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Summary – Dutch 
Samenvatting 

 
 
 
 
 
 
Vandaag de dag is nanotechnologie een deel geworden van ons 
dagelijkse leven. Er worden aan de lopende band nieuwe producten 
geproduceerd die nog kleiner, beter of sneller zijn. Ook binnen de 
textiel- en polymeersector kan productontwerp op nanoschaal 
voordelen bieden. Nanovezels bijvoorbeeld worden gekarakteriseerd 
door unieke eigenschappen te wijten aan hun extreem kleine 
diameters, wel 2 grootteordes kleiner dan een menselijk haar. 
Toepassingen worden echter steeds meer veeleisend, en een verder 
doorgedreven productontwikkeling is nodig om aangepaste 
eigenschappen te bekomen. Het mengen van verschillende polymeren 
met interessante eigenschappen in het elektrospinproces, i.e. blend 
elektrospinnen, is één van de mogelijke pistes die gevolgd kunnen 
worden.  
 
Binnen dit doctoraat worden de mogelijkheden van blend 
elektrospinnen voor de productie van nanovezels verkend, welke 
bruikbaar zijn voor biomedische en sensortoepassingen en bestaan uit 
een synthetische component, een natuurlijke component en/of goed 
geïmmobiliseerde kleurstofmoleculen. Binnen dit onderzoek wordt 
gefocust op de processtabiliteit en de opschaalbaarheid van de 
productietechniek, gebruik makend van het azijnzuur/mierenzuur 
solventsysteem met beperkte toxiciteit, en de daaropvolgende analyse 
van de bekomen nanovezels. Een paar modelsystemen werden 
geselecteerd, met de gemakkelijk verwerkbare synthetische polymeren 
vertegenwoordigd door polyamide-6 en polycaprolacton, met gelatine 
en chitosan als model voor de twee grote types biopolymeren, en een 
paar azo-kleurstoffen die het grote aantal toepasbare pH-indicatoren 
vertegenwoordigen.  
 
Deze materiaalkeuze wordt kort beschreven in hoofdstuk 1, samen 
met een algemeen overzicht van de parameters in het 
elektrospinproces en de mogelijke toepassingen van nanovezels uit 
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polymeermengsels. Vervolgens worden de algemene materialen en 
methodes beschreven in hoofdstuk 2.  
 
Zowel een grondige materiaalkarakterisatie als een hieraan gelinkte 
goed doordachte materiaalkeuze zijn cruciaal voor de ontwikkeling 
van nieuwe nanovezelmaterialen met een hoge toegevoegde waarde. 
Daarom worden in een eerste stap de zuivere systemen en de 
beschikbare thermische analysetechnieken geëvalueerd in hoofdstuk 
3. De verspinbaarheid van de zuivere polymeersystemen, opgelost in 
het gekozen azijnzuur/mierenzuur solventsysteem, toonde aan dat 
blend elektrospinnen met dit solventmengsel haalbaar is. Bijkomend 
resulteerde een breed onderzoek op het gebruik van de beschikbare 
thermische analysetechnieken voor nanovezelkarakterisatie in twee 
innovatieve inzichten: de opwarmsnelheid gehanteerd in dynamische 
differentiecalorimetrie heeft een grote invloed op de bekomen 
resultaten, en gelatine nanovezels zijn koud-wateroplosbaar. Dit 
laatste inzicht is verrassend aangezien analyse van de thermische 
eigenschappen anders zouden doen vermoeden. Hoofdstukken 4 en 5 
rapporteren daarom in meer detail over deze bevindingen.  
 
Vervolgens wordt in hoofdstuk 6 overgegaan naar het elektrospinnen 
en de karakterisatie van polymeermengsels met een synthetische en 
een natuurlijke component, geproduceerd gebruik makend van het 
geselecteerde azijnzuur/mierenzuur solventsysteem. Er wordt gefocust 
op polycaprolactone-gelatine en polycaprolactone-chitosan mengsels, 
aangezien deze veelbelovend zijn voor biomedische toepassingen. 
Uniforme druppelvrije nanovezelmembranen konden worden 
geproduceerd op een stabiele en opschaalbare manier, terwijl gebruik 
gemaakt wordt van een solventmengsel met beperkte toxiciteit.  
 
In hoofdstuk 7 en 8 worden twee nieuwe concepten voor kleurstof-
immobilisatie beschreven, beiden gebaseerd op blend elektrospinning. 
Het gebruik van nanovezelmaterialen in halochrome sensors zorgt 
voor een spectaculaire daling van de reactietijd. Huidig sensorontwerp 
maakt gebruik van eenvoudige toevoeging van een kleurstof aan de 
elektrospinoplossing voor nanovezelproductie, wat resulteert 
nanovezelmaterialen met een hoge kleurstofmigratie naar de 
omgeving. Een covalente binding tussen de kleurstofmolecules en een 
polymeercomponent gebruikt in het blend elektrospinproces, kan de 
mobiliteit echter significant verminderen. In hoofdstuk 7 wordt de 
strategie beschreven die gebruik maakt van een kleurstofmonomeer, 
welke gecopolymeriseerd wordt met een geschikt copolymeer met 
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vorming van een kleurstof-gefunctionaliseerde polymeercomponent. 
Een kleurstof-gefunctionaliseerde polymeercomponent, bruikbaar in 
het blend elektrospinproces, kan ook bekomen worden door 
functionalisatie van een bestaand polymeer via zijn reactieve 
zijgroepen, wat verder uitgewerkt wordt in hoofdstuk 8. Beide 
strategieën maakten de productie van uniforme halochrome 
nanovezelmembranen mogelijk met minimale kleurstofvrijgave. 
Resultaten toonden echter aan dat het mogelijk is dat de pH-sensitieve 
eigenschappen en/of de verspinbaarheid sterk beïnvloed worden door 
de kleurstof-matrix interacties of de functionalisatiereactie. Dit moet 
dan ook in rekening gebracht worden bij verdere kleurstofselectie. 
 
Ten slotte worden in hoofdstuk 9 de voornaamste conclusies van dit 
doctoraatsproefschrift en enkele bedenkingen met betrekking tot 
toekomstig onderzoek samengevat. 
 
In dit werk wordt dus een grondige studie gerapporteerd, welke dieper 
ingaat op het elektrospinproces van zuivere polymeersystemen, 
polymeermengsels en de mogelijkheden die blend elektrospinnen 
biedt om kleurstofmoleculen te immobiliseren in een 
nanovezelmatrix. De resultaten van deze studie dragen bij tot een 
meer diepgaande kennis van het elektrospinproces gebruik makend 
van polymeermengsels, waardoor productie van op maat gemaakte 
nanovezelmaterialen weer een stap dichterbij komt. De resultaten 
binnen dit doctoraat leveren voor verschillende methodologieën een 
belangrijke proof-of-principle, waardoor zij in de toekomst 
gemakkelijk bruikbaar zijn binnen andere toepassingsdomeinen of 
voor andere geselecteerde materialen.  
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Summary – English 
 
 
 
 
Nanotechnology has become a big part of everyday life, continuously 
supplying us with even smaller, better and faster products. Also within 
the textiles and polymers sector, the nanoscale can offer some major 
benefits. Nanofibers, for instance, have a diameter 2 orders of a 
magnitude smaller than a human hair, making them unique in terms of 
material properties. However, the increasing demand for application-
specific properties makes even further tailoring necessary. One 
possible way to satisfy this need, is mixing multiple polymer types 
into one nanofibrous product; polymer blend nanofibers. 
 
This PhD explores the potential of blend electrospinning for the 
production of nanofibers containing a synthetic component, a natural 
component and/or well-immobilized pH-sensitive dye molecules for 
biomedical and colorimetric sensor applications. Within this 
investigation, focus is given to process stability and scalability using a 
solvent system with limited toxicity, namely acetic acid/formic acid, 
and subsequent analysis of the obtained nanofibers. A few model 
systems were selected, with polyamide-6 and polycaprolactone 
representing well-processable synthetic polymers, gelatin and chitosan 
representing the two major biopolymer classes and a few azo dyes 
representing the vast range of applicable pH-indicators.  
 
Additional to a brief discussion of this materials selection, chapter 1 
provides a broad overview of the (blend) electrospinning process, its 
parameters and the possible applications of the obtained nanofibrous 
materials. Subsequently, the materials and methods utilized 
throughout this PhD are describes in chapter 2. 
 
Proper materials selection for blend electrospinning, as well as 
subsequent materials characterization, is crucial in the development of 
new high-value nanofibrous products. Therefore, the single 
component systems of the selected polymers, both synthetic and 
natural, and the available thermal analysis techniques are fist screened 
in chapter 3. Within this, the feasibility of using the acetic acid/formic 
acid mixture as common solvent system for blend electrospinning is 
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reported by exploring the electrospinnability of the pure polymer 
components. Additionally, a general evaluation of the available 
thermal analysis techniques using the obtained pure nanofibrous 
membranes resulted in two innovative insights; the heating rate 
selected for differential scanning calorimetry greatly affects the 
obtained results, especially when comparing nanofibrous samples to 
bulk material, and gelatin nanofibers are cold-water-soluble even 
though this was not expected based on their thermal properties. 
Therefore, additional attention is given to these findings in chapter 4 
and 5 respectively.  
 
Subsequently, chapter 6 reports on the electrospinning of synthetic-
natural polymer blends using the selected acetic acid/formic acid 
solvent system, and characterization of the resulting blend nanofibers. 
An in-depth study was performed on the electrospinning 
polycaprolactone-based nanofibers containing either a gelatin or a 
chitosan component, since these blends are most promising for 
biomedical applications. Uniform bead-free polycaprolactone-gelatin 
and polycaprolactone-chitosan blend nanofibers could be produced in 
a stable and scalable way, and this by using a solvent system with 
limited toxicity compared to the currently used solvents.  
 
Chapter 7 and 8 report on two new concepts for the facile 
immobilization of pH-responsive dyes in nanofibers, based on blend 
electrospinning. This because the use of nanofibers significantly 
lowers the response time of halochromic sensors, but a major problem 
with the current dye-doped nanofibrous materials remains significant 
dye leaching to the environment. Covalent bonding of an indicator dye 
to a polymer component and subsequent blend electrospinning using a 
suitable carrier polymer can significantly reduce dye mobility. The 
dye-monomer approach, wherein a polymerizable derivative of a pH-
sensitive dye is used for copolymerization with a suitable comonomer, 
is reported in chapter 7. Polymer functionalization, wherein reactive 
side groups are utilized for covalent coupling of the pH-sensitive dye 
molecules, offers an alternative strategy particularly interesting when 
using biopolymers, and is therefore reported in chapter 8. Both 
strategies allow for the production of uniform halochromic 
nanofibrous nonwovens with minimal dye leaching. In some cases, 
however, the halochromic behavior and/or electrospinnability were 
affected, indicating that a large effect of dye-matrix interactions 
and/or the immobilization reaction should be taken into account for 
future sensor design. 



 

 

xi 

Finally, in chapter 9, the main conclusions of this PhD are 
summarized and an outlook is provided towards possible future work.  
 
In the course of this work, an in-depth study of the pure polymer 
components, their mixtures and the possibilities in dye immobilization 
is thus reported, contributing to a profound understanding of the blend 
electrospinning process and bringing the technology a step closer to 
the production of tailor-made nanofibrous products. The 
methodologies developed within this PhD serve as an important 
proof-of-principle and can easily be transferred to serve other 
applications or materials selections in the future.  
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Introduction 
 
 
 
 
 

The use of electrospun polymer nanofibers offers many possibilities in a 
wide range of applications, since the inherent properties linked to the 
nanoscale diameters are very advantageous. The increasing demand for 
even more specific tailored properties, however, makes the use of polymer 
blends in the electrospinning process necessary. This chapter introduces 
blend nanofibers, which combine properties of multiple polymers into one 
nanofibrous membrane. Within this, focus is given to the production 
method and blend nanofibers for biomedical and sensor applications. The 
chapter continues with a short overview of the materials selected for blend 
electrospinning in this work, and ends with the objectives and outline of 
this PhD.  
 
 
 
 
 
 
 
 
 
Parts of this chapter are published in: 
 
I. Steyaert, H. Rahier, and K. De Clerck, “Nanofibre-based sensors for visual and optical 
monitoring,” in Electrospinning for High Performance Sensors, Switzerland: Springer 
International Publishing, ch. 7, pp. 157-178, 2015. 
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1.1 Blend nanofibers: the best of two worlds 

Nowadays, nanotechnology has become a big part of our everyday 
lives, continuously supplying us with even smaller, better and faster 
products. It is thus not surprising that also a large part of the research 
on textiles and polymers is focusing on the nanoscale. The past 
decade, research into nanofibers has made a huge leap, with yearly 
publications going from about 200 in 2004 to about 1600 in 2014 
according to the Web of Science. The great interest in these types of 
materials is due to the unique combination of properties linked to their 
dimensions. Nanofibers typically have diameters below 1 µm, 2 orders 
of a magnitude smaller than a human hair (Fig. 1.1). Their length, 
however, is on the macroscale, making nanofibrous materials easy to 
handle. Moreover, the nanoscale diameters lead to very interesting 
properties of nanofibrous (nonwoven) membranes for many possible 
applications, including small pore sizes (about one order of magnitude 
larger than fiber diameter), large specific surface area (typically 
around 20 m2.g-1), high porosity (typically around 90%) and good 
inter-pore connectivity [1].  
 
 

 

Fig. 1.1: SEM image showing nanofibers with respect to a very fine human hair. 

 
 
During the first decade, most of the efforts in nanofiber research have 
been spent on the processing of various single polymer systems. 
However, due to the increasing demand of application-specific 
properties, often a single polymer system cannot meet the stipulated 
requirements. Blending two polymers is an approach to develop new 
nanofibrous materials exhibiting combinations of properties that could 
not be obtained using individual polymers. Often, a polymer desired 
for its functionality is not well processable or does not result in 
nanofibers with sufficient mechanical strength. By blending the 
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functional polymer with a carrier polymer, which supplies the 
processability and/or mechanical properties, the best of both worlds 
can be combined into a single nanofibrous membrane.  
 
Natural polymers are a very interesting class of such functional 
polymers, having applications mainly in food and biomedical areas. 
They typically have properties that are hard to mimic using synthetic 
counterparts, such as biological functionality. However, they often 
show batch-to-batch property variations due to small differences in 
raw material or processing [2],[3]. Synthetic polymers, on the other 
hand, tend to have better mechanical properties, as well as superior 
processability. This is partly due to the higher degree of control in 
chemical composition and molecular weight, making synthetic 
polymers easy to engineer for specific applications. A natural-
synthetic blend can thus compensate the lesser properties of the pure 
components while combining the desirable characteristics. Therefore, 
the majority of studies focusing on blend nanofibers describe a 
mixture of natural and synthetic polymers. 
 
Although less researched, blend electrospinning of a carrier polymer 
and a functionalized polymer, either synthetic or natural, also offers 
some major advantages. Materials suitable for functionalization are 
often not suitable for nanofiber production or do not lead to sufficient 
mechanical properties. By blending a small amount of functionalized 
polymer with a carrier polymer, processability, mechanical properties 
and functionality can be combined. Moreover, the amount of 
functionalized polymer can be minimized for economical purposes.  
 
Additional to the possibility of combining properties, blending can 
also offer some advantages in the search for new nanofiber 
morphologies. By controlling the phase morphology within the blend 
nanofibers and subsequent selective extraction, special membrane 
properties can be obtained, such as increased pore sizes or porous 
individual nanofibers.  
 
In summary, blend nanofibers are characterized by highly tunable 
properties, addressing the need for application-specific nanofibrous 
materials. Blending can thus offer some major advantages for almost 
any application. Within this PhD, focus is given to two domains that 
clearly benefit from the discussed possibilities, namely the biomedical 
field and sensor applications, which will be discussed in section 1.3.  
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1.2 Electrospinning of nanofibers 

Out of different nanofiber production technologies, electrospinning 
has by far attracted the most attention due to its production simplicity, 
flexibility and cost efficiency [4]–[7]. It is, moreover, the most suitable 
method to obtain homogeneous, reproducible and well-defined 
nanofibrous structures in large quantities and will therefore be 
discussed in more detail in this section. 

1.2.1 The principle of electrospinning 

In electrospinning, an electrostatic force produced by a high voltage 
source drives the spinning process. The field is applied between a 
charged liquid and a collector. When the electrostatic forces overcome 
the surface tension of the liquid, a jet is pulled towards the collector, 
facilitating the fiber drawing process. The conical shape at the base of 
the jet is referred to as the Taylor cone.  
 
Although they are based on the same general principle, a distinction 
can be made between a nozzle and nozzle-less electrospinning 
technology. In nozzle electrospinning, the charged liquid is pushed 
through the tip of a fine orifice such as a needle at a controlled rate 
(Fig. 1.2a). In nozzle-less electrospinning, the jets are drawn from a 
free liquid surface covering protrusions such as spikes, which cause an 
enhancement of the electric field (Fig. 1.2b). Each technology has its 
specific advantages. Nozzle-less electrospinning represents an 
important technology for mass production of nanofibers [7], but the 
quality and reproducibility is better for nozzle electrospinning [8]. 
Scaling the nozzle technology is more difficult but possible by 
increasing the number of jets. Additionally, the nozzle technology 
offers a higher flexibility in term of needle configuration, as will be 
discussed in section 1.2.2. Generally speaking, polymers 
electrospinnable using the nozzle technology are also electrospinnable 
using the nozzle-less technology and vice-versa, provided some 
optimization is performed. 
 
In electrospinning, different types of liquids can be used. These 
liquids can include precursors for metal and ceramic nanofibers, but 
are predominantly polymer-based [1]. Both polymer solutions and 
melts can be used in the process. The use of polymer solutions, 
however, offers many advantages over melt electrospinning and the 
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latter is therefore much less developed. Especially working at high 
temperatures/viscosities and the production of fibers with sub-micron 
diameters by melt electrospinning remains challenging. Additionally, 
solution electrospinning also offers some advantages in the use of 
natural polymers and blending; it is much more straightforward to 
blend polymers in solution than in the melt and the choice in polymers 
is less limited. Indeed, many (natural) polymers cannot withstand high 
temperatures and degrade below the melting temperature, making melt 
electrospinning not a viable option. Therefore, all studies within this 
PhD are based on nozzle solution electrospinning.  
 
 

 

Fig. 1.2: (a) Image of nozzle electrospinning illustrating the path of the polymer jet 
from the tip of the nozzle towards the collector (downward, upward or sideways 
spinning possible). [9] (b) Nozzle-less electrospinning with a rotating head (upward 
spinning). [10] 

 

1.2.2 Nozzle solution electrospinning: the parameters 

In nozzle solution electrospinning, the polymer solution is pumped 
through a nozzle at a constant flow rate in the electric field. When the 
polymer jet is pulled from the Taylor cone, the solvent evaporates and 
the fiber is stretched before being deposited onto the collector. On its 
way to the collector, the jet becomes unstable due to interaction of the 
charges with the external electric field. The main perturbation to 
which the jet is subjected is the bending instability, seen as a spiraling 
motion (illustrated in Fig. 1.3). Additionally, when the radial forces on 
the electrically charged jet become larger than the cohesive forces 
within the jet, splaying (or splitting) occurs [11]–[13]. Thanks to this 
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bending and splaying, the polymer jet is additionally stretched during 
solvent evaporation, resulting in fibers with nanoscale diameters. 
 
Fig. 1.3 shows a schematic of a basic nozzle electrospinning setup. 
Although electrospinning is based on a simple principle, the 
parameters governing the process are numerous, including variables in 
setup design, solution, processing and ambient conditions. All these 
parameters can be adjusted in order to obtain the desired nanofiber 
morphology in a stable, reproducible and scalable way. For this, 
steady state electrospinning is desired. In order to reach steady state 
conditions, the amount of polymer that is transported through the 
nozzle per time unit needs to be equal to the amount of polymer 
deposited as nanofibers on the collector per time unit [14],[15]. Steady 
state electrospinning is thus only possible when the Taylor cone and 
deposition area are well-defined and stable in time. In conclusion, the 
electrospinning parameters define both the morphology of the 
obtained nanofibers and the process stability, making parameter 
choice crucial. Below, the parameters most commonly measured and 
adapted are discussed, as well as some general trends. 
 
 

 

Fig. 1.3: Nozzle electrospinning schematic showing some possible variations in 
electrospinning liquids, needles and collectors. [6] 
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SETUP DESIGN 
As illustrated in Fig. 1.3, the setup for nozzle solution electrospinning 
can be adjusted according to user preferences and the required 
properties of the nanofibrous membrane.  
 
Configuration   Nozzle solution electrospinning can 
be performed downward, upward and sideways. For the upward or 
sideways configurations, droplets caused by process instabilities often 
do not reach the collector. These configurations thus allow for the 
production of droplet-free membranes, although some variations in 
web density and productivity should be taken into account. For 
research purposes, the downward configuration allows for easy 
analysis of process stability.  
 
Needles   Apart from the standard single needle 
setup, also parallel needles or coaxial needles can be used to 
simultaneously electrospin two different solutions. Upscaling of such 
a mono-nozzle setup simply consists of augmenting the number of 
needles, referred to as a multi-nozzle setup. Variations in needle 
diameter and material are possible, and for multi-nozzle systems also 
the nozzle density can be adjusted.  
 
Collector    Collector variables mainly influence 
the size of the nanofibrous membrane and the fiber orientation. A 
standard setup consists of a stationary flat collector, resulting in a 
nanofibrous nonwoven structure. A multi-nozzle setup usually has a 
slowly moving flat collector for the production of larger nonwovens. 
In order to create aligned nanofibers, a flat collector with a gap (small 
samples) or a high-speed rotating drum (large samples) can be used. 
Additionally, nanofibers can be coated onto other materials, including 
medical devices. More application-specific fiber depositions are 
possible using specialized collectors, reviewed by Pisignano et al. [16] 
 
SOLUTION PARAMETERS 
When using a polymer solution in the electrospinning process, the 
choice of polymer(s), solvent(s) and optional additives (salts, dyes, 
surfactants, etc.) determine the solution’s conductivity, viscosity and 
surface tension, which in turn affect the processability.  
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Conductivity   The solution conductivity has to be 
high enough for the polymer jet to be sufficiently stretched. Low 
conductivities thus lead to bead formation, whereas higher 
conductivities can lower the fiber diameters [17]. Highly conductive 
solutions, however, can be extremely unstable when using strong 
electric fields, leading to broad nanofiber diameter distributions [18]. 
 
Viscosity   The solution viscosity reflects the 
number of polymer chain entanglements, directly linked to the 
polymer concentration and molecular weight [4]. The number of 
entanglements has to be sufficient for stretching the polymer jet 
without breaking, otherwise droplets are formed. It has been reported 
that stable fiber formation is possible at ≥ 2.5 entanglements per chain 
[19]. More information about the concept of polymer chain 
entanglements as parameter for electrospinnability can be found in 
appendix A2. In literature, viscosity is commonly measured since it 
allows for fast and easy screening of electrospinning solutions. 
Generally speaking, higher viscosities lead to thicker fibers and 
smaller deposition areas since the bending rigidity of the jet is 
increased [17],[20], before reaching an upper limit that is no longer 
processable.  
 
Surface tension  Surface tension mainly affects jet 
initiation during electrospinning. When it is too high, the instability of 
the jet causes spraying of droplets [4]. This effect is more pronounced 
at low solution viscosities. Lowering the surface tension results in 
uniform fibers and makes spinning with lower electric fields possible 
[17]. 
 
PROCESSING PARAMETERS 
For each electrospinnable solution, a processing window can be 
defined, consisting of a set of adjustable interdependent parameters: 
the flow rate (FR), the tip-to-collector distance (TCD) and the applied 
voltage (E). The latter two parameters define the electric field strength 
(E/TCD). Within the processing window, small changes to these 
parameters only have a minor influence on fiber diameter.  
 
Flow rate   The flow rate influences the amount 
of polymer stretched during electrospinning per unit of time. A 
minimum flow rate is needed for the formation of continuous 
nanofibers. Increasing the flow rate might lead to bead formation 
when not all of the polymer solution flowing through the needle can 
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be stretched during spinning. An increase in flow rate should be 
accompanied by an increase in charges within the jet so that the rate at 
which the polymer solution is carried away by the jet and the 
stretching within the jet are sufficient for formation of smooth fibers 
[4]. This is often the limiting factor, since these charges cannot be 
increased infinitely. A high flow rate, however, increases productivity. 
The highest flow rate producing smooth nanofibers is thus optimal [14]. 
 
Tip-to-collector distance Between the tip of the nozzle and the 
collector, the solvent is evaporated and the polymer jet is stretched 
into nanofibers. An insufficient TCD results in insufficient time for 
these processes, leading to inhomogeneous nanofibrous structures [21]. 
Additionally, for appropriate jet stretching, sufficient electrostatic 
forces must be applied to the polymer jet. For this, the electric field 
strength must be high enough. Augmenting the TCD thus demands the 
use of higher voltages, or even results in drops [22]. 
 
Applied voltage  The applied voltage is the main 
driving force of the electrospinning process, but is easily changed. 
The voltage is thus adjusted in order to obtain an appropriate field 
strength for process initiation and stability (stable Taylor cone), which 
is linked to all other parameters. The applicable field strength is 
limited by the dielectric breakdown in the processing atmosphere. 
Within the processing window, a change in voltage only has a slight 
influence on the fiber diameters [16]. 
 
AMBIENT PARAMETERS 
The ambient or environmental parameters include temperature, 
relative humidity, solvent built-up, purge flow and, to a lesser degree, 
atmospheric pressure. Although there is a general consensus that these 
parameters can greatly influence the process stability and nanofiber 
morphology [1],[4],[16], these parameters have been researched less. This 
is probably due to the lack of affordable electrospinning equipment 
allowing for active control. In general, these parameters affect the 
solvent evaporation rate and solution parameters. Temperature, for 
instance, affects solution viscosity, solvent vapor pressure, etc. 
Relative humidity not only greatly affects polymers electrospun using 
water-based solvents by influencing solvent evaporation, but also fiber 
morphology using other systems can be altered. For example, water is 
a plasticizer for polyamides, resulting in smaller nanofiber diameters 
when electrospinning at higher relative humidity [23]. Also surface 
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porosity of individual nanofibers can be controlled through relative 
humidity [16]. 

1.2.3 Blend electrospinning: terminology 

In literature, several ways of blending and obtaining hybrid 
electrospun structures have been reported. The terminology used to 
describe these techniques is not consistent and sometimes confusing. 
Below, an overview of the most common terminology is given, which 
will also be used in this PhD. 
 
Composite nanofiber  Although frequently used for any 
nanofibrous system composed of more than one component, the term 
composite nanofibers mostly refers to a nanofibrous material 
composed of at least one polymer and at least one non-polymer 
substrate (e.g. pigments, nanoparticles, etc.) [1]. This is not to be 
confused with nanofiber-reinforced composites, which consist of a 
resin with an embedded fibrous reinforcing phase. 
 

 

Fig. 1.4: Schematic representation of nanofiber morphologies with two polymer 
components, detailing the possible phase morphologies in blend nanofibers: (a) 
individual nanofibers consist of the pure components, (b) individual nanofibers are 
composed of sequences of the components or (c) individual nanofibers show matrix-
dispersed or co-continuous phase morphologies with dimensions smaller that the fiber 
diameter. [2],[24] 
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Doped nanofiber  When small molecular weight 
compounds are added to an electrospinning solution, doped nanofibers 
are obtained. Colored nanofibers produced by addition of dyes to the 
electrospinning solution, for instance, are referred to as dye-doped 
nanofibers.  
 
Blend electrospinning  Blend electrospinning uses a physical 
mixture of two or more polymers, dissolved in an appropriate solvent 
system. This results in blend nanofibers having several possible phase 
morphologies, as illustrated in Fig. 1.4. The electrospinning solution 
can be obtained by separately dissolving the polymer components and 
mixing the solutions or by dissolving the polymers simultaneously. In 
most cases, the latter method results in a higher reproducibility. Using 
this technique, the individual components do not necessarily have to 
be electrospinnable in pure form. 
 
Co-electrospinning  In co-electrospinning, several types of 
polymers are used to obtain a single nanofibrous membrane. This 
technique uses parallel needles (illustrated in Fig. 1.3) to electrospin 
two separate solutions, mostly consisting of only one polymer 
component. Thus, in most cases co-electrospun nanofibrous 
membranes consist of pure individual nanofibers (similar to Fig. 1.4a).  
 
Coaxial electrospinning By using coaxial needles in the 
electrospinning process (illustrated in Fig. 1.3), core-shell nanofibers 
can be produced. The core and the shell of the individual nanofibers 
consist of different polymers (Fig. 1.4) but all nanofibers in the 
membrane have the same morphology.  

1.3 Blend nanofibers for biomedical and sensor 
applications 

1.3.1 Nanofibers in biomedical applications 

Even though the use of nanofibers opened up new possibilities for a 
wide range of applications, a major part of the electrospinning 
community is focusing on biomedical applications. This is mainly due 
to the striking similarities between the morphology of the extracellular 
matrix (ECM) and electrospun nanofibrous membranes. The ECM 
provides structural and biochemical support for surrounding cells in 
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human tissue and is actually composed of fibrils with dimensions on 
the nanoscale (Fig. 1.5). Nanofibrous membranes can, unlike 
structures with porosity on a larger scale, provide an environment 
closely mimicking the natural ECM by providing appropriate cell 
binding sites (Fig. 1.6). Consequently, cell behavior and functionality 
can be controlled by man-made nanofibrous scaffolds [5],[25].  
 
 

 

Fig. 1.5: SEM image of the front of the human retina, clearly showing the 
nanofibrous structure of the extracellular matrix, which serves to anchor the cells and 
nerves in place (left). [26] SEM image of hematopoietic stem cells growing on a 
nanofibrous membrane (right). [27] 

 
 

 

Fig. 1.6: Nanofibrous scaffolds provide an environment for cells resembling the 
extracellular matrix, influencing cell binding and thus also cell behavior and function. 
[25] 
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Three main applications of nanofibers in the biomedical field can be 
distinguished; tissue engineering, wound healing and drug delivery. In 
tissue engineering, the nanofibrous scaffolds are used to artificially 
grow different types of tissues, either in vitro or in vivo, to replace 
damaged cartilage, bone, skin, vessels, nerves or even whole organs. 
The nanofibers thus serve as synthetic ECM. Wound dressing 
applications are closely related, since the nanofibrous structure 
provides fast and scar-free healing by mimicking the natural ECM. 
Additionally, nanofibrous materials ensure fluid drainage, exchange of 
gases, protection against bacteria, good conformation to the contour of 
the wound, etc. making them ideal candidates for advanced wound 
dressing applications. Small compounds, such as drugs, can easily be 
incorporated in nanofibers and their release profile can be tuned 
through fiber properties. Nanofibrous materials can thus serve as drug 
carriers and controlled release agents in tissue engineering, wound 
care, tumor therapy, pain therapy, etc. [1],[28] 
 
The ability of nanofibers to mimic the structural organization of the 
natural ECM thus makes them suitable for many biomedical 
applications. Research shows that the morphology and organization of 
cells can be controlled by tuning the diameter of nanofibrous 
substrates [5]. The complexity of the ECM in terms of composition, 
biological functionality and biophysical properties, however, makes it 
difficult to reproduce using single polymer systems. Blending 
synthetic and natural polymers offers the opportunity to tune physical 
properties and bioactivity while minimizing the disadvantages of both, 
thus more closely resembling the native ECM [5],[29],[30]. The blend 
nanofibers often serve as a temporary ECM during regeneration, 
having engineered degradation profiles and breaking down into 
biocompatible fragments [2]. Compared to the use of copolymers or 
modified nanofibers, blending offers an alternative approach that is 
simple and economical [2]. 
 
A wide variety of both synthetic and natural polymers are available 
for biomedical applications, and the choice of the components of the 
blend nanofibers mainly depends on the desired mechanical or 
biological properties and the desired degradation profile. The 
biocompatible synthetic polymers most widely processed into 
nanofibers include linear aliphatic polyesters such as polycaprolactone 
(PCL), polylactid acid (PLA), polyglycolic acid (PGA), and their 
copolymers [2],[3],[31]. In vivo, they degrade into nontoxic products over 
the course of a few weeks to several months, depending on the 
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properties (structure, molecular weight). Different natural 
biopolymers for the production of (blend) nanofibers mainly include 
proteins (collagen, gelatin and silk fibroin) and polysaccharides 
(chitosan, hyaluronic acid, alginate and cellulose) [3],[32], many 
retaining cell-binding sites and biomolecular signatures affecting cell 
response. Some of these polymers, however, are not readily 
processable into nanofibers. Blending thus not only facilitates the 
combination of properties, but also the production of bio-based 
nanofibers unprocessable in pure form.  

1.3.2 Nanofiber-based sensors for visual and optical 
monitoring 

The properties of nanofibrous nonwovens, linked to the nanoscale 
diameters, are very advantageous for several sensor applications. 
Especially the high specific surface area and high porosity lead to 
improved sensitivity since an increased number of sites for analyte 
interaction or signal transduction are provided. Among several types 
of nanofiber-based sensors, optical sensors are gaining interest due to 
some advantages, such as absence of electromagnetic interference 
[33],[34].  
 
Sensors supplying a change in optical properties, easily detectable 
with the naked eye (visual) or inexpensive equipment such as compact 
spectrometers (optical), are a very powerful tool to visualize a wide 
range of parameters, including temperature, light, pH and 
concentration of (bio)chemical substances. Since most analytes do not 
have measurable intrinsic optical properties, making direct optical 
sensing impossible, most of the optical sensors are reagent-mediated. 
This means that a change in optical response of intermediate agents, 
usually analyte-sensitive dye molecules or conjugated polymers, is 
used to monitor analyte concentrations. In most cases, these 
intermediate agents show a shift in absorbance, i.e. a color change, or 
quenching of their fluorescence with a changing environment [35]. The 
interaction between the analyte and the sensing molecule is thus 
paramount and can be optimized using a porous nanofibrous substrate 
with increased sensitivity and response time [33],[36], as illustrated in 
Fig. 1.7. Additionally, optical nanofibrous membranes are flexible 
sensor systems that can supply a local easy-to-interpret signal while 
monitoring a large area. This makes them interesting for technical 
applications, such as environmental monitoring, agriculture or 
protective clothing, and biomedical applications [37],[38].  
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Fig. 1.7: DNT vapors quench fluorescence after 30 minutes of exposure only for the 
nanofibrous sensor (a vs. b) and not for the spin-cast film (c vs. d), illustrating the 
higher sensitivity and faster response time. [39] 

 
 
The incorporation of indicator compounds into nanofibers is one of 
the current challenges in sensor design. Electrospun nanofibers for 
absorbance- or fluorescence-based sensing can be obtained using two 
main classes of sensing molecules, namely dyes and conjugated 
polymers. The latter are polymers characterized by a backbone 
consisting of conjugated double bounds, making interaction with light 
possible [40]. In literature, only a few reports on the use of conjugated 
polymers for optical monitoring can be found, probably due to the 
difficulties of processing the conjugated polymers by electrospinning. 
However, blending with a carrier polymer can result in nanofibrous 
membranes showing excellent optical response without processing 
problems, as illustrated in literature [39],[41]–[46].  
 
A wide variety of indicator dyes are available, resulting in a color 
change or luminescence under the influence of ions, gases, a wide 
range of volatile organic compounds (VOC’s), peptides, etc. [35],[47]–[53] 
For sensor applications, these dyes need to be immobilized in the 
nanofibers. Dye-doping of the electrospinning solution offers an easy, 
flexible and fast way to incorporate dyes into nanofibers [54]–[58]. 
However, dye leaching is a major problem. It not only affects the 
long-term sensitivity and stability of the sensor, but the toxicity of the 
leaching dye may also be of concern. Up until now, this problem is 
being countered by reducing the dye mobility, mainly through 
application of polymeric complexing agents [57],[58], as illustrated in 
Fig. 1.8. Since several promising dye classes are not suitable for this 
immobilization strategy as they are not able to form the desired 
complex with the polymeric agent, dye immobilization in nanofibers 
remains challenging.  
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Fig. 1.8: (a) Dye-doped nanofibrous membranes can show significant dye leaching to 
the environment, especially in solutions. This problem can in some cases be resolved 
by adding a polymeric complexing agent lowering dye mobility (b vs. a). 

 
 
Extensive research on non-nanofibrous solid materials shows that 
covalent linkage of the dye to a suitable matrix appears to be the most 
efficient immobilization method, resulting in materials with negligible 
leaching [47],[51],[59]–[64]. Today, the major challenge in the development 
of nanofibrous colorimetric and fluorescent sensors is to apply the 
present knowledge on dye immobilization to nanofibers, without 
compromising the processability by electrospinning or the resulting 
nanofiber morphology. These prerequisites are probably the reason for 
the small amount of publications on covalent dye immobilization in 
nanofibers, since both electrospinnability of a costly functionalized 
polymer or post-functionalization of as-spun nanofibers leave a lot to 
be desired. Blend electrospinning can thus offer a major breakthrough, 
allowing for easy electrospinning of dye-functionalized polymers 
together with a suitable carrier polymer. 

1.3.3 Colorimetric nanofibrous sensors in biomedical 
applications: a focus on pH-measurements 

Colorimetric sensing plays an important role in user-friendly systems, 
since it provides an easy-to-interpret signal in a non-destructive way, 
visible to the naked eye. Chromic materials, i.e. materials changing 
color due to an external stimulus, can thus be used for simple 
monitoring or warning systems in everyday life. Think of chromic 
baby spoons, for example, that indicate when the temperature is too 
high.  
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As discussed in the previous sections, the use of blend nanofibers is 
highly beneficial for biomedical and sensor applications. Additionally, 
the amount of measurable parameters in biomedical sciences through 
visual and optical monitoring is enormous. It is, for instance, possible 
to detect volatiles or gases related to infections, intoxications, 
metabolic diseases, etc. [65] Also measuring compounds of biological 
importance, such as haemoglobin [42], bacteria [66], metabolites [67], ions 
[68] and proteases [69], has already been reported. Optical nanofibrous 
sensors could thus offer a major breakthrough in miniaturization of 
bulky instrumentation and development of portable patient-friendly 
sensors in biomedical applications [17]. 
 
A major parameter being researched for biomedical purposes is pH, 
since it is vital for many processes in the human body and can be 
monitored through measurement of sweat, urine, nasal discharge, 
wound exudate, etc. In a recent review by Dargaville et al., the 
importance of sensors and imaging for wound healing are being 
discussed [70]. They conclude that a sensor system monitoring wound 
parameters such as pH can significantly aid wound management. 
Indeed, pH is a biological marker for wound healing and infection [70]–

[73], as illustrated in Fig. 1.9. Moreover, often wound dressings are 
changed prematurely out of precaution, unnecessarily disturbing the 
wound and increasing the chance of scarring. A nanofibrous wound 
dressing containing an indicator molecule could give an indication of 
the condition of the wound, adding some objectivity to wound 
management. Additionally, nanofibers are known to aid wound 
healing, as discussed in section 1.3.1. The use of pH-sensitive 
nanofibers could therefore give rise to dressings both stimulating and 
monitoring wound healing. 
 
