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Abstract: Colorimetric nanofibers provide visual, easy-to-interpret sensors for personal use as well 

as advanced applications. The potential of 2-n-butyl-2-oxazoline (B) and 2-ethyl-2-oxazoline (E) 

statistical copolymers as a universal, versatile support platform for nanofibrous halochromic sensor 

design is demonstrated. These polymers are electrospinnable from eco-friendly solvent systems 

while wettability, moist adsorption capacity and water-solubility of the membranes can be easily 

tuned by changing the B/E monomer ratio, ensuring wide applicability. The halochromic sensing 

functionality is introduced by incorporating the alizarin yellow R (AYR) chromophore, which is 

covalently modified with an ethyl ester-group or a short poly(2-n-butyl-2-oxazoline) chain which 

is demonstrated to simultaneously prevent dye-leaching and allows tuning of the halochromic pH-

sensing window. The colorimetric nanofibrous sensors reversibly respond towards aqueous 

solutions of different pH, acid (HCl) and alkaline (NH3) vapors, and several biogenic amines with 

detection limits as low as 5 ppb. Tunability of sensor responsivity, sensitivity and pKa via 

manipulation of dye-polymer interactions, determined by support polymer structure and semi-
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crystallinity as well as chain length of the AYR-modified polymer are discussed. Preliminary 

proof-of-principle studies indicate the potential of the developed sensors for sub-ppm biogenic 

amine vapor detection, which may serve as basis for future applications in food packaging or breath 

analysis.  

1. Introduction 

Possessing trichromatic vision, humans are, unlike most other mammals, capable of seeing life in 

many colors.[1–3] Even though the observation of color is subjective, the universality of it cannot 

be underestimated.[4–9] Colorants, particularly stimuli-responsive dyes, are therefore the ideal 

candidates to be used in sensors that produce clear, visual, generic signals which can be 

qualitatively applied in a broad range of application areas. To design such a sensor, the dye must 

be incorporated in a suitable support material. Nanofibrous membranes have already been 

combined with a range of dyes and proven to be suitable as support for ultra-sensitive sensors 

thanks to the large specific surface area created by the many pores between the fibers of sub-micron 

thickness.[10–16] To produce these thin fibers, which is commonly done by solvent electrospinning, 

high molar mass polymers are typically used to form the chain entanglements that are required to 

keep the nanofibrous structure together.[17] Many different polymers have already been used for 

this purpose, but our aim is to select a polymer type that tackles two important issues in today’s 

nanofibrous sensor design. First of all, the current-state-of-the-art lacks a universal platform that 

allows the straightforward design of sensor properties, more specifically sensitivity and 

responsivity, towards the intended application needs. Secondly, solvent electrospinning still largely 

relies on harmful solvents, such as tetrahydrofuran (THF) or dimethylformamide (DMF), which 

impose environmental, safety and health risks.[15,18] To address these important needs, poly(2-n-

butyl-2-oxazoline) (PnBuOx) is put forward as polymer for preparing nanofibers by 
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electrospinning in this work. PnBuOx is a member of the interesting and versatile class of poly(2-

oxazoline)s (PAOx), which receive much (renewed) attention lately as reflected by the many 

studies published.[19–25] Especially a lot of possible applications in the biomedical field are being 

developed, thanks to their biocompatibility.[22,25–33]  

PnBuOx is a hydrophobic semi-crystalline polymer that is insoluble in water but soluble in ethanol, 

thereby providing stability in moist environments and allowing eco-friendly solvent 

electrospinning at the same time. Today, only few PAOx members, e.g., poly(2-ethyl-2-oxazoline) 

