand, the OH− in sodium hydroxide
solution has a stronger affinity to protons compared with the amine group and can quickly capture
the H+ in the protonated amine groups. As a result, the amine groups loss the ability to bind the
Cr(VI) anion and achieve the purpose of regeneration. It can be seen from the SEM images taken
for the fibers after elution (insert in Figure 13a) that the fiber surface displays the morphology of the
fibers before adsorption, which demonstrates that the adsorption and elution process has no effect
on the morphostructural properties of the fibers. Figure 13b shows that the adsorption efficiency of
fibers stays above 82% after 10 adsorption and regeneration cycles. This kind of adsorption strength is
moderate, neither too small to decrease adsorption quantity, nor too strong to make the elution difficult.

Figure 13. (a) The elution efficiency after several elution cycles and (b) the regeneration efficiency of
IPAT after 10 adsorption–desorption cycles.

3.3.6. The Effect of the Oxidation of Cr(VI) on the IPAT Structural Integrity

After adsorption of Cr(VI) and drying to a constant weight, the morphostructural properties of
IPAT were analyzed by SEM and FTIR spectroscopy. As SEM images displayed in Figure 14 show,
a large number of fibers were fractured, and deep holes appeared on their surface, which can explain the
fiber fracture. In addition, the color of the fibers changed from yellow to dark brown, while the fibers
were brittle with almost no hardiness. A large amount of Cr(VI) was found on the surface of the fiber
via EDS analysis. The FTIR spectra of IPAT fibers before and after adsorption of Cr(VI) show that the
characteristic bands of the original PP fiber remain basically unchanged. However, the bands assigned
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to an amide group (3322.8, 1403.4, and 1051.6 cm−1) almost disappeared, whereas the vibration band
of –C=O at 1556 cm−1 was significantly weakened, which reveals the damage to the surface functional
amide groups. Meanwhile, the corresponding absorption band for the existing Cr(VI) was found at
1713.4 cm−1 in the FTIR spectrum [38]. Therefore, after adsorption of Cr(VI) and drying, the structural
integrity of the IPAT fibers formed by amidation and crosslinking was destroyed due to the strong
oxidizing effect of Cr(VI). Compared with the morphology of IPAT in Figure 13a, it can be concluded
that the oxidation and damage of fibers caused by Cr(VI) only occurred when they were subjected to
drying without elution, whereas they exhibited resistance to Cr(VI) oxidation under normal conditions
of use, i.e., adsorption, elution, and the regeneration procedure.

Figure 14. SEM images and FTIR spectra of dried IPAT loaded with Cr(VI).

4. Conclusions

In this work, a non-thermal RF plasma treatment followed by gaseous phase AA grafting was
used to prepare ion-imprinted PP fibers. The grafting degree was the highest when AA was used as
a plasma atmosphere, and the optimum treatment conditions were 5 min, 120 W and 10 Pa. The output
power and processing time had a greater impact on the grafting degree than the monomer pressure.
The highest grafting degree of AA was reached under the condition of 150 Pa, 90 min, and 45 ◦C.
When glutaraldehyde (30%) was used as a crosslinking agent, the highest crosslinking degree was
obtained at 60 ◦C for 4 h. SEM and FTIR results indicated that the imprinted fibers were successfully
prepared by a step-by-step method. Meanwhile, the hydrophilicity of imprinted fibers was greatly
enhanced compared with that of PP fibers, which is conducive to the adsorption process in aqueous
solution. The adsorption performance of the obtained IPAT fibers was evaluated in Cr(VI) removal.
The highest adsorption capacity of 167 mg/g was obtained at pH = 3. The kinetics of adsorption
followed the pseudo-second-order model and the adsorption isotherm data were better fitted by
the Freundlich model. The adsorption selectivity of IPAT and NIPAT was significantly affected by
phosphate and sulfate, while the carbonate ion had a slight effect. In addition, in the presence of
competing ions, IPAT showed higher adsorption selectivity compared with NIPAT. The adsorbed
Cr(VI) was eluted rapidly and effectively by a NaOH solution (0.2%). After 10 regenerative adsorption
experiments, the adsorption efficiency of IPAT was still higher than 80%, confirming the reusability
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of the prepared fibers. Under normal conditions of use, IPAT exhibits efficient resistance to Cr(VI)
oxidation, which makes it feasible for use in adsorption.
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