Halochromic nanofibers, i.e. nanofibers changing color with pH, can 
easily be produced by using pH-indicator dyes for functionalization. 
Up until now, dye-doping has been the most frequently used 
immobilization method [55]–[58],[74]. However, as discussed in section 
1.3.2, dye leaching is a major drawback. Despite the enormous 
potential, reports on covalent immobilization of pH-sensitive dyes in 
nanofibers are very few [75], probably due to the challenges discussed 
in section 1.3.2. Combining the approach of covalent immobilization 
of pH-indicator dyes with blend electrospinning could therefore 
significantly expand the possibilities for the production of 
halochromic nanofibers for biomedical applications. 
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Fig. 1.9: (a) Graphical representation of the pH-evolution in acute wounds that heal in 
a normal way, and chronic wounds. [72] (b) Wound dressing with integrated pH-
sensitive dye signaling infection. [73] 

 

1.4 Materials selection in blend electrospinning 

1.4.1 The synthetic polymer component 

In blend electrospinning, a well-chosen synthetic polymer often 
ensures processability of the blend into nanofibers. Selection of an 
appropriate well-electrospinnable polymer is thus important. Many 
synthetic polymers have already been investigated in the 
electrospinning process [76]. In this PhD project, focus is given to 
polycaprolactone (PCL) and polyamide-6 (PA6), represented in Fig. 
1.10. These polymers are both widely available. They are water-
stable, eliminating the need for a cross-linking step after fiber 
production, but can be electrospun using organic solvents with 
acceptable toxicity [15],[77],[78]. Moreover, they offer different inherent 
properties, making application-driven selection possible.  
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Fig. 1.10: Chemical structure of the selected synthetic components.  

 
 
Polycaprolactone PCL is one of the most frequently applied 
biocompatible synthetic polymers. It is an FDA-approved (US Food 
and Drug Administration) slow-degrading semi-crystalline aliphatic 
polyester currently being used in several forms in the medical 
industry, including as degradable staples for wound closure, drug 
delivery systems, ultra-thin films, etc. [79],[80] PCL knows many 
advantages, including its low cost, easy production and availability of 
medical-grade material. Also the mechanical properties are of interest. 
PCL combines crystallinity with elasticity, making it a sufficiently 
strong polymer for use in medical applications. The main 
disadvantage of PCL is its hydrophobic surface lacking functional 
groups. PCL melts at 60°C, and although this can be advantageous for 
melt processing, this also limits the thermal stability of PCL-based 
nanofibrous membranes [81]. 
 
Polyamide-6  Polyamides are commonly used, low-cost 
engineering plastics and are known for their mechanical strength and 
durability. PA6 in particular is characterized by high tensile strength, 
high flexural strength and good impact resistance [82]. Additional to 
these good mechanical properties, PA6 is also biocompatible and 
more hydrophilic than most engineering thermoplastics [83]–[85]. 
Moreover, PA6 melts above 200°C, ensuring good thermal stability of 
nanofibrous membranes.  

1.4.2 The functional component: natural polymers for 
biomedical applications 

As discussed in section 1.3.1, a wide variety of natural polymers are 
available for biomedical applications, including several proteins and 
polysaccharides. They provide the desired biological properties in a 
blend and are biodegradable. Within this PhD project, one polymer of 
each class is selected, namely gelatin (Gt) and chitosan (Cs), 
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represented in Fig. 1.11. They are both derived from polymers 
abundantly found in nature, collagen and chitin respectively, but show 
enhanced processability compared to their precursors [32]. In both 
cases, blending is advised since they are characterized by insufficient 
mechanical properties without additional processing.  
 
Gelatin   Gelatin is derived from the collagen inside 
animals’ skin and bones through acidic or alkaline pretreatment, 
resulting in a partially hydrolyzed derivative (type A or B 
respectively). Collagen is the main structural component of the natural 
ECM, making also gelatin very suitable for biomimetic applications 
since it displays many integrin binding sites for cell adhesion and 
differentiation [32],[86]–[89]. However, gelatin is mechanically weak and 
readily dissolves in water above 37°C (thermo-reversible gel 
formation).  
 
 

 
 

 

Fig. 1.11: Chemical structure of the selected natural components.  
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Chitosan  Chitosan is an N-deacetylated derivative of 
chitin, which is abundantly found in shells of crustaceans, insect 
exoskeletons, fungal cell walls, micro fauna and plankton. A sharp 
nomenclature difference between the two polymers based on the 
degree of deacetylation (DDA) has never been established. 
Commercially available chitosan, however, has a DDA between 50% 
and 90%, typically around 85% [84]. Chitosan is polycationic in 
solution, leading to intrinsic haemostatic activity and antimicrobial 
behavior against a broad spectrum of bacetria [90],[91]. However, this 
polycationic nature also complicates the electrospinning process, as 
will be explained in chapter 3. Additionally, chitosan is highly brittle 
in wet state [81].  

1.4.3 The functional component: pH-sensitive dyes 
for the design of halochromic polymers 

A dye molecule is characterized by a chemical structure consisting of 
a system of conjugated double bonds, i.e. the chromophore. This 
system allows for the absorption of a certain portion of white light, 
giving rise to its color. A color is characterized by the wavelength at 
maximal absorbance (λmax) and the extinction coefficient at that 
wavelength (εmax). A change in pH of the environment can, in some 
cases, cause a protonation or deprotonation of the dye molecule. 
When this (de)protonation changes the electron configuration of the 
conjugated system, different portions of the visible spectrum are 
absorbed, which is manifested as a color change (alterations of λmax 
and εmax). The main dye classes showing this halochromic behavior 
are phtalides, triarylmethanes, fluorans and azo dyes [92].  
 
Azo dyes are by far the most commercially important dye class and 
are manufactured on a very large scale [92]. When they have amino 
groups in the 4-position, they can undergo protonation, as illustrated 
in Fig. 1.12. Which tautomer is obtained after protonation, mainly 
depends on the R1-group. However, both tautomers are characterized 
by a λmax and εmax different from the non-protonated dye molecule, 
making pH-sensing possible.  
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Fig. 1.12: Protonation of azo dyes with amino groups in the 4-position (A), resulting 
in the ammonium tautomer (B) or the azonium tautomer (C). The different forms are 
characterized by different λmax and εmax, making pH-sensing possible.  

 
 

      

Fig. 1.13: Chemical structure of the selected dye molecules. 

 
 
As discussed in section 1.3.2, the halochromic dyes have to be 
covalently coupled to a polymer backbone in order to be efficiently 
immobilized in the nanofibrous membrane. The dye molecules thus 
have to posses a reactive functional group suitable for this coupling 
procedure. In this PhD project, two commercially available azo-dyes 
with modifiable functional groups were selected, namely Disperse 
Red 1 (DR1) and Methyl Red (MR) (Fig. 1.13). DR1 is easily 
functionalized at the hydroxyl group [93]–[95], whereas the carboxyl 
group of MR makes covalent coupling to amino group-containing 
polymers possible [96]. Moreover, both dye molecules are not suitable 
for complexation with the polymeric agents currently used to counter 
dye leaching. They are, thus, selected as model compounds to study 
how blend electrospinning of a dye-functionalized polymer and a 
suitable carrier can contribute to the design of usable nanofibrous pH-
sensors.  
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1.5 Objectives and outline 

Blend electrospinning is clearly very promising as a viable technique 
for the production of high-value nanofibrous membranes with 
properties tailored to the applications. By combining two polymer 
components into one nanofibrous structure through blending in the 
electrospinning solution, the best of two worlds can be combined 
using a simple strategy. Two domains in which polymer blends are 
rapidly becoming indispensible, are the biomedical field and sensor 
design. Blend nanofibers are therefore increasingly being reported in 
literature. Within this, however, a fundamental study of the production 
process and fiber morphology is often overlooked.  
 
The main objective of this PhD is, therefore, to explore the potential 
of blend electrospinning for the production of nanofibers containing a 
synthetic component, a natural component and/or well-immobilized 
pH-sensitive dye molecules for biomedical and colorimetric sensor 
applications. Focus is given to process stability and scalability using 
solvent systems with limited toxicity and safety issues, and the 
subsequent analysis of the obtained nanofibers. This is done through 
investigation of a few model systems, with PA6 and PCL representing 
well-processable synthetic polymers, gelatin and chitosan representing 
the two major biopolymer types and a few azo dyes representing the 
vast range of applicable pH-indicators. The methodologies developed 
within this PhD serve as an important proof-of-principle and can 
easily be transferred to serve other applications or material selections 
in the future. This screening thus aims at contributing to a profound 
understanding of blend electrospinning, bringing the technology a step 
closer to the production of tailor-made nanofibrous products. 
 
In order to do so, the single component systems of the selected 
polymers, both synthetic and natural, are first screened in chapter 3 
before blending. The search for a common solvent system with limited 
toxicity and safety issues is reported and the electrospinnability of the 
pure components using this solvent system is briefly summarized. The 
properties of both the bulk materials and the single component 
nanofibers are investigated, in order to properly evaluate the effect of 
subsequent blending. Within this, additional focus is given to a new 
nanofiber characterization technique for synthetic polymers, namely 
fast-scanning calorimetry, in chapter 4 and a surprising characteristic 
of the newly developed gelatin nanofibers, namely their cold-water-
solubility, in chapter 5. Subsequently, chapter 6 reports on the 
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electrospinning of synthetic-natural polymer blends using the selected 
solvent system, and characterization of the resulting blend nanofibrous 
membranes. Chapter 7 and 8 focus on immobilization of indicator 
dyes by covalent bonding to a polymer backbone, resulting in 
functional polymers electrospinnable by blending with a suitable 
synthetic carrier. The dye-monomer approach, wherein a 
polymerizable derivative of a pH-sensitive dye is used for 
copolymerization with a suitable comonomer, is reported in chapter 7. 
Polymer functionalization, wherein reactive side groups are utilized 
for covalent coupling of the pH-sensitive dye molecules, offers an 
alternative strategy particularly interesting when using biopolymers, 
and is therefore reported in chapter 8. 
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Materials and methods 
 
 
 
 
 

This chapter provides an overview of the generic materials and methods 
used for the research in this PhD. Materials and methods specific to a 
certain chapter will be discussed there. 
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2.1 Materials 
Materials specific to a certain chapter are discussed there. Below, the 
selected materials used throughout this entire PhD are detailed. 
 
Polymers In the electrospinning process, several polymers were 
studied, both synthetic and natural. Polymers used across several 
chapters were polyamide-6 (PA6), polycaprolactone (PCL), gelatin 
(Gt) and chitosan (Cs). The synthetic polymers PA6 and PCL (average 
Mn 80,000) were obtained from Sigma-Aldrich. The natural polymers 
used were gelatin type A (from pig-skin, pharma-grade, 300 Bloom) 
kindly supplied by Rousselot, and chitosan (medium molecular 
weight), purchased from Sigma-Aldrich. The chitosan powder was 
kindly characterized by Kitozyme, showing a degree of deacetylation 
(% amino groups) of 80.7% by potentiometric titration and an average 
viscosimetric molecular weight of 231 kg.mol-1. All polymers were 
used as received. 
 
Solvents Solvents for production of the electrospinning 
solutions used throughout this PhD were acetic acid (99.8 v%) and 
formic acid (98.0 v%), supplied by Sigma-Aldrich and used as 
received. For preparation of aqueous pH baths, hydrochloric acid and 
sodium hydroxide were utilized, both obtained from Sigma-Aldrich 
and diluted using demineralized water. 
 
Additives All additives used throughout this PhD were 
purchased from Sigma-Aldrich. Several dyes were used to dope the 
electrospinning solutions or functionalize the used polymers, 
including Disperse Red 1, Nitrazine Yellow and Methyl Red. The 
dye-complexing agent used within this work was 
poly(diallyldimethylammonium chloride), a polycationic ammonium 
compound (average Mw 100,000-200,000) supplied as a 20 wt% 
aqueous solution, able to form a complex with anionic dyes.  
 
Metals  Metals for temperature calibrations of thermal 
analysis equipment included indium provided by LGC and tin 
obtained from Alfa Aeser. 
 
Chemical structures of all important compounds can be found in 
appendix A1. 
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2.2 Electrospinning 

2.2.1 Characterization of the electrospinning 
solutions 

Prior to electrospinning, the polymer solutions were characterized by 
their viscosity, conductivity and surface tension. Viscosity was 
measured using a Brookfield viscometer LVDV-II (spindle S18, 
viscosity range of 1.5 – 30,000 mPa.s), conductivity was determined 
by a CDM210 conductivity meter (Radiometer Analytical) and 
surface tension was determined using the Wilhelmy plate method. If 
not mentioned otherwise, average values and standard deviations are 
based on measurement of 5 different electrospinning solutions. 
Graphical representations contain 1-σ error bars.  

2.2.2 The electrospinning equipment 

Several electrospinning setups were used throughout this PhD, all 
designed in-house. All electrospinning techniques were based on the 
nozzle solution electrospinning principle, meaning that in all cases 
polymer solutions, dissolved in an appropriate solvent, and needles 
were used. The electric field, necessary for electrospinning, was 
always provided by positively charging the needle and grounding the 
collector. 
 
Mono-nozzle setup   This setup uses one needle for 
downward electrospinning onto a flat stationary aluminum collector, 
for the production of small samples (Fig. 2.1a). The polymer solution 
is introduced into a PP/PE luer lock syringe and pushed through the 
needle using an infusion pump (KD Scientific Syringe Pump Series 
100). Several needle types can be used with this setup, including 
standard stainless steel needles, PTFE coated or PTFE lined stainless 
steel needles or co-axial stainless steel needles. Unless mentioned 
otherwise, an 18 gauge stainless steel 316 syringe needle with 
pipetting blunt 90° tip was used (Sigma-Aldrich). To obtain the 
potential difference, the needle is connected to a high voltage source 
(Glassman High Voltage Series EH30) with an output voltage of 0 to 
30 kV.  
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Fig. 2.1: Schematic of the utilized electrospinning setups. 

 
 
Multi-nozzle setup   To obtain large uniform 
nanofibrous structures, the multi-nozzle setup uses multiple needles 
for downward electrospinning onto a flat moving aluminum collector 
(Fig. 2.1b). The needles move on an axis perpendicular to the 
collector motion. The electrospinning methodology is identical to the 
mono-nozzle setup, using 18 gauge stainless steel mixing needles 
without bevel (Nordson EFD), an infusion pump (KD Scientific 
Syringe Pump Series 220-CE) and a high voltage source (Glassman 
High Voltage Series WK125P5) with output voltage of 0 to 125 kV. 
 
Rotating drum setup   This setup uses one or two 
needles, moving along the axis of a rotating drum collector, while 
electrospinning sideways (Fig. 2.1c). The speed (RPM) of the drum 
can be adjusted, allowing for the production of thick nonwoven 
samples at low RPM or the production of aligned nanofibers at high 
RPM. The other components of the rotating drum setup are identical 
to a mono-nozzle setup.  
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2.3 Materials characterization 

2.3.1 Microscopy 

Optical microscopy   Analysis of phase separations 
in the electrospinning solutions and preliminary fiber analysis were 
done using optical microscopy, using an Olympus BX51 equipped 
with an Olympus UC30 camera.  
 
Scanning electron microscopy  Fiber morphology of the 
electrospun structures was thoroughly examined using SEM (FEI 
Quanta 200 F) at an accelerating voltage of 20 kV. Sample 
preparation was done using a gold sputter coater (Balzers Union SKD 
030). The nanofiber diameters were measured using UTHSCSA 
ImageTool version 3.0, developed by the University of Texas Health 
Science Center. The average fiber diameters and their standard 
deviations are based on 50 measurements per sample. Graphical 
representations contain 1-σ error bars. 

2.3.2 Thermal analysis 

Thermogravimetric analysis  TGA measurements were 
performed using a TA Instruments Q5000. Samples of 1.00 ± 0.10 mg 
were investigated using 100 µl platinum pans, a sample purge flow of 
dry air at 25 ml.min-1 and a heating rate of 10 K.min-1. A drying step 
of 30 minutes at 60°C was included in all measurements and the 
sample mass after drying is used as reference mass for subsequent 
degradation measurements. Within the PhD, the degradation 
temperature (Tdegr) is defined at the temperature where the mass loss 
reaches 5% of the reference mass.  
 
Differential scanning calorimetry DSC measurements at low 
speeds (2.5 – 20 K.min-1) were performed using a TA Instruments 
Q2000, equipped with a refrigerated cooling system (RCS90) and 
using nitrogen as purge gas (50 ml.min-1). The instrument was 
calibrated using TzeroTM technology for standard Tzero aluminum 
pans, as well as hermetic Tzero aluminum pans (temperature 
calibration was done using indium at the heating rate used for 
measurement). Samples of 3.00 ± 0.30 mg were used. Within this 
PhD, several temperatures referring to glass transition and melting 
behavior are discussed (Fig. 2.2). The glass transition temperature (Tg) 
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is determined as the temperature at the inflection point of the curve at 
the baseline step. The onset melting temperature (Ti) is defined as the 
temperature where the DSC trace starts deviating from the baseline. 
The extrapolated onset melting temperature (Te) is defined as the 
intersecting point of the tangent at the point of inflection of the 
melting trace and the extrapolated baseline. The peak melting 
temperature (Tp) is defined as the maximum in the melting trace. 
 
Modulated temperature DSC  MTDSC is an extension of 
conventional DSC, only differing in the applied temperature program. 
In MTDSC, the sample is subjected to a modulated temperature 
program obtained by superimposing a sine wave onto the conventional 
linearly changing temperature program. For all MTDSC experiments, 
a TA Instruments Q2000 was used, with calibration as described for 
conventional DSC. Both a refrigerated cooling system (RCS90) and a 
liquid nitrogen cooling system (LNCS) were available, allowing for 
cooling up to -80°C and -150°C respectively. Both instruments were 
purged with nitrogen (50 ml.min-1 and 25 ml.min-1 respectively). 
Measurements were performed using samples of 3.00 ± 0.30 mg, 
hermetic Tzero aluminum crucibles and a heating rate of 2.5 K.min-1. 
The selected temperature modulation was ± 0.5 K every 60 s.  
 
Rapid heat-cool DSC   RHC is the fast-scanning 
equivalent of conventional DSC, allowing for scan rates between 20 
and 2000 K.min-1. The measurements were performed using a 
prototype instrument developed by TA Instruments. RHC 
measurements were performed using a liquid nitrogen cooling system 
(LNCS) and neon as a purge gas (12 ml.min-1). In analogy with a TA 
Instruments DSC calibration, the TzeroTM technology was used for 
calibration at 500 K.min-1 and it was performed in T4P mode, 
minimizing the effect of thermal lag, as determined in previous studies 
[1]. Samples of 0.250 ± 0.020 mg were enclosed in the dedicated 
aluminum crucibles (diameter ca. 1 mm, height 2 mm) and lids. In 
general, the standard deviation for enthalpy measurements was on 
average 3.5% (analysis at the same scan rate).  
 
Dynamic mechanical analysis  DMA measurements were 
done using a TA Instruments Q800, equipped with liquid nitrogen 
cooling (LNCS) and film tension clamps. Calibration was done 
according to a manufacture-defined procedure. Temperature 
calibration was performed by means of the melting transition of 
gallium. Films and nanofibrous membranes were measured in film 
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tension mode, using a Poisson’s ratio of 0.44. Using DMA, a cyclic 
strain is imposed on the sample, and the resulting cyclic stress is 
measured. Glass transition measurements were performed by 
oscillation experiments using a frequency of 1 Hz, a strain of 0.5%, a 
static force of 0.01 N and a heating rate of 2.5 K.min-1. Within this 
PhD, the Tg is determined as the peak maximum of the loss modulus 
(Fig. 2.3), since this value best reflects the onset of segmental motion 
[2].  
 
 

 

Fig. 2.2: Determination of temperatures characteristic to glass transition and melting 
using DSC measurements. Adapted from Mathot et al. [3] 

 
 

 

Fig. 2.3: Determination of glass transition temperature Tg using DMA measurements. 
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2.3.3 Moisture sorption 

Dynamic vapor sorption  DVS measurements were 
performed using a TA Instruments Q5000SA. Samples of 4.00 ± 0.40 
mg were investigated at 23.0 ± 0.1°C using metalized quartz sample 
pans. A drying step at 60°C and 0% RH was always included, except 
for PCL-containing materials (melting would already occur). The 
sample mass after drying is used as reference mass for subsequent 
moisture sorption measurements. All mass changes were allowed to 
reach equilibrium (mass change < 0.05% during 60 minutes). Using 
DVS, the amount of absorbed water at a certain relative humidity, i.e. 
the moisture regain (MR), and an indication on the speed of uptake 
can be calculated as illustrated in Fig. 2.4. Additionally, sorption 
isotherms can be established by increasing and decreasing the relative 
humidity stepwise. By taking the equilibrium moisture content of each 
step, Fig. 2.5a can be translated into Fig. 2.5b. 
 
 

 

Fig. 2.4: Determination of the moisture regain (MR) at a relative humidity of 50% 
and the time to reach 90% of this value, giving an indication on hydrophilicity of the 
materials. 
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Fig. 2.5: Determination of the sorption isotherm, giving an indication on 
hydrophilicity of the materials. 

 

2.3.4 Spectroscopy 

Infrared spectroscopy   A Fourier Transform Infrared 
(FTIR) spectrometer with Attenuated Total Reflectance (ATR) 
accessory (diamond crystal) from Thermo Scientific was used to 
record the IR spectra. The spectra were recorded in the range 4000-
400 cm-1 with a resolution of 4 cm-1, 32 scans were averaged for each 
spectrum. 
 
X-ray diffraction   Wide-angle X-ray diffraction 
(WAXD) patterns of the nanofibrous samples were recorded using a 
Bruker D500 diffractometer with Cu Kα radiation (40 mA, 40 kV), 
graphite monochromator and scintillation detector. Electrospun 
samples were measured as-spun in reflection mode, at a scanning rate 
of 0.48 °.min-1 and a step of 0.02° in the range of 2°-65°.  
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2.3.5 Color measurements 

Color measurements were performed using a Perkin-Elmer Lambda 
900 spectrophotometer, which is a double-beam UV-Vis 
spectrophotometer. For the transmission spectra of solutions 1 cm 
matched quartz cells were used, for the reflection measurements on 
fabrics an integrated sphere (Spectralon Labsphere 150 mm) was 
used. The spectra were recorded from 380 nm to 780 nm with a data 
interval of 1 nm (transmission) and 4 nm (reflection). Transmission 
and reflection are converted into absorbance (A) and Kubelka–Munk 
(K–M) using Eq. 2.1 and Eq. 2.2 respectively, since these values 
provide a correlation with dye concentration. 
 
 
 

 
 

[Eq. 2.1] 

!!!with!! A"="absorbance"
T"="transmission"
a"="extinction"coefficient"(dependent"of"wavelength)"
l"="path"length"(="1"cm)"
c"="dye"concentration"in"solution 

 
 
 

 
 

[Eq. 2.2] 

!!!with!! K?M"="Kubelka?Munk"value"
K"="light"absorption"coefficient"
S"="light"scattering"coefficient"
R"="reflectance"
c"="dye"concentration"in"solid"material 

 
 
For materials characterized in reflection, an objective measure of the 
color can be given by its Lab-values, calculated using the UV-Vis 
spectrum of the sample. Lab-values are the coordinates of a color 
according to the CIELAB color scale. This is an approximately 
uniform color scale, where differences between points plotted in the 
color space correspond to visual differences. The L-axis represents 
lightness, going from 0 (black, the perfect absorber) to 100 (white, the 
perfect reflecting diffuser). The a- and b-axis have no specific 
numerical limits, representing the red-green and yellow-blue color 
variations, as represented in Fig. 2.6. 
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Fig. 2.6: The CIELAB color space, illustrating a color’s Lab-coordinates and the 
linked, but more commonly known, hue and chroma (or saturation). [4] 

 
 
Calculating the Lab-values using the UV-Vis spectra not only takes 
the sample into account (reflectance), but also the observer 
(trichromatic spectral sensitivity of cone cells in the human eye) and 
the illuminant (light source). This is done through application of the 
color matching functions and the spectral energy distribution 
respectively, both described in the CIE standards [5], according to Eq. 
2.3 and Eq. 2.4. Calculations were done using OptLab-SPX (Ascanis) 
and are based on the equations below [6][7]. For very white and very 
dark colors, which do not fulfill the requirements for Eq. 2.4, other 
equations are necessary and can be found in literature [8]. In practice, 
the equations below are generally used and accepted in textiles.  
 
 

 
 

 
 

 
 

[Eq. 2.3] 

!!!with!! X,"Y,"Z"="tristimulus"values"for"the"sample"
R"="reflectance"
E"="spectral"energy"distribution"illuminant"(D65)"
x,"y,"z"="color"matching"functions"observer"(10°)"
λ"="wavelength"[nm] 

 
 



Chapter 2 44 

 

 
 

 
 

 
 

if"
"

[Eq. 2.4] 

!!!with!! X,"Y,"Z"="tristimulus"values"for"the"sample"
R"="reflectance"
E"="spectral"energy"distribution"illuminant"(D65)"
x,"y,"z"="color"matching"functions"observer"(10°)"
λ"="wavelength"[nm] 

 

2.3.6 Halochromic behavior and dye migration 

Halochromic behavior of dyes in solution was measured by adjusting 
the pH of a stock solution and subsequently measuring the UV-Vis 
spectrum of the solution in transmission. Halochromic behavior of 
dyes immobilized in fibers was measured by introducing the fibrous 
material in an aqueous pH bath until the final color was reached, and 
subsequent recording of the UV-Vis spectrum in reflectance.  
 
Dye immobilization in fibrous materials can be characterized using 
two methods. In the first method, the dye migration out of the fibers 
into an aqueous solution of a certain pH is tested by introducing 5 mg 
of fabric in a bath of 5 ml. After 24 hours, the dye concentration in the 
aqueous bath is determined through UV-Vis spectroscopy (absorbance 
A is measure for dye migration). In the second method, the dye 
transfer between the tested fibrous material and two reference fabrics 
is tested based on the standard ISO 105-E01:1994. This standard was 
formulated for conventional fabrics and adapted for nanofibrous 
samples in this PhD. The nanofibrous sample is placed between two 
adjacent reference fabrics showing affinity for the dye, in our case 
PA6 on one side and wool on the other side (purchased from James 
Heal, meeting requirements of standard ISO 105-F03 and ISO 105-
F01 respectively). While in contact with these reference fabrics, the 
nanofibrous sample is immersed in an aqueous solution of certain pH 
for 30 minutes and, subsequently, placed in an oven (37°C) under a 
calibrated load for 4 hours. The staining of the adjacent reference 
fabrics is characterized by UV-Vis spectroscopy, obtaining the Lab-
values (OptLab-SPX, 10° observer, D65 illuminant). Based on these 
values, a color difference (ΔE) is calculated between the unstained 
and the stained reference (Eq. 2.5), giving an effective measure of the 
dye migration to the adjacent fabrics.  
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[Eq. 2.5] 
!!!with!! ∆E"="color"difference"between"2"samples"

∆L*"="difference"in"lightness"between"2"samples"
∆a*"="red/green"difference"between"2"samples"
∆b*"="yellow/blue"difference"between"2"samples 

 
For the characterization of halochromic behavior and dye migration, 
the pH of the aqueous solutions was determined using a combined 
reference and glass electrode (SympHony Meters VMR) while 
hydrochloric acid and sodium hydroxide were used to adjust the pH. 
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3 
 

General study of 
single component systems 

 
 
 
 

This chapter reports on the electrospinnability of pure polyamide-6, 
polycaprolactone, gelatin and chitosan using acetic acid/formic acid 
(AA/FA). The AA/FA solvent system offers high flexibility for blending, since 
it is suitable for dissolution of all selected polymers. Additionally, it is 
characterized by a lower toxicity than traditionally used solvent systems. 
Within this chapter, the pure systems are researched in terms of 
electrospinnability, thermal properties and moisture uptake, in order to 
better understand the effect of blending in the subsequent chapters.  
 
 
 
 
 
 
 
 
 
 
 
 
Parts of this chapter are published in: 
 
I. Steyaert, L. Van Der Schueren, H. Rahier, and K. De Clerck, “An alternative solvent system 
for blend electrospinning of polycaprolactone/chitosan nanofibres,” in Macromolecular 
Symposia, vol. 321–322, no. 1, pp. 71–75, 2012. 
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3.1 Introduction 

Literature on the electrospinnability of pure polymer systems is 
abundant, reporting on many possible polymer-solvent combinations. 
Within this, however, process stability is often overlooked and fiber 
morphology is only evaluated on small samples, electrospun on a 
mono-nozzle setup. Additionally, the majority of employed solvent 
systems for electrospinning are highly toxic, limiting their potential 
for upscaling to industrial processes.  
 
Our previous research showed that several synthetic polymers, 
including polyamide-6 (PA6) and polycaprolactone (PCL), can be 
electrospun under steady state conditions using an acetic acid/formic 
acid (AA/FA) solvent system [1],[2]. These conditions imply that the 
Taylor cone and deposition area are stable in time, guaranteeing bead-
free uniform nanofibers produced through a scalable process [3]. 
Moreover, the AA/FA solvent system combines higher sustainability 
(taking into account risks to health, safety and environment) [4]–[7] with 
affordability, making it very suitable for electrospinning.  
 
This chapter focuses on a general screening of the electrospinnability 
of the pure selected polymers using AA/FA and the materials 
characterization techniques that will be used in subsequent chapters. 
This preliminary study will thus provide the general information on 
electrospinning and properties of single systems, needed for proper 
evaluation of the effect of blending. Special attention is given to the 
natural polymers, since these were not previously studied using 
AA/FA or upscaled setups.  

3.2 Materials and methods 

Electrospinning The feasibility study of electrospinning 
gelatin and chitosan using AA/FA was done on a mono-nozzle 
electrospinning setup. Nanofibrous samples used for subsequent 
testing were electrospun using the following parameters: 50/50 
AA/FA, FR of 2 ml.h-1 and TCD of 6 cm for PA6, 70/30 AA/FA, FR 
of 1 ml.h-1 and TCD of 12.5 cm for PCL, 70/30 AA/FA, FR of  
1 ml.h-1 and TCD of 12.5 cm for gelatin. The voltage was always 
adapted to allow for stable electrospinning of bead-free nanofibers.  
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TGA   TGA measurements were performed on the 
pellets and powders of the bulk materials, as received.  
 
MTDSC  MTDSC measurements were performed using 
the pellets and powders of the bulk materials, conditioned at 65% RH 
for 24 h before closing the hermetic crucibles. For PA6 and PCL, a 
pre-melt was used to improve thermal contact between the sample and 
the crucible. Heating rates of 2.5 K.min-1 and a modulation of 0.5 K 
every 60 s were employed. 
 
DSC   Conventional DSC was performed using 
electrospun samples produced on a mono-nozzle setup. The 
measurements were used to investigate the difference between 
nanofibers and bulk material (1st and 2nd heating respectively), and the 
influence of the fiber diameters on the melting behavior of nanofibers 
consisting of synthetic polymers. The nanofibrous samples were 
enclosed in standard Tzero aluminum pans. For the PA6 samples, a 
first heating run up to 105°C was included to dry the samples. PCL 
samples were not dried at elevated temperature to avoid undesired 
melting. Heating rates of 20 K.min-1 were used.  
 
RHC   For the RHC measurements at several heating 
rates, nanofibrous samples produced on a mono-nozzle 
electrospinning setup were used. Indium was added to the samples as 
an internal calibrant (30 ± 10 µg, on the bottom of the crucible) for the 
subsequent temperature correction. For rates other than 500 K.min-1, 
for which the instrument was calibrated, a baseline correction was 
done by subtracting empty-crucible lines. The heating rate was varied 
between 20 and 1000 K.min-1, whereas all cooling cycles were 
performed at 20 K.min-1. For the PA6 samples, a first heating run up 
to 105°C was included to dry the samples. PCL samples were not 
dried at elevated temperature to avoid undesired melting. 
 
DMA   DMA measurements were done using solution 
cast films and larger nanofibrous samples, produced using the rotating 
drum setup in order to have a more homogeneous sample thickness. 
The solution cast films were obtained by dissolution of the polymers 
in the acid-based solvent systems also used for electrospinning, 
followed by evaporation at room temperature. Solution casting of PA6 
and PCL does not lead to a uniform film of homogeneous thickness. 
In the case of PA6, the film was not homogeneous enough to perform 
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a DMA measurement. The standard deviation of Tg-measurements 
was on average 10 K.  
 
DVS   DVS measurements were performed using the 
as-received pellets and powders, and nanofibrous samples produced 
on the rotating drum setup.  

3.3 Electrospinning of the single component 
systems: the search for a common solvent 
system 

Preparation of a blend electrospinning solution is preferentially done 
by simultaneous dissolution of the polymer components in the same 
solvent system. A common solvent system for all selected polymers is 
thus needed. Since the synthetic polymers were chosen mainly for 
their easy processability, it would be more than logic to select the 
solvent system allowing for stable and reproducible electrospinning of 
PA6 and PCL, namely AA/FA. A short overview of the previous 
research on the electrospinnability of PA6 and PCL using this solvent 
system is given in the section below. Subsequently, the potential of 
AA/FA for electrospinning of pure gelatin and chitosan is 
investigated.  

3.3.1 Steady state electrospinning of PA6 and PCL 
using AA/FA 

For both PA6 and PCL, steady state electrospinning using AA/FA has 
previously been reported by our research group [1],[2]. These studies 
aimed to determine a window of electrospinnability as a function of 
polymer concentration and AA/FA ratio (Fig. 3.1 and Fig. 3.2). 
Within the steady state window, homogeneous bead-free nanofibers 
can be produced in a reproducible manner. Variations in concentration 
and/or solvent ratio allows for the production of nanofibers with 
different diameters (Fig. 3.3 and Fig. 3.4).  
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Fig. 3.1: Steady state table for electrospinning of PA6 nanofibers as a function of 
polymer concentration and AA/FA solvent ratio (black: PA6 does not dissolve 
completely, grey: no stable electrospinning, white: stable electrospinning). Adapted 
from De Vrieze et al. [1] 

 
 
  Volume fraction AA in the AA/FA solvent system [v%] 
  0 10 20 30 40 50 60 70 80 90 100 

PC
L

 c
on

ce
nt

ra
tio

n 
[w

t%
] 11            

12            
13            
14            
15            
16            
17            
18            
19            

Fig. 3.2: Steady state table for electrospinning of PCL nanofibers as a function of 
polymer concentration and AA/FA solvent ratio (grey: no stable electrospinning, 
white: stable electrospinning). Adapted from Van der Schueren et al. [2] 
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Stability of both polymers in AA/FA was checked through viscosity 
measurements in time. There was no decrease in viscosity of PA6 
solutions over time and PCL remains stable up to 3 hours after 
dissolution. For both polymers, AA/FA thus offers a suitable time 
frame for electrospinning, although in the case of PCL some polymer 
degradation has to be taken into account when electrospinning for a 
prolonged period of time. This hydrolytic degradation, however, will 
not impede the electrospinning process, as long as the Berry number 
c[η] (see appendix A2) is above 10 [8]. The fiber diameter, on the other 
hand, can decrease gradually due to this degradation. 
 
In the course of this PhD, the previously defined steady state windows 
will serve as a starting point for blending, since polymers with similar 
molecular weights will be utilized.  
 
 

 

Fig. 3.3: SEM images of PA6 nanofibers electrospun using 50/50 AA/FA (TCD of 6 
cm, FR of 2 ml.h-1 and E adjusted for stable ES). Different PA6 concentrations within 
the steady state window lead to different fiber diameters.  

 
 

 

Fig. 3.4: SEM images of PCL nanofibers electrospun using 70/30 AA/FA (TCD of 
12.5 cm, FR of 1 ml.h-1 and E adjusted for stable ES). Different PCL concentrations 
within the steady state window lead to different fiber diameters. 
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3.3.2 Electrospinning of gelatin and chitosan using 
AA/FA: a feasibility study 

The electrospinnability of both gelatin and chitosan have already been 
studied using an (aqueous) AA solvent system [9]–[14]. Additionally, 
gelatin was also already electrospun using FA [12],[15] and chitosan is 
soluble in FA, illustrating the potential of the AA/FA solvent system. 
Below, details of our feasibility study on the use of AA/FA for 
electrospinning pure gelatin and pure chitosan nanofibers are reported.  
 
GELATIN 
A broad screening of the electrospinnability of gelatin using the 
AA/FA solvent system was performed. The results are summarized in 
the steady state table in Fig. 3.5. In order to dissolve gelatin 
completely in pure AA, heating to 40°C is necessary. Stable 
electrospinning at room temperature was, therefore, not possible. 
Addition of ≥ 10 v% FA ensures good solubility at room temperature 
and stabilizes the electrospinning process. With increasing FA 
concentration, both the viscosity and conductivity of the solution 
increase; from 256 mPa.s and 0.342 mS.cm-1 for 10 v% to 484 mPa.s 
and 3.311 mS.cm-1 for 90 v% FA. Despite the increasing viscosity, 
thinner fibers are formed (Fig. 3.6), indicating that the conductivity 
predominates.  
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Fig. 3.5: Steady state table for electrospinning of Gt nanofibers as a function of 
polymer concentration and AA/FA solvent ratio (black: Gt does not dissolve 
completely at room temperature, grey: no stable electrospinning, white: stable 
electrospinning, empty space: not tested).  
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Fig. 3.6: SEM images of Gt nanofibers electrospun using a concentration of 13 wt% 
(TCD of 12.5 cm, FR of 1 ml.h-1 and E adjusted for stable ES). Different solvent 
ratios within the steady state window lead to different fiber diameters. 

 

 

Fig. 3.7: SEM images of Gt nanofibers electrospun using 70/30 AA/FA (TCD of 12.5 
cm, FR of 1 ml.h-1 and E adjusted for stable ES). Different Gt concentrations within 
the steady state window lead to different fiber diameters. 

 
 
Within the steady state window, process stability is best when a 
maximal amount of AA is used, probably due to the lower viscosities. 
Additionally, the use of less FA is beneficial within the context of 
toxicity, making the solvent systems with FA-concentration between 
30 and 10 v% most interesting. Although the range in polymer 
concentrations for steady state electrospinning using these solvents 
ratios is quite narrow, a significant effect on the fiber diameter can be 
seen (Fig. 3.7). Based on these results and the high stability of the 
electrospinning process, AA/FA shows to be a promising solvent 
system.  
 