(PEtOx), poly(2-isopropyl-2-oxazoline) (PiPrOx) and poly(2-n-propyl-2-oxazoline) (PnPrOx), 

have been successfully electrospun.[34–37] These PAOx members are, however, hydrophilic and 

dissolve in cold water and, therefore, require crosslinking if they are to be used in applications, 

such as sensors, where dissolution is to be avoided.[38,39] Recent developments in synthesis 

protocols now allow for the production of other high molar mass PAOx,[40] including PnBuOx, 

which opens the door for processing these polymers into practical end-products, such as 

colorimetric nanofibrous sensors. By introducing hydrophilic 2-ethyl-2-oxazoline units into the 

PnBuOx polymer backbone, materials with varying hydrophilic/hydrophobic characteristics can be 

designed.[41] The thermal and wettability properties of materials, e.g., nanofibers, based on these 

polymers have, however, not been studied in detail. Nonetheless, by influencing the interaction of 

the material with the analyte and environment, these factors may, in fact, allow manipulation of 

sensitivity and responsivity of sensors produced with these polymers. 

In this work, the sensor function is incorporated into the nanofibers by functionalization with 

different analogues of the alizarin yellow R (AYR) chromophore. AYR is a halochromic azo-dye 

that changes from yellow to red in aqueous solution upon increasing the alkalinity.[42,43] Therefore, 

AYR is hypothesized to be sensitive towards biogenic amines as well, such as tyramine (T), 
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histamine (H), diaminobutane (DAB, also called putrescine), diaminopentane (DAP, also called 

cadaverine), dimethylamine (DMA) and trimethylamine (TMA), opening doors towards, for 

example, food packaging and breath analysis applications.[44–50] AYR possesses a functional 

carboxyl-group that undoubtedly plays a role in the characteristics of the chromophore’s 

halochromism (auxochrome) but is not crucial for the latter to occur, thereby providing a handle 

for covalent modification while leaving the color-changing mechanism intact. The covalent 

modification is necessary to prevent leaching of the dye, an important challenge in current 

nanofibrous sensor design, which, if not dealt with properly, leads to the adverse coloration of the 

application environment. 

In summary, eco-friendly electrospinning of PnBuOx and its statistical copolymers based on 2-

ethyl-2-oxazoline (E) and 2-n-butyl-2-oxazoline (B) is demonstrated in this work, and the 

properties of the resulting nanofibrous membranes are discussed in detail. The combination of 

hydrophilic E- and hydrophobic B-units leads to interesting wettability and thermal behavior that 

can be manipulated easily by the comonomer ratio, thereby providing a universal and versatile 

platform for the design of materials with varying properties. Based on this property screening, the 

most promising polymers are selected for the sensor design and the AYR-chromophore is 

incorporated in the nanofibers in different forms, which prevents dye-leaching and induces specific 

dye-polymer interactions leading to alteration and tuning of the halochromic response of AYR 

towards aqueous solutions of different pH, biogenic amines and acid (HCl) or alkaline (NH3) 

vapors. The produced sensors are hydrophobic enough to withstand moist conditions yet 

hydrophilic enough to allow accessibility of the sensor function resulting in high sensitivity and 

detection limits as low as 5 ppb, depending on the sensor design. In fact, this versatile sensor system 

allows manipulation of responsivity, sensitivity and pKa through variation of the polymer support 
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and the length of the substituent on the chromophore. As such, these colorimetric nanofibrous 

sensors can be tuned and further optimized towards different applications where halochromic or 

amine-sensors are useful, including biomedicine, such as pH-monitoring of wounds[51–53], safety, 

environmental monitoring, food packaging and breath analysis. A few preliminary proof-of-

principles are demonstrated to indicate the broad potential of the reported sensor system for the 

latter application areas. 