CHITOSAN 
Reports on the electrospinning of pure chitosan indicate that there are 
numerous difficulties [9],[10],[16]–[21]. Although polysaccharides are less 
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costly than proteins, they are often notoriously difficult to electrospin 
[22]. Chitosan has a rigid D-glucosamine structure, high crystallinity, 
polycationic behavior in solution and the capacity to form 
intermolecular hydrogen bonds [23]. This leads to poor solubility in 
common organic solvents and poor processability through 
electrospinning.  
 
There are essentially two solvent systems reported in literature that 
facilitate the electrospinning of pure chitosan. The first is 
trifluoroacetic acid (TFA), which can destroy the strong interactions 
between the chitosan molecules by salt formation. Further, to obtain a 
stable process, often dichloromethane (DCM) is added to the solvent 
system. These solvents, however, are toxic [6] and thus less suitable. 
Secondly, aqueous acetic acid (aqAA) is frequently used, but with 
many difficulties that are linked to the high viscosity of chitosan in 
solution. Chitosan concentrations leading to sufficient chain 
entanglements for electrospinning (see appendix A2) already show 
unprocessable viscosities due to gelation [24],[25].  
 
Also using our AA/FA solvent system, chitosan concentrations above 
2 wt% already result in unprocessable solutions. Below this 
concentration, however, only beads are formed (Fig. 3.8) due to 
insufficient chain entanglements. There are two major strategies for 
countering this problem and producing chitosan (-containing) 
nanofibers: (1) modification of the chitosan powder or (2) blending with 
a carrier polymer providing the desired chain entanglements. Since 
AA/FA does allow for dissolution of chitosan, blending with PCL or 
PA6 is feasible and will be studied in further chapters.  
 
 

 

Fig. 3.8: SEM images of the deposition obtained after electrospinning 1.5 wt% Cs in 
50/50 AA/FA. The concentration is not high enough to produce smooth bead-free 
nanofibers. 
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3.4 Screening of the single component systems 
using the selected materials characterization 
techniques 

Several materials characterization techniques are utilized within this 
PhD, with a primary focus on thermal analysis since it plays a major 
role in the characterization of polymer products. Thermal analysis 
provides information on the supramolecular structure, crystallinity 
and, of course, thermal transitions, all influencing the state and 
behavior of the polymers involved and thus the final product 
properties. Therefore, a general screening of the chosen materials and 
the available thermal analysis techniques is reported in this section. 
Additionally, water sorption behavior is researched since 
hydrophilicity plays an important role in both biomedical and sensor 
applications. 

3.4.1 Polymer degradation determined using TGA 

Using thermogravimetric analysis (TGA), the mass loss due to 
thermal degradation of our polymer products can be measured (Fig. 
3.9), reflecting the onset of polymer degradation. The thermal 
degradation temperature Tdegr determines the upper limit to the 
processing and service temperature. Since in this PhD, electrospinning 
is performed at room temperature and the envisioned applications are 
not in a high-temperature range, Tdegr is used as the upper limit of the 
temperature window for other thermal analysis techniques.  
 
 

 

Fig. 3.9: Degradation of bulk polymer, measured using TGA.  
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Table 3.1: Thermal degradation temperature of the different bulk polymers, 
determined using TGA and defined as a 5% mass loss of the original dried mass.  

 PA6 PCL Gt Cs 

Tdegr 358°C 295°C 167°C 
(268°C)* 253°C 

* 5% mass loss of the plateau value, attributed to protein degradation after release of bound 
water. 
 
 
The degradation temperature of the bulk samples was determined as 
the temperature at which a mass loss of 5% was obtained (Table 3.1). 
In further experiments, the polymers should not be heated above their 
Tdegr. Gelatin is characterized by a two-stage degradation; loss of 
bound water at lower temperatures and subsequent protein 
degradation at higher temperatures [26]–[28]. In this PhD, the lower Tdegr 
of gelatin will be respected. 

3.4.2 Melting behavior measured using DSC 

Differential scanning calorimetry (DSC) is one of the most-used 
thermal analysis techniques at present. Within this PhD, DSC is 
mainly used to analyze glass transition and melting behavior. 
Understanding and controlling crystallinity and crystal structure can 
be crucial to gain insight in mechanical, chemical and thermal 
properties of finished polymer products. It is well-known that these 
properties can be influenced by thermal history, polymer molecular 
weight, cross-links, blending, etc. [29] making design of materials with 
specific properties possible.  
 
A general scan of the selected bulk materials was performed using 
modulated temperature DSC (MTDSC). In some cases, MTDSC 
enables the separation of complex and overlapping effects by 
superimposing a sinusoidal wave on the linear heating ramp (i.e. the 
modulation). The resulting signal is called the total heat flow, which 
can subsequently be broken down into a non-reversing and a reversing 
component by a deconvolution procedure [30]. Changes in specific heat 
are always visible in the reversing signal, whereas time-dependent 
processes such as relaxation mostly end up in the non-reversing 
signal. Melting, however, is visible in both signals. The results of the 
MTDSC experiments (heating traces) are plotted in Fig. 3.10.  
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Fig. 3.10: Thermal properties of bulk polymer, measured using MTDSC in heating. 
Deconvolution into reversing and non-reversing signal around the melting transition 
is not accurate.  

 
 

 

Fig. 3.11: Glass transition of bulk polymer, measured using MTDSC in heating.  
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Looking at the heat flow trace of the synthetic polymers (Fig. 3.10 a 
and b), it is clear that PA6 starts melting (Ti) around 200°C and PCL 
already around room temperature, with peak melting temperatures 
(Tp) of 220°C and 56°C respectively. PA6 samples thus have a much 
higher dimensional stability than PCL, since they can retain their 
physical form up to higher temperatures. For both synthetic polymers, 
a very small step in the baseline of the reversing heat flow trace can 
be observed due to a glass transition, at 56°C and -64°C respectively 
(Fig. 3.11). However, identification of Tg is not straightforward using 
MTDSC, probably due to high crystallinity. Further investigation of 
Tg will be done using DMA in section 3.4.3, as DMA is more 
sensitive to small transitions.  
 
The heat flow trace of gelatin clearly shows an endothermic event 
superposed onto a step in the baseline (Fig. 3.10c). Deconvolution 
into reversing and non-reversing signal separates the two effects. 
Analysis of the step in the baseline using the reversing signal indicates 
a Tg of 45°C. The endothermic transition can be attributed to the 
dissociation of the gelatin triple helices, and is not due to an enthalpy 
relaxation since the transition is also clearly visible in the cooling 
trace. It is common knowledge that an aqueous solution of gelatin 
forms a physical gel when it is cooled; a property that is frequently 
used in pharmaceutical and food applications. During gelation, the 
gelatin chains undergo a conformational disorder-order transition, 
partially restructuring themselves into triple helices forming physical 
cross-links. This sol-gel transition happens at the dissociation 
temperature (Td), also commonly referred to as melting temperature of 
the hydrogel.  
 
For chitosan, no clear thermal transitions were measured (Fig. 3.10d). 
Although several authors describe a glass transition (Tg), the reported 
value is very inconsistent (values range from 100°C to 200°C) and 
mostly based on a very broad step in the baseline [31]. As Tg is often 
more clearly visible in dynamic mechanical analysis (DMA) 
experiments, chitosan will be further analyzed using DMA in section 
3.4.3.  
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Fig. 3.12: Difference in melting behavior between nanofibers (full lines; 16wt% PA6 
and 15wt% PCL) and non-annealed bulk material cooled at 20 K.min-1 from the melt 
(dotted lines), measured using DSC. 

 
 
DSC analysis can also provide some information on how thermal 
properties of bulk material and nanofibers differ. For both synthetic 
polymers, for example, the onset of melting of nanofibers is at slightly 
higher temperatures than for bulk material (Fig. 3.12) but the 
crystallinity (~∆Hm) is similar. For gelatin nanofibers, the triple helix 
dissociation temperature was identical to the original bulk material, 
which was a surprising result. Indeed, gelatin products normally are 
only water-soluble above their Td, but in contrast to the original 
gelatin powder, gelatin nanofibers are cold-water-soluble; they 
dissolve in water below their Td. A more thorough investigation on 
this surprising but interesting property of gelatin nanofibers can be 
found in chapter 5.  
 
Although the crystalline morphology clearly affects the final 
properties of (nano)fibers [32]–[37], usually only conventional heating 
rates up to about 20 K.min-1 are used for testing in DSC. However, 
some studies have already shown a significant difference in melting 
behavior when slightly higher scanning rates (< 100 K.min-1) are 
utilized [38]–[40]. In recent years, several forms of fast-scanning 
calorimeters have been developed, expanding the possibilities to study 
the thermal properties of polymer materials [41]–[44]. Fast heating can 
suppress kinetic processes such as cold crystallization or crystal 
reorganization and crystal perfectioning in annealing, enabling the 
study of the melting of materials with a specific crystal structure due 
to orientation. During electrospinning, a high degree of elongational 
deformation takes place, and crystals are formed during solidification 
of aligned polymer chains giving rise to highly oriented structures 
[33],[38],[45],[46]. Nanofibers produced by solvent electrospinning therefore 
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often show specific crystal structures, making the heating rate in DSC 
analysis an important factor that should not be overlooked.  
 
During this PhD, the use of a prototype fast-scanning calorimeter 
suitable for nanofiber analysis was tested. Using the Rapid Heat-Cool 
DSC (RHC), measurements at heating rates as high as 2000 K.min-1 
are possible. The effect of increasing heating rate on the melting 
behavior of PA6 and PCL was investigated (Fig. 3.13). A shift of the 
melting peak of PA6 nanofibers to lower temperatures with increasing 
heating rate indicates that there possibly is a large influence of crystal 
perfectioning on the results obtained at lower speeds. For PCL, on the 
other hand, increasing the heating rate only decreases the resolution. 
Since PCL is characterized by a very low melting temperature and 
undergoes constant melting-recrystallization at room temperature, an 
increased heating rate for DSC analysis indeed serves no purpose. 
When heating rate does affect the results, as is the case for PA6 
nanofibers, comparing nanofibers to bulk material or studying the 
effect of nanofiber diameter can result in different conclusions at high 
or low scan rates. Therefore, PA nanofibers were thoroughly studied 
using RHC as a case study in chapter 4, allowing us to evaluate the 
possible impact of heating rate on nanofiber analysis.  
 
 
 

 

Fig. 3.13: Effect of the heating rate on the obtained melting profile of (a) PA6 and (b) 
PCL nanofibers, measured using RHC. Increasing heating rate decreases crystal 
perfectioning for PA6, but only reduces resolution for PCL. 
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3.4.3 Glass transition temperature determined using 
DMA 

Using dynamic mechanical analysis (DMA), the viscoelastic behavior 
of a solid sample as a function of an imposed temperature program 
can be analyzed. A cyclic strain is imposed on the sample, and the 
resulting cyclic stress is measured. The relative angular displacement 
between stress and strain gives information on the viscoelastic 
properties, with the in-phase component reflecting the elastic response 
and the π/2 out-of-phase component reflecting the viscous response. 
The overall modulus of the material can therefore be broken down 
into the storage modulus E’ (stored energy due to elastic deformation) 
and the loss modulus E” (energy dissipated as heat due to viscous 
deformation). Tan δ, defined by the ratio E”/E’, highlights differences 
in the phase angle δ between stress and strain. 
 
When reaching the glass transition upon heating, the amorphous phase 
gains in mobility, not only affecting the specific heat capacity (as 
measured in DSC) but also the mechanical properties. DMA is 
therefore suitable to determine Tg, and is a very sensitive technique 
[47],[48]. Increased mobility of the amorphous phase at the glass 
transition results in a distinct decrease of the storage modulus E’, a 
peak value of the loss modulus E” and an increase of δ visible as a 
peak in the tan δ trace [49]. Within this PhD, the Tg will be defined as 
the temperature at the peak maximum of the loss modulus trace 
because this value can easily be determined and is closest to the Tg 
obtained using DSC. DMA measurements of the loss modulus as a 
function of temperature are reported in Fig. 3.14.  
 
The glass transition of both PA6 and PCL is easily measured using 
DMA (Fig. 3.14 a and b), resulting in Tg-values in agreement with 
literature [50],[51]. Small differences between DSC and DMA results can 
be caused by two factors. Firstly, DMA is a dynamic measurement (1 
Hz in these experiments) while a DSC run at low heating rates is 
regarded as static. Due to the time-temperature superposition 
principle, rate dependent phenomena such as glass transition will shift 
to higher temperature when the solicitation is faster. Secondly, 
samples measured in DSC can be conditioned at a certain relative 
humidity before measurement, whereas DMA measurements are 
performed at room humidity (typically around 35% RH). When 
moisture is a plasticizer for the polymer at hand, this can lead to 
significant differences in Tg. 
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Unlike the synthetic polymers, thin films or nanofibrous membranes 
of natural polymers were difficult to measure using DMA. Uncross-
linked gelatin nanofibers are fragile and very sensitive to moisture (as 
will be further discussed in chapter 5). This made convenient 
measurement of Tg using DMA difficult and no clear Tg-value could 
be determined, as illustrated in Fig. 3.14c (black curve). Due to 
evaporation of moisture Tg shifts with increasing temperature and 
under the experimental conditions used, Tg is never surpassed for the 
nanofibers before failure in the grip section. Therefore, MTDSC is 
more appropriate for the measurement of the gelatin glass transition, 
especially for nanofibrous samples. Although the solution cast films 
of both gelatin and chitosan were fragile, the use of sufficiently thick 
films allowed for measurement of the glass transition using DMA. 
Our results indicate that chitosan is characterized by a Tg

 value of 
110°C (Fig. 3.14d), which is in line with values between 100 and 
200°C reported in literature [31].  
 
 
 

 
 

 
 

 

Fig. 3.14: Glass transition of solution cast films and nanofibrous membranes, 
analyzed using DMA in heating. Solution cast films of PA6 were not homogeneous 
enough for accurate measurement. 
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3.4.4 Hydrophilicity measured using DVS 

A thermogravimetric analyzer equipped with a controlled humidity 
chamber, such as a DVS, is very well-suited for direct comparison of 
hydrophilicity of polymer substances [52]. Using this technique, 
moisture sorption of a compound can be studied as a function of 
temperature (15-60°C), relative humidity (0-100%) and time. After 
drying of the investigated materials at 60°C and 0% RH, the moisture 
uptake can be expressed as weight gain with respect to the dried 
polymer mass (as thoroughly explained in chapter 2). A step in 
humidity to 50% after drying, not only simulates how much water is 
absorbed by the material, i.e. how hydrophilic the material is, but also 
how fast this moisture sorption proceeds. The latter parameter is 
greatly affected by the physical form, i.e. the specific surface area and 
porosity of the product at hand, whereas the equilibrium moisture 
content at a certain relative humidity is mainly dependent of the 
physicochemical properties, i.e. polymer type, amorphous fraction and 
functional groups [53],[54].  
 
 

Table 3.2: Moisture regain (MR) of the different polymer types dried at 60°C until 
equilibrium under a purge flow of dry air, measured using DVS. 

Polymer 

Bulk material* Nanofibers 
MR at 

50% RH 
 

[%] 

Time to 90% 
of MR at 
50% RH 

[min] 

MR at 
50% RH 

 
[%] 

Time to 90% 
of MR at 
50% RH 

[min] 
PA6 2.9*** > 33,000 3.3 5 
PCL** 0.2 308 0.2 1 
Gt 11.9 193 11.4 16 
Cs 12.2 28 - - 
* One dense piece of a pellet of PA6 and PCL, coarse powder of Gt and fine powder of Cs.  
** Drying was performed at 23°C to avoid melting of the nanofibrous membrane. 
*** Equilibrium was not yet fully reached. 
 
 
As expected, DVS measurements of the selected materials show that 
the natural polymers are much more hydrophilic than the synthetic 
polymers (Table 3.2). Additionally, a fairly large difference between 
PCL and PA6 can be seen; the moisture uptake at 50% RH of PA6 is 
more than 10 times higher than of PCL. PCL is indeed known for its 
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hydrophobic nature. When comparing the bulk material to the 
nanofibers, a spectacular difference in the speed of moisture uptake 
can be seen. Nanofibrous membranes are known for their extremely 
high porosity and specific surface area [37], which is clearly translating 
in fast moisture sorption, even for hydrophobic materials such as PCL.  

3.5 Conclusion 

PA6 and PCL are easily electrospinnable in a stable manner using 
AA/FA, as previously demonstrated in literature and recapitulated in 
this chapter. Additionally, our results indicate that this solvent system 
is also very suitable for electrospinning gelatin nanofibers, whereas 
pure chitosan nanofibers could not be obtained. This, however, is due 
to the difficulties in processing chitosan in any solvent system. It was 
demonstrated that chitosan is soluble in AA/FA, indicating that 
AA/FA-based blend electrospinning of chitosan-containing nanofibers 
is feasible. AA/FA mixtures thus offer a common solvent system for 
the chosen synthetic and natural polymers, and will serve as a starting 
point for blending in the subsequent chapters. 
 
Screening of the available thermal analysis techniques resulted in a 
general characterization of the single component systems. TGA results 
determined the upper limit of the measurable temperature-range in 
other thermal analysis techniques. DSC measurements showed that 
melting of PA6 and PCL can easily be analyzed using the heat flow 
trace. The heating rate used for this analysis, however, significantly 
affects the obtained results, especially for PA6 nanofibers. A more 
thorough study of the melting behavior of PA nanofibers, analyzed 
using the fast-scanning RHC technique is therefore reported in chapter 
4. Using an MTDSC technique, glass transition temperatures of the 
synthetic polymers could be derived from the reversing heat flow 
trace of the modulated measurement. DMA, however, is much more 
sensitive to changes during the glass transition and will therefore be 
used to study the effect of blending on Tg. 
 
For gelatin, on the other hand, MTDSC offers a convenient way to 
analyze glass transition and triple helix dissociation, whereas DMA 
measurement is difficult due to the fragile and moisture-sensitive 
nature of the uncross-linked nanofibers. The results show that the 
triple helix dissociation temperatures of gelatin nanofibers and bulk 
material are comparable. This is a surprising result, since the gelatin 
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nanofibers were readily soluble in cold demineralized water, whereas 
normal bulk material is only soluble above its Td. A more detailed 
study on triple helix dissociation and cold-water-solubility of gelatin 
nanofibers is therefore performed in chapter 5. 
 
Analysis of chitosan using MTDSC did not result in usable data, since 
the baseline step accompanying the glass transition is very broad. 
DMA measurements, on the other hand, indicated that chitosan has a 
Tg above 100°C.  
 
In conclusion, blending the selected polymers in an AA/FA-based 
electrospinning solution seems feasible and will therefore be 
investigated in subsequent chapters. For biomedical purposes, PCL-
based nanofibers with a natural component will be investigated in 
chapter 6. For sensor applications, covalent immobilization of an 
indicator dye using an approach based on blend electrospinning with 
PA6 or PCL as synthetic carrier is researched in chapters 7 and 8 
respectively. 
 
 



General study of single component systems 69 

References 
 
[1] S. De Vrieze, B. De Schoenmaker, Ö. Ceylan, J. Depuydt, L. Van Landuyt, 

H. Rahier, G. Van Assche, and K. de Clerck, “Morphologic study of steady 
state electrospun polyamide 6 nanofibers,” J. Appl. Polym. Sci., vol. 119, pp. 
2984–2990, 2011. 

[2] L. Van Der Schueren, B. De Schoenmaker, Ö. I. Kalaoglu, and K. De Clerck, 
“An alternative solvent system for the steady state electrospinning of 
polycaprolactone,” Eur. Polym. J., vol. 47, pp. 1256–1263, 2011. 

[3] S. De Vrieze, P. Westbroek, T. Van Camp, and K. De Clerck, “Solvent 
system for steady state electrospinning of polyamide 6.6,” J. Appl. Polym. 
Sci., vol. 115, pp. 837–842, 2010. 

[4] C. Bordes, V. Fréville, E. Ruffin, P. Marote, J. Y. Gauvrit, S. Briançon, and 
P. Lantéri, “Determination of poly(ε-caprolactone) solubility parameters: 
Application to solvent substitution in a microencapsulation process,” Int. J. 
Pharm., vol. 383, pp. 236–243, 2010. 

[5] “European Pharmacopoeia,” 6th ed., Strasbourg (France): Council of Europe, 
2009, pp. 603–610. 

[6] D. Prat, J. Hayler, and A. Wells, “A survey of solvent selection guides,” 
Green Chem., vol. 16, pp. 4546–4551, 2014. 

[7] A. Dwivedi, “Residual solvent analysis in pharmaceuticals,” Pharm. 
Technol., no. November, pp. 42–46, 2002. 

[8] N. Lavielle, A. M. Popa, M. De Geus, A. Hébraud, G. Schlatter, L. Thöny-
Meyer, and R. M. Rossi, “Controlled formation of poly(ε-caprolactone) 
ultrathin electrospun nanofibers in a hydrolytic degradation-assisted 
process,” Eur. Polym. J., vol. 49, pp. 1331–1336, 2013. 

[9] S. De Vrieze, P. Westbroek, T. Van Camp, and L. Van Langenhove, 
“Electrospinning of chitosan nanofibrous structures: Feasibility study,” J. 
Mater. Sci., vol. 42, pp. 8029–8034, 2007. 

[10] X. Geng, O. H. Kwon, and J. Jang, “Electrospinning of chitosan dissolved in 
concentrated acetic acid solution,” Biomaterials, vol. 26, pp. 5427–5432, 
2005. 

[11] J. H. Song, H. E. Kim, and H. W. Kim, “Production of electrospun gelatin 
nanofiber by water-based co-solvent approach,” J. Mater. Sci. Mater. Med., 
vol. 19, pp. 95–102, 2008. 

[12] P. Songchotikunpan, J. Tattiyakul, and P. Supaphol, “Extraction and 
electrospinning of gelatin from fish skin,” Int. J. Biol. Macromol., vol. 42, 
pp. 247–255, 2008. 

[13] N. Choktaweesap, K. Arayanarakul, D. Aht-ong, C. Meechaisue, and P. 
Supaphol, “Electrospun Gelatin Fibers: Effect of Solvent System on 
Morphology and Fiber Diameters,” Polym. J., vol. 39, pp. 622–631, 2007. 

[14] P. O. Rujitanaroj, N. Pimpha, and P. Supaphol, “Wound-dressing materials 
with antibacterial activity from electrospun gelatin fiber mats containing 
silver nanoparticles,” Polymer (Guildf)., vol. 49, pp. 4723–4732, 2008. 

[15] C. S. Ki, D. H. Baek, K. D. Gang, K. H. Lee, I. C. Um, and Y. H. Park, 
“Characterization of gelatin nanofiber prepared from gelatin-formic acid 
solution,” Polymer (Guildf)., vol. 46, pp. 5094–5102, 2005. 

[16] J. D. Schiffman and C. L. Schauer, “A Review: Electrospinning of 
Biopolymer Nanofibers and their Applications,” Polym. Rev., vol. 48, pp. 
317–352, 2008. 



Chapter 3 70 

[17] R. Jayakumar, M. Prabaharan, S. V. Nair, and H. Tamura, “Novel chitin and 
chitosan nanofibers in biomedical applications,” Biotechnol. Adv., vol. 28, 
no. 1, pp. 142–150, 2010. 

[18] V. Sencadas, D. M. Correia, a. Areias, G. Botelho, a. M. Fonseca, I. C. 
Neves, J. L. Gomez Ribelles, and S. Lanceros Mendez, “Determination of 
the parameters affecting electrospun chitosan fiber size distribution and 
morphology,” Carbohydr. Polym., vol. 87, no. 2, pp. 1295–1301, 2012. 

[19] K. Ohkawa, D. Cha, H. Kim, A. Nishida, and H. Yamamoto, 
“Electrospinning of Chitosan,” Macromol. Rapid Commun., vol. 25, pp. 
1600–1605, 2004. 

[20] H. Homayoni, S. a H. Ravandi, and M. Valizadeh, “Electrospinning of 
chitosan nanofibers: Processing optimization,” Carbohydr. Polym., vol. 77, 
pp. 656–661, 2009. 

[21] R. Nirmala, B. W. Il, R. Navamathavan, M. H. El-Newehy, and H. Y. Kim, 
“Preparation and characterizations of anisotropic chitosan nanofibers via 
electrospinning,” Macromol. Res., vol. 19, pp. 345–350, 2011. 

[22] J. Gunn and M. Zhang, “Polyblend nanofibers for biomedical applications: 
Perspectives and challenges,” Trends Biotechnol., vol. 28, pp. 189–197, 
2010. 

[23] L. Li and Y. Lo Hsieh, “Chitosan bicomponent nanofibers and nanoporous 
fibers,” Carbohydr. Res., vol. 341, pp. 374–381, 2006. 

[24] R. R. Klossner, H. a. Queen, A. J. Coughlin, and W. E. Krause, “Correlation 
of Chitosan’s rheological properties and its ability to electrospin,” 
Biomacromolecules, vol. 9, pp. 2947–2953, 2008. 

[25] N. Bhattarai, D. Edmondson, O. Veiseh, F. a. Matsen, and M. Zhang, 
“Electrospun chitosan-based nanofibers and their cellular compatibility,” 
Biomaterials, vol. 26, pp. 6176–6184, 2005. 

[26] P. L. M. Barreto, a. T. N. Pires, and V. Soldi, “Thermal degradation of edible 
films based on milk proteins and gelatin in inert atmosphere,” Polym. 
Degrad. Stab., vol. 79, pp. 147–152, 2003. 

[27] D. M. Correia, J. Padrão, L. R. Rodrigues, F. Dourado, S. Lanceros-Méndez, 
and V. Sencadas, “Thermal and hydrolytic degradation of electrospun fish 
gelatin membranes,” Polym. Test., vol. 32, pp. 995–1000, 2013. 

[28] K. Jalaja, P. R. A. Kumar, T. Dey, S. C. Kundu, and N. R. James, “Modified 
dextran cross-linked electrospun gelatin nanofibres for biomedical 
applications,” Carbohydr. Polym., vol. 114, pp. 467–475, 2014. 

[29] C. S. Brazel and S. L. Rosen, Fundamental principles of polymeric 
materials, 3rd ed. Hoboken (USA): John Wiley & Sons, 2012. 

[30] M. Reading and D. J. Hourston, Eds., Modulated-Temperature Differential 
Scanning Calorimetry. Dordrecht (The Netherlands): Springer, 2006. 

[31] N. E. Suyatma, L. Tighzert, and A. Copinet, “Effects of Hydrophilic 
Plasticizers on Mechanical , Thermal , and Surface Properties of Chitosan 
Films,” J. Agric. Food Chem., vol. 53, pp. 3950–3957, 2005. 

[32] N. S. Murthy, R. G. Bray, S. T. Correale, and R. a. F. Moore, “Drawing and 
annealing of nylon-6 fibres: studies of crystal growth, orientation of 
amorphous and crystalline domains and their influence on properties,” 
Polymer (Guildf)., vol. 36, pp. 3863–3873, 1995. 

[33] Y. Liu, L. Cui, F. Guan, Y. Gao, N. E. Hedin, L. Zhu, and H. Fong, 
“Crystalline morphology and polymorphic phase transitions in electrospun 
nylon-6 nanofibers,” Macromolecules, vol. 40, pp. 6283–6290, 2007. 



General study of single component systems 71 

[34] C. T. Lim, E. P. S. Tan, and S. Y. Ng, “Effects of crystalline morphology on 
the tensile properties of electrospun polymer nanofibers,” Appl. Phys. Lett., 
vol. 92, pp. 1–4, 2008. 

[35] S. Y. Gu, Q. L. Wu, J. Ren, and G. J. Vancso, “Mechanical properties of a 
single electrospun fiber and its structures,” Macromol. Rapid Commun., vol. 
26, pp. 716–720, 2005. 

[36] T. Kongkhlang, K. Tashiro, M. Kotaki, and S. Chirachanchai, 
“Electrospinning as a new technique to control the crystal morphology and 
molecular orientation of polyoxymethylene nanofibers,” J. Am. Chem. Soc., 
vol. 130, pp. 15460–15466, 2008. 

[37] J. H. Wendorff, S. Agarwal, and A. Greiner, Electrospinning: materials, 
processing and applications. Weinheim (Germany): Wiley-VCH, 2012. 

[38] D. Cho, E. Zhmayev, and Y. L. Joo, “Structural studies of electrospun nylon 
6 fibers from solution and melt,” Polymer (Guildf)., vol. 52, pp. 4600–4609, 
2011. 

[39] C. Wang, S. Y. Tsou, and H. S. Lin, “Brill transition of nylon-6 in 
electrospun nanofibers,” Colloid Polym. Sci., vol. 290, pp. 1799–1809, 2012. 

[40] J. H. Magill, M. Girolamo, and A. Keller, “Crystallization and morphology 
of nylon-6,6 crystals: 1. Solution crystallization and solution annealing 
behaviour,” Polymer (Guildf)., vol. 22, pp. 43–55, 1981. 

[41] G. Vanden Poel and V. B. F. Mathot, “High-speed/high performance 
differential scanning calorimetry (HPer DSC): Temperature calibration in the 
heating and cooling mode and minimization of thermal lag,” Thermochim. 
Acta, vol. 446, pp. 41–54, 2006. 

[42] S. Wouters, F. Demir, L. Beenaerts, and G. Van Assche, “Calibration and 
performance of a fast-scanning DSC—Project RHC,” Thermochim. Acta, 
vol. 530, pp. 64–72, 2012. 

[43] E. Zhuravlev and C. Schick, “Fast scanning power compensated differential 
scanning nano-calorimeter: 1. The device,” Thermochim. Acta, vol. 505, pp. 
1–13, 2010. 

[44] I. Kolesov, D. Mileva, R. Androsch, and C. Schick, “Structure formation of 
polyamide 6 from the glassy state by fast scanning chip calorimetry,” 
Polymer (Guildf)., vol. 52, pp. 5156–5165, 2011. 

[45] R. Dersch, T. Liu, a K. Schaper, A. Greiner, and J. H. Wendorff, 
“Electrospun nanofibers': internal structure and intrinsic orientation,” J. 
Polym. Sci. Part A Polym. Chem., vol. 41, pp. 545–553, 2003. 

[46] L. M. Bellan and H. G. Craighead, “Molecular orientation in individual 
electrospun nanofibers measured via polarized Raman spectroscopy,” 
Polymer (Guildf)., vol. 49, pp. 3125–3129, 2008. 

[47] E. A. Turi, Ed., Thermal characterization of polymeric materials, 2nd ed. 
New York (USA): Academic Press, 1997. 

[48] V. B. F. Mathot, Ed., Calorimetry and thermal analysis of polymers. 
München (Germany): Carl Hanser Verlag, 1994. 

[49] M. Mucha and A. Pawlak, “Thermal analysis of chitosan and its blends,” 
Thermochim. Acta, vol. 427, pp. 69–76, 2005. 

[50] B. L. Deopura, R. Alagirusamy, M. Joshi, and B. Gupta, Eds., Polyesters and 
polyamides. Cambridge (UK): Woodhead Publishing Limited, 2008. 

[51] M. Aubin and R. E. Prud’homme, “Analysis of the glass transition 
temperature of miscible polymer blends,” Macromolecules, vol. 21, pp. 
2945–2949, 1988. 

[52] H. M. L. Thijs, C. R. Becer, C. Guerrero-Sanchez, D. Fournier, R. 
Hoogenboom, and U. S. Schubert, “Water uptake of hydrophilic polymers 



Chapter 3 72 

determined by a thermal gravimetric analyzer with a controlled humidity 
chamber,” J. Mater. Chem., vol. 17, p. 4864, 2007. 

[53] M. Sabard, F. Gouanvé, E. Espuche, R. Fulchiron, G. Seytre, L. A. Fillot, 
and L. Trouillet-Fonti, “Influence of film processing conditions on the 
morphology of polyamide 6: Consequences on water and ethanol sorption 
properties,” J. Memb. Sci., vol. 415–416, pp. 670–680, 2012. 

[54] C. Sangwichien, G. . Aranovich, and M. . Donohue, “Density functional 
theory predictions of adsorption isotherms with hysteresis loops,” Colloids 
Surfaces A Physicochem. Eng. Asp., vol. 206, pp. 313–320, 2002.  

 
 



General study of single component systems 73 

 



 

 
 
 
 



4 
 

New techniques 
in nanofiber characterization: 

fast-scanning calorimetry 
 
 
 

This chapter studies the melting behavior and crystal structure of three 
types of polyamide, measured using the novel thermal analysis technique 
RHC. RHC, i.e. Rapid Heat-Cool differential scanning calorimetry, is a fast-
scanning calorimetry technique allowing for nanofiber analysis at several 
heating rates, even up to 2000 K.min-1. Supported by X-ray diffraction, the 
effect of nanofiber diameter on the crystal structure and the differences 
with respect to bulk polymer are analyzed at different scan rates. The 
importance of well-considered experimental conditions in RHC, including 
sample preparation, calibration and choice of heating rate, are discussed 
within this chapter.  
 
 
 
 
 
 
 
 
 
 
Parts of this chapter are published in: 
 
I. Steyaert, M. P. Delplancke, G. Van Assche, H. Rahier, and K. De Clerck, “Fast-scanning 
calorimetry of electrospun polyamide nanofibres: Melting behaviour and crystal structure,” 
Polymer, vol. 54, pp. 6809–6817, 2013. 
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4.1 Introduction 

Differential scanning calorimetry (DSC) is one of the most-used 
thermal analysis techniques for the characterization of polymer 
products, including polymer nanofibers. As discussed in section 3.4.2 
of the previous chapter, the heating rate chosen for DSC analysis can 
have a great influence on the results, and should therefore be carefully 
chosen. In conventional DSC, however, only heating rates up to about 
20 K.min-1 are commonly used. For thorough analysis at higher rates, 
a fast-scanning technique using appropriate equipment and sample 
preparation is needed.  
 
The Rapid Heat-Cool DSC (or RHC, TA Instruments) allows for 
controlled heating and cooling rates above 1000 K.min-1, making 
analysis with minimal cold crystallization, crystal reorganization or 
crystal perfectioning during heating possible. The RHC technique is 
similar to conventional DSC, but uses low-mass samples, a smaller 
furnace and a purge gas with higher thermal conductivity (Fig. 4.1). 
The RHC cell is heated by four quartz halogen lamps with an almost 
instantaneous response, overcoming the thermal lag problems of 
conventional heaters for reaching high heating rates [1].  
 
 

 

Fig. 4.1: Comparison between a conventional DSC cell and the downsized RHC cell, 
with illustrations of their respective crucibles and lids for sample enclosure. 

 
 
PA6 is frequently studied in DSC due to its two distinctly different 
crystalline structures (α- and γ- form) and numerous applications [2],[3]. 
All aliphatic nylons, such as PA6, show strong hydrogen bonding (H-
bonding) ability. These polymers seek to maximize the number of H-
bonds within and between the polymer chains by adopting a suitable 
conformation, while minimizing internal strains and the potential 



New techniques in nanofiber characterization: RHC 77 

energy of the H-bonded chain. This is possible by adopting either a 
fully extended or a slightly twisted configuration, giving rise to two 
distinct crystal structures. Which of these crystal structures is more 
stable in bulk material depends on the length of the alkane segment 
between neighboring amide groups [3]. Both crystal forms are 
sufficiently stable that upon reasonably rapid heating, each 
modification retains its identity up to its melting point. Therefore, 
DSC-curves of PA6 often show a double melting peak, which can be 
attributed to the presence of the less stable twisted γ-form and the 
more stable extended α-from. The conversion of γ into α (or vice 
versa) is more commonly known as the Brill transition. The 
temperature at which this transition takes place is being referred to as 
the Brill temperature.  
 
In the Brill transition, annealing plays a major role and it is thus 
influenced by the heating or cooling rate used during thermal analysis 
[3],[4]. The fraction of γ converting into α and the degree of crystal 
perfectioning of both forms depends on the experimental conditions. 
Several parameters have shown to influence the transition, such as the 
presence of moisture [5]. Especially orientation during or after 
processing can have large effect [5]–[7]. Strain rate, drawing and rolling 
during, for instance, fiber spinning or film stretching all play a major 
role in this mechanism, resulting in products having a very different 
crystal structure when compared to bulk material. Also during 
electrospinning, a high degree of elongational deformation takes 
place, possibly giving rise to specific crystal structures. Additionally, 
several parameters of the production process of polyamide nanofibers 
having an influence on the crystal structure have already been 
investigated, including electrospinning solution parameters (solvents, 
polymer concentration), additives, environmental conditions, and after 
treatments [8]–[13]. Proper DSC analysis of the PA crystal structures 
through melting behavior is thus crucial. 
 
The objective of this chapter is thus to discuss the melting behavior 
and crystal structure of oriented (polymorphous) PA nanofibers and to 
illustrate the importance of the heating rate for the analysis of the 
crystal phases and their thermal stability. This is done through the 
case study of PA nanofibers, analyzed using RHC. The crystal 
structure of three PA types, including the well-known PA6 and the 
less researched PA46 and PA69, is investigated at different scan rates. 
PA46 is marketed for its better melting and thermal stability, having a 
crystal structure of H-bonded sheets in fully extended conformation 
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[6]. PA69 is marketed for its higher water resistance and dimensional 
stability due to its lower hydrophilicity [11]. Although information on 
its crystal structure is currently not available, some research has been 
done on its melting behavior, indicating that several production 
parameters such as environmental humidity influence the crystal 
stability [12]. 
 
Firstly, a sample preparation and calibration procedure is optimized 
for measurement of nanofibers in RHC. Subsequently, PA6, PA46 and 
PA69 nanofibers are compared to bulk material at several scan rates, 
and also the effect of the nanofiber diameter is analyzed at 
conventional and higher heating rates. Supported by X-ray diffraction 
(XRD) measurements, the RHC experiments allow us to evaluate the 
importance of heating rate in DSC analysis of nanofibers.  

4.2 Materials and methods 

4.2.1 Materials 

Polyamide-6 (Mw 51,000 g.mol-1, PDI 1.82) and polyamide-4.6 (Mw 
94,000 g.mol-1, PDI 2.34) were obtained from Sigma-Aldrich. 
Polyamide-6.9 (Mw 58,000 g.mol-1, PDI 2.18) was obtained from 
Scientific Polymer Products. 

4.2.2 Electrospinning 

The polymers were dissolved in a 50/50 AA/FA solvent system in 
several concentrations. All samples were electrospun using a mono-
nozzle electrospinning setup, with an 18 gauge needle, a TCD of 6 cm 
and a FR of 2 ml.h-1. The applied voltage was adapted to allow for 
stable electrospinning. All the electrospinning trials were performed at 
a relative humidity of 40 ± 10% and a temperature of 23 ± 3°C. 
Characteristics of the electrospinning solutions and their respective 
nanofibers are detailed in Table 4.1. A clear viscosity increase can be 
seen with increasing polymer concentration. Although this affects the 
electrospinning process significantly, all viscosities are within the 
acceptable range for stable electrospinning. Larger fiber diameters are 
obtained when solutions with a higher polymer concentration and thus 
higher viscosity were used. Small variations in conductivity and 
surface tension do not influence the electrospinning process.  