2. Results and discussion 

2.1 Electrospinning of PnBuOx and its statistical copolymers 

Being soluble in ethanol and insoluble in water, PnBuOx is one of those rare polymers offering the 

possibility to electrospin from an eco-friendly solvent such as ethanol while providing an end-

material that is stable in moist environments or even aqueous solutions, thereby enhancing the 

applicability of the nanofibrous product. Indeed, eco-friendly electrospinning is typically based on 

water-soluble polymers resulting in the need for crosslinking if the nanofibers are to be used in 

applications where dissolution, thus loss of fiber structure, is to be avoided.[18,54] Completely 

hydrophobic nanofibers are, however, not always desired, especially not when aiming to sense 

components in aqueous solutions or moist environments. By introducing E-units into the PnBuOx 

polymer backbone, resulting in B/E statistical copolymers, the material’s affinity for water can be 

tuned and a proper balance between wettability and stability can be found for the intended 

application.  

In contrast to other PAOx that have already been electrospun, namely PEtOx, PiPrOx and PnPrOx, 

the PnBuOx is hydrophobic and completely insoluble in water. To obtain nanofibers through eco-

friendly electrospinning, dissolution of PnBuOx and the B/E statistical copolymers in 

water/ethanol solvent systems is a viable option. Warm (50 °C) aqueous solvent systems with 80 

vol% ethanol or more were found to dissolve PnBuOx and its statistical copolymers resulting in 
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viscous, electrospinnable solutions with 25-30 wt% of polymer (Figure 1 top, S6 and S7). Uniform, 

bead-free nanofibers with a diameter in the 300-600 nm range were obtained by electrospinning 

these solutions. A solvent system of 10/90 vol% water/ethanol appeared to be most stable and was 

used to produce the nanofibrous sensors (Section 3.2). Thanks to the hydrophobic B-units and the 

limited use of water during electrospinning, the process was not climate-dependent which means 

that uniform nanofibers could be obtained even at elevated temperatures (at least up to 35 ºC) and 

high relative humidity (at least up to 70 %RH; Figure S8).  

It should be noted that, thanks to the hydrophilicity of the E-units, the B/E statistical copolymers 

showed a higher water-affinity with increasing E-content, meaning that less ethanol was required 

to solubilize and subsequently electrospin the copolymers. Indeed, the 70/30 B/E and 50/50 B/E 

copolymers could also be successfully electrospun from aqueous solutions with only 60 vol% and 

50 vol% of ethanol, respectively, while turbidimetry experiments (Figure S9) even revealed LCST-

behavior for the 30/70 B/E copolymer resulting in complete water solubility, thus 

electrospinnability, below 22 °C (Figure 1 bottom). When electrospinning from water, however, 

climate regulation was required as uniform nanofibers could be produced only if the water 

evaporated sufficiently fast, for which a low relative humidity was essential (Figure S9). 
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Figure 1. SEM images of electrospun statistical copolymers. Whereas 30/70 B/E could be 

electrospun from H2O/EtOH solvent systems of all ratios, including pure H2O, 50/50 B/E could 

only be electrospun from H2O/EtOH solvent systems with 50 vol% EtOH or more and 70/30 B/E 

could be electrospun from H2O/EtOH solvent systems with an excess of EtOH. (SEM images based 

on electrospinning of polymer solutions with 30 wt% concentrations). 

The difference in hydrophilic/hydrophobic behavior caused by the varying amount of E-units is 

also reflected in moist adsorption and wettability characteristics of the electrospun membranes. 

PEtOx nanofibers were very hydrophilic while the PnBuOx nanofibers were hydrophobic.[55] 

Nanofibers produced from the statistical copolymers, consisting of both monomer units, had 

properties in between. The more E-units present, the more hydrophilic the end-material, as reflected 

by increased moist adsorption, decreased contact angles and increased droplet absorption rates, as 

determined by dynamic vapor sorption (DVS) analysis and contact angle measurements, 

respectively (Figure 2, top, and Table S2). By playing with the monomer ratio, a specific water-

affinity could thus be achieved. 
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Figure 2. (top left) Differences in the hydrophilic/hydrophobic nature of the polymers is reflected 

in the nanofiber properties as shown by DVS experiments. Moist adsorption clearly increased with 