New techniques in nanofiber characterization: RHC 79 

Table 4.1: Specifications of the utilized electrospinning solutions and the resulting 
polyamide nanofibers, using a 50/50 acetic acid/formic acid solvent system. Standard 
deviations for viscosity, conductivity and surface tension were 8%, 11% and 2% 
respectively. 

PA 
type 
 

Polymer 
concentration 

[wt%] 
Viscosity 
[mPa.s] 

Conductivity 
[mS.cm-1] 

Surface 
tension 
[N.m-1] 

Fiber 
diameter 

[nm] 
PA6 14 318 0.712 0.032 123 ± 30 
 16 500 0.695 0.033 133 ± 20 
 18 787 0.652 0.034 190 ± 18 
 20 1261 0.646 0.033 253 ± 24 
      

PA46 8 104 0.565 0.032 51 ± 8 
 12 467 0.679 0.032 138 ± 25 
 16 1296 0.683 0.034 264 ± 53 
      

PA69 12 236 0.654 0.032 107 ± 30 
 16 671 0.749 0.033 188 ± 48 
 20 1834 0.693 0.036 280 ± 55 

 

4.2.3 Thermal analysis 

All samples were dried by heating to 105°C in the first cycle (0.1 min 
isothermal). Thermal analysis of the nanofibrous material and the bulk 
material were carried out in a second and third cycle by heating from 
0 to 300 or 350°C (depending on the melting temperature of the PA-
type at hand) at heating rates between 20 and 1000 K.min-1. All 
cooling cycles were performed at 20 K.min-1. All nanofibrous samples 
were used as-spun. 
 
Crystallinity calculation were based on the heat of fusion for 100% 
crystalline material: ∆Hf(PA6) = 158.8 J/g [14], ∆Hf(PA46) = 210.2 J/g 
[14] and ∆Hf(PA69) = 257.5 J/g [15]. Average melting enthalpy and 
standard deviation were calculated based on 3 measurements. Relative 
crystallinity indices for the γ- and α-phase were calculated by dividing 
the heat of fusion of the first and second peak respectively by the total 
heat of fusion. Division of the double melting peak in its two 
components was done by a perpendicular drop to the baseline from the 
minimum in the melting trace. Standard deviation for this calculation 
was 3%, based on 5 repitions. 



Chapter 4 80 

4.2.4 X-ray diffraction 

All nanofibrous samples were used as-spun. For PA6, a peak 
deconvolution of the resulting plots was performed in order to 
determine how the amorphous and crystal phases evolve with 
processing conditions relative to one another, following an established 
methodology [5],[16],[17]. The locations of the crystalline peaks α1, α2 and 
γ were identified by maximum intensity occurring around 2θ = 20°, 
24° and 21.5° respectively. The location of the amorphous peak and 
all peak heights and widths were allowed to vary. Peak fit was based 
on analytical functions PVII (Pearson 7) or PV (pseudo Voigt) and 
executed using Diffract Plus and Topas3 (single line fitting), resulting 
in resolved amorphous, α1, α2 and γ lines (Fig. 4.2).  
 
Based on the areas under peaks, a relative crystallinity index can be 
estimated, i.e. the ratio of the areas of crystalline scattering (α1, α2 and 
γ) to that of the total area (α1, α2, γ and amorphous). Also the amount 
of the α-phase relative to the γ-phase can be researched as a function 
of processing parameters by taking the ratio of the areas under the α1 
and α2 lines to the total crystalline area. These values should not be 
interpreted as an absolute crystallinity value and are only used to 
describe trends in crystallinity and crystal phases with processing 
conditions. The standard deviation for relative crystallinity index 
calculations using this method and based on 5 measurements was 3%. 
 
 

 

Fig. 4.2: Peak deconvolution of the XRD measurements of PA6 nanofibers for 
calculation of the relative crystallinity indices. 
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4.3 Sample preparation and calibration 

In a DSC measurement, the temperature difference between the 
sample and the temperature sensor underneath the sample pan is 
referred to as the thermal lag of the system. This thermal lag is partly 
accounted for during the calibration of the instrument, minimizing the 
effect on the results and optimizing the measurements resolution. In 
contrast to conventional DSC, experiments in fast-scanning 
calorimetry are often conducted at rates largely different from the one 
used during calibration. This can lead to important changes in thermal 
lag of the system, indicating the need for additional baseline and 
temperature corrections when deviating from the calibrated scan rate. 
Indeed, changes in scan rate may affect the baseline and increasing the 
scan rate above what is used for calibration shifts melting to higher 
temperatures (both Te and Tp increase) [18].  
 
The post-measurement baseline and temperature corrections can easily 
be performed based on an empty-crucible-run and an internal calibrant 
respectively. The RHC was calibrated using a scan rate of  
500 K.min-1. For other rates, empty-crucible-lines were subtracted 
from the data to account for differences in heat transfer to the 
crucibles, effectively correcting the baseline. Additionally, a small 
amount of indium was added to the polymer samples as an internal 
calibrant (30 ± 10 µg, on the bottom of the crucible). This way, the 
extrapolated onset melting temperature of indium can be used to shift 
the curves, effectively correcting the temperature. The result of the 
baseline and temperature corrections is illustrated in Fig. 4.3.  
 
Depending on the position of the internal calibrant, the measured Te 
will be slightly different due to a difference in thermal lag. Sample 
preparation was done with indium on the bottom of the crucible, in the 
middle of the nanofibrous sample and on top of the nanofibrous 
sample in contact with the lid (Fig. 4.4) in order to evaluate the 
influence of the position. Additionally, using this study, the thermal 
gradient within the nanofibrous samples can be evaluated and 
compared to pure indium.  
 
Fig. 4.5 summarizes the data on the extrapolated onset melting 
temperature Te of indium as a function of scan rate β and position of 
the indium. The correlation between Te and β was assumed to be 
linear within the investigated zone. As expected, Te of indium as 
internal calibrant is in closest agreement with pure indium when it is 



Chapter 4 82 

placed on the bottom of the crucible; thermal conductivity is best 
closest to the sample platform. More importantly, the reproducibility 
of the measurement (see R2-value of linear regression) is highest using 
this sample preparation, making it most appropriate for temperature 
correction.  
 
When heating at 500 K.min-1, the temperature difference between the 
bottom and the top of the crucible is approximately 0.8 K. The middle 
of the sample, however, lags behind even more (3.4 K) since it is 
thermally more insulated from the furnace. Indeed, nanofibrous 
membranes contain a lot of air, since their porosity is typically 85%, 
lowering thermal conductivity with respect to bulk material [19]. Heat 
conductivity between sample and crucible influences the peak shapes 
of endothermic phase transitions [20], making optimal contact very 
important. When testing polymers in DSC, often the sample is heated 
above Tm before measurement (i.e. a pre-melt is performed) to 
improve this contact. This, of course, is not possible when measuring 
nanofibers, since specific crystal structures would be destroyed. For 
DSC measurements of polymer fibers, the addition of silicon oils to 
improve thermal conductivity can offer an alternative to pre-melting 
[21]. For this, however, hermetic crucibles are necessary, which are not 
available for the prototype RHC.  
 
 

 

Fig. 4.3: Comparison of the original data recorded at 20 K.min-1 in RHC calibrated 
for 500 K.min-1 (a) and the corrected data (b), showing the effect of the baseline 
correction through subtraction of an empty-crucible-run and the temperature 
correction through a linear shift based on the extrapolated onset melting temperature 
(Te) of the internal calibrant (In). 
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Fig. 4.4: Indium can be added to the nanofibrous sample as an internal calibrant at the 
bottom, the middle or the top of the crucible in order to supply more information on 
the temperature at that position. 30 ± 10 µg of indium was added to a nanofibrous 
sample of 250 ± 20 µg.  

 
 

 

Fig. 4.5: The extrapolated onset melting temperature (Te) of In as a function of 
heating rate for pure In (full line, 250 ± 20 µg) and nanofibrous PA6 samples with In 
added as internal calibrant (30 ± 10 µg In added to 250 ± 20 µg NF) on the bottom 
(dotted line), on the top (dashed line) or in the middle (mixed line).  

 
 
In conclusion, samples for further analysis will be prepared by adding 
a small amount of indium (30 ± 10 µg) as an internal calibrant on the 
bottom of the crucible. After measurement, a baseline correction is 
performed for heating rates different from 500 K.min-1, based on 
empty-crucible-runs. All measurements were temperature-corrected 
by shifting the measured Te of indium to 156.6°C. The temperature 
gradient within the sample can cause some broadening of the melting 
peak due to thermal lag, which is more significant for higher heating 
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rates as illustrated in Fig. 4.5. The temperature difference between the 
middle of the sample and the bottom of the crucible, however, is 
limited to about 3.5 K for a heating rate of 500 K.min-1 and sample 
masses of about 250 µg (according to the linear regression in Fig. 4.5). 
Since melting of a polymer occurs over a much larger temperature 
range, the influence on the results is only minimal. Using higher 
sample masses, however, could increase thermal lag even further [18], 
making the use of low-mass samples crucial for nanofiber analysis. 
Analysis of 250 µg samples combines achievable sample preparation 
with acceptable thermal lag. Additionally, Wouters et al. concluded 
that the performance expected from a conventional DSC is maintained 
in RHC for samples of this mass [18]. 

4.4 Nanofiber morphology analyzed using RHC:  
a case study of polyamide nanofibers 

4.4.1 Selecting the appropriate heating rate 

Heating rate is one of the most important method parameters in DSC 
(and thus RHC) analysis. An increased scan rate augments the 
sensitivity but lowers the resolution due to thermal lag [22]. The 
melting behavior of the PA nanofibers was therefore screened at 
several heating rates up to 1000 K.min-1. Our results indicate that 
thermal lag becomes too large at rates above 500 K.min-1 for all PA 
types, since the melting peak of indium, added as an internal calibrant, 
is no longer clearly visible (Fig. 4.6). The extrapolated onset melting 
temperature could no longer be determined in a reproducible way. 
Additionally, the peak broadening at 1000 K.min-1 becomes very large 
(a temperature gradient of about 7 K according to extrapolation of the 
linear trend in Fig. 4.5 to 1000 K.min-1). Consequently, heating rates 
of 20, 100, 250, 350 and 500 K.min-1 are selected for further testing of 
the individual PA types.  
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Fig. 4.6: Effect of the heating rate on the shape of the melting peaks of PA6 
nanofibers and an internal calibrant (In, within the indicated zone) as measured by 
RHC. The extensive broadening of the melting peak of In, visible at 1000 K.min-1, 
indicates severe thermal lag. Note that the heat flow was rescaled by the heating rate. 

 
 
Choosing the most suitable heating rate for the RHC analysis of a 
specific polymer means finding the best compromise between the 
suppression of kinetic processes, such as cold crystallization, crystal 
perfectioning, or the Brill transition, and the limitation of the thermal 
lag. When analyzing oriented polymer structures, such as the PA 
nanofibers studied here, the choice of the heating rate is even more 
crucial. Specific crystal structures formed by orientation can be erased 
by heating too slow, whereas heating too fast can cause significant 
reduction in resolution. Besides the specific crystal morphologies, the 
crystallinity as determined from the melting enthalpy can also be 
affected (increased) by too slow heating rates in case cold 
crystallization becomes significant. The latter, however, is not the 
case for the PA nanofibers, as no significant differences in 
crystallinity as a function of heating rate were measured (Table 4.2) 
and none of the samples showed a clear cold crystallization peak. The 
optimal heating rate for analysis of PA nanofibers is thus the one 
representing most accurately the crystal morphology of the as-spun 
fibers and having the highest resolution. 
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Table 4.2: Overall crystallinity of the investigated polyamide materials based on 
thermal analysis. 

PA 
type 
 

Material 
type* 

 

Fiber 
diameter 

[nm] 

Crystallinity RHC; 
20 K.min-1  

[%] 

Crystallinity RHC; 
high HR**  

[%] 
PA6 NF 123 ± 30 44 ± 2 44 ± 2 
 NF 133 ± 20 42 ± 2 44 ± 2 
 NF 190 ± 18 41 ± 2 44 ± 2 
 NF 253 ± 24 39 ± 2 44 ± 2 
 Bulk – 39 ± 2 44 ± 2 
     

PA46 NF 51 ± 8 40 ± 2 44 ± 2 
 NF 138 ± 25 44 ± 2 44 ± 2 
 NF 264 ± 53 44 ± 2 44 ± 2 
 Bulk – 39 ± 2 44 ± 2 
     

PA69 NF 107 ± 30 22 ± 1 21 ± 1 
 NF 188 ± 48 21 ± 1 20 ± 1 
 NF 280 ± 55 22 ± 1 21 ± 1 
 Bulk – 21 ± 1 20 ± 1 
* NF = nanofiber; Bulk = PA cooled from melt to room temperature at 20 K.min-1 
** High heating rate: PA6 @ 250 K.min-1, PA46 @ 250 K.min-1, PA69 @ 500 K.min-1 
 
 
In case of PA6 nanofibers, the optimum is a heating rate of 250 
K.min-1 (Fig. 4.7a). The peak maximum of the melting curve 
gradually shifts to lower temperatures for heating rates augmenting 
from 20 to 250 K.min-1, indicating that crystal perfectioning is 
suppressed. For higher heating rates, the peak maximum shifts to 
higher temperatures again, while a broadening of the melting peak is 
clearly visible, both indicating that thermal lag becomes too large for 
accurate measurement.  
 
For PA46, increasing the heating rate mainly broadens the peak and 
lowers the resolution (Fig. 4.7b). PA46 is characterized by a high 
crystallization rate [23], making it possible that the crystals formed 
during fast solidification in the electrospinning process are more 
perfect compared to slowly crystallizing PA types. Therefore, analysis 
at higher heating rates, especially above 250 K.min-1 is less useful for 
PA46 nanofibers; recrystallization during heating plays a less 
pronounced role and the resolution of the measurement would only be 
adversely affected.  
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When analyzing PA69, on the other hand, heating rates up to 500 
K.min-1 prove to be necessary. At 20 K.min-1, only one melting peak 
is seen, preceded by an exothermic event, whereas at 500 K.min-1 a 
double melting peak is observed. These results indicate that the PA69 
nanofibers contain a low-melting crystal form that cannot be 
accurately measured at low heating rates as an exothermic crystal 
reorganization interferes (Fig. 4.7c). Approximately 20% of the total 
melting enthalpy can be attributed to the less stable crystal fraction. 
High heating rates are thus necessary, but a peak shift of about 2.5 K 
due to thermal lag should be taken into account when measuring at 
500 K.min-1.  
 
 

 
 

 

Fig. 4.7: Effect of the heating rate on the obtained melting profile, i.a. sensitivity and 
resolution, for (a) PA6, (b) PA46 and (c) PA69 nanofibers, as measured by RHC. This 
effect is different for all three PA types leading to different optimal heating rates. 
Note that the heat flow was rescaled by the heating rate. 
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These results demonstrate that nanofibers of even very similar 
polymer types, such as PA6, PA46 and PA69, may demand different 
heating rates for an optimal analysis by DSC. Thus, a study of the 
appropriate heating rate for thermal analysis is crucial when analyzing 
the effects of external parameters such as processing conditions, 
stretching, annealing, or the addition of plasticizers or nano-
reinforcements. In the next sections, DSC measurements at high and 
low heating rates are compared in order to demonstrate how this can 
affect nanofiber analysis.  

4.4.2 Nanofibrous structures versus bulk material 

To evaluate the effect of polymer chain orientation and fast 
solidification during the electrospinning process on the crystal 
structure, the melting behavior of nanofibers of the three PA types 
with diameters around 120 nm were compared to bulk material 
obtained by cooling from the melt to room temperature at 20 K.min-1 
(Fig. 4.8). In all three cases, the heating rate commonly used in DSC 
is compared to a higher heating rate, chosen based on the results of 
section 4.4.1.  
 
The crystal structure of PA6 nanofibers has already been compared to 
virgin pellets, melt-cooled material, solution cast films and melt-
extruded fibers in several studies [2],[8],[24]. These studies often base 
their conclusions on the differences in crystallography without paying 
much attention to the heating rate used in DSC. Our results, however, 
indicate that careful consideration of the employed heating rate is 
crucial, since the observed difference in melting behavior of PA6 
nanofibers and bulk material is very small when measured at a heating 
rate of 20 K.min-1 (Fig. 4.8a), whereas this difference becomes quite 
significant at 250 K.min-1 (Fig. 4.8b). Measurements at this higher 
rate clearly indicate that the bulk material starts melting at a 
temperature approximately 30 K lower than the corresponding 
nanofibers. Also PA46 nanofibers show a more stable crystal structure 
compared to the bulk material. This, however, is best visible at low 
heating rates (Fig. 4.8a), in accordance with our previous conclusion. 
A different effect is observed for PA69. Although they have not yet 
been identified, the PA69 nanofibers clearly contain two crystal 
phases with different thermal stabilities (Fig. 4.8b), which cannot be 
resolved using low heating rates (Fig. 4.8a). At 20 K.min-1, bulk PA69 
has a similar melting curve as the PA69 nanofibers and only one 
melting peak is observed. For the bulk material, a small 
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recrystallization peak is visible prior to the melting peak, however, 
suggesting the presence of a less stable crystal phase. When 
comparing the melting behavior of nanofibers to bulk material at  
500 K.min-1, the presence of the less and more stable crystal phases is 
clearly visible: the amount of low-melting crystal phase is much 
smaller in nanofibers (15% of total melting enthalpy) than in bulk 
(71% of total melting enthalpy). This explains the recrystallization 
peak observed in bulk material at lower scan rates, since there is more 
material available for recrystallization. 
 
 

 

Fig. 4.8: Difference in melting behavior between PA nanofibers with diameters 
around 120 nm (full lines) and bulk material cooled at 20 K.min-1 from the melt 
(dotted lines) depending on the heating rate: (a) 20 K.min-1 and (b) optimum heating 
rate in RHC. Overall, the crystals in the nanofibers melt at higher temperatures. 

 
 
The RHC study indicates that all three PA types show a more stable 
crystal morphology in nanofibers compared to bulk material. It is 
well-known that during the production of nanofibers by 
electrospinning, a substantial elongation of the jet takes place with 
reported strain rates as high as 104 s-1 due to the bending instability 
[8],[25]. This elongation is responsible for the reduction in fiber diameter 
down to the nanometer scale and can induce orientational order of the 
polymer chains, influencing the crystal structure. Also typical for the 
electrospinning process is the rapid evaporation of the solvent, leading 
to solidification and structure formation within milliseconds [8]. 
Generally, fast solidification leads to an underdeveloped crystal 
structure with quite small crystal sizes and a high degree of 
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imperfections. Despite the fast solidification process during 
electrospinning, the crystals show higher thermal stability than a 
slowly cooled bulk phase. Orientation and stretching during 
electrospinning therefore have a significant positive influence on the 
stability of the nanofiber crystal structure. 

4.4.3 Effect of fiber diameter 

As described in chapter 1, the use of solutions with a lower polymer 
concentration leads to finer nanofibers. In addition to a higher solvent 
content causing shrinkage by evaporation, this is mainly due to a 
decrease in solution viscosity, which affects the viscoelastic response 
of the polymer jet. With the same force acting on the Taylor cone, the 
effect of stretching will be more significant for low viscosities due to 
a lower resistance to the bending instability of the polymer jet [19]. 
Since the same stretching effect is responsible for orientation during 
the electrospinning process, studies of the crystal morphology as a 
function of fiber diameter can provide insight in the morphology 
development in nanofibers.  
 
The effect of the polymer concentration, and thus the fiber diameter, 
on the crystal morphology obtained in the PA nanofibers has been the 
subject of several studies [2],[7],[13],[16],[26]. So far, however, these studies 
have only been performed using conventional DSC and thus heating 
rates lower than 100 K.min-1. Aiming to supplement these studies, the 
crystal structure of the three selected PA types will be studied as a 
function of fiber diameter using RHC measurements performed at 
different heating rates. Results show that for all three PA types, the 
overall degree of crystallinity is not significantly affected by the fiber 
diameter. Based on thermal analysis, both PA6 and PA46 nanofibers 
have a crystallinity around 40% for all diameters, whereas PA69 
nanofibers have a crystallinity of about 20% (Table 4.2, p. 86). In case 
of PA6, also XRD measurements and subsequent peak deconvolution 
result in a relative crystallinity index that did not vary with fiber 
diameter. The ratio of crystalline area (α1 + α2 + γ) to the total area 
was about 50% for all diameters. However, the relative fraction of the 
crystal phases and their thermal stability did show trends with fiber 
diameter, which is discussed in detail for the three PA types 
separately.  
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POLYAMIDE-6 
PA6 nanofibers can contain both the α- and the γ-crystal phase. Our 
RHC results indicate that the amount of the higher melting α-phase 
decreases with increasing fiber diameter, while the amount of lower 
melting γ-phase increases, as is visible at both high and low heating 
rates (Fig. 4.9). This is in line with previous findings [13]. However, it 
is clear that an evaluation of the crystal fractions at low heating rates 
underestimates the fraction of γ-crystal phase since recrystallization 
into α-phase is occurring under these conditions. This is especially the 
case for thicker fibers, since the amount of γ-phase is higher. 
 
To support this observation, the crystal structure of the nanofibers was 
also investigated with XRD (Fig. 4.10). The peaks of both the α- and 
γ-crystal phase are visible around 2θ = 20.26° (α1) and 23.75° (α2), 
and around 2θ = 21.52° (γ), respectively. Relative to the γ-peak, both 
the α-peaks decrease with increasing fiber diameter. This confirms our 
findings in RHC. Additionally, the relative crystallinity index 
reflecting the fraction of α-phase was calculated using both the RHC 
and XRD data (Fig. 4.11). This was accomplished by comparing the 
melting enthalpy of the second melting peak to the total melting 
enthalpy and comparing the area under the α-peaks to the total 
crystalline area after XRD peak deconvolution, respectively. These 
indices are not absolute values, but they visualize the effect of fiber 
diameter using both thermal analysis and diffraction measurements. 
Both trends show a decrease in relative α-phase index with increasing 
fiber diameter. This decrease in α-phase with increasing fiber diameter 
is much more pronounced for the XRD measurements, since no 
recrystallization of γ into α is possible as the XRD experiments are 
performed at room temperature.  
 
The fiber formation process can explain the observed trend. As 
described in section 4.4.2, the substantial stretching of the polymer jet 
during electrospinning leads to orientation within the nanofiber, 
influencing the crystal structure. The stable α-crystal structure is 
favored by facilitating this stretching to a larger extent. For 
electrospinning, this can be done by, for instance, lowering the 
solution viscosity by heating, lowering the solvent evaporation rate, or 
increasing the relative humidity of the environment [13],[16],[27]. Thus, 
finer nanofibers, produced by electrospinning solutions with a lower 
polymer concentration, will also show a larger fraction of α-phase 
since the jet can be stretched more extensively. This is in line with 
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findings on conventional fibers, where a higher take-up speed and thus 
higher stretching induces a higher α-crystal fraction [25]. 
 
 

 

Fig. 4.9: Effect of the PA6 nanofiber diameter on the melting behavior measured by 
RHC at (a) 20 K.min-1 and (b) optimum heating rate. With increasing diameter, the α-
crystal fraction (high-melting) decreases relative to the γ-crystal fraction (low-
melting). Although this trend is visible at all heating rates, low scan rates 
underestimate the γ-crystal fraction (a vs. b). 

 
 

 

Fig. 4.10: XRD measurements for PA6 nanofibers (electrospun using concentrations 
of a: 14 wt%, b: 16 wt%, c: 18 wt% and d: 20 wt%) clearly show the decrease of the 
α-crystal fraction relative to the γ-crystal fraction with increasing PA6 fiber diameter. 
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Fig. 4.11: Decrease of the α-crystal fraction as a function of increasing PA6 fiber 
diameter as estimated from RHC and XRD analysis. In XRD, recrystallization of γ-
phase into α-phase is not possible (performed at room temperature) resulting in a 
more significant decrease. 

 
 
POLYAMIDE-4.6 
PA46 differs from the more conventional polyamides in several 
aspects. It shows a better thermal stability with a higher melting point, 
high hydrophilicity and better mechanical properties [28],[29]. Despite 
these advantages, the electrospinning of PA46 is much less 
researched, with papers describing the electrospinnability and thermal 
properties only, without any additional crystallographic information 
[12],[26],[29]–[31]. Our results show that, similar to PA6, PA46 nanofibers 
have a double melting peak (Fig. 4.12). As previously concluded, the 
melting behavior is preferably analyzed at lower heating rates 
resulting in a good resolution. 
 
It was suggested in literature that PA46 forms H-bonded sheets with 
chains in fully extended conformation with a mixed lattice composed 
of a statistical array of α and β structure [6],[32],[33]. Annealing 
experiments by Bermudez et al. showed a transition from α to β, even 
though both arrangements are almost isoenergetic [32]. This was 
ascribed to a larger number of satisfied hydrogen bonds in the chain-
folds of the β-structure. Although several studies report on a double 
melting peak of PA46 similar to our results [12],[26],[33],[34], this was 
never linked to the difference in crystal stability described by 
Bermudez et al. However, Gaymans et al. report on the presence of a 
double melting peak in quenched PA46 samples [33]. Annealing of 
these samples leads to the disappearance of the least stable phase, 
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suggesting that the lower melting peak is due to the melting of the α-
phase. Additionally, Chiu et al. ascribe the second melting peak to the 
melting of annealed crystals [34], in turn suggesting that the second 
melting peak is due to the melting of the β-phase. 
 
 

 

Fig. 4.12: Effect of the PA46 nanofiber diameter on the melting behavior measured 
by RHC at (a) 20 K.min-1 and (b) 250 K.min-1. With increasing diameter, the high-
melting crystal phase in PA46 nanofibers becomes less stable. For this analysis, 
resolution is more important than sensitivity and low scan rates are advised (a vs. b). 

 
 

 

Fig. 4.13: XRD measurements of PA46 nanofibers (electrospun using concentrations 
of a: 8 wt%, b: 12 wt% and c: 16 wt%) show no significant changes in crystal 
structure with fiber diameter. 
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Analysis of the crystal structure as a function of fiber diameter using 
RHC shows that the ratio of the two crystal phases does not vary 
significantly with fiber diameter, but the presumed β-phase melts at 
lower temperatures for thicker fibers (Fig. 4.12). A shift to lower 
melting temperatures in solution cast films has previously been 
attributed to a lower degree of crystallite perfection or size [33]. XRD 
shows no significant changes in the crystal structure with fiber 
diameter (Fig. 4.13). This result confirms that the main difference in 
crystal structure due to the fiber diameter could be crystallite 
perfection and/or size. Finer PA46 nanofibers obtained through 
electrospinning of lower polymer concentrations thus result in a 
fraction of slightly more stable crystals, probably due to more 
extensive stretching during the process.  
 
POLYAMIDE-6.9 
PA69 is a less exploited PA type, having a higher amount of 
methylene groups in its structure compared to PA6. This leads to 
some interesting properties such as very low moisture absorption, 
higher water resistance, lower degree of crystallinity and higher 
dimensional stability [11]. Despite these advantages, almost no research 
has been done on this PA type. Due to the great potential for 
applications in composites, the electrospinning of PA69 was 
developed [11],[12]. This allows for an interesting comparison with PA6 
and PA46. 
 

 

Fig. 4.14: Effect of the PA69 nanofiber diameter on the melting behavior measured 
by RHC at (a) 20 K.min-1 and (b) optimum heating rate. With increasing diameter, 
there is only a minor difference in melting of PA69 nanofibers, at both low and high 
scan rates. However, the low-melting phase can best be analyzed at high scan rates (a 
vs. b). 
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As previously concluded, the analysis of the crystal structure should 
be performed at high heating rates since PA69 nanofibers contain a 
low-melting crystal structure that recrystallizes at low heating rates 
(Fig. 4.14). However, both the analysis at high and low scan rates 
indicate a minor influence of fiber diameter on crystal morphology. 
Also XRD confirms this results (Fig. 4.15). It was therefore not 
possible to obtain significantly different crystal morphologies within 
the electrospinning window for PA69 nanofibers.  
 
 

 

Fig. 4.15: XRD measurements of PA69 nanofibers (electrospun using concentrations 
of a: 12 wt%, b: 16 wt% and c: 18 wt%) show only minor changes in crystal structure 
with fiber diameter. 

 

4.5 Conclusion 

Analysis of the PA6, PA46 and PA69 crystal structure in nanofibers at 
the appropriate scan rates showed a significant effect of the high 
degree of stretching during the electrospinning process. Firstly, 
nanofibers have a crystal structure with higher thermal stability 
compared to bulk materials. Secondly, finer nanofibers can show 
higher stability since they are electrospun out of solutions with a 
lower polymer concentration. This is especially the case for PA6 
nanofibers, since the more stable α-crystal phase is favored in finer 
fibers. Both effects can be attributed to the significant elongation of 
the polymer jet during spinning, which is possible to a larger extent 
for electrospinning solutions with a reduced polymer concentration. 
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Our results also indicate the importance of heating rate in DSC when 
analyzing polymer samples, especially for (polymorphous) oriented 
polymer structures such as PA nanofibers. Based on RHC 
measurements of three PA types, it is concluded that (1) heating rates 
up to 500 K.min-1 should be tested for thorough analysis of the crystal 
structure and (2) it depends on the polymer type whether high or low 
heating rates are required. Heating rates above 500 K.min-1 do not 
result in well-resolved peaks since thermal lag becomes too large due 
to the high porosity of nanofibrous samples. Additionally, the 
appropriate scan rate for RHC analysis has proven to be very 
different, even for similar polymer types; that is 250 K.min-1 for PA6, 
20 K.min-1 for PA46 and 500 K.min-1 for PA69 nanofibers. Finding 
the golden mean between suppression of kinetic processes and 
limitation of thermal lag is key. 
 
To conclude, we should stress the importance of performing thermal 
analysis of polymer products at several heating rates if a more detailed 
study is aimed at. DSC analysis is often limited to conventional 
heating rates, which could possibly influence the results of the study. 
As demonstrated in this chapter, modern techniques such as RHC 
offer the possibility of a more rigorous thermal characterization for 
analysis of complex structures, including highly oriented nanofibers.  
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Gelatin nanofibers: analysis of 
triple helix dissociation 

and cold-water-solubility 
 
 
 

This chapter researches the potential of electrospinning to produce a 
nanofibrous cold-water-soluble and cold-gelling gelatin product. This is 
done through a thorough investigation of the internal gelatin structure of 
both nanofibrous and bulk material, using a new approach based on 
modulated temperature scanning calorimetry. Additionally, oscillation 
rheology is used to compare nanofiber-based hydrogels prepared at room 
temperature and hydrogels, both nanofiber- and powder-based, prepared 
at elevated temperatures. Our results show that gelatin nanofibers can be 
used as instant gelatin product, without the drawbacks of traditional 
amorphous gelatins.  
 
 
 
 
 
 
 
 
 
 
Parts of this chapter are to be published in: 
 
I. Steyaert, S. Van Vlierberghe, H. Rahier, and K. De Clerck, “Gelatin nanofibers: analysis of 
triple helix dissociation temperature and cold-water-solubility,” Submitted to Food 
Hydrocolloids, 2015. 
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5.1 Introduction 

Gelatin (Gt) is a biopolymer that is widely used, mainly in biomedical, 
photographical and food industries, due to its low cost and 
multifunctionality [1]. It is obtained through chemical hydrolytic 
degradation of collagen from animal bones, connective tissue or skin. 
Collagen consists of long chains of linked amino acids, with glycine, 
proline and hydroxyproline most abundantly present. The latter two 
are responsible for the formation of a unique structure; they stabilize 
triple helix formation through interchain hydrogen bonds [1]. When 
collagen is hydrolyzed to form gelatin, either by acidic treatment 
(resulting in type A Gt), alkaline treatment (resulting in type B Gt) or 
enzymatic treatment, these helices can be destroyed in hot water, i.e. 
they are denatured. Upon cooling the resulting gelatin, however, some 
chains reassociate into triple helix structures; partial renaturation takes 
place. This triple helix formation in gelatin is thermo-reversible and 
characterized by a transition temperature and enthalpy. The 
temperature at which the gelatin triple helices dissociate upon heating, 
Td, is dependent on the molecular weight, the amino acid composition, 
the amount of plasticizers present such as moisture, etc. [1]–[4] In 
literature, this dissociation temperature is sometimes also referred to 
as the denaturation temperature, even though no further degradation of 
the gelatin polypeptide chains is associated with the transition. 
 
Above Td, gelatin is soluble in water. Upon cooling, the coil-to-helix 
transition gives rise to intermolecular microcrystalline junction zones 
acting as physical cross-links, resulting in a hydrogel (Fig. 5.1) [3],[5],[6]. 
In this case, Td is also commonly referred to as gelling/melting 
temperature, referring to the sol-gel transition. In gelatin hydrogels, Td 
is generally lower than the human body temperature, which makes 
these materials suitable for “melt-in-mouth” food products, 
pharmaceutical delivery systems, etc. [3],[7]  
 
The production of gelatin hydrogels is generally only possible by 
cooling from elevated temperatures, above Td. However, for some 
applications, dissolution and subsequent gelation at room temperature 
could offer some major benefits, making the incorporation of 
temperature-sensitive components into gelatin hydrogels possible [8]. 
Several strategies have been used in developing cold-water-soluble 
gelatin. Gelatin hydrolysate, for instance, is cold-water-soluble due to 
biochemical enzymatic degradation resulting in a low molecular 
weight product. Hydrolysates, however, are non-gelling (zero-Bloom) 
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and thus not suitable for hydrogel formation [1]. Cold water fish gelatin 
is characterized by low Td due to lower proline and hydroxyproline 
content, and are thus often cold-water-soluble. The lower imino acid 
content, however, also adversely affects gel modulus [7],[9].  
 
True cold-gelling gelatin, or instant gelatin, is obtained only when 
processed into the amorphous form, either by drum drying or dry-
blending using carbohydrates, acids or urea [1],[10]. Dry-blending 
inherently suffers from large amounts of additives, often more than 4 
times the amount of gelatin. Drum drying produces pure instant 
gelatin, but it has several drawbacks; (1) small amounts of moisture can 
induce helix formation, having a pronounced negative effect on cold-
water-solubility [10], (2) low wettability during dissolution can lead to 
lump formation [1], and (3) the ‘cold gels’ have a lower gel modulus [1].  
 
This chapter presents a new strategy for the production of cold-water-
soluble gelatin through electrospinning of gelatin nanofibers. Gelatin 
nanofibers have been studied extensively for biomedical applications 
[11]–[15] and, to a lesser extent, for the food industry [16]–[20]. Within this, 
focus was given to cross-linking strategies to ensure water-stability of 
the nanofiber morphology [21]–[23]. The potential of gelatin nanofibers 
to be used as instant gelatin has not yet been investigated. Within the 
biomedical field, however, cold-gelling nanofibrous products could 
open up possibilities for incorporation of temperature-sensitive 
medication, for the production of nanofiber-reinforced hydrogels 
through coaxial, blend or co-electrospinning, for the production of 
moisture-sensitive adhesive strips, etc.  
 
 

 

Fig. 5.1: Model of gel formation upon cooling a gelatin sol to a hydrogel with triple 
helices acting as physical cross-links. [1] 
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In this chapter, electrospinning of gelatin using acid-based solvent 
systems is further elaborated. Both the acetic acid/formic acid 
(AA/FA) solvent system promising for blending and the acetic 
acid/water (AA/water) solvent system more commonly used are 
investigated. The internal structure of gelatin nanofibers is 
investigated using thermal analysis. Within this, a new approach is 
reported for the analysis of the glass transition and triple helix 
dissociation temperatures, based on modulated temperature 
differential scanning calorimetry (MTDSC). Subsequently, the 
solubility of gelatin nanofibers in cold water is investigated. 
Additionally, mechanical properties of nanofiber-based hydrogels are 
characterized using oscillation rheology. Production of cold-water-
soluble nanofibers through electrospinning, proposedly by increasing 
the surface-to-volume ratio of the gelatin product, is very promising in 
the search for true instant gelatin. Using this approach, every 
electrospinnable, but non-cold-water-soluble gelatin could be 
processed into a cold-water-soluble variant without loosing its gelling 
ability. 

5.2 Materials and methods 

5.2.1 Materials 

Additional to the type A gelatin (300 Bloom) used throughout this 
PhD, gelatin type B (260 Bloom) was utilized within this chapter. The 
powders, kindly supplied by Rousselot, were used as received. In 
order to test the full potential of electrospinning for the production of 
cold-water-soluble nanofibers, not only the unmodified type A and 
type B gelatin were used, but also a UV-cross-linkable derivative of a 
type B gelatin was tested. This gelatin can thus, in theory, be 
processed into a hydrogel and subsequently irreversibly cross-linked 
without the need for any heating step, and this when it is also cold-
water-soluble. To this end, a modified gelatin powder was synthesized 
by the Polymer Chemistry and Biomaterials Group of the Department 
of Organic and Macromolecular Chemistry at Ghent University. The 
type B gelatin was modified with methacrylic anhydride (1 eq.) and 
subsequently purified according to the method described by Van Den 
Bulcke et al. [24]. 56.7% of the ε-amino groups were modified to 
methacrylamide side groups, as determined by NMR.  
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All data reported in the present chapter were obtained using the 
unmodified type A gelatin, unless specifically stated otherwise.  

5.2.2 Electrospinning 

The electrospinning parameters were optimized for the unmodified 
type A gelatin, resulting in a stable and scalable electrospinning 
process. The presence of triple helices in the electrospinning solutions 
was studied using polarimetry. When triple helices are formed in a 
solution, the optical activity of the solution is affected, measurable by 
a change in optical rotation by polarimetry [25],[26]. Optical rotation of 
13 wt% gelatin dissolved in the acid-based solvent systems was 
analyzed using a PerkinElmer polarimeter 341 (path length of 1 cm, 
mercury lamp with 436 nm filter). The gelatin powder was allowed to 
swell for 30 min at room temperature, after which the solution was 
heated to 45°C in a water bath and measured in cooling for a 
temperature range of 45 – 10°C (measurement every 5°C). 
For all tests following the optimization study of the electrospinning 
process, the gelatin electrospinning solutions were obtained by 
dissolution of the type A gelatin powder as received (13 wt%) in 
70/30 AA/FA or 90/10 AA/water. The nanofibrous structures were 
produced on a multi-nozzle electrospinning setup suitable for 
production of large samples, with a TCD of 15 cm, a FR of 1 ml.h-1 
and an E between 15 and 20 kV. All electrospinning trials were 
performed at a relative humidity of 35 ± 5 % and a temperature of 21 
± 3°C. 

5.2.3 Thermal analysis 

All general parameters for MTDSC measurement were used and all 
thermal transitions were analyzed in heating. Glass transition 
temperature was determined as the temperature at the inflection point 
of the reversing heat flow trace at the baseline step. The triple helix 
dissociation temperature was determined as the temperature at the 
maximum in the non-reversing heat flow trace. Since this transition is 
also visible in the non-reversing heat flow trace when the glass 
transition is not in the same temperature range, experimental 
conditions were suitable for measurement of Td and no additional tests 
were performed using polystyrene standards.  
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Table 5.1: Moisture content of the gelatin samples after conditioning, determined by 
drying in DVS.  

 Powder Nanofibers 
(AA/FA) 

Nanofibers 
(AA/water) 

15% RH 7% 6% 7% 
50% RH 11% 9% 10% 
85% RH 23% 22% 25% 

 
Sample preparation was done in one of two ways. (1) Solid materials 
were measured by conditioning 3.00 ± 0.30 mg gelatin powder or 
nanofibers using a climate chamber (Weiss WK 340/40) for 24 h 
before closing the hermetic crucible. After DSC measurement, the 
moisture content was determined by drying at 60°C under a purge 
flow of dry air until equilibrium was reached (mass change < 0.002% 
for 60 min) using DVS. The obtained values are reported in Table 5.1. 
(2) Hydrogels were prepared by introducing gelatin powder or 
nanofibers in demineralized water at room temperature and heating at 
60°C for 15 min while stirring, after 30 min of swelling. ‘Cold gels’ 
were prepared without the heating step and directly enclosed in the 
hermetic crucibles after swelling. The hot solutions were pipetted into 
the hermetic crucible and closed immediately for measurement of the 
‘hot gels’, resulting in samples of 25 ± 5 mg containing 5 or 10 wt% 
gelatin. The standard deviation for dissociation enthalpy 
measurements of powder-based hydrogels using the first heating cycle 
was on average 9%. 

5.2.4 Oscillation rheology 

Mechanical properties of the hydrogels, i.a. storage modulus (G’), loss 
modulus (G”) and yield point, were measured using a Physica MCR 
350 (Anton Paar) with plate-plate geometry. Shear strain amplitude 
sweeps were performed at 23°C, using a shear gap of 1.5 mm and a 
constant frequency of 1 Hz. The hydrogels were prepared using the 
approach described for thermal analysis. The ‘hot gels’ were stored at 
7°C after cooling to room temperature. The ‘cold gels’ were kept at 
room temperature or stored at 7°C after the swelling step. The yield 
point was determined as the crossover point where G’ = G”, as 
explained in literature [27]. The moduli were compared at strains within 
the linear viscoelastic region (0.2 – 1%).  
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5.3 Electrospinning of cold-water-soluble gelatin 
nanofibers 

Gelatin nanofibers have already been electrospun using several 
solvent systems. As for most polymers, cytotoxic organic solvents 
including 2,2,2-trifluoroethanol (TFE) and 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) were originally most commonly applied [21],[28]–[30]. 
More recently, acid-based solvent systems with lower toxicity have 
been reported [22],[23],[31]–[35]. These less toxic solvent systems allow for 
the production of bead-free uniform nanofibrous nonwovens without 
the necessity of heating, and will therefore also be used in this PhD. 
More specifically, the acetic acid/formic acid (AA/FA) and the acetic 
acid/water (AA/water) solvent systems were selected.  In contrast to 
the AA/water system, AA/FA was not yet reported in literature. 
However, as discussed in chapter 3, it offers a larger flexibility in 
terms of mixing with other (synthetic) polymers, making tailoring of 
nanofiber properties for specific applications possible.  
 
The feasibility study reported in section 3.3.2 illustrated that 
electrospinning of a 13 wt% gelatin solution in 70/30 AA/FA resulted 
in uniform bead-free nanofibers. Additionally, this solvent system is 
most promising for blending with PCL for biomedical applications 
and will therefore be investigated in more detail. In parallel, the more 
frequently reported AA/water solvent system was researched. 
Although AA/water cannot be used for blending with the selected 
synthetic polymers, it offers lower toxicity. Preliminary tests showed 
that a gelatin concentration of 13 wt% was also most suitable for 
electrospinning using AA/water. Complete dissolution without 
gelation of gelatin at room temperature was only possible for AA 
concentrations between 25 and 90 v%. Polarimetric measurements 
confirm that triple helix formation in the electrospinning solution is no 
longer suppressed below 30 v% AA, as evidenced by a significant 
change in optical activity of the solution upon cooling (Fig. 5.2). A 
stable Taylor cone was obtained for solvent ratios between 90/10 and 
50/50 AA/water. However, only the 90/10 AA/water solvent ratio 
resulted in bead-free nanofibers (Fig. 5.3). Using both 70/30 AA/FA 
and 90/10 AA/water, the electrospinning process could be readily 
upscaled to produce large bead-free nanofibrous membranes. 
Therefore, these solvent ratios were selected for further research. 
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Fig. 5.2: Specific rotation as a function of temperature and solvent system, measured 
by polarimetry. There is significant optical activity upon cooling for solvent systems 
with AA concentration < 30 v%.  

 
 

 

Fig. 5.3: SEM images of Gt nanofibers electrospun using a concentration of 13 wt% 
(TCD of 12.5 cm, FR of 1 ml.h-1 and E adjusted for stable ES). Only the 90/10 
AA/water solvent ratio resulted in bead-free nanofibers.  

 
 
Since acid is known to degrade gelatin, the stability of the 
electrospinning solutions was investigated through viscosity 
measurements. Our results show that there is only a minor decrease in 
solution viscosity over the course of 48 h, and this for both solvent 
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systems (Fig. 5.4). This implies that also the decrease in molecular 
weight of gelatin in the electrospinning solutions is limited. In the 
electrospinning process, electrospinnability and fiber diameter can be 
significantly influenced by a decrease in molecular weight [36]. In 
agreement with viscosity data, the electrospinning trials at different 
moments for over 48 h indicated similar electrospinning behavior and 
fiber morphology (Fig. 5.5). There is thus no significant influence of 
the possible gelatin degradation on the electrospinning process.  
 
Both the unmodified gelatin (type A Gt and type B Gt) and the UV-
cross-linkable gelatin (methacrylamide-modified type B Gt) were 
electrospinnable using the acid-based solvent systems (Fig. 5.6). All 
electrospun samples were readily soluble in cold demineralized water 
(19°C), regardless of the gelatin type/modification, the used solvent 
system, the dwell time in the electrospinning solution or the storage 
time of the nanofibers at room temperature and room humidity (22 ± 
7°C, 45 ± 20% RH). The powder used for the preparation of these 
gelatin nanofibers was non-cold-water-soluble, indicating that the 
electrospinning process induces cold-water-solubility. Additionally, in 
contrast to drum dried amorphous cold-water-soluble gelatin [10], the 
gelatin nanofibers retain their cold-water-solubility when exposed to 
moisture. This suggests that the solubility of the nanofibers in cold 
water is not purely due to an amorphous gelatin structure. Analysis of 
the triple helix dissociation could thus offer some insight into the 
phenomenon, as shown by the case study of the type A gelatin powder 
in the following section. 
 
 

 

Fig. 5.4: Viscosity measurements of the electrospinning solutions with increasing 
dwell time show only a minor decrease of 48 h after introduction of Gt into the acid-
based solvent systems.  



Chapter 5 112 

 
 

 

Fig. 5.5: SEM images of Gt nanofibers electrospun at 3 h and 48 h after introduction 
of 13 wt% Gt in the solvent system. No significant difference in process stability or 
fiber diameter was measured with increasing dwell time. 

 
 

 

Fig. 5.6: SEM images of Gt nanofibers electrospun using the three different Gt types 
(13 wt%, 90/10 AA/water). 
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5.4 Triple helix dissociation in gelatin nanofibers 

Differential scanning calorimetry (DSC) is a popular technique for the 
analysis of triple helix dissociation, since the helix-to-coil transition is 
a measurable endothermic event [37]. In order to properly assess the 
internal gelatin structure, i.e. the glass transition Tg of the amorphous 
phase and the dissociation temperature Td of the triple helices within 
the nanofibers or the original powder, a thorough DSC study was 
performed. In standard DSC, however, glass transition and triple helix 
dissociation are difficult to distinguish. As shown in chapter 3, on the 
other hand, a modulated temperature technique (MTDSC) enables the 
separation of complex and overlapping effects by superimposing a 
sinusoidal wave on the linear heating ramp and subsequent 
deconvolution of the heat flow into a reversing and a non-reversing 
signal [38],[39]. Changes in specific heat are always visible in the 
reversing signal, whereas time-dependent processes such as 
dissociation end up in the non-reversing signal. MTDSC thus allows 
for convenient analysis of both Tg and Td in the same experiment as 
illustrated in Fig. 5.7, without the need for quenching. 
 
 

 

Fig. 5.7: Thermal properties of Gt powder conditioned at 65% RH, measured using 
MTDSC. Overlapping glass transition and triple helix dissociation can be separated 
by analysing the reversing and non-reversing heat flow signals respectively. 

 
 
Since Td is expected to decrease with decreasing molecular weight [1], 
a comparison between gelatin nanofibers and the original gelatin 
powder can support the viscosity measurements from the previous 
section, showing that gelatin degradation in the acid electrospinning 
solution is limited. This comparison, however, should take into 
account the dependence of Td on the moisture content. Indeed, with 
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increasing water content, both Tg and Td decrease significantly due to 
the plasticizing effect [4]. Both conditioned solid powders/nanofibers 
and hydrogels prepared by dissolution at 60°C were studied, 
representing low and high moisture levels respectively. In order to 
obtain reproducible Td-measurements reflecting the gelatin molecular 
weight, a first heating cycle in MTDSC is necessary. This first heating 
homogenizes the moisture content within the samples enclosed in the 
hermetic crucibles and erases thermal history (Fig. 5.8: black full lines 
vs. black dashed lines). The effect of homogenization is much larger 
for conditioned solid samples than for gelatin hydrogels (Fig. 5.8 a vs. 
b). Additionally, triple helix formation is much slower for conditioned 
solid samples, illustrated by the lower ∆Hd-values of the second 
heating cycles (Fig. 5.8a, dashed grey line vs. full grey line). 
However, in both cases Td and ∆Hd are well reproducible in the 
second heating cycle. Therefore, the second heating cycle of the 
MTDSC measurements is most representative when analyzing the 
possible difference in molecular weight between the original gelatin 
powder and the nanofibers through thermal analysis. 
 
 

 

Fig. 5.8: Thermal properties of Gt powder conditioned at 65% RH (a) and a 10 wt% 
Gt hydrogel prepared at 60°C (b), measured using MTDSC. The second heating 
(dashed lines) of each run is well reproducible, homogenizing the sample. For Gt 
powders, triple helix formation is a slow process, as can be seen from a difference in 
dissociation enthalpy between 1st and 2nd heating of the 2nd run (grey). This second 
run was performed 10 days after the first run (black) while the homogenized sample 
was stored at room temperature.  
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Completely dry gelatin is a rigid, brittle, amorphous solid with a Tg 
above 100°C [40]. With increasing moisture content, Tg decreases and 
triple helix formation is possible. According to our measurements, Tg 
decreases from about 94°C to about 10°C with moisture concentration 
increasing from 7 to 23 wt%, and this for all samples. In hydrogels, 
the Tg is no longer measurable. Triple helix dissociation, on the other 
hand, is visible for all water concentrations, as expected. A clear 
decrease in Td with increasing moisture content was recorded for 
conditioned solid gelatin samples with low moisture levels (Fig. 5.9). 
As previously reported in literature [41], our results indicate that a 
plateau is reached at high water concentrations, resulting in stable Td-
values for gelatin hydrogels. More importantly, there were no 
significant differences in Tg or Td between the original gelatin powder 
and the electrospun nanofibers. This not only confirms that there is no 
significant gelatin degradation, but also indicates that the 
electrospinning process does not alter the thermal stability of the 
amorphous phase or the gelatin triple helices. Gelatin selection for the 
electrospinning process can thus be done as a function of the 
application, without the need to account for a difference in thermal 
stability 
 
 

 

Fig. 5.9: Fast decrease of the triple helix dissociation temperature of Gt with 
increasing water content, measured using MTDSC and based on the second heating 
cycle. No significant differences between powder and nanofibers were recorded. 
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Traditional techniques for the production of instant gelatin are based 
on special drying methods to obtain an amorphous gelatin structure. 
Water can easily penetrate amorphous gelatin without the need for 
applying heat to cleave physical inter- and intramolecular bonds, 
making them cold-water-soluble [1]. The electrospinning process too, 
can significantly influence the crystalline structure of polymers [42]. 
During fiber formation, the jet is substantially elongated, with strain 
rates as high as 104 s-1, and the solvent is evaporated within 
milliseconds. Extensive stretching can cause significant orientation of 
polymer chains leading to more stable crystal phases [43]. Fast 
solidification, on the other hand, generally leads to underdeveloped 
crystal structures and can thus also prevent triple helix formation. The 
gelatin nanofibers reported here, however, are not completely 
amorphous. Indeed, MTDSC analysis shows a clear helix-to-coil 
transition for all nanofibers, with dissociation enthalpies typically 
around 4 J.g-1 after storage for several month at room temperature and 
room humidity (22 ± 7°C, 45 ± 20% RH). Although these ∆Hd-values 
are about 1/3 of the original powder, electrospinning does not lead to 
completely amorphous gelatin. This thus cannot be the reason for the 
cold-water-solubility of gelatin nanofibers. 
 
 

 

Fig. 5.10: Inverse tube test showing that Gt powder does not readily dissolve in cold 
demineralized water (a), whereas Gt nanofibers instantly form a white gel with 
structural integrity (b). Pictures were taken 10 min after introduction of 5 wt% Gt into 
water at room temperature (19°C). 
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Nanofibrous nonwovens are known for their large surface-to-volume 
ratio and high porosity, leading to improved wettability and large 
fiber-liquid contact area [44],[45]. Water can thus easily penetrate gelatin 
nanofibrous nonwovens, possibly explaining the cold-water-solubility 
even though the structure is not completely amorphous. Consequently, 
gelatin nanofibers remain cold-water-soluble even after long storage 
time at room humidity (for over 6 months without climate control), 
since their diameters remain unchanged. This in contrast to 
amorphous instant gelatin, which are sensitive to moisture-induced 
triple helix formation. Additionally, the high specific surface area 
contributes to fast gelation at room temperature, without the 
wettability problems often encountered using amorphous gelatin. 
Indeed, within 10 minutes, a white hydrogel with structural integrity is 
formed (Fig. 5.10b). The white color, which remains even after 
heating above 80°C, indicates that a small portion of the gelatin within 
the nanofibers is irreversibly cross-linked during the electrospinning 
process. These small insoluble parts of the fibers cause some light 
diffraction, turning the gel opaque. Since gelatin films, solution cast 
using the same solvent system as employed for electrospinning, result 
in clear hydrogels, this is probably due to the high degree of stretching 
of the polymer jet resulting in a mechanically induced chemical 
reaction. How this affects the thermal and mechanical properties of 
the resulting hydrogels, is studied in the next section, using type A 
gelatin nanofibers electrospun out of the AA/water solvent system. 

5.5 Nanofiber-based gelatin hydrogels 

Gelatin nanofibers are cold-water-soluble up to concentrations of  
5 wt% and show good gelling ability at room temperature. This is in 
contrast to the original gelatin powder, which shows no dissolution 
and only a small degree of swelling (Fig. 5.10 a vs. b). The nanofiber-
based ‘cold gels’ were compared to their ‘hot’ counterparts; powder- 
or nanofiber-based and prepared by dissolution at 60°C. 
 
MTDSC analysis shows that the amount of triple helices in the ‘cold 
gels’ is slightly lower than the amount in the ‘hot gels’, as can be 
derived from a lower ∆Hd-value reported in Fig. 5.11. It is possible 
that upon dissolution at room temperature, the water has not yet 
completely penetrated into the core of all the nanofibers, lowering the 
amount of possible triple helix formation. Although heating to 60°C 
does not render the white nanofiber-based ‘cold gels’ clear, the 
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amount of triple helix formation does reach the same level as for the 
powder-based ‘hot gels’. Consequently, the insoluble fraction of the 
nanofibers does not influence triple helix formation in nanofiber-
based hydrogels. 
 
Although thermal analysis indicates that the nanofiber-based ‘cold 
gel’ has a lower amount of triple helices, this does not result in a 
hydrogel with lower gel moduli, as demonstrated in Fig. 5.12. On the 
contrary, the ‘cold gel’ is characterized by slightly higher storage and 
loss modulus (G’ and G” respectively). This is probably due to a fiber-
reinforcing effect. As recently demonstrated by Tonsomboon et al., 
introduction of gelatin nanofibers into alginate hydrogels significantly 
improves the mechanical properties compared to a neat hydrogel [46]. 
Our MTDSC results indicated that the gelatin nanofibers are not yet 
completely hydrated when dissolved at room temperature, allowing 
for some residual fiber-reinforcement. 
 
 

 

Fig. 5.11: Thermal properties of hydrogels prepared by dissolution of Gt 
nanofibers/powder at room temperature/60°C, measured using MTDSC and based on 
the first heating cycle. The nanofiber-based ‘cold hydrogel’ shows a lower 
dissociation enthalpy compared to the ‘hot gels’. 
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Oscillation rheology shows that nanofiber-based ‘hot gels’ have 
mechanical properties similar to powder-based ‘hot gels’ (Fig. 5.12). 
Heating to 60°C, thus allows for complete water penetration without 
any significant fiber reinforcement remaining, which is in agreement 
with MTDSC results. Although these nanofiber-based ‘hot gels’ 
remain opaque, the insoluble fraction does not influence the 
mechanical properties of the hydrogels. Additionally, similar G’-
values between powder- and nanofiber-based ‘hot gels’ point to 
comparable molecular weight values. Indeed, G’ is known to decrease 
with decreasing molar mass [1],[47]. Rheology measurements thus again 
confirm our previous conclusion; there is no significant gelatin 
degradation during the electrospinning process. 
 
 

 

Fig. 5.12: Mechanical properties of hydrogels prepared by dissolution of Gt 
nanofibers/powder at room temperature/60°C and subsequent storage at 7°C for 2 
days, measured using oscillation rheology. The moduli of the nanofiber-based ‘cold 
gel’ are slightly higher. Properties of the nanofiber-based ‘hot gel’ are identical to the 
powder-based ‘hot gel’. 
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Fig. 5.13: Mechanical properties of hydrogels prepared by dissolution of Gt 
nanofibers at room temperature and subsequent storage at room temperature/7°C, 
measured using oscillation rheology. When stored at room temperature, the cold 
nanofiber-based gel only reaches its maximal moduli after 24 h (a), whereas cooled 
storage reduces this setting time to only 30 min (b). 
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In order to properly characterize the potential of cold-water-soluble 
gelatin nanofibers to be used as instant gelatin, the setting time of 
nanofiber-based hydrogels prepared at room temperature was studied 
using oscillation rheology. After dissolution at room temperature, the 
‘cold gels’ were either kept at room temperature (22 ± 1°C) or stored 
in the fridge (7°C). At room temperature, the ‘cold gel’ only reaches 
its final gel modulus after 24 h (Fig. 5.13a). However, even after 30 
minutes the gel already exhibits good structural integrity. When put in 
cooled storage, the final gel moduli are already reached after 30 
minutes (Fig. 5.13b). Indeed, a storage modulus of about 1.3 MPa was 
already recorded after 30 minutes in cooled storage, which is 
comparable to the storage modulus reaches after 24 h at room 
temperature (1.4 MPa) or the one recorded for 48 h in cooled storage 
(1.5 MPa, Fig. 5.12). Gelatin nanofibers are thus not only cold-water-
soluble, but they show fast gelling after dissolution in cold water, 
especially when cooled. 

5.6 Conclusion 

In summary, a new concept for the production of a cold-gelling (or 
instant) gelatin product was demonstrated by electrospinning of 
gelatin nanofibers using acid-based solvent systems. The nanofibers 
are characterized by high surface-to-volume ratio, high porosity and 
good wettability, facilitating their cold-water-solubility. Indeed, all 
electrospun samples were readily soluble in cold demineralized water, 
regardless of the gelatin type/modification, the used solvent system, 
the dwell time in the electrospinning solution or the storage time of 
the nanofibers at room temperature and room humidity. Viscosity 
measurements, thermal analysis and oscillation rheology all indicated 
that there is no significant degradation of the polypeptide chains. 
Additionally, thermal analysis showed that the cold-water-soluble 
gelatin nanofibers are not completely amorphous.  
 
Despite these properties, a fast gelation process occurs upon 
dissolution in cold water, resulting in hydrogels with gel moduli 
comparable to powder-based gels. Gelatin nanofibers can thus be used 
as instant gelatin product, without the drawbacks of traditional 
amorphous gelatin; (1) moisture-induced triple helix formation does 
not compromise cold-water-solubility, (2) the nanofibrous structure has 
high wettability, ensuring easy and fast gelation and (3) the gel 
modulus of the ‘cold gels’ is not adversely affected by the process. 
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Using the approach reported here, every electrospinnable, but non-
cold-water-soluble gelatin can be processed into a cold-water-soluble 
variant, regardless of the type or modification. Electrospinning can 
thus offer enormous flexibility in materials selection, enabling the 
production of cold gels loaded with temperature-sensitive 
components, UV-cross-linkable cold gels, etc. 
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Electrospinning of 
blend nanofibers 

with a natural component 
 
 
 

In this chapter, the electrospinning of PCL-based polymer blends with a 
natural component, either gelatin or chitosan, is studied as to develop 
promising materials for biomedical applications. First, a feasibility study is 
reported on the use of an acetic acid/formic acid solvent system for blend 
electrospinning. This is supplemented by a morphology study of the blend 
nanofibrous membranes electrospun under optimal conditions. The 
obtained results will contribute to the know-how on blend electrospinning 
for biomedical and sensor applications, with a focus on process stability 
using a solvent system with limited toxicity.  
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I. Steyaert, L. Van Der Schueren, H. Rahier, and K. De Clerck, “An alternative solvent system 
for blend electrospinning of polycaprolactone/chitosan nanofibres,” in Macromolecular 
Symposia, vol. 321–322, pp. 71–75, 2012. 
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6.1 Introduction 

Polycaprolactone (PCL) is commonly used in biomedical products, 
ranging from sutures or staples for wound closure to contraceptive 
devices. This is mainly due to its tunable degradation profile, in 
combination with low cost, easy production and availability of 
medical-grade material [1],[2]. It is therefore not surprising that PCL 
nanofibers for biomedical applications have also been developed [3]. 
The practical application of PCL nanofibers in the biomedical field, 
however, is severely limited due to the hydrophobic properties 
adversely affecting cell affinity. Blending with a hydrophilic natural 
polymer is one of the most straightforward methods to improve cell-
material interactions [4], especially since PCL is known for its high 
miscibility in polymer blends [5],[6]. 
 
As discussed in chapter 1, gelatin (Gt) and chitosan (Cs) are 
commercial natural polymers representing the two major biopolymer 
classes used in electrospinning, namely polypeptides and 
polysaccharides. Both are characterized by high hydrophilicity and 
biological functionalities such as cell-binding sites. Blending PCL 
with gelatin or chitosan has proven to be beneficial for biomedical 
applications, showing reduced fiber diameters, improved 
hydrophilicity/wettability and improved cell attachment/proliferation/ 
differentiation in both cases [6]–[14]. Additionally, PCL/Gt and PCL/Cs 
blend nanofibers show superior mechanical properties when compared 
to nanofibrous membranes of the pure natural polymers [6]–[8]. Blend 
electrospinning of PCL with gelatin or chitosan thus combines the 
advantageous properties of synthetic and natural polymers into one 
nanofibrous scaffold.  
 
To fully exploit the potential of these blend nanofibrous materials, 
further research towards the use of less toxic, more economical 
solvents and a stable electrospinning process suitable for upscaling, is 
essential. As demonstrated in chapter 3, a mixture of acetic acid and 
formic acid (AA/FA) is a viable option for blend electrospinning, 
since this solvent system allows for stable electrospinning of both 
pure PCL and gelatin, and dissolution of chitosan. The main objective 
of this chapter is thus to investigate the electrospinnability of PCL/Gt 
and PCL/Cs blends using AA/FA, focusing on the electrospinning 
parameters and the morphology of the obtained blend nanofibers.  
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6.2 Materials and methods 

6.2.1 Materials 

Polymers All trials were performed using the polymer materials 
described in chapter 2, unless specifically stated otherwise. Additional 
to the polymers used throughout this PhD, also PCL (average Mw 
14,000) and chitosan with a lower molecular weight supplied by 
Sigma-Aldrich were tested in the electrospinning process. The low-
molecular weight chitosan powder was kindly characterized by 
Kitozyme, showing a degree of deacetylation (% amino groups) of 
82.5% by potentiometric titration and an average viscosimetric 
molecular weight of 72 kg.mol-1. In addition to the standard type A 
gelatin (300 Bloom), also type B gelatin (260 Bloom) was utilized, 
kindly supplied by Rousselot.  
 
Solvents In addition to the acetic and formic acid used 
throughout this PhD, acetone (99.9 v%), anisole (99.0 v%) and ethyl 
acetate (99.8 v%) supplied by Sigma-Aldrich were used.  

6.2.2 Electrospinning 

All electrospinning trials for process optimization were performed 
using a mono-nozzle setup, leading to a scalable electrospinning 
process. The electrospinning parameters were optimized within 
sections 6.3.1 and 6.4.1 for PCL/Gt and PCL/Cs blend solutions 
respectively. Nanofibrous membranes for subsequent analysis were 
electrospun using a multi-nozzle or rotating drum setup, already 
providing upscaled samples. All PCL/Gt nanofibrous membranes 
were electrospun using the AA/FA solvent system (solvent ratio as 
specified in the text), a polymer concentration of 13 wt% (PCL/Gt 
ratio as specified in the text), a FR of 1 ml.h-1, a TCD of 12.5 cm and 
an E adapted for stable electrospinning. All PCL/Cs nanofibrous 
membranes used for analysis after optimization were electrospun 
using a polymer concentration of 7 wt%, a PCL/Cs ratio of 85/15, a 
FR of 0.6 ml.h-1, a TCD of 12.5 cm and an E adapted for stable 
electrospinning.  
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6.2.3 Water treatment of PCL/Gt blends 

Water treatment of PCL/Gt blend nanofibrous membranes was done 
by washing the samples in a large quantity of demineralized water at 
35°C (maximal temperature without affecting nanofibrous structure) 
for 30 seconds. 4 repetitions were done before further drying at 
ambient temperature for over 24 h.  

6.2.4 Materials characterization 

FTIR  All films measured in ATR-FTIR were prepared by 
sampling the electrospinning solution and solution casting onto Teflon 
evaporating dishes. All nanofibrous membranes were measured as-
spun. Additionally, PCL/Gt nanofibrous membranes were also 
measured after (partial) removal of gelatin by water treatment as 
detailed in section 6.2.3. Additional to overall scans, detailed spectra 
were recorded using a resolution of 0.25 cm-1.  
 
 
DSC  DSC measurements were performed on samples 
conditioned at 65% RH for 24 h, enclosed in hermetic Tzero 
aluminum crucibles at a heating rate of 2.5 K.min-1. The standard 
deviation of the melting enthalpy of PCL nanofibers was 5%. 
 
DMA  DMA measurements were performed on as-spun 
nanofibrous membranes at room humidity (40 ± 10% RH). The 
samples were not heated above 30°C to avoid melting of the PCL 
component.  

6.3 PCL/gelatin blend nanofibers 

6.3.1 Electrospinning of PCL/Gt blend nanofibers 
using AA/FA: a feasibility study 

PCL/Gt blends are currently being electrospun using 2,2,2-
trifluoroethanol (TFE) [7],[8],[15],[16] or 1,1,1,3,3,3-hexafluoro-2-propanol 
(HFIP) [9]–[11]. Electrospinning trials for the pure components, 
however, illustrated that both PCL and gelatin are electrospinnable 
when dissolved in AA/FA, and this for several concentrations and 
solvent ratios (chapter 3, section 3.3). Electrospinning of PCL/Gt 
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blend nanofibers using an AA/FA solvent system therefore seems 
feasible and would be a major step forward towards scalable processes 
using less toxic and more economical solvent systems. In order to 
study the effect of blending, a set of common parameters was chosen 
as a starting point so that the influence of a varying polymer ratio can 
be evaluated. There is a significant overlap of solution and processing 
parameters allowing for stable electrospinning of both pure PCL and 
pure gelatin. Indeed, both polymers are electrospinnable using a tip-
to-collector distance (TCD) of 12.5 cm and a flow rate (FR) of  
1 ml.h-1 for several polymer concentrations and AA/FA solvent ratios 
(Fig. 6.1). For our feasibility study, a total polymer concentration of 
13 wt% and a 70/30 AA/FA solvent system were chosen as a starting 
point (Fig. 6.1X), minimizing the amount of FA while guaranteeing 
electrospinning of fine bead-free PCL and gelatin nanofibers.  
 
 

 

Fig. 6.1: Overlap in electrospinnability, as a function of polymer concentration and 
AA/FA solvent ratio, between pure PCL (///) and pure Gt (\\\), using a TCD of 12.5 
cm and a FR of 1 ml.h-1. Data based on Fig. 3.2 and Fig. 3.5. 

 
 
As illustrated in Fig. 6.2, the full range of PCL/Gt blend ratios is well 
electrospinnable using the chosen parameters. Indeed, uniform bead-
free PCL/Gt nanofibers could be produced in a stable manner for all 
compositions. Although the conductivity of the electrospinning 
solution increases significantly, and the viscosity markedly drops with 
increasing gelatin content (Fig. 6.3a), no remarkable differences in 
nanofiber diameter were observed. Variations in total polymer 
concentration with a fixed polymer ratio, on the other hand, do affect 
fiber diameter. Electrospinning of a 50/50 PCL/Gt blend solution 
results in a stable process and bead-free nanofibers for polymer 
concentrations between 9 wt% and 17 wt%. Within this 
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electrospinnable window, the nanofiber diameter could be tuned 
between 140 nm and 550 nm respectively (Fig. 6.4). Blend 
electrospinning of PCL/Gt using the AA/FA solvent system is thus 
highly flexible, with both the PCL/Gt ratio and the fiber diameter 
adjustable to the end application. 
 
 

 

Fig. 6.2: SEM images of PCL/Gt blend nanofibers electrospun using a total polymer 
concentration of 13 wt% and 70/30 AA/FA (TCD of 12.5 cm, FR of 1 ml.h-1 and E 
adjusted for stable ES). All PCL/Gt blend ratios were well electrospinnable.  
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Fig. 6.3: Viscosity and conductivity measurements of PCL/Gt blend electrospinning 
solutions, using the 70/30 AA/FA solvent system.  

 
 

 

Fig. 6.4: SEM images of 50/50 PCL/Gt blend nanofibers electrospun using 70/30 
AA/FA (TCD of 12.5 cm, FR of 1 ml.h-1 and E adjusted for stable ES). Varying the 
total polymer concentration significantly affects fiber diameters.  
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Fig. 6.5: Visually, there is no change of the PCL/Gt electrospinning emulsion (50/50 
PCL/Gt, 70/30 AA/FA) with continued stirring (a), whereas keeping the solution at 
rest for 24 h results in two separate clear phases (b). 

 
 
Although this clearly didn’t impede electrospinnability, all the 
PCL/Gt blend solutions were opaque due to a phase separation 
resulting in emulsions. The homogeneous emulsions gradually 
evolved towards two completely separated clear phases over the 
course of a few hours after complete dissolution (Fig. 6.5). Within this 
time frame, however, neither process stability nor fiber morphology 
were affected. Additionally, continued stirring of the emulsions makes 
stable electrospinning possible for much longer dwell times. Thus, 
also polymer degradation for longer dwell times in solution was 
investigated through viscosity measurements (Fig. 6.6).  
 
As discussed in chapter 3, PCL degrades significantly in the AA/FA 
solvent system with prolonged dwell times in solution. Gelatin on the 
other hand, proved to have a better stability in solution, as discussed 
in chapter 5. Although the reduction is not as large as for pure PCL 
(about 40%), 50/50 PCL/Gt blends are also characterized by a 
decrease in viscosity with increasing dwell time in the acid solution 
(about 20%). This is probably mainly due to PCL degradation, 
resulting in slightly smaller fiber diameters (Fig. 6.7). Despite the 
small change in fiber morphology, process stability was not affected 
by PCL degradation. Using a continuously stirred PCL/Gt emulsion in 
70/30 AA/FA, uniform bead-free nanofibrous membranes can thus be 
produced over the course of 48 h, with only a slight influence on fiber 
diameter. Additionally, PCL/Gt blend electrospinning using a 70/30 
AA/FA solvent system was readily scalable to produce large 
nanofibrous membranes.  
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Fig. 6.6: Viscosity measurements of the electrospinning solutions (PCL and/or Gt 
dissolved in 70/30 AA/FA) with increasing dwell time show that PCL degrades 
substantially whereas the Gt-component remains quite stable.  

 
 

 

Fig. 6.7: SEM images of 50/50 PCL/Gt nanofibers electrospun at 3 h and 48 h after 
introduction of 6.5 wt% PCL and 6.5 wt% Gt (total concentration of 13 wt%) in 70/30 
AA/FA. The slight decrease in fiber diameter is probably mainly due to PCL 
degradation. 

 
 
Uniformity of the membranes electrospun on a larger scale was 
confirmed using SEM and FTIR. No significant differences in fiber 
morphology could be seen throughout the membrane using SEM. 
FTIR spectroscopy was used to study the homogeneity of the PCL/Gt 
membranes in terms of composition. Pure PCL and pure gelatin are 
characterized by a few clearly identifiable in their FTIR spectra (Fig. 
6.8, Table 6.1) [8],[10],[17]. Therefore, the composition of the PCL/Gt 
blend nanofibrous membranes could be analyzed using the carbonyl 
stretching peak of PCL (Fig. 6.9, indicated by III) and the amide I 
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peak of gelatin (Fig. 6.9, indicated by ii), with the ratio of the peak 
maxima giving a qualitative indication on the PCL/Gt composition 
(III/ii = 42 for pure PCL and III/ii = 0.04 for pure gelatin).  
 
As expected, the 85/15 PCL/Gt nanofibers are characterized by a 
spectrum very similar to pure PCL. An additional clear peak at 1639 
cm-1 is visible due to an amide I band (III/ii = 4.9), validating the 
presence of gelatin in the nanofibrous structure. For 15/85 PCL/Gt 
nanofibers, the inverse situation is found. Indeed, the spectrum is very 
similar to pure gelatin, but a clear peak at 1723 cm-1 validates the 
presence of PCL (III/ii = 0.3). The 50/50 PCL/Gt membranes having a 
polymer ratio in between, show strong absorbance at both 
wavenumbers (III/ii = 0.9), as expected. For all PCL/Gt blend ratios, 
FTIR spectra were identical throughout the membranes, even though 
they were electrospun using emulsions. The 70/30 AA/FA solvent 
system thus allows for stable, reproducible and scalable production of 
PCL/Gt blend nanofibers with high flexibility in fiber composition 
and diameter.  
 
 

 

Fig. 6.8: FTIR spectra of pure PCL and pure Gt, showing their characteristic peaks. 
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Table 6.1: Characteristic peaks of a PCL pellet and Gt powder in FTIR, as indicated 
in Fig. 6.8. 

Peak Wavenumber [cm-1] Type of vibration 
PCL   

I 2936 CH2 asymmetric stretching 
II 2863 CH2 symmetric stretching 

III 1721 C=O stretching 
Gt   

i 3100 – 3500 N-H and O-H stretching (incl. water) 
ii 1629 Amide I (C=O stretching) 

iii 1525 Amide II (N-H bending) 

 
 

 

Fig. 6.9: Normalized FTIR spectra of nanofibers electrospun using 70/30 AA/FA, 
showing a decreasing carbonyl stretching peak of PCL (III) and an increasing amide I 
peak of Gt (ii), resulting in a decreasing III/ii ratio, with increasing Gt concentration. 
No significant differences in composition were observed within a single membrane 
electrospun on a larger scale. 
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6.3.2 Small changes in solution properties: the effect 
on emulsion stability and electrospinnability 

As discussed in the previous section, PCL/Gt blends dissolved in 
70/30 AA/FA phase separate in solution with the formation of an 
emulsion that gradually evolves towards two completely separated 
phases; the gelatin-rich phase settles at the bottom of the container 
without continued stirring. This was previously also reported for 
PCL/Gt blends dissolved in the more toxic TFE solvent system 
[8],[16],[18],[19]. Feng et al., however, illustrated that the addition of a 
small amount of AA to TFE increases PCL-gelatin miscibility [8]. 
Small variations in the electrospinning system can thus significantly 
improve PCL-gelatin miscibility and are therefore briefly addressed in 
this section.  
 
Firstly, it was tested whether small changes to the polymer 
components of the electrospinning solution could improve miscibility. 
Neither the use of PCL of a lower molecular weight, nor the use of 
gelatin type B instead of type A resulted in improved miscibility. 
Lowering the overall polymer concentration below 7 wt%, on the 
other hand, does result in clear solutions with improved miscibility. At 
these concentrations, however, the solutions are no longer 
electrospinnable.  
 
Secondly, the effect of small amounts of other solvents was tested for 
a model solution of 13 wt% of 50/50 PCL/Gt. Since our aim was to 
decrease the toxicity of the solvent system, only solvents with low 
toxicity were selected to replace small amounts of FA, based on a 
recent survey of solvent selection guides [20] and literature on green 
solvents for PCL and/or gelatin processing [14],[21], namely ethyl 
acetate (EA) and anisole (Ans). Our results, however, show that even 
small amounts of either EA or Ans impede complete dissolution of 
both polymer components at room temperature. Water, on the other 
hand, could be added to the electrospinning solutions up to 5 v% 
without affecting solubility of the polymers. Moreover, using a 
70/25/5 AA/FA/water solvent system, the settling phenomenon can be 
prevented for gelatin concentrations up to 20 wt% of the total polymer 
mass. Small amounts of water thus stabilize the electrospinning 
emulsion for over 48 h, making electrospinning of bead-free PCL/Gt 
blend nanofibers possible for low gelatin concentrations without 
continued stirring (Fig. 6.10b).  
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Fig. 6.10: SEM images of 85/15 PCL/Gt nanofibers produced using a polymer 
concentration of 13 wt% but with differing solvent systems; an emulsion unstable in 
time (a), an emulsion stable in time (b) and a clear solution stable in time (c).  