E-units present in the polymer. The relative humidity was increased from 0% RH to 90% RH with 

steps of 15% RH at a constant temperature of 25 °C. After the DVS measurement, the nanofibrous 

structure of 30/70 B/E and PEtOx samples was lost resulting in film formation. (top right) Contact 

angle measurements over time showed how the contact angle dropped much faster in case of the 

more hydrophilic 30/70 B/E and 50/50 B/E compared to the more hydrophobic 70/30 B/E and 

PnBuOx. (bottom) PnBuOx and 70/30 B/E nanofibers remained intact after immersion in water (1 

min), while 50/50 B/E based membranes turned into films and 30/70 B/E and PEtOx nanofibers 

dissolved completely, leaving only the aluminum support behind. 

The same trend holds for the membrane solubility in water which decreased with the amount of B-

units present in the copolymer (Figure 2, bottom, and S10). The 30/70 B/E based membranes 

readily dissolved in water, facilitated by the high specific surface area of the nanofibers. 

Nanofibrous membranes consisting of 50/50 B/E did not dissolve completely upon contact with 

aqueous environments, but the membranes turned into films and the nanofibrous structure was lost. 

The water-stability of these polymer nanofibers might be improved in future work by physical or 

chemical crosslinking strategies, which have been discussed for several other hydrophilic PAOx 

already.[34,38,39,56]  
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Membranes produced from 70/30 B/E, on the contrary, remained intact and they showed an 

additional feature linked to fiber swelling upon contact with aqueous or moist media. Similar to 

the tunable hydrophilic/hydrophobic behavior, the thermal properties of the end-material could be 

manipulated as well to vary between those of PEtOx and PnBuOx by playing with the B/E 

monomer ratio. PEtOx is amorphous and characterized by a Tg around 60 °C, PnBuOx is semi-

crystalline and has a much lower Tg of 30 °C. The statistical copolymers indeed showed 

intermediate Tg values of 38 °C, 45°C, and 51 °C with increasing E-content, as determined by 

MDSC (Table S3). Moreover, the 30/70 and 50/50 B/E copolymers were amorphous, while the 

70/30 B/E copolymer was semi-crystalline, albeit crystallization was slow and did not always occur 

(Table S4, Figure S11). Even though the degree of crystallinity did not influence the water-

insolubility of the 70/30 B/E nanofibers, it had a positive effect on the dimensional stability of the 

nanofibrous structure upon contact with aqueous media or moist environments as it significantly 

reduced the amount of fiber swelling upon water or moist absorption. (Figure 3, S10, S12 and 

S13). 

 
Figure 3. Pictures and SEM images of amorphous (‘as spun’) and semi-crystalline (‘aged’ and 

‘heat treated’) 70/30 B/E nanofibrous membranes after immersion in water show that 

crystallization reduced the fiber swelling significantly resulting in less shrinkage of the membranes, 

thus a better dimensional stability. 
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As the crystallization of the 70/30 B/E copolymer is slower than for the PnBuOx homopolymer, it 

required prolonged aging or thermal treatment to occur. Figure S11, Table S4 and S5 show that 

non-treated nanofibers produced from the 70/30 B/E copolymer were amorphous in contrast to 

aged or heat treated samples, which clearly showed melting peaks from 108 °C to 116 °C. 

Crystallization could be inhibited by storing the samples in cold conditions (< 10 °C), while by 

altering the conditions of the thermal treatment (temperatures 30 - 90 °C and duration 30 - 240 

min), the crystallization degree could be tuned (Figure S11 and Table S5). This, in turn, affected 

the moisture adsorption capacity and the dimensional stability of the membranes (Figure 3, S12 

and S13, Table S5). Although they did not dissolve, amorphous 70/30 B/E nanofibers shrunk upon 

immersion in water as the nanofibers swell. In contrast, heat treated samples showed less affinity 

for water or moist, the swelling of the nanofibers was reduced and the membranes did no longer 

shrink. It was found that a heat treatment of four hours at 60 °C was sufficient to result in 

dimensional stability without affecting the nanofibrous integrity (Figure 3, S12, S13 and S14). 

Under these conditions a crystallization degree (reflected by a melting enthalpy of 13 J/g) similar 

to that of a one year aged sample was obtained (14 J/g), but with a slightly higher melting 

temperature (112 °C compared to 109 °C, Figure S11 and Table S4 and S5). This indicates that, 

during this thermal treatment, the maximum degree of crystallization may have been reached and 

that more perfect crystals were formed, resulting in the improved properties upon contact with 

water or moist. 

Even though similar in structure and synthesis, it is clear that PnBuOx and its statistical B/E 

copolymers provide a versatile platform from which nanofibers with varying water-affinity can be 

designed in an eco-friendly way, showing potential for many different applications, including 

sensors. Going from water-soluble to water-stable, from hydrophilic to hydrophobic, and from 
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amorphous to semi-crystalline, the platform provides widely tunable properties through E-content 

variation. To provide a clear overview, the properties of the different polymer nanofibers are 

summarized in Table S4 and S5, showing the influence of composition as well as annealing time 

and temperature, respectively.  

Obviously, sufficient water-stability is required to apply the material in aqueous or moist 

environments. The 50/50 and 30/70 B/E copolymers were, therefore, not used for subsequent 

sensor design as they dissolved in water or lost their nanofibrous structure upon contact with water 

or moist. On the other hand, wettability has a crucial impact on the accessibility of a function that 

will be incorporated in the membranes, such as a stimuli-sensitive dye, as previous work 

showed.[57] Both PnBuOx and the 70/30 B/E statistical copolymer are, therefore, further explored 

in the following part to evaluate their potential as sensor support material. 

2.2 Nanofiber functionalization with covalent modifications of alizarin yellow R 

To provide the nanofibers with a colorimetric sensor function, the PnBuOx and 70/30 B/E polymers 

were blend electrospun with different covalently modified analogues of AYR (Figure 4), which 

simultaneously tackles the issue of dye-leaching and allows for manipulation of the final 

colorimetric behavior through different dye-polymer interactions with the support.  

The AYR-chromophore is halochromic and in its ‘free’, unmodified form (Figure 4(a)) the 

halochromism in solution involves a color shift from yellow (373 nm) to red (494 nm) as the 

aqueous environment changes from pH 9 to pH 11 (Figure S15). It is assumed that AYR is 

sensitive towards acidic and alkaline vapors as well, but AYR is also slightly solvatochromic. The 

spectrum of the dye, indeed, changes with the solvent, showing a peak maximum at 392 nm in 

ethanol compared to 373 nm in water (Figure S16). Doping of AYR in its original form in the 
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nanofibers leaves the molecular structure of the dye intact but implies a high risk for leaching as 

the water-soluble dye is only physically entrapped within the nanofibrous structure.  

Covalently modifying the carboxylic acid-site of the AYR-chromophore with an ethyl ester-group, 

leading to AYR-E (Figure 4(b)), reduces the water-solubility tremendously, which should suppress 

leaching in aqueous environments. However, coupling the carboxylic acid-site of the AYR-

chromophore with a PnBuOx chain was hypothesized to be the most efficient strategy, i.e., 

PnBuOx-AYR 5 and PnBuOx-AYR 10 having different PnBuOx chain lengths (Figure 4(c) and 

(d)), as the dye is now covalently linked to a polymer capable of chain entanglements with the 

surrounding support polymers. 

 
Figure 4. The nanofibers were functionalized by doping the polymer solution with AYR (a), or 

blending it with AYR-E (b), PnBuOx-AYR 5 (c) or PnBuOx-AYR 10 (d). Note that the structures 

of the latter represent the targeted degree of polymerization, the actual average molar masses can 

be found in Table S1. 