 
Alternatively, the effect of a changing AA/FA solvent ratio was 
investigated. With an increasing FA concentration, miscibility is 
slightly improved. Indeed, although the gelatin-rich phase still settles 
on the bottom of the container when stirring of a 13 wt% 50/50 
emulsion is stopped, the PCL-rich upper phase contains more gelatin 
than for a 70/30 AA/FA solvent system. This is clearly illustrated by 
FTIR analysis of solution cast films of the upper and lower phase of 
an emulsion kept at rest (Fig. 6.11). The gelatin peaks of the PCL-rich 
upper phase are much more pronounced when dissolved in 30/70 
AA/FA (III/ii = 1.5) than in 70/30 AA/FA (III/ii = 21.3) (Fig. 6.11 red 
curves, b vs. a), pointing to a higher gelatin concentration. Due to this 
higher miscibility in the PCL-rich phase, clear solutions stable in time 
were obtained for gelatin concentrations up to 30 wt% of the total 
polymer mass when using the 30/70 AA/FA solvent system. These 
clear and stable solutions were well electrospinnable, giving rise to 
bead-free nanofibers with reproducible diameters (Fig. 6.10c). FTIR 
analysis of the obtained nanofibrous membranes, however, showed no 
differences in composition compared to the membranes electrospun 
using emulsions in 70/30 AA/FA (Fig. 6.12). Consequently, the 
increased miscibility in 30/70 AA/FA does not affect nanofiber 
composition on the mm-scale.  
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Fig. 6.11: Normalized FTIR spectra of films obtained by solution casting the upper 
(red) or lower (blue) phase, representing the PCL-rich and Gt-rich phase respectively, 
of a PCL/Gt emulsion in 70/30 AA/FA (a) or 30/70 AA/FA (b) left at rest.  

 

 

Fig. 6.12: Normalized FTIR spectra of 85/15 PCL/Gt blend nanofibers electrospun 
using an emulsion (dissolution in 70/30 AA/FA) or a clear solution (dissolution in 
30/70 AA/FA).  
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In conclusion, the AA/FA-based solvent system allows for stable, 
reproducible and scalable PCL/Gt blend electrospinning with high 
flexibility. Indeed, dissolution of PCL/Gt blends in 70/30 AA/FA 
yields well electrospinnable emulsions for the whole PCL/Gt 
composition range. Although these emulsions are subject to settling of 
the gelatin-rich phase, uniform bead-free nanofibers can easily be 
produced within a time frame of a few hours or by continued stirring 
of the electrospinning solution. Additionally, the resulting fiber 
diameter can be tuned by altering the total polymer concentration. 
Using 30/70 AA/FA, stable and clear electrospinning solutions are 
obtained for gelatin concentrations up to 30 wt% due to increased 
miscibility. Further augmentation of gelatin concentration results in 
phase separation with the formation of an unstable emulsion. For all 
PCL/Gt ratios, process stability is best and toxicity is minimized using 
70/30 AA/FA. For gelatin concentrations up to 20 wt%, substitution 
of 5 v% acid with water stabilizes the emulsion for up to 48 h, making 
electrospinning possible without continued stirring or compromising 
low toxicity of the solvent system.  

6.3.3 Thermal properties of PCL/Gt blend nanofibers 

Polymer components present in a blend can display significant 
differences in thermal properties compared to their pure counterparts, 
including melting behavior and the glass transition. These changes 
often supply some information on the interactions and miscibility of 
the polymers at hand. Indeed, in a polymer blend system containing a 
crystallizable component, a decrease in melting temperature and/or 
crystallinity is often observed; interaction between chains and chain 
segments of the blend components can cause a decrease in lamellar 
thickness of the crystals and/or a decrease in the amount of 
crystallizable material [22]–[25]. Additional to changes in melting 
behavior, also the glass transition is possibly affected by blending 
[22],[26], with completely miscible polymer blends showing only one 
intermediate Tg. Therefore, the PCL-based blend nanofibers were 
analyzed using DSC and DMA and compared to the melting behavior 
and glass transition of pure PCL nanofibers.  
 
While studying PCL/Gt blend nanofibers using DSC, care has to be 
taken when analyzing the PCL melting endotherm, since dissociation 
of gelatin triple helices occurs within the same temperature range (see 
chapter 5). However, the heat effect of this triple helix dissociation is 
far less than the melting enthalpy measured for pure PCL nanofibers, 



Chapter 6 142 

namely about 4 J.g-1 and about 70 J.g-1 respectively. The endothermic 
transition can thus mainly be attributed to the PCL component. As 
expected, DSC analysis of PCL/Gt blend nanofibers shows a clear 
decrease in overall melting enthalpy (Fig. 6.13). This decrease is in 
line with the decreasing PCL concentration. Indeed, recalculation of 
the overall melting enthalpy as a function of PCL mass results in 
values of about 70 J.g-1 PCL for all samples (Table 6.2). The value for 
15/85 PCL/Gt nanofibers is slightly higher, probably due to a more 
significant overlapping heat effect of the triple helix dissociation 
within the gelatin component and a larger error. Overall, however, the 
PCL melting enthalpy does not seem to be significantly decreased due 
to blending. Additionally, the melting trace showed a peak value (Tp) 
of 55 ± 1°C for all samples. These results indicate that blending of 
PCL with gelatin does not significantly affect the melting behavior of 
the PCL component and interaction between the components is thus 
low. Also, for all compositions, the melting enthalpy was well-
reproducible when sampling a membrane electrospun on larger scale 
at different locations. This confirms that the analyzed nanofibers 
contain the expected amount of PCL and Gt, pointing to a 
homogeneous blend composition throughout the membranes. Similar 
results were obtained for all investigated solvent systems (70/30 
AA/FA, 30/70 AA/FA and 70/25/5 AA/FA/water). Nanofiber 
composition, uniformity and PCL-gelatin interactions are thus not 
affected when electrospinning a clear solution compared to an 
emulsion. 
 

 

Fig. 6.13: The effect of blending with Gt, using a 70/30 AA/FA solvent system, on 
the melting behavior of PCL-based nanofibers measured by DSC at 2.5 K.min-1.  
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Table 6.2: Melting enthalpy measured using DSC (Fig. 6.13), as a function of total 
polymer mass and recalculated as a function of PCL mass. 

Nanofibrous 
membranes 

∆Hm 
[Joules per gram fiber] 

∆Hm 
[Joules per gram PCL] 

PCL 71 71 
85/15 PCL/Gt 61 72 
50/50 PCL/Gt 29 68 
15/85 PCL/Gt 12 80 

 
 

 

Fig. 6.14: The effect of blending with Gt, using a 70/30 AA/FA solvent system, on 
the glass transition of PCL-based nanofibrous membranes measured by DMA.  

 
 
Similar to pure gelatin nanofibrous membranes (chapter 3), blend 
nanofibers containing ≥ 50 wt% of (uncross-linked) gelatin were 
difficult to analyze in DMA due to moisture-sensitivity and failure 
near the grip section. Therefore, only 85/15 PCL/Gt nanofibers were 
compared to a pure PCL counterpart (Fig. 6.14). The PCL glass 
transition is not significantly affected by blending. Similar to the DSC 
results, this thus points to weak interactions and low miscibility 
between PCL and gelatin.  

6.3.4 Moisture uptake analyzed using DVS 

Blending PCL with a natural polymer such as gelatin has proven to be 
beneficial for the overall hydrophilicity of the blend nanofibrous 
membrane, resulting in improved cell attachment/proliferation/ 
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differentiation [6]–[14]. DVS measurements indeed showed a significant 
improvement in moisture uptake when comparing PCL/Gt blend 
nanofibers to the pure PCL counterpart (Table 6.3). Additionally, 
again no significant differences were recorded between 85/15 PCL/Gt 
nanofibers electrospun using an emulsion (70/30 AA/FA) or a clear 
solution (30/70 AA/FA).  
 
 

Table 6.3: Moisture regain (MR) of the different PCL-based nanofibrous membranes 
dried at 23°C until equilibrium under a purge flow of dry air, measured using DVS. 

Nanofibrous membranes 
MR at 50% RH 

[%] 

Time to 90% of  
MR at 50% RH 

[min] 
PCL 0.2 1 
Gt* 11.4 16 
85/15 PCL/Gt (30/70 AA/FA) 1.5 3 
85/15 PCL/Gt (70/30 AA/FA) 1.4 2 
15/85 PCL/Gt (70/30 AA/FA) 7.9 10 
* Drying was performed at 60°C since no low-melting PCL is present. 
 

6.3.5 Cold-water-solubility of the gelatin component 

As discussed in chapter 5, gelatin nanofibers are cold-water-soluble 
and dissolve to form a hydrogel in water when they are not cross-
linked. Blending with PCL could affect this property. The 85/15 
PCL/Gt nanofibers do not show significant changes in nanofiber 
morphology when introduced in cold water, suggesting the gelatin 
component to be not dissolved. With increasing gelatin concentration, 
however, a fiber-reinforced hydrogel is obtained, where gelatin partly 
gels but a nanofibrous network mainly consisting of PCL remains. 
Although water stability through cross-linking can be obtained [27], 
nanofiber-reinforced gelatin hydrogels could prove to be a promising 
biomedical material [28]–[30], combining a soft and elastic consistency 
while allowing for cell support on a nanofibrous membrane with 
increased porosity. In order to characterize the nanofibrous reinforcing 
structure and gain insight into the phase morphology of PCL/Gt 
nanofibers, the water-soluble gelatin fraction was removed using 
water of 35°C.  
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Fig. 6.15: SEM images of PCL/Gt blend nanofibers (13 wt%, 70/30 AA/FA) before 
and after water treatment, i.e. rinsing with demineralized water at 35°C. Mass loss is 
calculated by weighing the dried weight. Based on this mass loss of Gt, a new PCL/Gt 
ratio was calculated for the rinsed samples.  

 
 

Table 6.4: Composition of the nanofibrous membranes before and after water 
treatment, analyzed using the ratio of the carbonyl stretching peak of PCL (III) and 
the amide I peak of gelatin (ii) measured using FTIR. After water treatment, the 
composition is comparable and reflecting a gelatin concentration of about 15 wt%.  

Nanofibrous 
membranes 

III/ii 
before water treatment 

III/ii 
after water treatment 

85/15 PCL/Gt 4.9 5 
70/30 PCL/Gt 2.3 4.7 
50/50 PCL/Gt 0.9 3.1* 
* A slightly higher gelatin concentration is measured, probably due to the gelatin film covering 
the membrane, as demonstrated in Fig. 6.15h. 
 
 
All nanofibrous membranes having a PCL concentration of ≥ 50% 
still showed structural integrity after water treatment. It was, 
therefore, possible to characterize them using SEM and FTIR (Fig. 
6.15 and Table 6.5). Additionally, the mass loss of the membranes 
was determined. Since the water treatment procedure does not affect 
pure PCL nanofibers (Fig. 6.15 a vs. e), this mass reduction can be 
attributed to a decrease in gelatin content, resulting in a new PCL/Gt 
ratio.  
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SEM analysis, the measured mass loss and FTIR analysis all clearly 
indicate that the rinsing procedure only has a minor influence on 
85/15 PCL/Gt nanofibers. Indeed, fiber morphology before and after 
water treatment is comparable (Fig. 6.15 b vs. f), and the FTIR spectra 
were identical, resulting in similar III/ii ratios (Table 6.5). A similar 
result was obtained for 85/15 PCL/Gt nanofibers electrospun using 
30/70 AA/FA (clear solutions). The phase separation in the 
electrospinning solution thus only has a minor effect on the final 
PCL/Gt fiber morphology. Although PCL-gelatin interaction within 
the nanofibers is low according to our thermal analysis, the gelatin 
component no longer dissolves in water. This indicates that the 
gelatin-rich phase is finely dispersed throughout the nanofibers, so 
that the hydrophobicity of PCL prevents gelatin dissolution.  
 
With increasing gelatin content, there is a significant amount of 
gelatin dissolved by rinsing in demineralized water at 35°C, as 
evidenced by the mass loss and the decreasing amide I peak (ii) in the 
FTIR spectra (Fig. 6.15 and Table 6.5 respectively). The influence on 
the fiber diameter, however, is only small, especially for 70/30 
PCL/Gt nanofibers, and no porosity of individual nanofibers is 
observed (Fig. 6.15g). Additionally, the new PCL/Gt ratio after 
extraction is about 85/15. It is therefore hypothesized that a 70/30 
PCL/Gt nanofibrous membrane is built up by a mixture of PCL-rich 
and gelatin-rich nanofibers. The PCL-rich nanofibers within the 
membrane contain about 15 wt% of gelatin and are not affected by 
water treatment, similar to 85/15 PCL/Gt nanofibers. The gelatin-rich 
nanofibers are dissolved, possibly leaving some PCL residue upon 
rinsing (Fig. 6.15g). Although there are clearly still intact nanofibers 
present in the 50/50 PCL/Gt nanofibrous membranes after water 
treatment, a gelatin film is observed in SEM analysis (Fig. 6.15h). 
Even though these gelatin polypeptide chains are sufficiently 
immobilized by entanglements with the PCL component to prevent 
removal by dissolution, the gelatin phase must be present more 
towards the shell of the nanofibers, causing film formation and a 
slightly higher III/ii ratio in FTIR (Table 6.5).  
 
It can thus be concluded that PCL/Gt blend nanofibrous membranes 
are water-stable for gelatin concentrations up to 15 wt%. If the 
original nanofibrous membrane contains a higher amount of gelatin, 
cold gelling when in contact with water is possible, giving rise to a 
nanofiber-reinforced physical gelatin hydrogel. The reinforcing 
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nanofibers consist of PCL-rich nanofibers that still contain a 
significant amount of gelatin (about 10 to 15 wt%) 

6.4 PCL/chitosan blend nanofibers 

6.4.1 Electrospinning of PCL/Cs blend nanofibers 
using AA/FA: a feasibility study 

PCL/Cs blends are currently being electrospun using HFIP-based 
solvent systems or dimethyl formamide/dichloromethane 
(DMF/DCM) [6],[12],[13]. In the search for a solvent system with lower 
toxicity, Shalumon et al. reports on PCL/Cs blend electrospinning 
using acetone/formic acid (Ac/FA) [31]. As discussed in chapter 3, also 
the AA/FA solvent system is promising since it allows for stable 
electrospinning of PCL and dissolution of chitosan. In parallel to the 
Ac/FA solvent system reported in literature, the novel AA/FA system 
was thus evaluated. Using both solvent systems, clear homogeneous 
blend electrospinning solutions could be obtained. All electrospinning 
trials using Ac/FA, however, showed major instabilities due to fast 
solidification at the tip of the needle and subsequent clogging. Ac-
mixtures are known for their high volatility, which impedes stable 
electrospinning. Focus was thus given to a more in-depth study of the 
novel AA/FA solvent system.  
 
To determine the most suitable AA/FA solvent ratio for PCL/Cs blend 
electrospinning, a polymer concentration of 9 wt% and a PCL/Cs ratio 
of 90/10 were selected as representative example. For complete 
dissolution, the FA concentration had to be ≥ 50 v%. Although fiber 
formation was possible for all solutions showing complete dissolution, 
process stability was best for the 30/70 AA/FA solvent system. 
Indeed, a stable Taylor cone was obtained and fine nanofibers with a 
small diameter distribution were obtained (203 ± 44 nm). 
Additionally, chitosan shows good stability in 30/70 AA/FA mixtures; 
viscosity values of a 1.25 wt% chitosan solution did not show any 
decrease for over 6 h after complete dissolution. Pure PCL, dissolved 
in 30/70 AA/FA, is well electrospinnable at polymer concentrations 
between 14 and 17 wt% (Fig. 3.2), using a tip-to-collector distance 
(TCD) of 12.5 cm and a flow rate (FR) of 1 ml.h-1. These parameters 
were therefore selected as a starting point to study the effect of 
blending. 
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Fig. 6.16: Viscosity and conductivity measurements of PCL/Gt blend electrospinning 
solutions as a function of PCL and Cs concentration, using the 30/70 AA/FA solvent 
system. Viscosity is clearly influenced by both PCL and Cs, whereas solution 
conductivity is mainly dependent on Cs concentration. 

 
 
Both viscosity and conductivity increase rapidly when chitosan is 
added to a PCL solution, even in small amounts (Fig. 6.16), making a 
decrease of the FR to 0.6 ml.h-1 necessary for stable electrospinning 
and quickly causing process instabilities with increasing chitosan 
concentrations. Lowering the PCL concentration, however, allowed 
for an increased amount of chitosan while maintaining a stable 
production process. The stability of the electrospinning process as a 
function of polymer concentration and PCL/Cs ratio was therefore 
systematically studied, with the resulting electrospinning window 
reported in Fig. 6.17. Within this, total polymer concentration and 
viscosity proved to play a dominant role, as demonstrated in Fig. 
6.18a. Indeed, a minimal polymer concentration of 6 wt% was 
necessary to guarantee fiber formation. Additionally, all the 
electrospinning solutions containing ≥ 6 wt% PCL/Cs were 
characterized by a viscosity value between 1250 and 8000 mPa.s. 
Conductivity, on the other hand, did not seem to determine 
electrospinnability; electrospinnable solutions showed conductivities 
over the full investigated range (Fig. 6.18b). Adjusting the total 
polymer concentration in accordance to the desired PCL/Cs ratio is 
thus key to obtain a solution with viscosity within the electrospinnable 
window.  
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75/25            
80/20            
85/15            
90/10            
95/5            
97/3            
98/2            
99/1            

100/0            

Fig. 6.17: Steady state table for electrospinning of PCL/Cs blend solutions (30/70 
AA/FA) as a function of total polymer concentration and polymer ratio (grey: no 
stable electrospinning, white: stable electrospinning). 

 

 

Fig. 6.18: Viscosity and conductivity measurements of PCL/Gt blend electrospinning 
solutions in 30/70 AA/FA as a function of electrospinnability ( : no stable 
electrospinning, : stable electrospinning).  

 

 

Fig. 6.19: SEM images of PCL/Cs nanofibers electrospun using 30/70 AA/FA (TCD 
of 12.5 cm, FR of 0.6 ml.h-1 and E adjusted for stable ES). Mainly total polymer 
concentration affects fiber diameters.  
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Because of the strong rise in solution viscosity with increasing 
chitosan content, blend solutions with a low total polymer 
concentration fall within the electrospinnable window. Consequently, 
the fiber diameters that can be obtained using a PCL/Cs blend are 
much lower than for pure PCL (Fig. 6.19 a vs. d). Similar to the effect 
observed for PCL/Gt blends (section 6.3.1), a changing PCL/Cs ratio 
does not significantly affect nanofiber diameter while the total 
polymer concentration is kept constant (Fig. 6.19 a vs. b and c vs. d), 
whereas a decrease in polymer concentration with constant PCL/Cs 
ratio does (Fig. 6.19 b vs. c). Although the PCL/Cs range is rather 
limited for a fixed polymer concentration, fiber diameters can thus be 
tuned by adjusting the total polymer concentration. Additionally, the 
electrospinning process proved to be well reproducible, indicating the 
major potential of this newly developed solvent system.  
 
Although reproducibility of the fiber diameters was very good and the 
electrospinning process was scalable, the long-term stability could be 
further optimized. When electrospinning for prolonged periods of time 
(over 24 h), some polymer solidification at the tip of the needle is 
possible, occasionally resulting in an inhomogeneous area within the 
membrane. If this is unacceptable for the envisioned application, 
modification of the chitosan powder or modifications to the 
electrospinning process, such as the use of specialized needles, the 
addition of salts, etc. is possible.  
 
The uniformity of PCL/Cs nanofibrous membranes, electrospun on 
larger scale using a rotating drum setup, was investigated using SEM 
and FTIR. No significant differences in fiber morphology could be 
seen throughout the membrane using SEM. Similar to gelatin, also 
chitosan shows a few characteristic peaks in FTIR that can be used to 
identify the natural component in PCL-based nanofibrous membranes 
(Fig. 6.20, Table 6.5) [23],[32],[33]. As expected, the spectrum of the 
PCL/Cs nanofibers was to a large extent similar to the spectrum of 
pure PCL nanofibers (Fig. 6.21). However, a number of additional 
peaks that can be attributed to chitosan are clearly visible (primarily i 
and iii). All spectra were well reproducible and no differences in 
composition were found throughout the membranes, pointing to a 
homogeneous phase morphology down to the mm-scale. Nanofibrous 
membranes electrospun on larger scale are thus uniform in terms of 
composition and fiber diameter.  
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Fig. 6.20: FTIR spectra of pure PCL and pure Cs, showing their characteristic peaks. 

 
 

Table 6.5: Characteristic peaks of a PCL pellet and Cs powder in FTIR. 

Peak Wavenumber [cm-1] Type of vibration 
PCL   

I 2936 CH2 asymmetric stretching 
II 2863 CH2 symmetric stretching 

III 1721 C=O stretching 
Cs   

i 3100 – 3500 N-H and O-H stretching (incl. water) 
ii 1646 Amide I (C=O stretching) 

iii 1583 Amide II (N-H bending) 

 
 
In the FTIR spectra of the PCL/Cs blend nanofibers, the carbonyl 
stretching peak of PCL (III) shows an additional shoulder at slightly 
lower wavenumbers (indicated in red in the inset of Fig. 6.21). This 
peak is not detected in the spectrum of chitosan. In PCL/Cs blend 
films, however, this shoulder has previously been ascribed to 
hydrogen bond interactions between the carbonyl groups of PCL and 
chitosan [23],[34],[35]. The appearance of the shoulder thus suggests that 
interactions between PCL and chitosan exist in the blend nanofibrous 
structure.  
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Fig. 6.21: Normalized FTIR spectra of nanofibers electrospun using 30/70 AA/FA. 
Although the spectrum of the blend nanofibers closely resembles the spectrum of pure 
PCL, the blend nanofibers clearly contain Cs as evidenced by small additional peaks 
(i and iii). The inset shows the shoulder that appears due to hydrogen bonding. 

 
 
In conclusion, PCL/Cs blend nanofibers can successfully be obtained 
using the AA/FA solvent mixture. The polymer concentration area 
(wt% and PCL/Cs ratio) guaranteeing stable electrospinning mainly 
depends on the solution’s viscosity. Tuning of the PCL/Cs fiber 
diameter is possible by adjusting the total polymer concentration of 
the electrospinning solution. This concentration, however, is also 
dependent of the required PCL/Cs ratio. Choosing the total polymer 
concentration in accordance to the PCL/Cs ratio is thus key to obtain 
electrospinnable solutions resulting in the desired composition and 
fiber diameters. 

6.4.2 Thermal properties of PCL/Cs blend nanofibers 

Similar to PCL/Gt blend nanofibers, the thermal properties of PCL/Cs 
blend nanofibers can be evaluated in order to gain additional 
information on the miscibility and interactions of the blend 
components.  
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Fig. 6.22: The effect of blending with Cs, using a 30/70 AA/FA solvent system, on 
the melting behavior of PCL-based nanofibers measured by DSC at 2.5 K.min-1.  

 
 
The melting behavior of PCL/Cs nanofibers was significantly 
different from pure PCL nanofibers, as shown in Fig. 6.22. While Tp 
was not affected, a small fraction of high-melting crystals is present in 
the 85/15 PCL/Cs blend nanofibers (about 14% of the total melting 
enthalpy). Although not addressed by the authors, this double melting 
peak was previously also observed for PCL/Cs solution cast films by 
Azevedo et al. [24] Pure chitosan did not show any detectable thermal 
transitions in DSC (see chapter 3). DMA measurements, however, 
indicated a glass transition above 100°C. Within the temperature 
range of PCL melting, chitosan is thus still in its glassy state. 
Additionally, hydrogen bond interactions are present between the 
chitosan and the PCL component, as illustrated by previous FTIR 
measurements. It is thus possible that upon PCL melting, a 
measurable amount of PCL crystals has lower mobility due to 
interactions with the glassy chitosan component, inducing a slightly 
higher melting temperature. Since this high-melting phase is already 
visible for a chitosan concentration of 15 wt%, miscibility and 
interaction between PCL and chitosan in the nanofibrous structure 
must be significant. 
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Fig. 6.23: The effect of blending with Cs, using a 30/70 AA/FA solvent system, on 
the glass transition of PCL-based nanofibrous membranes measured with DMA.  

 
 
When analyzing the glass transition of 85/15 PCL/Cs nanofibrous 
membranes (Fig. 6.23), it is apparent that the Tg of PCL is not 
significantly affected, but a shoulder in the loss modulus signal at the 
high temperature flank is observed. Such a shoulder could be 
attributed to a part of the amorphous phase with reduced mobility, 
sometimes also referred to as rigid amorphous fraction or disturbed 
amorphous phase [22]. This (inter)phase is generally thought to be a 
transitional region located between crystals and the undisturbed 
amorphous phase. It is, however, known that rigid nanometer-sized 
additives can also cause an increase in Tg if the boundary layer with 
the amorphous phase of the polymer is characterized by a large 
surface area and strong attractive interactions [36],[37]. It is therefore 
hypothesized that the amorphous PCL phase within the PCL/Cs 
nanofibers is significantly affected by dispersed glassy chitosan 
domains. The boundary layer between the undisturbed PCL 
amorphous phase and the chitosan phase acts as rigid amorphous 
fraction, resulting in a shoulder in the loss modulus trace. These 
results thus confirm FTIR and DSC measurements, all indicating that 
there are significant PCL-chitosan interactions facilitating miscibility 
in PCL/Cs blend nanofibers.  
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6.4.3 Moisture uptake analyzed using DVS 

Similar to blending PCL with gelatin, also blending PCL with the 
natural polymer chitosan has proven to be beneficial for the overall 
hydrophilicity of the blend nanofibrous membrane, resulting in 
improved cell attachment/proliferation/ differentiation [6]–[14]. Moisture 
uptake of PCL/Cs and PCL/Gt nanofibrous membranes was therefore 
compared (Table 6.6).  
 
No significant differences were recorded in equilibrium moisture 
content at 50% RH between PCL/Cs and PCL/Gt blend nanofibers 
containing 85 wt% of PCL. Possible differences in phase morphology 
thus have no influence on the amount and speed of moisture uptake. 
Using unmodified chitosan, however, the maximal chitosan 
concentration in the blend nanofibers is 15 wt%, whereas the full 
range in PCL/Gt composition can be electrospun. In terms of tunable 
moisture uptake, blending PCL with gelatin thus offers higher 
flexibility. 
 
 

Table 6.6: Moisture regain (MR) of the different PCL-based nanofibrous membranes 
dried at 23°C until equilibrium under a purge flow of dry air, measured using DVS. 

Nanofibrous membranes 
MR at 50% RH 

[%] 

Time to 90% of  
MR at 50% RH 

[min] 
PCL 0.2 1 
Gt* 11.4 16 
85/15 PCL/Gt (30/70 AA/FA) 1.5 3 
15/85 PCL/Gt (70/30 AA/FA) 7.9 10 
Cs** 12.2 N/A 
85/15 PCL/Cs (30/70 AA/FA) 1.5 2 
* Drying was performed at 60°C since no low-melting PCL is present. 
** MR-value for powder dried at 60°C is listed as indication, since no pure Cs NF could be 
obtained. 
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6.5 Conclusion 

A feasibility study using acetic acid/formic acid (AA/FA) revealed the 
major potential of this solvent system with reduced toxicity for the 
electrospinning of PCL-based blend nanofibers with a natural 
component (either gelatin or chitosan). Both PCL/Gt and PCL/Cs 
bead-free blend nanofibers were produced in a reproducible and 
scalable way.  
 
Although a phase separation in the PCL/Gt electrospinning solution 
resulted in emulsion formation for most solvent and polymer ratios, 
the AA/FA solvent system allowed for very high flexibility. Indeed, 
dissolution of PCL/Gt blends in 70/30 AA/FA yields well 
electrospinnable emulsions for the whole PCL/Gt composition range. 
Additionally, the resulting fiber diameter could be tuned by altering 
the total polymer concentration. Uniform bead-free nanofibers with a 
tunable diameter and a flexible PCL/Gt ratio can thus easily be 
produced within a time frame of a few hours or by continued stirring 
of the electrospinning emulsion. Small changes to the solvent system 
resulted in a higher stability of the electrospinning solutions; 70/25/5 
AA/FA/water gives rise to emulsions stable in time up to gelatin 
concentration of 20 wt%, whereas using 30/70 AA/FA even stable and 
clear electrospinning solutions are obtained for gelatin concentrations 
up to 30 wt%.  
 
The resulting PCL/Gt nanofibrous membranes are water-stable up to 
gelatin concentrations of 15 wt%, irrespective of the possible phase 
separation in the electrospinning solution used for production 
(emulsion vs. clear miscible solution). It is hypothesized that 
membranes containing a higher amount of gelatin are built up of a 
mixture of nanofibers mainly consisting of PCL (~85/15 PCL/Gt) and 
nanofibers mainly consisting of cold-water-soluble and cold-gelling 
gelatin. The PCL-gelatin interactions within the nanofibers were low, 
as blending did not seem to affect the glass transition or melting of the 
PCL component. If the original nanofibrous membrane contains a 
high amount of gelatin (> 15 wt%), cold-gelling when in contact with 
water is possible, giving rise to a nanofiber-reinforced physical gelatin 
hydrogel.  
 
Also PCL/Cs blend nanofibers can successfully be obtained using the 
AA/FA solvent mixture, with a maximal concentration of 15 wt% of 
unmodified chitosan. Tuning of the PCL/Cs fiber diameter was 
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possible by adjusting the total polymer concentration of the 
electrospinning solution in relation to the desired PCL/Cs ratio. 
Whether an electrospinning solution of a certain polymer 
concentration (total amount of polymer and PCL/Cs ratio) results in a 
stable and scalable electrospinning process mainly depends on the 
solution’s viscosity, exhibiting a clear window of electrospinnability.  
 
Significant PCL-chitosan interactions are present within 85/15 
PCL/Cs blend nanofibers, as evidenced by FTIR, DSC and DMA 
measurements. Indeed, an additional peak in the FTIR spectrum of the 
blend nanofibers could be attributed to hydrogen bonding, whereas 
DMA and DSC measurements indicate a decrease in mobility of the 
PCL chains upon devitrification and melting respectively due to 
interactions with the glassy chitosan domains.  
 
DVS measurements indicated that PCL-based blend nanofibers with 
15 wt% of natural polymer are characterized by the same moisture 
uptake, irrespective of the type of natural polymer. This moisture 
uptake is significantly higher than for pure PCL nanofibers, 
illustrating the merit of the blending strategy. Additionally, a further 
increase in gelatin concentration results in a clear upturn in moisture 
regain. These PCL/Gt blend nanofibers are, however, not water-stable 
and need cross-linking if this property is desired. Alternatively, partial 
cold-gelling of the gelatin component allows for the production of 
nanofiber-reinforced gelatin hydrogels suitable for biomedical 
applications. Gelatin extraction and subsequent analysis of the 
nanofibrous residue illustrated that the fiber-reinforcing phase consists 
of PCL/Gt nanofibers having a polymer ratio of about 85/15.  
 
The use of AA/FA for the electrospinning of PCL-based nanofibrous 
membranes with a natural component for biomedical applications thus 
offers high flexibility and a scalable process, both for polypeptides 
and polysaccharides such as gelatin and chitosan. 
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Blend electrospinning of 
dye-functionalized polyacrylates 
and polyamide-6: a new strategy 

for dye immobilization 
 
 

Up until now, pH-sensitive nanofibrous nonwovens are mostly fabricated 
by introducing a pH-responsive dye via dye-doping of the feed mixture 
before fabrication. However, this method suffers from leaching of the dye, 
which is an undesirable effect that not only reduces the output signal 
strength but can also be detrimental to the environment by causing, for 
instance, toxicological responses. In this chapter, a new strategy is 
demonstrated for the reduction of dye leaching in electrospun, nanofibrous 
materials. Through blend electrospinning of polyamide-6 (PA6) with a dye-
functionalized copolymer, large membranes of uniform, halochromic 
nanofibrous material can be fabricated showing a fast pH-sensitive color 
change. Polymeric entanglements and interactions between the copolymer 
and PA6 within the nanofiber are proposed to immobilize the dye-
functionalized polymer in the nanofibrous matrix, resulting in drastically 
reduced dye leaching.  
 
 
 
 
 
 
Parts of this chapter are published in: 
 
I. Steyaert, G. Vancoillie, R. Hoogenboom, and K. De Clerck, “Dye immobilization in 
halochromic nanofibers through blend electrospinning of a dye-containing copolymer and 
polyamide-6,” Polym. Chem., vol. 6, pp. 2685-2694, 2015. 
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7.1 Introduction 

As discussed in chapter 1, the major challenge in the design of 
halochromic nanofibrous sensors today, is dye immobilization. 
Leaching of the dye out of the nanofibers reduces the output signal 
strength over time and could be detrimental to the environment by 
causing, for instance, toxicological responses. Up until now, leaching 
behavior of dye-doped nanofibers is being countered by reducing the 
dye mobility, mainly through application of polymeric complexing 
agents, which is not applicable to all dyes, however [1],[2].  
 
In this chapter an alternative approach is proposed to reduce dye 
leaching based on drastic reduction of the dye mobility within the 
nanofibers by incorporating it into a copolymer before fiber 
fabrication. This strategy provides a covalent linkage of the dye to the 
matrix, which appears to be the most efficient immobilization method 
[3]–[7]. For the design of such a functional copolymer with covalently 
coupled pH-sensitive dye molecules, several strategies can be 
followed [8]–[11]. One of the most straightforward procedures is the 
dye-monomer approach where the dye is functionalized with a 
polymerizable group and subsequently copolymerized with a suitable 
comonomer. This allows for excellent control of the copolymer 
composition, i.e. the amount of dye, and large-scale synthesis through 
economically important polymerization techniques such as free radical 
polymerization.  
 
For the feasibility study reported here, a model system was chosen 
based on N-ethyl-N-(2-hydroxyethyl)-4-(4-nitrophenylazo)aniline, 
more commonly known as Disperse Red 1 (DR1). DR1 is a 
diazobenzene-based dye that is commercially available and represents 
dye classes not suitable for complexation with the polymeric agents 
used to counter dye leaching. Moreover, DR1 has a functional group 
that can easily be functionalized in high yields and that is isolated 
from the conjugated system, limiting the effect of the 
functionalization on the pH-responsivity [12]–[14]. Indeed, the primary 
alcohol in DR1 is an excellent functionalization position because of its 
nucleophilicity and isolation from the chromophore, and can be used 
for the production of a polymerizable DR1-acrylate (DR1-A) 
monomer. Subsequent polymerization with a suitable comonomer, 
such as 2-hydroxyethyl acrylate (HEA), results in the production of a 
functional polyacrylate with the halochromic dye molecule covalently 
bonded to the polymer backbone (Fig. 7.1).  
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Fig. 7.1: Production of the dye-containing copolymer P(HEA-co-DR1-A) having a 
dye content m mol% using free radical polymerization initiated by 
azobisisobutyronitrile (AIBN) in N,N-dimethylacetamide (DMAc). 

 
 
The subsequent incorporation of the formed dye-containing 
copolymer into a nanofibrous product can easily be achieved using 
blend electrospinning. The copolymer is directly mixed with a carrier 
polymer in the electrospinning solution prior to fiber fabrication. 
Polymeric entanglements and interactions between the copolymer and 
the carrier within the nanofiber are proposed to immobilize the dye-
functionalized polymer in the nanofibrous matrix, resulting in 
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drastically reduced dye leaching. This method has several advantages: 
(1) the carrier polymer can be chosen according to the applications,  
(2) the amount of the functional copolymer can be minimized for 
economical purposes and (3) the electrospinnability of the pure 
functional copolymer is less important since this is mainly provided 
by the carrier polymer.  
 
Within this chapter, electrospinnability, halochromic behavior and dye 
migration were investigated for the chosen model system, namely 
DR1-containing nanofibers produced through blend electrospinning of 
PA6 and P(HEA-co-DR1-A). HEA was chosen as the base 
comonomer in the free radical polymerization of DR1-A for its 
hydrophilicity and small size, minimizing any shielding effect of the 
dye by the polymer and ensuring excellent contact between dye and 
changing aqueous environment. PA6 was chosen for blend 
electrospinning, since it combines some desired properties for the 
production of high-quality nanofibrous halochromic sensors: stable 
electrospinning of fine nanofibers, good thermal stability, mechanical 
properties and hydrophilicity. 

7.2 Materials and methods 

7.2.1 P(HEA), DR1-A and P(HEA-co-DR1-A) 

The functional materials utilized in this chapter were developed in 
close collaboration with the Supramolecular Chemistry Group of the 
Department of Organic and Macromolecular Chemistry at Ghent 
University. DR1-A, P(HEA) and the functional DR1-based copolymer 
P(HEA-co-DR1-A) were synthesized and characterized by the 
Supramolecular Chemistry Group, according to the details provided 
below.  
 
Production of DR1-A was based on a procedure described by Kajzar 
et al. [15] and subsequent synthesis of P(HEA-co-DR1-A) was done 
using free radical polymerization initiated by AIBN (details of both 
procedures in [16]). In parallel, P(HEA) was produced for comparison. 
The polymers were characterized using size-exclusion 
chromatography (SEC) and nuclear magnetic resonance (NMR) for 
characterization of molecular weight and composition respectively.  
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SEC was performed on an Agilent 1260-series HPLC system with two 
PLgel 5 µm mixed-D columns in series heated to 50°C and two 
detectors: a 1260 diode array detector (DAD) and a 1260 refractive 
index detector (RID) at 55°C. DMAc containing 50 mM of LiCl was 
used as eluent at a flow rate of 0.593 ml.min-1. The spectra were 
analyzed using the Agilent Chemstation software with the GPC add 
on. Molar mass and dispersity (PDI) values were calculated against 
PMMA standards from PSS.  
 
1H-NMR spectra were recorded on a Bruker Avance 300 MHz 
spectrometer at room temperature in deuterated solvents. The 
chemical shifts are given relative to TMS. Conversions were 
calculated using the ratio between the residual acrylate peaks at 6.5 – 
8.5 ppm (~[M]t) and the methylene group adjacent to the ester group 
in the side chain at 4.17 ppm. The latter was integrated to include both 
the broad polymer and residual monomer peak, therefore correlating 
to [M]0 (more information can be found in the supporting information 
of [16]). 1H-NMR spectroscopy of the purified copolymer confirmed 
the complete removal of residual DR1-A and allowed the calculation 
of the actual copolymer composition. Based on the integration of one 
aromatic signal of DR1 (δ = 8.38 ppm) and the methylene groups 
adjacent to the ester moiety in both side chains (δ = 4.16 ppm), the 
percentage of incorporated DR1-A was calculated.  

7.2.2 Electrospinning 

The nanofibrous materials were produced by solvent electrospinning 
using a 50/50 AA/FA solvent system on a multi-nozzle setup. All 
solutions contained a total of 16 wt% polymer. Pure PA6 solutions 
were electrospun as reference, dye-doped samples were obtained by 
adding DR1 or DR1-A directly to the PA6 electrospinning solution, 
and the blend nanofibers were obtained by electrospinning a solution 
containing 85/15 PA6/ P(HEA-co-DR1-A). All colored nanofibrous 
nonwovens (dye-doped or blend) contained a dye concentration of 
either 0.5 or 0.64% on mass fiber (%omf). The effect of the 
complexing agent poly(diallyldimethylammonium chloride) 
(PDADMAC) was tested for a concentration of 4%omf, also added 
directly to the electrospinning solution.  
 
The nanofibrous nonwovens were electrospun on a multi-nozzle setup, 
with 18 gauge needles, a tip-to-collector distance of 4.5 cm and a flow 
rate of 2 ml.h-1. The applied voltage was adapted to allow for a stable 
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electrospinning process, ranging from 15 to 30 kV. All the 
electrospinning trials were performed at a relative humidity of 48 ± 
5% and a temperature of 20 ± 1°C.  

7.2.3 Quantification of polymer hydrolysis under 
basic conditions 

The hydrolysis behavior of P(HEA-co-DR1-A) in alkaline 
environment was measured by the Supramolecular Chemistry Group, 
according to the details provided below.  
 
100 mg of P(HEA-co-DR1-A) was dissolved in 2 ml of pH 13 buffer 
solution and stirred at room temperature. A sample of 50 µl was taken 
and diluted with 450 µl MeOH for gas chromatography (GC) analysis 
at certain time intervals to determine the ethylene glycol peak at 1.67 
min. The percentage of degradation was then approximated using a 
calibration curve and the absolute molecular weight was calculated 
from conversion based on 1H-NMR spectroscopy.  
 
GC was performed on an Agilent 7890A system equipped with a 
VWR Carrier-160 hydrogen generator and an Agilent HP-5 column of 
30 m length and 0.320 mm diameter. An FID detector was used and 
the inlet was set to 250°C with a split injection of ratio 25:1. 
Hydrogen was used as carrier gas at a flow rate of 2 ml.min-1. The 
oven temperature was increased with 20 K.min-1 from 50°C to 120°C, 
followed by a ramp of 50 K.min-1 to 300°C. 

7.3 Properties of P(HEA-co-DR1-A) 

P(HEA) is a hydrophilic amorphous polymer with a low Tg, often 
employed for the production of hydrogels in rubbery state at room 
temperature for biomedical applications by cross-linking [17],[18]. Non-
cross-linked P(HEA) is thus a water-soluble viscous liquid at room 
temperature. Since only a small amount of DR1-A (1 equivalent) is 
copolymerized with HEA (99 equivalent) for the production of the 
pH-sensitive copolymer, it is expected that the properties of P(HEA-
co-DR1-A) will not significantly differ from those of P(HEA). For the 
present study, two batches of P(HEA-co-DR1-A) were synthesized 
using the same conditions and product ratios in free radical 
polymerization, but differing in scale (Table 7.1, P1 and P2). The 
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batches are different in both molar mass and dye concentration. This 
can be attributed to the uncontrollability of the used polymerization 
technique, possibly in combination with the larger influence of 
residual oxygen on smaller scale and/or the presence of chain transfer 
inducing impurities in the used solvent for the production of P1. 
Despite the unknown origin of its lower molar mass, P1 was used to 
investigate the influence of a lower Mn and higher dye content on the 
electrospinning process and resulting dye immobilization in 
subsequent sections. 
 
 

Table 7.1: Characteristics of the used polyacrylates. 

 
Mn 

[Da] 
PDI DR1-A content 

[mol%] 
P1* 13,000 2.13 1.3 
P2 22,000 2.20 0.6 
P3 21,000 2.89 0 
* Produced on smaller scale, with residual oxygen having a larger influence and/or with chain 
transfer inducing impurities (amines) present in the N,N-dimethylacetamide used for production, 
possibly explaining the significantly lower molar mass.  
 
 
In order to properly assess the influence of the DR1-incorporation on 
the polymer properties, a batch of P(HEA) with similar characteristics 
as P2 was produced (Table 7.1, P3). Both P2 and P3 are a viscous 
liquids at room temperature. Their Tg, however, differs significantly, 
with P(HEA) showing a value of -51°C and P(HEA-co-DR1-A) one 
of 2°C (Fig. 7.2). This is probably due to a difference in moisture 
content, having a significantly larger plasticizing effect for P(HEA). 
Indeed, DVS analysis showed that P(HEA) takes up 62% of water 
when equilibrated at a relative humidity of 95% after being dried at 
60°C under dry air, whereas P(HEA-co-DR1-A) only takes up 35% 
under the same conditions (Fig. 7.3). Additionally, TGA 
measurements show that the mass of dried P(HEA) starts decreasing 
significantly around 100°C, whereas this is not the case for  
P(HEA-co-DR1-A) (Fig. 7.4). Consequently, P(HEA) may contain a 
significantly higher amount of chemisorbed water, confirming a much 
larger plasticizing effect and lower Tg. 
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Fig. 7.2: Glass transition of P(HEA) (P3) and P(HEA-co-DR1-A) (P2), measured 
using MTDSC at 2.5 K.min-1 in heating. P(HEA) shows a significantly lower Tg, 
probably due to a larger moisture content having a more significant plasticizing effect. 

 
 

 

Fig. 7.3: Absorption isotherm of P(HEA) (P3), P(HEA-co-DR1-A) (P2), PA6 and 
PCL films, measured using DVS. Although P(HEA-co-DR1-A) still shows higher 
moisture sorption than the researched carrier polymers, incorporation of DR1 into the 
polyacrylate significantly lowers hydrophilicity. 

 
 
In conclusion, the incorporation of a small amount of DR1 into 
P(HEA) significantly lowers the hydrophilicity of the polymer. This 
not only decreases water uptake, but also increases the Tg. P(HEA-co-
DR1-A), however, still shows a fairly high moisture regain at 95% 
RH, about three times that of a PA6 film, making it very suitable for 
the production of colorimetric sensors for aqueous environments.  
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Fig. 7.4: Degradation of P(HEA) (P1) and P(HEA-co-DR1-A) (P2), measured using 
TGA at 10 K.min-1. Heating of P(HEA) already induces a significant mass loss 
starting around 100°C, possibly due to a larger content of strongly bonded water. 

 
 

7.4 Production of the halochromic nanofibers: 
electrospinning of PA6/P(HEA-co-DR1-A) 

The electrospinnability of the PA6/P(HEA-co-DR1-A) blend was 
studied in function of processing conditions, process stability and 
resulting fiber morphology and compared to pure and dye-doped PA6 
solutions. It is well known that the addition of low molar mass 
components or a second polymer component may alter these 
parameters significantly [19],[20]. To study the effect of added DR1, 
DR1-A and P(HEA-co-DR1-A) on the electrospinning process, 
several other crucial parameters were fixed, including solvent system 
(50/50 AA/FA), polymer concentration (16 wt%), blend ratio (85/15 
PA6/P(HEA-co-DR1-A)), tip- to-collector distance (4.5 cm) and flow 
rate (2 ml.h-1). All the electrospinning trials were performed in a 
climate-controlled lab (48 ± 5% RH and 20 ± 1°C) so that the known 
influence of relative humidity on fiber morphology [21] is minimal. 
The applied voltage was adjusted for each experiment to obtain a 
stable process (in between 20–30 kV).  
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Table 7.2: Characteristics of the used electrospinning solutions. 

 
Viscosity 
[mPa.s] 

Conductivity 
[mS.cm-1] 

Surface tension 
[N.m-1] 

PA6 529 0.575 0.031 
PA6/DR1 574 0.632 0.033 
PA6/DR1-A 544 0.656 0.032 
PA6/P2* 481 0.577 0.032 
* Blend solution containing 85/15 PA6/P(HEA-co-DR1-A) of batch P2. 
 
 
Incorporation of DR1 or DR1-A did not significantly change any 
solution parameters (Table 7.2) and was found to have no significant 
effect on the processing conditions and process stability, nor the fiber 
morphology when compared to pure PA6, which is in agreement with 
literature [2],[22]. SEM analysis shows that homogeneous fibers without 
droplets or beads are formed (Fig. 7.5b and c compared to Fig. 7.5a). 
The PA6/P(HEA-co-DR1-A) blends were also found to be 
electrospinnable without any profound changes in processing 
conditions or stability, resulting in uniform, bead-free nanofibers (Fig. 
7.5d compared to Fig. 7.5a). The SEM images in Fig. 7.5d are of 
PA6/copolymer P2 blend nanofibers (details P2 in Table 7.1). SEM 
images of the PA6/copolymer P1 blend nanofibers were similar, 
indicating that there is no significant influence of the polyacrylate 
molar mass within this range. 
 
Similar to other polymers already reported in literature [23], small 
nanofibers in between the main nanofibrous nonwoven could be found 
in all our samples (Fig. 7.6). These smaller fibers are referred to as 
nanowebs and mostly have diameters an order of magnitude smaller 
than the main nanofibers acting as support. The blend solutions were 
more sensitive to nanoweb formation than the pure and dye-doped 
PA6 solutions, especially in the start-up phase of the electrospinning 
process. Ding et al. describe that high solvent evaporation rates and 
fast phase separations can induce nanoweb formation [24]. 
Electrospinning a polymer blend in the vapor-poor atmosphere of the 
start-up phase of the process could render the system more sensitive to 
phase separation, possibly explaining the more pronounced nanoweb 
formation during start-up. Overall, the polymer blends were well 
electrospinnable, resulting in blend nanofibers with diameters 
comparable to the pure PA6 nanofibers. 
 



Blend ES of dye-functionalized polyacrylates and PA6 

 

173 

 

Fig. 7.5: SEM images of the nanofibers obtained by electrospinning the solutions 
detailed in Table 7.2. Fiber morphology is comparable; uniform, bead-free nanofibers 
are formed. 

 
 

 

Fig. 7.6: SEM images of the pure PA6 nanofibers (a) and the blend nanofibers (b), 
both showing some nanoweb formation. 

 
 
In addition to the electrospinnability, the long-term process stability 
was also investigated. It is well known that PA6 is eletrospinnable 
using the chosen solvent system (AA/FA) and long-term process 
stability is guaranteed [21]. Solubilizing P(HEA-co-DR1-A) in these 
harsh conditions for a prolonged time might influence the polymer 
structure through degradation, possibly resulting in different 
electrospinnability or fiber morphology during extended spinning 
periods as the polymer mixture is dissolved in the AA/FA mixture 
(diameter, nanoweb, etc.). In order to quantify this potential 
degradation, 100 mg of P(HEA-co-DR1-A) was dissolved in 1 ml of a 
50/50 AA/FA mixture and stirred at room temperature. This polymer 
solution was sampled in time and measured with size exclusion 
chromatography (SEC). Fig. 7.7 shows the SEC traces (absorbance at 
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490 nm) obtained after different dwell times in the acid 
electrospinning solution, indicating minor polymer degradation as 
shown by the slight shift of the polymer peak towards higher retention 
times. The shift, however, is very small and, in agreement, the 
electrospinning trials at different moments for over 3 days indicated 
similar electrospinning behavior and resulted in similar fiber 
diameters. This demonstrates that the small decrease in molecular 
weight of the polyacrylate component does not significantly influence 
the stability of the electrospinning process. Blend electrospinning of 
P(HEA-co- DR1-A) with PA6 as carrier polymer, is thus a viable 
method for producing nanofibers containing covalently bonded pH- 
sensitive dye molecules. 
 
 

 

Fig. 7.7: Normalized SEC traces, measured with a DAD detector at 490 nm, show a 
small decrease in molecular weight of P(HEA-co-DR1-A) in the AA/FA solvent 
system over time (larger tdeg), illustrated by the increase in retention time. Inset: 
zoomed region of interest near the peak molecular weight. 

 

7.5 pH-sensitivity of the halochromic nanofibers 

All DR1-containing nanofibrous samples, i.e. DR1-doped, DR1-A-
doped and blend nanofibers, show a clear color change with 
increasing pH from bright pink at pH 0 to orange at pH > 1 (Fig. 
7.8a). The color change is reversible and fast. Additionally, the 
sensing behavior is not only observed in aqueous media but also when 
exposed to hydrochloric acid vapors, making these materials 
interesting for a wide range of applications, also including protective 
‘smart’ clothing for instance.  
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Fig. 7.8: pH-responsive behavior of (a) PA6/P(HEA-co-DR1-A) nanofibers and (b) 
P(HEA-co-DR1-A) in aqueous solution. The visual color change with pH of 
PA6/DR1 and PA6/DR1-A nanofibers is the same as for the blend nanofibers. 

 
 
 
A quantitative characterization of the halochromic behavior is 
possible through UV-Vis spectroscopy, as shown in Fig. 7.9. The 
nanofibrous samples were immersed in water baths with pH varying 
between 0 and 12 prior to the measurement. Normalized Kubelka–
Munk spectra of the samples show that all samples have a similar 
color change due to a shift to lower wavelengths, i.e. a hypsochromic 
shift, with increasing pH going from a maximum around 515 nm to a 
maximum around 495 nm (Fig. 7.9a–c). Additionally, at higher pH 
values the shoulder, visible at low pH around 545 nm, disappears. Not 
only the color change, but also the pH-range is similar for all 
nanofibrous samples with sensitivity mainly between pH 0 and pH 1. 
Also the third aspect of halochromic behavior, namely response time, 
is comparable for all nanofibrous samples. Within a few seconds, the 
samples gain their final color, characteristic of the pH of the 
environment. Van der Schueren et al. determined that wettability of 
the nanofibrous samples, which is coupled to the hydrophilicity of the 
polymer components, is a major determining factor in the sensor 
response time [1]. As shown in section 7.3, both PA6 and the dye-
copolymer are hydrophilic (co)polymers and thus wettability of the 
samples is excellent, giving rise to fast-responsive halochromic 
nanofibers.  
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Fig. 7.9: Normalized Kubelka-Munk values of the DR1-doped (a), DR1-A-doped (b) 
and blend (c) nanofibrous samples, illustrating the color change form bright pink to 
orange through a hypsochromic shift with increasing pH. No significant differences in 
halochromic behavior are registered between the samples. 
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Fig. 7.10: Normalized Kubelka-Munk values of the blend nanofibrous sample (a) and 
normalized absorbance spectra of an aqueous P(HEA-co-DR1-A) solution (b). 
Interactions between the dye-copolymer and PA6 in the nanofibers have a small 
influence on the halochromic behavior; the pH-range of the color change is narrowed 
and shifted to lower pH values.  

 
 
Optical properties of indicator dyes can be very sensitive to the 
environment (matrix) and immobilization reactions [3],[25],[26]. As 
anticipated, the latter did not significantly affect the halochromic 
behavior of DR1, since the functionalization is performed at the 
hydroxyl group that is electronically decoupled from the conjugated 
dye system (chromophore). Indeed, both the DR1-A-doped nanofibers 
and the P(HEA-co-DR1-A)-containing nanofibers have similar 
properties to the DR1-doped nanofibers (Fig. 7.9b and c vs. Fig. 7.9a). 
DR1 is an azo dye best known for its applications in electro-optics or 
solvatochromism. Its halochromic properties are less exploited since 
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the dye is not easily soluble in aqueous solutions, especially at higher 
pH in its unprotonated state. P(HEA-co-DR1-A), however, is well 
soluble in water at room temperature, allowing us to evaluate the 
influence of the PA6 nanofibrous environment on the halochromic 
properties of the dye, compared to an aqueous environment (Fig. 
7.10a vs. Fig. 7.10b).  
 
The color change in both environments is similar, going from bright 
pink to pale orange, as previously shown in Fig. 7.8. The polymer 
environment, however, affects the pH-range in which the color change 
takes place, shifting it to lower pH values for the nanofibers in 
comparison to the aqueous solution. Specific interactions between 
DR1 and PA6, possibly including hydrogen bonding and ionic 
interactions, apparently cause DR1 to be protonated at lower pH, 
going from around pH 1.5 in aqueous solution to about 0.5 in the 
nanofibrous environment. Similar to the effect of substituents on the 
dye chromophore more frequently studied in literature [27],[28], it is not 
uncommon that incorporation of pH-indicator dyes in polymer 
matrices results in a shift in pH-sensing range due to dye-matrix 
interactions [3]. Overall, DR1-containing nanofibers are characterized 
by a clear color change in a pH-range only slightly lower than DR1-
containing solutions, illustrating that blend electrospinning using a 
DR1-based copolymer is a viable strategy for the production of fast-
responsive halochromic nanofibers  

7.6 Evaluation of the new strategy for dye 
immobilization: dye release 

As previously mentioned, in the development of halochromic 
nanofibers the chosen indicator dye is mostly added to the 
electrospinning solution before fiber production, referred to as dye-
doping. For most systems, there are no specific interactions between 
the polymer and the dye, leading to improper immobilized dye 
molecules and thus dye leaching, being a major concern for future 
applications [2],[29],[30]. Our previous research showed that the use of a 
polymeric complexing agent (PDADMAC) significantly reduces the 
leaching of some pH-sensitive dye molecules since the mobility of the 
dye–polymer complex is lowered [1],[2]. However, this strategy is only 
useful for complex-forming dye molecules. Therefore, this chapter 
investigates the more generally applicable covalent linkage of the dye 
to a polymer component, illustrated with the DR1-based model 
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system. The leaching is quantified by comparing dye transfer of the 
DR1-containing nanofibrous samples to standardized reference fabrics 
after being in contact under specific conditions detailed in chapter 2. 
The migration of the dye was subsequently quantified by comparing 
the color of the reference fabrics to their unstained counterparts (Fig. 
7.11). 
 
The results show that there is significant dye transfer from the dye-
doped nanofibrous samples (both with DR1 and DR1-A) to the 
reference fabrics at all pH values (compare a to b, c and d resp. in Fig. 
7.11I and Fig. 7.11II), whereas there is almost no staining of the 
reference when in contact with the blend nanofibers (compare a to b, c 
and d resp. in Fig. 7.11III). This remarkable difference in reference 
staining illustrates the merit of the covalent bond and efficient 
immobilization of P(HEA-co-DR1-A) in the PA6 matrix, proposedly 
by chain entanglements and specific interactions. What was visually 
represented in Fig. 7.11, is now quantified in Fig. 7.12a through 
calculation of the color difference ΔE between the unstained reference 
fabric and the stained fabrics at different pH.  
 
 

 

Fig. 7.11: Staining of the PA6 reference fabrics in the water fastness tests using 
PA6/DR1 (I), PA6/DR1-A (II) and PA6/P(HEA-co-DR1-A) (III) samples. The 
difference between the unstained reference (a) and the stained references (b: pH2, c: 
pH 7, d: pH 12) is indicative for dye leaching, which is negligible for the blend 
nanofibers. 

 
 
Introduction of an acrylate group into the DR1 dye molecule 
decreases ΔE by half, since the dye molecule is rendered more 
hydrophobic. It is clear, however, that even DR1-A is not properly 
immobilized in the dye-doped nanofibers as major dye migration is 
still observed. In contrast, blend nanofibers show an almost negligible 
dye migration, ascribed to fixation of the P(HEA-co-DR1-A) within 
the PA6 nanofibers through chain entanglements. For reference, also 
PDADMAC was added to the dye-doped PA6 nanofibers, but it did 
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not result in a reduction of ΔE, illustrating the viability of the 
immobilization strategy based on covalent coupling of this type of dye 
molecule. Additionally, dye migration was even lower with longer 
dwell times of the PA6/P(HEA-co-DR1-A) blend in solution before 
fiber formation, as can be seen in Fig. 7.12b, possibly due to better 
mixing resulting in a more homogeneous electrospinning solution.  
 
 

 

Fig. 7.12: Water fastness results, reflecting dye migration to a PA6 reference fabric, 
indicating that dye leaching is minimal for the blend nanofibers (a) and that a longer 
dwell time of the polymers in the acid electrospinning solution significantly lowers 
dye leaching (b). 

 
 
Fig. 7.12b also revealed a higher ΔE value at high pH for the polymer 
blend nanofibers. In order to investigate the effect of pH on the dye 
release of the blend nanofibers, additional water fastness tests were 
performed. The nanofibrous samples were introduced in aqueous 
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solutions with different pH values and after 24 hours of soaking, the 
absorbance values of the solutions were recorded, giving an effective 
measure of the dye concentration (Fig. 7.13a). At pH values above 7, 
the dye release to the solution systematically increased with increasing 
pH. SEC analysis of these solutions revealed that the measured color 
was caused by dissolved copolymer and not by individual DR1 
molecules (Fig. 7.13b) indicating that the DR1-containing copolymer 
dissolves out of the blend nanofibers at higher pH. In an alkaline 
environment, the P(HEA-co-DR1-A) that is in contact with the water 
can undergo hydrolysis, transforming the poly(2-hydroxyethyl 
acrylate) into poly(acrylic acid) under release of ethylene glycol (Fig. 
7.14). The resulting acrylic acid groups will be deprotonated leading 
to significantly enhanced solubility of the copolymer and its partial 
dissolution.  
 
 

 

Fig. 7.13: (a) Water fastness results reflecting dye migration to a water bath, 
indicating that the blend nanofibers (29 h dwell time) show increasing dye release at 
pH above 7. (b) Normalized SEC traces of the residue of a water bath after water 
fastness tests at pH 13, measured with a DAD detector at 490 nm. The molecular 
weight of the residue is much larger than for DR1-A, as illustrated by the lower 
retention time.  
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Fig. 7.14: Proposed hydrolysis mechanism of P(HEA-co-DR1-A) under basic 
conditions, resulting in poly(acrylic acid) with higher water solubility.  

 
 
Quantification of the speed and the extent of hydrolysis was 
performed by measuring the amount of ethylene glycol released in 
time in a buffered copolymer solution at pH 13 using gas 
chromatography (Fig. 7.15). Initially, the amount of ethylene glycol 
increases quickly, indicating fast hydrolysis at this pH value. 
Gradually, the increase is slowed down due to neutralization of the 
buffer by the formed acrylic acid until it reaches a plateau at a 
hydrolysis percentage of roughly 45%. The hydrolysis percentage at 
the plateau is strongly dependent on the starting pH of the solution, as 
this determines the amount of acrylic acid that needs to be formed to 
neutralize the solution and thereby stops the hydrolysis. This effect 
also explains the increase in absorbance of the water bath with 
increasing pH shown in Fig. 7.13a, as this corresponds to a higher 
hydrolysis percentage in the copolymer and therefore a higher 
solubility. In future work, this effect may be minimized by replacing 
the hydrolysis-sensitive acrylate monomer with a more stable 
methacrylate or acrylamide. 
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Fig. 7.15: Extent of hydrolysis of P(HEA-co-DR1-A) in buffered solution at pH 13, 
as determined based on gas chromatography experiments measuring ethylene glycol 
concentrations. 

 

7.7 Conclusion 

In summary, a new concept for the facile immobilization of pH-
responsive dyes in nanofibrous nonwoven materials was demonstrated 
by electrospinning a mixture of PA6, as matrix material, and a DR1-
functionalized P(HEA). The use of blend electrospinning allowed the 
fabrication of halochromic materials based on PA6 with a stable fiber 
diameter, homogeneous color and fast local pH response. The 
incorporation of the dye into the copolymer drastically decreased its 
mobility and leaching from the fibers, proposedly due to polymer 
entanglements and specific interactions with PA6 within the 
nanofibers. This is concluded based on the almost negligible 
migration of the dye from the blend nanofibers to a reference fabric or 
water bath at acidic or neutral pH.  
 
The developed sensor materials are interesting for several sectors, 
including the biomedical field, agriculture, safety and technical 
textiles. Application as a visual warning patch in protective clothing 
could be particularly interesting as a fast and clear color change is 
obtained by exposure to for instance hydrochloric acid fumes. For 
applications in the biomedical sector, future research should involve 
the use of a more hydrolytically stable copolymer and a pH-
responsive dye with a sensing region between the pH of 6.5–7 in order 
to fabricate a hydrolytically stable working example of a ‘smart’ 
wound dressing.  
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Blend electrospinning of 
dye-functionalized chitosan 

and polycaprolactone: towards 
biocompatible pH-sensors 

 
 

Immobilization of indicator dyes by covalent bonding to a polymer 
backbone appears to be the best strategy for the production of 
halochromic nanofibrous membranes with minimal dye leaching. Alternative 
to the dye-monomer approach reported in chapter 7, functionalization of a 
polymer backbone through its reactive side groups offers a strategy 
particularly interesting when using biopolymers. This chapter, therefore, 
investigates the potential of blend electrospinning using dye-modified 
chitosan and PCL for the production of pH-sensitive nanofibrous 
membranes containing a natural polymer component. This novel approach 
brings us a step closer to the design of biocompatible nanofibrous pH-
sensors, suitable for the stimulation and monitoring of wound healing. 
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8.1 Introduction 

As discussed in chapter 1, halochromic nanofibers are a very 
promising tool for monitoring wound healing. Indeed, pH is a 
biological marker for both wound healing and infection [1]–[4]. 
Halochromic wound dressings, supplying us with fast and easy-to-
interpret information on the condition of the injury without the need 
for removal of the bandage, can thus significantly aid in managing 
wound care. Additionally, biocompatible nanofibrous structures can 
stimulate fast and scar-free healing [5],[6]. The development of 
halochromic nanofibers, consisting of biocompatible polymer 
components, would thus be a major step forward in wound dressing 
design.  
 
The major challenge in the design of halochromic nanofibrous sensors 
today, is dye immobilization. Chapter 7 illustrated that immobilization 
of the indicator dye by covalent bonding to one of the polymer 
components utilized in the blend electrospinning process, appears to 
be a viable strategy for the production of nanofibers with minimal dye 
leaching. Functionalization of a polymer backbone using its reactive 
side groups offers an alternative to the dye-monomer approach 
reported in chapter 7. The strategy is generally applicable for any 
sensor design, but is of particular interest when using biopolymers for 
biomedical use. This chapter thus aims at adding a halochromic 
function to biocompatible blend nanofibers, making them suitable for 
advanced wound management.  
 
The PCL/Cs blend nanofibers developed in chapter 6 were selected as 
a case study, since chitosan is known for its antibacterial properties 
advantageous for wound care [7],[8]. Additionally, chitosan offers many 
possibilities for functionalization due to the presence of the reactive 
amino group [9]–[14]. Nitrazine Yellow (NY) has already proven to be 
suitable for dye-doping of PA6 nanofibers and its dynamic pH-range 
is interesting for biomedical applications. It will thus be studied here 
to dye-dope PCL/Cs nanofibers as well. Based on the experience 
gained from this study, a second dye of the same dye class was 
selected for successful covalent coupling to the chitosan component, 
namely Methyl Red (MR). In parallel to dye-doping of a PCL/Cs 
electrospinning solution, blend electrospinning of PCL and dye-
modified chitosan will thus be explored. 
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8.2 Materials and methods 

8.2.1 Dye-functionalized chitosan 

The functional materials utilized in this chapter were developed in 
close collaboration with the Supramolecular Chemistry Group of the 
Department of Organic and Macromolecular Chemistry at Ghent 
University. Several batches of Methyl Red-functionalized chitosan 
(Cs-MR) were synthetized and characterized by the Supramolecular 
Chemistry Group, according to the details provided below.  
 
Chitosan functionalization was executed following the method 
described by Fangkangwanwong et al. [9], using MR in different 
concentrations (5, 10 or 20 mol%). In order to improve solubility, 
HOBt.H2O (2 eq) was added to chitosan (1 eq) in deionized water at 
room temperature, while the solution was stirred vigorously. The 
reaction was left to stir overnight at 50 °C. MR (0.05, 0.1 or 0.2 eq) 
dissolved in THF was added. EDC (2 eq) dissolved in ethanol was 
added dropwise. The reaction was left to stir overnight. After the 
ethanol and THF were evaporated under reduced pressure and the pH 
was raised to 10 by the addition of NaOH, the insoluble fraction 
inside this mixture was separated by centrifugation and ultrasonically 
washed with deionized water, after which a gel-like structure was 
obtained. The remaining water was removed by freeze-drying, after 
which a fine powder was produced. The remaining unreacted MR was 
removed by extraction with ethanol using a Soxhlet setup. 
 
 

Table 8.1: Characteristics of the produced batches of MR-functionalized chitosan. 

 Cs-MR5 Cs-MR10 Cs-MR20 

MR concentration for  
   functionalization 5 mol% 10 mol% 20 mol% 

Reaction efficiency 8 % 32 % 48 % 
Amount of substituted  
   amino groups 0.5 % 4.0 % 11.9 % 

Final MR concentration 0.4 mol% 3.2 mol% 9.6 mol% 
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1H-NMR spectra were recorded with a Bruker Avance 500 MHz 
spectrometer at room temperature in deuterated solvents. The amount 
of MR present on the chitosan polymer backbone is calculated as the 
ratio of the peak area between 8.5 and 7.5 ppm (counting for 8 protons 
corresponding to the aromatic structure of MR) and the peak area at 
3.6 ppm (acetal proton present on Cs monomers). Results of this 
characterization are reported in Table 8.1. 

8.2.2 Electrospinning 

NY-containing NF The Nitrazine Yellow-doped nanofibers were 
produced on a mono-nozzle electrospinning setup using the following 
parameters; 14 wt% in 10/90 AA/FA electrospun at 1 ml.h-1 and 12.5 
cm for PCL and 7 wt% in 30/70 AA/FA electrospun at 0.6 ml.h-1 and 
12.5 cm for 85/15 PCL/Cs. NY was added directly to the 
electrospinning solution in the reported concentration, as was the 
polycationic complexing agent PDADMAC. Voltage was adapted for 
stable electrospinning and all electrospinning trials were carried out at 
20 ± 1°C and 40 ± 5% RH. 
 
MR-containing NF The MR-containing nanofibers were produced 
on a rotating drum electrospinning setup using low drum speed. This 
allowed for production of large nonwoven membranes. All 
electrospinning trials were carried out at 0.4 ml.h-1 and 8 cm, with the 
voltage adapted for stable electrospinning, 21 ± 2°C and 45 ± 5% RH. 
All electrospinning solutions contained 7 wt% of polymer in 30/70 
AA/FA with an 85/15 polymer ratio of PCL to (dye-functionalized) 
chitosan, unless specifically stated otherwise. In parallel to the 
samples containing the dye-functionalized chitosan batches described 
in the previous section, also dye-doped nanofibers were produced by 
adding MR directly to the electrospinning solution in the reported 
concentration. 

8.3 Nitrazine Yellow-doped nanofibers 

Nitrazine Yellow (NY) is an azo dye showing a color change from 
yellow to blue in the neutral pH-range. The neutral form of NY is 
characterized by a tautomerism between the azo-form and the 
hydrazone-form (Fig. 8.1 A and B respectively), with the equilibrium 
towards the yellow hydrazone form. Upon deprotonation at higher pH, 
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however, only the blue azo-form is found (Fig. 8.1 C), thus resulting 
in a color change from yellow to blue going from pH 6 to pH 7. The 
dynamic pH-range of this dye is therefore of particular interest for 
wound healing applications. As illustrated in chapter 1 (Fig. 1.9), the 
pH of normal skin is below 6, whereas the pH of a chronic or infected 
wound is above 7. A NY-containing wound dressing could therefore 
supply the user with additional information on the condition of the 
wound through a color signal.  
 
 

 

Fig. 8.1: Nitrazine yellow in its neutral form is characterized by an azo-hydrazone 
tautomerism (A vs. B; blue vs. yellow), with the equilibrium towards the yellow 
hydrazone form. At higher pH, the blue azo-form (C) is found due to deprotonation, 
thus resulting in a color change with increasing pH.  

 
 
NY-doped PA6 nanofibers were previously developed at our 
department, illustrating that the addition of the dye to the 
electrospinning solution did not result in any significant alterations of 
the electrospinning process, while resulting in halochromic 
nanofibrous membranes [15]. Addition of the polycationic complexing 
agent PDADMAC, however, was necessary to obtain usable 
membranes since otherwise dye leaching was too high. For the 
PA6/NY/PDADMAC nanofibrous membranes, there was a slight shift 
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of the acidic and alkaline wavelength maxima and a shift/broadening 
of the dynamic pH-range compared to NY in solution, indicating that 
the changing microenvironment has a significant effect on the color 
change with pH. The polymer matrix therefore not only affects the 
properties related to the polymer components (thermal, mechanical, 
etc.), but also the halochromic behavior of the incorporated dye. Since 
a PCL/Cs blend is promising for biomedical use, NY-doping of 
PCL/Cs nanofibers is studied and compared to dye-doped PCL 
nanofibers and the previously developed PA6-based halochromic 
nanofibers.  
 
Addition of NY or PDADMAC to the electrospinning solutions did 
not affect the electrospinnability and process stability, and this for all 
investigated polymers. Similar to the previously developed NY-doped 
PA6 nanofibers (PA6/NY), electrospinning of PCL/NY and 
PCL/Cs/NY resulted in homogeneous and bead-free nanofibrous 
structures, both with and without addition of PDADMAC.  The 
halochromic properties and dye immobilization were thus evaluated 
and compared as a function of the microenvironment and PDADMAC 
concentration (Table 8.2). 
 
 

Table 8.2: Characteristics of Nitrazine Yellow used as halochromic compound in 
different microenvironments: aqueous solution or dye-doped nanofibers (0.5% omf 
NY). Dye release to a water bath (pH 8) was tested as a function of nanofibrous 
matrix and presence of the polycationic complexing agent PDADMAC. 

Micro-
environment 

PDADMAC Halochromic behavior 
 

Dye release 

 
Dynamic  
pH-range 

Response 
time 

Aqueous 
solution N/A 6 – 7 seconds N/A 
     

PA6 NF 0% omf Dye leaching too high 75% 
 4% omf 4 – 6  minutes 3% 
     

PCL NF 0% omf No color change with pH 5% 
 4% omf 2 – 8  hours 0% 
     

PCL/Cs NF* 0% omf Dye leaching too high 57% 
 4% omf 4 – 6  minutes 0% 
* 85/15 PCL/Cs blend nanofibers 
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None of the NY-doped nanofibrous structures were usable as 
halochromic sensor without the complexing agent (Table 8.2, 0 %omf 
PDADMAC). PCL/NY nanofibers have a very low wettability due to 
the hydrophobic nature of the PCL matrix. Additionally, theoretical 
studies using molecular modeling have shown that interactions 
between the PCL ester group and the NY azo group shield the dye 
from deprotonation in alkaline environment [16]. A combined effect 
results in the loss of halochromic behavior when NY is incorporated 
in a PCL nanofibrous matrix. As discussed in chapter 6, PCL/Cs 
nanofibers show improved hydrophilicity. Additionally, the sulphate 
groups of NY interact preferentially with the amino groups of chitosan 
[16], allowing for deprotonation again. However, similar to PA6/NY 
nanofibers, dye immobilization in PCL/Cs/NY nanofibers is not 
sufficient without the polycationic complexing agent; significant dye 
leaching prevents practical use of the membranes.  
 
Research on NY-doped PA6 nanofibers already showed that addition 
of PDADMAC significantly lowers dye leaching [17]. Indeed, the 
sulphate groups of NY interact with the quaternary ammonium cations 
of PDADMAC, which is a polymeric substance with high molecular 
weight and thus low mobility. As can be seen in Table 8.2, addition of 
4% omf PDADMAC to the electrospinning solution effectively lowers 
dye migration for the well-wettable PA6 and PCL/Cs nanofibers. 
Additionally, this interaction also prevents the shielding effect found 
in NY-doped PCL nanofibers. Indeed, PCL/NY/PDADMAC 
nanofibers show a clear color change from yellow to blue with 
increasing pH, identical to NY-doped PCL/Cs nanofibers (Fig. 8.2). 
All PDADMAC-containing NY-doped nanofibers thus show a clear 
color change with pH and limited dye leaching. The response time and 
dynamic pH-range, on the other hand, still largely depend on the 
polymer matrix. Hydrophobic PCL membranes are characterized by a 
more pronounced broadening of the dynamic pH-range and a higher 
response time in comparison with well-wettable nanofibrous samples. 
Blending with chitosan significantly improves hydrophilicity, 
resulting in a shorter response time and lower broadening of the pH-
range. PCL/Cs/NY/PDADMAC nanofibers thus combine appropriate 
hydrophilicity, a biocompatible matrix and a halochromic function. 
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Fig. 8.2: Kubelka-Munk spectra of PCL/NY nanofibers (red) show that there is no 
color shift with changing pH. Kubelka-Munk spectra of PDADMAC-containing NY-
doped nanofibers (black) illustrate the color change from yellow to blue with 
increasing pH.  

 

8.4 Blend nanofibers containing dye-
functionalized chitosan and polycaprolactone 

Although dye immobilization through polymeric complexing agents 
works fairly well for some dyes, such as NY, this strategy is not 
generally applicable and depends on the operating conditions (dye 
concentration, availability of the anionic group, etc.). Extensive 
research on immobilization of indicator dyes has shown that covalent 
linkage of a dye to the matrix material is the most efficient 
immobilization method [18]–[26]. As demonstrated in chapter 7, blend 
electrospinning using a dye-containing polymer and a carrier offers a 
viable way to produce nanofibrous nonwovens containing covalently 
immobilized dye molecules. Alternative to the dye-monomer 
approach reported in chapter 7, functionalization of a polymer 
backbone through its reactive side groups offers a strategy particularly 
interesting when using biopolymers and is thus researched in this 
chapter.  
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Chitosan offers many possibilities for functionalization due to the 
presence of the reactive amino group [9]–[14]. Covalent immobilization 
of a halochromic dye without compromising the biocompatibility of 
the polymer matrix is thus possible through dye-modification of the 
chitosan component prior to electrospinning. The hydroxyl group of 
NY can be utilized to obtain a covalent bond with chitosan. This 
functional group, however, is responsible for the halochromic 
properties of NY, as illustrated in Fig. 8.1. Covalent linkage to 
chitosan makes deprotonation in alkaline environment impossible and 
NY no longer changes color with increasing pH. This immobilization 
strategy thus asks for a pH-sensitive dye having a reactive group that 
is not involved in the color changing mechanism. Methyl Red (MR) is 
such a dye; it contains a carboxyl group making covalent coupling to 
amino-group-containing polymers such as chitosan possible, while the 
color changing mechanism does not involve this functional group 
(Fig. 8.3). MR is, therefore, selected as model compound to study how 
dye-modification of chitosan affects the electrospinning process and 
sensor properties of PCL/Cs blend nanofibers. 
 
 

 

Fig. 8.3: Protonation at low pH of Methyl Red in its neutral form (A, B) results in a 
tautomeric mixture of the ammonium form (C) and the azonium form (D). The 
azonium tautomer only exists in small amounts [27] and the color change with 
decreasing pH can be attributed to protonation of the yellow neutral form to the red 
ammonium form.  
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Fig. 8.4: Production of Methyl Red-functionalized chitosan powders through the 
water-based method reported by Fangkangwanwong et al. [9] 

 
 
Three batches of MR-functionalized chitosan powder (Cs-MR) having 
different dye concentrations were produced using the water-based 
method reported by Fangkangwanwong et al. [9], as illustrated in Fig. 
8.4. By substituting the pure chitosan powder for one of these MR-
functionalized chitosan powders in the blend electrospinning process, 
nanofibrous membranes are produced containing covalently 
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immobilized MR. The electrospinnability of PCL/Cs-MR blends, the 
halochromic properties of the obtained nanofibers and the efficiency 
of the dye immobilization strategy are studied in the sections below.  

8.4.1 Electrospinning 

The electrospinnability of the PCL/Cs-MR blends was studied as a 
function of dye concentration, processing conditions, process stability 
and resulting fiber morphology, and compared to pure and dye-doped 
PCL/Cs solutions. As previously described, electrospinning of dye-
doped solutions is not significantly affected and results in bead-free 
uniform MR-containing PCL/Cs nanofibers (Fig. 8.5b). 
Functionalization of the chitosan backbone with MR, on the other 
hand, has a major effect on the electrospinning solutions (Table 8.3). 
Indeed, when only a small amount of chitosan’s amino groups are 
functionalized with MR, as is the case for the Cs-MR5 batch, the 
viscosity of the PCL/Cs-MR solution decreases compared to PCL/Cs 
solutions. Since the amino groups are responsible for the polycationic 
properties of chitosan, functionalization reduces the overall charge 
density on the chitosan backbone, possibly affecting the extended 
chain conformation of the chitosan backbones [28] and slightly 
reducing the solution viscosity. These blend solutions were well 
electrospinnable without any significant changes in process stability 
or fiber morphology (Fig. 8.5c). With increasing MR concentration, 
however, not only the charge density on the polymer backbone, but 
also the solubility is significantly affected. Both the Cs-MR10 and the 
Cs-MR20 batch no longer completely dissolve in 30/70 AA/FA and the 
blend solutions were no longer electrospinnable.  
 
 

 

Fig. 8.5: SEM images of the nanofibers obtained by electrospinning the solutions 
detailed in Table 8.3. Fiber morphology is comparable; uniform, bead-free nanofibers 
are formed.  
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Table 8.3: Characteristics of the used electrospinning solutions (7 wt% of 85/15 
PCL/Cs dissolved in 30/70 AA/FA). 

 
Dye conc. for 

functionalization* 
[mol MR/mol Cs] 

Resulting 
dye conc. 
[%omf] 

 
Viscosity 
[mPa.s] 

PCL/Cs - - ~ 3500 
PCL/Cs/MR 5 1.19 ~ 3500 
PCL/Cs-MR5 5 0.09 ~ 2000 

PCL/Cs-MR10 10 0.76 No complete 
dissolution 

PCL/Cs-MR20 20 2.29 No complete 
dissolution 

* Added to the electrospinning solution in case of dye-doped nanofibers and used for chitosan-
modification (described in Fig. 8.4) in case of covalently bonded MR. 
 
 

 

Fig. 8.6: Compared to blank PCL/Cs membranes (a), the intensity of the yellow color 
of dry dye-doped nanofibrous membranes (b) is far greater than the intensity of dry 
membranes containing MR-functionalized chitosan (c) since less MR is lost during 
production (dye-doping: no MR is lost, covalent bonding: 92% of MR is lost). This is 
quantified by the color difference with respect to the blank sample. 

 
 
Although the PCL/Cs-MR5 solution was well electrospinnable and 
resulted in homogeneous nanofibers, the membrane was only very 
lightly colored. Indeed, a lot of MR is lost during the functionalization 
procedure of the chitosan backbone. Using the dye-doping procedure, 
none of the MR is lost since it is simply added to the electrospinning 
solution. The color intensity of the membrane is thus far greater for 
dye-doped samples than for samples containing covalently bonded 
MR, as illustrated in Fig. 8.6. Using a higher MR concentration for 
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chitosan-modification to obtain more deeply colored membranes, 
however, is not possible since the solubility of the MR-functionalized 
chitosan is compromised. This case study thus indicates that even a 
small amount of dye covalently coupled to the chitosan backbone 
(only 4% of the amino groups are substituted in Cs-MR10), can 
significantly change the solubility and polycationic behavior of 
chitosan in the acidic electrospinning solution, which in turn affects 
electrospinnability. Selection of an appropriate dye should thus not 
only take the halochromic properties into account, but also the effect 
on solubility and subsequent electrospinnability of the dye-modified 
chitosan powder.  

8.4.2 Halochromic properties 

The MR-containing nanofibrous samples show a clear color change 
with increasing pH from pink to yellow similar to MR in aqueous 
solution, as illustrated in Fig. 8.7. Despite the much lighter color for 
the nanofibers produced using MR-functionalized chitosan compared 
to the MR-doped nanofibers, a clear color change with increasing pH 
is visible, indicating that the immobilization of MR through covalent 
bonding to the chitosan backbone does not impede (de)protonation of 
the dye. The color change is reversible and fast; all the MR-containing 
PCL/Cs membranes changed color within a few minutes. 
Additionally, the sensing behavior is not only observed in aqueous 
media but also when exposed to hydrochloric acid or ammonia vapors, 
and this with an instantaneous response.  
 
 

 

Fig. 8.7: pH-responsive behaviour of (a) PCL/Cs/MR nanofibers and (b) MR in 
aqueous solution. The visual color change with pH of PCL/Cs-MR5 blend nanofibers 
is the same as for the dye-doped nanofibers, albeit less pronounced due to the lower 
dye concentration. 
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Fig. 8.8: Normalized absorbance spectra of an aqueous MR solution (a), normalized 
Kubelka-Munk values of MR-doped PCL/Cs nanofibers (b) and normalized Kubelka-
Munk values of PCL/Cs-MR5 nanofibers (c), illustrating the color change from pink 
to yellow through a hypsochromic shift with increasing pH. Only minor differences in 
halochromic behavior are registered between the samples.  

 
 
A quantitative characterization of the halochromic behavior is 
possible through UV-Vis spectroscopy, as shown in Fig. 8.8. The 
nanofibrous samples were immersed in water baths with pH varying 
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between 0 and 12 prior to the measurement. Normalized Kubelka–
Munk spectra of the samples show that both the dye-doped 
membranes and the membranes containing MR-functionalized 
chitosan are characterized by a color change due to a shift to lower 
wavelengths, i.e. a hypsochromic shift. Although the peak maxima are 
slightly shifted with respect to MR in aqueous solution, the 
differences are only minor (≤ 5 nm) and the color change of MR-
containing nanofibers is comparable to MR in solution.  
 
Similar to dye-doping using DR1 (chapter 7) and dye-doping using 
NY (section 8.3), MR-doped PCL/Cs nanofibers change color at lower 
pH-values compared to MR in solution (Fig. 8.8 b vs. a). Thus, also 
for MR, the microenvironment significantly affects the dynamic pH-
range, shifting it to lower pH when incorporated in a nanofibrous 
polymer matrix. Although covalent bonding of MR to the chitosan 
backbone did not significantly alter the color change itself, a further 
decrease of the dynamic pH-range is recorded (Fig. 8.8 c vs. b). While 
the changes to the carboxyl group of MR upon functionalization of 
chitosan do not significantly change the colors of the dye, a lower pH 
is needed in order to protonate the molecule. 
 
In conclusion, a fast and clearly visible color change similar to MR in 
solution is obtained when covalently bonding MR to the chitosan 
component of PCL/Cs blend nanofibers. The changes to the 
halochromic properties of MR are limited to a decrease in dynamic 
pH-range, illustrating that blend electrospinning using a dye-
functionalized chitosan component and PCL is a viable strategy for 
the production of fast-responsive halochromic nanofibers consisting 
of a biocompatible polymer matrix. 

8.4.3 Dye immobilization 

Similar to DR1, investigated in chapter 7, MR is not a complex-
forming dye molecule and cannot be immobilized through addition of 
PDADMAC to the electrospinning solution [29]. This chapter thus 
investigates the more generally applicable covalent linkage of a dye to 
a polymer component, illustrated with the MR-modified chitosan 
model system. The dye leaching is quantified by comparing dye 
transfer of the MR-containing nanofibrous samples to a water bath at a 
certain pH (Fig. 8.9).  
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Fig. 8.9: Water fastness results, reflecting dye migration to a water bath, indicating 
that dye leaching is high for dye-doped nanofibers with usable dye concentrations and 
low for low dye concentrations, irrespective of the dye immobilization method. 

 
 

 

Fig. 8.10: Water fastness results, reflecting dye migration to a water bath, indicating 
that dye leaching is limited for solution cast films containing MR-functionalized 
chitosan, whereas dye leaching is high for MR-doped solution cast films having the 
same dye concentration. 

 
 
The results show that there is no dye leaching when MR is covalently 
bonded to the PCL/Cs nanofibrous membranes. Indeed, absorbance 
values of the water baths after being in contact with PCL/Cs-MR 
nanofibers are close to zero (Fig. 8.9, !). After being in contact with 
the dye-doped counterpart, on the other hand, a significant amount of 
MR is present in the water baths (Fig. 8.9, !). Due to the low 
reaction efficiency of the MR-modification of chitosan, however, the 
dye concentration in PCL/Cs-MR nanofibers is very low. As can be 
seen from the minor dye release recorded for MR-doped nanofibers 
with similar dye concentrations (Fig. 8.9, !), it cannot be evaluated if 
the covalent bond between MR and the polymer matrix or the low dye 
concentration lies at the basis of the absence of dye leaching. In order 
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to properly evaluate the effect of the covalent bond between MR and 
the polymer matrix, a higher dye concentration thus needs to be tested. 
 
Although Cs-MR with a higher degree of modification was not 
electrospinnable due to decreased solubility, PCL/Cs-MR solution 
cast films could be produced using the Cs-MR20 batch. This resulted 
in thin PCL/Cs-MR films containing 2.29 %omf of MR, which can be 
directly compared to dye-doped PCL/Cs thin films containing  
2.29 %omf MR in order to evaluate the effect of the covalent bond. 
The dye release to a water bath was tested for both films, clearly 
illustrating that the covalently bonded MR is well immobilized in the 
polymer matrix compared to the MR simply added to the polymer 
solution (Fig. 8.10 ! vs. !). In other words, in order to properly 
immobilize usable concentration of MR in a PCL/Cs matrix, a 
covalent bond is needed.  
 
It can thus be concluded that covalent coupling of a pH-sensitive dye 
to the chitosan backbones and subsequent blend electrospinning with a 
PCL carrier, is a viable method for the production of halochromic 
nanofibrous membranes consisting of biocompatible polymer 
components with low dye migration. Within this strategy, the 
solubility of the dye-modified chitosan powder in the acidic 
electrospinning solution is the limiting factor.  

8.5 Conclusion 

In this chapter, NY-doped PCL and PCL/Cs nanofibrous structures 
were investigated as possible biocompatible pH-sensor, and compared 
to previously developed PA6/NY nanofibers. PCL/NY nanofibrous 
membranes did not result in usable halochromic sensors due to a 
combined effect of high hydrophobicity and shielding of the dye, 
prohibiting the deprotonation reaction responsible for the pH-sensitive 
properties. The more hydrophilic PA6 and PCL/Cs nanofibrous 
membranes, on the other hand, showed good halochromic properties. 
However, addition of the polycationic complexing agent PDADMAC 
was necessary to reduce dye leaching in order to obtain usable 
halochromic nanofibrous membranes. 
 
Additionally, a new, more generally applicable concept for the 
efficient immobilization of pH-responsive dyes in biocompatible 
nanofibrous nonwoven materials was demonstrated by electrospinning 
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a mixture of PCL and dye-functionalized chitosan. Within this, dye 
selection is crucial since it not only influences the obtained 
halochromic behavior, but also the electrospinnability of the polymer 
solution. MR-modified chitosan with a high MR concentration is no 
longer soluble in the acidic electrospinning solution, impeding the 
production of nanofibrous membranes with a clearly visible color 
change. However, both PCL/Cs-MR nanofibers with low dye 
concentration and PCL/Cs-MR solution cast films with high dye 
concentration show no dye release, and this in contrast to dye-doped 
samples. The covalent bond between MR and the PCL/Cs polymer 
matrix thus properly immobilizes the halochromic dye. Additionally, 
this covalent amide-bond proved to be stable, even at high pH, and 
this in contrast to the ester-bond described in chapter 7. 
 
Future research into dye-modification of chitosan for the production 
of halochromic PCL/Cs blend nanofibrous membranes should thus 
focus on dye selection. The chosen dye should (1) possess a functional 
group that is not involved in the color changing mechanism, and (2) be 
suitable to functionalize chitosan with an acceptable reaction 
efficiency (3) without adversely affecting the solubility in the acidic 
electrospinning solution. Additionally, for wound healing 
applications, the sensing region should be at high pH in order to 
obtain biocompatible halochromic nanofibrous membranes with 
sensitivity between pH 6 and 7, usable for fabrication of a working 
example of a ‘smart’ wound dressing.  
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Concluding remarks 
and outlook 

 
 
 
 

This chapter summarizes the main conclusions of this PhD work and 
highlights some future perspectives. 
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Blend electrospinning is regarded as a remarkably promising 
technique for the production of high-value nanofibrous materials with 
properties tailored to the applications. By combining two polymer 
components into one nanofibrous structure through blending in the 
electrospinning solution, the best of two worlds can be combined 
using a simple strategy. Numerous applications could benefit from 
nanofibers having tunable properties, including the biomedical field 
and sensor design, where the use of polymer blends is rapidly 
becoming indispensible.  
 
Thus far, however, a fundamental study of the production process and 
fiber morphology has often been overlooked, and the full potential of 
blend electrospinning for biomedical and colorimetric sensor 
applications has not yet been uncovered. Analysis of process stability 
and scalability using solvent systems with limited toxicity and 
subsequent investigation of the obtained nanofibers are thus 
necessary. Therefore, this PhD work explored the potential of blend 
electrospinning, using the acetic acid/formic acid solvent system, 
having acceptable toxicity, for the production of nanofibers containing 
a synthetic component, a natural component and/or well-immobilized 
indicator dyes. To do so, a few model systems were selected, with 
polyamide-6 and polycaprolactone representing well-processable 
synthetic polymers, gelatin and chitosan representing the two major 
biopolymer classes and a few azo dyes representing the vast range of 
applicable pH-indicators. 
 
Polyamide-6 and polycaprolactone are known to be electrospinnable 
in a stable, reproducible and scalable manner using the acetic 
acid/formic acid solvent system. Additionally, a preliminary 
feasibility study showed that both gelatin and chitosan could be 
dissolved using the same solvent system, allowing for subsequent 
blending. In pure form, chitosan was not electrospinnable due to 
extremely high solution viscosities at low concentrations, warranting 
blending with a synthetic carrier to allow for stable fiber formation. 
Gelatin, on the other hand, was well electrospinnable in pure form. 
The obtained nanofibrous membranes, however, were fragile and 
cold-water-soluble, making blending with a water-stable synthetic 
carrier interesting to obtain modified properties.  
 
A general screening of the available thermal analysis techniques using 
the obtained pure nanofibrous membranes resulted in two innovative 
insights. Firstly, the heating rate selected for differential scanning 
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calorimetry greatly affected the obtained results, especially when 
comparing nanofibrous samples to bulk material. Using elevated 
heating rates, the effect of the high degree of stretching during 
electrospinning is not erased since kinetic processes during 
measurement are suppressed. Currently, however, experimental 
conditions in differential scanning calorimetric analysis are often 
limited to conventional low heating rates. If a more detailed thermal 
characterization is warranted, new fast-scanning techniques offer the 
possibility for analysis of complex structures, including extensively 
stretched polymer nanofibers. Within this, finding the golden mean 
between suppression of kinetic processes and limitation of thermal lag 
is key, taking into account the high porosity of nanofibrous 
membranes. Secondly, the newly developed cold-water-soluble 
gelatin nanofibrous membranes could be used as instant gelatin 
product, since they retained their gelling capability. Viscosity 
measurements, thermal analysis and oscillation rheology all indicated 
that there is no significant degradation of the polypeptide chains 
during electrospinning. The resulting nanofibrous membranes are 
characterized by high surface-to-volume ratio, high porosity and good 
wettability, which facilitated cold-water-solubility and fast cold-
gelling without the drawbacks of traditional amorphous instant 
gelatins. Using the approach reported in this PhD, every 
electrospinnable but non-cold-water-soluble gelatin could be 
processed into a cold-water-soluble variant, regardless of the gelatin 
type or modification. 
 
To gain more insight into blend electrospinning of synthetic-natural 
polymer mixtures for biomedical applications, an in-depth study 
polycaprolactone-based nanofibers containing either a gelatin 
component or a chitosan component was performed. Electrospinning 
of polycaprolactone-gelatin nanofibers using the acetic acid/formic 
acid solvent system was highly flexible. Indeed, uniform bead-free 
nanofibers with a tunable diameter for the whole polycaprolactone-
gelatin composition range could easily be produced through stable 
electrospinning of blend emulsions. The resulting polycaprolactone-
gelatin nanofibers were water-stable up to gelatin concentrations of  
15 wt%. At higher gelatin concentrations, a nanofiber-reinforced 
hydrogel can be obtained by gelation of (part of) the gelatin 
component in cold water. Also polycaprolactone-chitosan nanofibers 
could successfully be obtained using the acetic acid/formic acid 
solvent mixture, with a maximal concentration of 15 wt% of 
unmodified chitosan. Within this, tuning of the fiber diameters was 
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possible by adjusting the total polymer concentration of the 
electrospinning solution in relation to the desired polycaprolactone-
chitosan ratio. Unlike polycaprolactone-gelatin nanofibers showing no 
interaction between the polymer components, thermal properties of 
polycaprolactone-chitosan blend nanofibers are significantly different 
from pure polycaprolactone nanofibers. Indeed, hydrogen bonding 
between the components reduces the mobility of the polycaprolactone 
chains upon devitrification and melting due to interactions with the 
glassy chitosan domains. Blend electrospinning using a 
polycaprolactone carrier is thus highly flexible for both polypeptides 
and polysaccharides, but results in different blend properties.  
 
Because the use of nanofibers significantly lowers response time of 
halochromic sensors, two new concepts for the facile immobilization 
of pH-responsive dyes in nanofibrous nonwovens were developed in 
this PhD, both based on blend electrospinning. Covalent bonding of 
an indicator dye to a polymer component and subsequent blend 
electrospinning using a suitable carrier significantly reduced dye 
mobility. Firstly, the dye-monomer approach proved to be valuable for 
synthetic sensors. The incorporation of a dye into a copolymer and 
subsequent blend electrospinning allowed for the production of 
membranes with a fast and clearly visible color change with pH. The 
limiting factor using this approach was the stability of the copolymer, 
which was sensitive to hydrolysis at high pH. However, the technique 
offers high flexibility, since the produced copolymer does not 
necessarily have to be electrospinnable in pure form. Secondly, dye-
functionalization of a selected polymer using its reactive side groups 
proved to be particularly interesting when using biopolymers such as 
chitosan. This way, halochromic sensors consisting of biocompatible 
polymer components with minimal dye leaching could be developed. 
The limiting factor using this approach was the solubility of the dye-
modified chitosan powder in the electrospinning solution, making dye 
selection crucial since it not only determines the obtained halochromic 
behavior but also electrospinnability.  
 
In conclusion, blend electrospinning offers a viable way to produce 
nanofibrous membranes combining the advantageous properties of 
two polymer components. Using the proposed acetic acid/formic acid 
solvent system, the model systems were blend electrospun into 
functional nanofibrous membranes. The results reported in this PhD 
serve as an important proof-of-principle and can easily be transferred 
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to serve other applications or material selections in the future. Within 
this, a few general remarks should be taken into account.  
 
Firstly, solubility of both polymer components in the utilized solvent 
system, preferably with acceptable toxicity, is key to obtain a scalable 
electrospinning process. If this solubility is guaranteed, a well-chosen 
synthetic carrier polymer can allow for the production of nanofibers 
containing a non-electrospinnable polymer component, such as 
chitosan or a halochromic synthetic polymer. Additionally, phase 
separation in solution with the formation of emulsions does not 
impede the electrospinning process, but reproducibility of the obtained 
nanofibrous membranes should be investigated.  
 
Secondly, blend electrospinning using a dye-containing polymer and a 
suitable carrier is a remarkably promising strategy for the production 
of halochromic nanofibers with minimal dye leaching, useful in 
numerous possible applications including protective clothing, 
filtration, agriculture, wound dressings, etc. Indeed, the covalent bond 
between the dye molecules and the polymer matrix effectively 
immobilizes the indicators. For future dye selection, however, the 
results obtained in this PhD should be considered. The functional 
group for the dye used for covalent bonding to the polymer backbones 
should not be directly involved in the color changing mechanism. 
Additionally, dye selection should take into account the effect of this 
functionalization and the changing microenvironment on the dynamic 
pH-range. Furthermore, the dye should not adversely affect the 
solubility of the polymer backbone in the electrospinning solution. 
And finally, the dye-containing polymer component should be 
hydrolytically stable.  
 
Bearing in mind these general guidelines, an outlook to future 
research for the development of nanofibrous membranes having a 
halochromic sensor function for wound management is possible. A 
first important aspect that needs further investigation is the selection 
of a dye showing a color change in the appropriate pH-range. Since 
the pH-range can be significantly influenced by the changing 
microenvironment, this selection cannot be based solely on the pH-
shift in aqueous solution. In order to better understand the effect of the 
nanofibrous matrix and how we can actively steer the pH-range of a 
halochromic dye, future studies in molecular modeling of dyestuff can 
supplement experimental results and allow for a more informed dye 
selection.  
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Additionally, further research on biocompatibility and biological 
functionalities of the developed materials is necessary, taking into 
account possible residual solvent, blend composition and desired 
product properties (mechanical properties, effect on wound healing 
and cell growth, etc.). Within this, several of the developed materials 
can be combined in order to obtain optimal wound healing and 
monitoring. Gradient structures, for instance, combining layers of 
biodegradable and/or cold-gelling blend nanofibers covered by 
halochromic blend nanofibers, could prove to be advantageous in 
wound dressing design. If present in a biodegradable layer, also the 
biocompatibility of the selected dye should be considered in the 
future. 
 
A third aspect, interesting for future studies, relates to a more in-depth 
study of sensor properties. The relationship between sensor structure 
(membrane thickness, position in a wound dressing, nanofiber 
composition, etc.) and response time is of particular interest. This can 
be significantly affected by for instance diffusion effects unaccounted 
for in standard sensor testing. Additionally, future studies can also 
take into account a more complex composition of the moist wound 
environment, more accurately simulating wound monitoring than the 
current standard sensor testing. Going to even further product design, 
handling of the sensor layers, storage and life time become 
increasingly important and can therefore also be included in future 
studies.  
 
The work presented in this PhD thus illustrated the major potential of 
blend electrospinning and can lead to several follow-up investigations 
for other applications, for advanced product design of halochromic 
wound dressings, etc. Therefore, I truly believe that my research and 
findings will help pave the way towards advanced nanofibrous 
products, usable in both technical and everyday life applications.  
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A1.1 Polymers 

SYNTHETIC POLYMERS 
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NATURAL POLYMERS 
 
 

 
 
 

Table A1.1: Typical amino acid compositions of gelatin, determined using the 
protocol by Kerkaert et al. [1] 

Amino acid 
Type A from porcine skin 

[g/100 g] 
Type B from bovine bones 

[g/100 g] 
Aspartate 4.40 ± 0.12 4.20 ± 0.17 
Glutamate 8.14 ± 0.34 7.99 ± 0.37 
Serine 3.12 ± 0.09 2.84 ± 0.06 
Histidine 0.69 ± 0.02 0.53 ± 0.01 
Glycine 21.63 ± 0.71 21.88 ± 0.61 
Threonine 1.77 ± 0.03 1.77 ± 0.08 
Arginine 7.32 ± 0.22 6.95 ± 0.24 
Alanine 8.18 ± 0.24 8.69 ± 0.31 
Tyrosine 0.64 ± 0.01 0.17 ± 0.02 
Valine 2.49 ± 0.13 2.59 ± 0.10 
Methionine 0.95 ± 0.03 0.68 ± 0.02 
Hydroxylysine 1.24 ± 0.03 1.21 ± 0.04 
Phenylalanine 1.92 ± 0.07 1.75 ± 0.04 
Isoleucine 1.42 ± 0.05 1.62 ± 0.04  
Ornithine - 0.43 ± 0.07 
Leucine 3.42 ± 0.12 3.47 ± 0.06 
Lysine 3.85 ± 0.11 3.99 ± 0.09 
Proline 13.57 ± 0.23 12.54 ± 0.39 
Hydroxyproline 10.25 ± 0.33 10.71 ± 0.51 
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A1.2 Solvents 

 
 
 

A1.3 Additives 
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Although there is still some discussion in literature whether Nitrazine 
Yellow exists as an ortho- or a para-hydroxyazo [2], the ortho isomer is 
assumed in this PhD, since it is the generally accepted form: 
 

 
 
 

 
 
 

POLYCATIONIC COMPLEXING AGENT 
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A2.1 Chain coil statistics 

In order to properly interpret the behavior of polymer solutions during 
electrospinning, chain dimensions and architecture have to be taken 
into account since they affect how polymer chains entangle. It is clear 
that chain entanglements affect solution viscosity, and that they are 
directly related to the polymer concentration, the polymer molecular 
weight and the polymer-solvent system. 
 
Below some general concepts in chain coil statistics, necessary to 
understand polymer solution behavior, are treated. For a more detailed 
description, the reader is referred to the textbook by Young and Lovell 
[1].  
 
The simplest characterization of a polymer chain in terms of 
dimensions, is the length of the chain along its backbone, i.e. the 
contour length R. For a chain of N backbone bonds each of length lb, 
the contour length can be defined as in equation A2.1. When also a 
fixed bond angle θ is taken into account, the extended chain length 
Rmax can be defined using equation A2.2. However, in reality, a linear 
flexible chain forms a molecular coil. Its dimensions are best 
characterized by the end-to-end-distance r, which is the distance 
separating the chain ends. However, this distance is continuously 
changing due to rotations of backbone bonds. The bond rotations can 
be characterized by their rotation angle ϕ, which shows a higher 
probability for some values due to short-range steric interactions. 
Therefore, to characterize the dimensions of a polymer chain, a time 
average of all possible end-to-end-distances and their probability is 
taken, referred to as the root mean square (RMS) end-to-end-
distance <r2>1/2. The RMS end-to-end-distance can be calculated 
using statistical mechanics, based on models for the polymer 
molecules, as discussed below. Additionally to the RMS end-to-end-
distance, also the RMS radius of gyration <s2>1/2 is used to 
characterize polymer chain dimensions. This represents the distance of 
a chain segment from the center of mass of the molecule, and can be 
related to the RMS end-to-end-distance (Eq. A2.3).  
 

 
 

[Eq. A2.1] 
 

 
 

[Eq. A2.2] 
 

 
 

[Eq. A2.3] 
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A.  Freely-jointed chains 
In the freely jointed-chain model, N and lb are fixed, whereas no 
effects of bond or rotation angles are taken into account (θ and ϕ 
arbitrary). The calculation of <r2>1/2 is based on a random-walk 
calculation reflecting the probability density function for the chain 
ends and results in equation A2.4. Using the freely-jointed chain 
model, the RMS end-to-end-distance can be related to the molecular 
weight M. Moreover, <r2>1/2 is a factor N1/2 smaller than the contour 
length. Since N is usually very large, this calculation illustrates the 
highly coiled nature of a polymer chain.  
 
 

 
 

[Eq. A2.4] 

 
B. The unperturbed coil 
The unperturbed coil model adds some restrictions to the freely-
jointed chain model since in real polymers the chain is determined by 
a fixed bond angle and cannot rotate freely because of short-range 
steric interactions. Therefore, N, lb, θ and ϕ are taken into account. 
Additionally, side groups on the polymer chain or polymer-solvent 
interactions can even further hinder bond rotations. The total effect of 
steric hindrance is reflected by a steric parameter σ (having values 
between 1.5 and 2.5). Equation A2.5 reflects the RMS end-to-end-
distance for an unperturbed coil, showing that including restrictions in 
bond angle and short-range steric interactions increase the value of 
<r2>1/2.  
 
 

 
 

[Eq. A2.5] 

 
In practice, two parameters are used to describe the chain dimensions 
of a polymer, namely the steric parameter σ and the characteristic 
ratio C∞. The latter is a measure for the chain stiffness and is defined 
by equation A2.6.  
 
 

 
 

[Eq. A2.6] 
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C. The perturbed coil 
It is clear that each segment of the polymer backbone takes up a 
physical volume, depending on the interactions with the molecular 
environment (solvent molecules, other polymer molecules, etc.). The 
previous models do not exclude those conformations of the chain 
where a segment occupies a volume element already occupied by 
another segment, which is usually considered in terms of excluded 
volume, nor do they take into account long-range steric interactions. 
They thus reflect the unperturbed dimensions. The extent to which 
these dimensions are larger in real chains is defined by the expansion 
parameter α. How much a coil expands due to volume exclusion 
depends on the molecular environment and is greatest where the 
segment density is highest. Therefore, a different expansion parameter 
is defined for the expansion of the RMS end-to-end-distance and the 
RMS radius of gyration with respect to the unperturbed situation, as 
defined by equations A2.7 and A2.8.  
 
 

 
 

[Eq. A2.7] 
 

 
 

[Eq. A2.8] 

 
For polymer solutions, specifically, the expansion parameter will 
largely depend on the type of the solvent. In a good solvent, a polymer 
coil will expand to increase interactions with solvent molecules (α > 
1), while in a poor solvent these interactions will be minimized as 
much as possible. In the latter case, a competing effect between 
expansion due to volume exclusion and contraction due to unfavorable 
solvent interaction determines the value of α, which can be close to 
unity. Additionally, α is dependent on the molecular weight and the 
chain stiffness (C∞).  

A2.2 Viscosity of polymer solutions: concepts 

The viscosity is determined by Newton’s law as 
 

 
 

[Eq. A2.9] 

!!!with!! η"="viscosity"[Pa.s]"
τ"="shear"stress"[Pa]"
dγ/dt"="shear"rate"[s71]"
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For Newtonian fluids, η is a material constant. However, the viscosity 
of polymer melts and solutions usually decreases with increasing 
shear rate, indicating non-Newtonian behavior and what is often 
called shear-thinning (pseudoplastic behavior). The non-Newtonian 
viscosity is thus shear-dependent. The viscosity at the limit of low 
shear rate is called zero-shear viscosity η0, and is reflected by the 
value of the low-shear or lower Newtonian plateau, as demonstrated in 
Fig. A2.1.  
 
 

 

Fig. A2.1: Generalized flow properties of polymer melts and solutions. [2] 

 
 
When analyzing a polymer solution, several additional terms can be 
defined: 
 
Relative viscosity, which can be determined by using a capillary tube 
 

 
 

[Eq. A2.10] 

!!!with!! η"="viscosity"of"the"solution"
ηs"="viscosity"of"the"solvent"
ρ"="density"
t"="efflux"time"of"a"certain"volume"through"the"capillary"tube"

 
Specific viscosity 
 

 
 

[Eq. A2.11] 
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Reduced viscosity 
 

 
 

[Eq. A2.12] 

!!!with!! c"="polymer"concentration"[g.cm73]"
 
Inherent viscosity 
 

 
 

[Eq. A2.13] 

!!!with!! c"="polymer"concentration"[g.cm73]"
 
Intrinsic viscosity, a characteristic function of a single molecule in 
solution and which can be determined by extrapolating the reduced 
and inherent viscosity to zero concentration (Fig. A2.2) 
 

 
 

[Eq. A2.14] 

 
Indeed, both reduced and inherent viscosity can be related to the 
intrinsic viscosity and the polymer concentration through the Huggins 
and Kraemer equations (Eq. A2.15 and A2.16 resp.), illustrating the 
linear relationship plotted in Fig. A2.2. The sum of the two slopes 
(k’+k”) is thus related through these equations and algebraically equal 
to 0.5 (for dilute polymer solutions). If this is not the case, molecular 
aggregation, ionic effects or other phenomena are indicated. For many 
polymer-solvent systems, k’ is about 0.35 and k” is about 0.15, 
although significant variations are possible [3]. 
 
 

 

Fig. A2.2: Schematic of the reduced and inherent viscosity as a function of 
concentration, and extrapolation to zero concentration to determine the intrinsic 
viscosity. [3] 
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Huggins equation 
 

 
 

[Eq. A2.15] 

 
Kraemer equation 
 

 
 

[Eq. A2.16] 

 
 
The intrinsic viscosity is, off course, dependent on the polymer 
architecture and its behavior in solution. When assuming that a dilute 
polymer solution behaves as a suspension of rigid non-interacting 
spheres, the intrinsic viscosity can be related to the RMS end-to-end-
distance of the polymer backbone through the Flory-Fox equation 
(Eq. A2.17). A more general relationship between the average 
molecular weight (M) of the polymer and the intrinsic viscosity is 
given by the Mark-Houwink-Sakurada equation (Eq. A2.18).  
 

 
 

[Eq. A2.17] 

!!!with!! Φ"="constant"independent"of"chain"structure"and"length"
M"="average"molecular"weight"

 

 
 

[Eq. A2.18] 
!!!with!! K"="characteristic"of"the"polymer7solvent"system"

a"="a"function"of"the"shape"of"the"polymer"coil"in"the"solution"

A2.3 Polymer chain entanglements in solution 

When increasing the polymer concentration in a solution, chain 
entanglements become important since they affect many solution 
parameters. At low molecular weights, chain entanglements are not 
possible. Above a certain critical value, however, the polymer chains 
can physically interlock. This onset of entanglement at the critical 
molecular weight Mc is clearly visible as a distinct upturn in the zero-
shear viscosity of an undiluted system (e.g. a polymer melt), as 
illustrated in Fig. A2.3. Indeed, at Mc the dependence of the zero-
shear melt viscosity changes from M1 to M3.4. Additionally, the 
entanglement molecular weight Me can be defined as the average 
molecular weight between entanglement junctions. The number of 
entanglements per chain ne is thus determined by the ratio of 
Mw/Me. Concentrated polymer solutions exhibit parallel behavior to 
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undiluted systems and the corresponding (Mc)soln, (Me)soln and (ne)soln 
can be defined. Several experimental studies have reported a 
relationship between Me in solution and in melt (Eq. A2.19) [4].  
 

 
 

[Eq. A2.19] 

!!!with!! ϕp"="polymer"volume"fraction"
 
 

 

Fig. A2.3: The effect of molecular weight on viscosity. [2] 

 
 
It is clear that in a polymer solution, not only molecular weight, but 
also concentration affects the number of chain entanglements. In 
dilute solutions, there is no overlap between polymer chains and thus 
chain entanglements are impossible. At a critical concentration c*, 
chain overlap is initiated and a semi-dilute solution is obtained. Off 
course, this crossover concentration is dependent on the molecular 
weight, polymer chain flexibility and polymer-solvent interactions, as 
they also influence the dimensions of a polymer coil in solution (see 
section A2.1). c* was related to the intrinsic viscosity [5],[6] (Eq. 
A2.20) and is thus proportional to the average molecular weight 
(through Eq. A2.17). Further increase of the concentration (c > c*) 
will lead to chain entanglements, which goes hand in hand with an 
even larger increase of the concentration-dependence of the solution 
viscosity, as illustrated in Fig. A2.4.  
 

 
 

[Eq. A2.20] 
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Fig. A2.4: Zero-shear viscosity as a function of reduced concentration (c/c*) for 
PMMA of different average molecular weights. [7] 

 

A2.4 Requirements for electrospinning based on  
 the concept of chain entanglements 

Most authors working on electrospinnability of polymers-solvent 
systems determine a window of electrospinnability in terms of 
viscosity, since the viscosity is easily measured and reflects the 
amount of chain entanglements. Indeed, chain entanglements are 
crucial for fiber formation, since the polymer jet is significantly 
stretched during the electrospinning process. In literature, a few 
studies have been reported that tie electrospinnability directly to 
polymer chain entanglements, as summarized below.  
 
A. The Berry number 
Polymer chain entanglements in solution can be characterized using 
the Berry number c[η], a dimensionless quantity also referred to as 
the Simha-Frisch parameter (Fig. A2.5). When the Berry number 
exceeds a certain value, the degree of chain entanglement is high 
enough to produce smooth uniform nanofibers. Therefore, some 
authors determine the window of electrospinnability in terms of this 
parameter. This method, however, is based on assumptions made in 
the dilute regime [5]. Additionally, the relationship between 
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electrospinnability and the Berry number is system-dependent [8]–[11]. 
A closely related approach consists in correlating the 
electrospinnability of uniform bead-free nanofibers to c*, as 
demonstrated by McKee et al. [12]. 
 
 

 

Fig. A2.5: Schematic of a polymer solution as a function of critical concentration c* 
and Berry number. [5] 

 
 
B. The solution entanglement number 
As discussed in section A2.3, the number of entanglements per chain 
in solution, or the solution entanglement number (ne)soln, can be 
determined based on the entanglement molecular weight Me 
(simplified in Eq. A2.21) [4]. Me is available in literature for a number 
of polymers. In the absence of experimental values, Me can be 
approximated by employing equation A2.22 (using a similar polymer 
with known Me as reference). Shenoy et al. determined that for good 
solvents and under normal operating conditions (no significant 
polymer-polymer interactions), complete and stable fiber formation is 
seen when (ne)soln > 3.5 (= 2.5 entanglements per chain). Theoretically, 
the minimum concentration necessary for stable electrospinning for 
any polymer of known molecular weight can thus be calculated as 
illustrated in Fig. A2.6, since ϕp is easily converted into a 
concentration value.  
 

 
 

[Eq. A2.21] 

!!!with!! ϕp"="polymer"volume"fraction"
Mw"="weight"average"molecular"weight"
Me"="entanglement"molecular"weight"



Concepts of chain entanglement in electrospinning 235 

 
 

[Eq. A2.22] 
!!!with!! C∞"="characteristic"ratio"

mb"="average"molecular"weight"per"backbone"bond"
lb"="bond"length"
ρ"="density"

 
 

 

Fig. A2.6: Determination of the minimal concentration necessary for electrospinning 
based on the entanglement principle. [4] 

 
 
This method was tested for several polymer-solvent systems and 
proved to be useful for both non-polar polymers, such as the PS/THF 
system (Fig. A2.7), and polymers showing strong polymer-solvent 
interactions, such as the PEO/water system. However, also this 
strategy is based upon several assumptions, mainly the fact that 
polymer-polymer interactions are negligible and that the polymer is 
dissolved in a good solvent. Additionally, the method is based upon 
several theoretical values, dependent of the polymer and/or the 
polymer-solvent system. These values are available in literature for 
common polymers, but are generally not freely accessible for 
advanced systems (including the polymer-solvent systems studied in 
this PhD, especially in the case of polymer blends and binary solvent 
systems). Although the principle of chain entanglements lies at the 
basis of electrospinnability, most authors thus determine a viscosity 
range for the polymer-solvent system at hand, rather than determining 
the solution entanglement number. 
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Fig. A2.7: Determination of the minimal concentration necessary for complete fiber 
formation for PS in THF, for several PS molecular weights. [4] 
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