These covalent modifications are different in nature and size compared to the original carboxylic 

acid-group - playing a specific auxochromic role in the halochromism - and are therefore expected 

to induce alterations in the chromophore halochromic behavior, enabling fine-tuning of the sensor 
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colorimetric response. Previous studies have, indeed, shown the important role that substituents 

and the matrix environment can play on the response of a chromophore.[12,57–60] A first indication 

of these alterations is apparent from the hypsochromic shift of the maximum absorbance in ethanol 

observed for the covalently modified AYR-chromophores (362 nm) with respect to the unmodified 

AYR-chromophore (392 nm) (Figure S17). Visually, the color of the dye solutions shifted from 

orange-yellow to yellow. Note that the pKa of the modified AYR-chromophores could not be 

determined due to their water insolubility. 

AYR and its derivatives were added to the electrospinning solutions of PnBuOx and 70/30 B/E, 

and could subsequently be electrospun from 10/90 vol% water/ethanol without compromising the 

nanofiber morphology (Figure S18). Note that it was made sure that always the same amount of 

chromophore was used, i.e., 0.15 %omf. Uniform, colored nanofibers with a diameter in the range 

of 300-700 nm were obtained. 

2.3 Tunable halochromism through substituent and support variation 

The production of nanofibrous materials based on blending the AYR-chromophores - possessing 

substituents that differ in nature and size - with different polymer supports that have specific 

wettability and thermal behavior, provides many factors to influence the colorimetric response of 

that end-material. As a result, both the polymer support and chromophore-substituents could be 

used to tune the sensor behavior.  

2.3.1 Influence of the support polymer 

The wettability and thermal behavior of the polymer support will largely determine the accessibility 

of the AYR-chromophore with respect to the environment and, thus, the analyte. Using PnBuOx 

as a support material resulted in very hydrophobic nanofibers, which had a detrimental effect on 

the sensor response, both in solution and for vapors. Indeed, no halochromic response was observed 

when the nanofibers entirely consisted of PnBuOx, regardless of the applied AYR-derivative 
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(Figure 5 and S19). The peak maximum was located at 373 nm in all pH environments. The 

hydrophobic PnBuOx nanofibers clearly shielded the incorporated chromophores from the 

environment, inhibiting any color change.  

 
Figure 5. (top) UV-Vis spectra of PnBuOx and 70/30 B/E functionalized with unmodified AYR 

show that the dye lost its pH-sensitivity. All peak maxima are located at 400 nm. (middle and 

bottom) UV-Vis spectra of PnBuOx and 70/30 B/E functionalized with AYR-derivatives show the 

influence of the hydrophobicity of the matrix on the sensitivity of the dye. PnBuOx was too 

hydrophobic rendering the dye inaccessible to the environment resulting in a fixed color in 

solutions of different pH (peak maxima at 373 nm). 70/30 B/E was stable in aqueous solutions, yet 

hydrophilic enough owing to the presence of E-units to allow accessibility of the dye. This resulted 

in a gradual color change from yellow (364 nm) or orange (376 nm) to pink (500-520 nm) visible 

to the naked eye at pH 4 in case of AYR-E and pH 10 in case of PnBuOx-AYR 10. This difference 

indicates that the modification of AYR influenced the pH at which the color change occurred. Note 

that in all spectra the maximum absorbance (364-376 nm) was set to one (Norm K-M) to improve 

visualization of the gradual color change. 
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Being more hydrophilic, the 70/30 B/E support allowed penetration of the analyte through the 

nanofibrous membranes towards the AYR-chromophores, resulting in halochromic responses 

(Figure 5 and S19). The nanofibrous membranes changed from yellow (AYR-E) or orange 

(PnBuOx-AYR 10) to pink when the environment changed from acid to alkaline. This color change 

occurred gradually as the absorbance at 364-376 nm, corresponding to the protonated form of the 

chromophore, decreased and the absorbance at 500-520 nm, corresponding to the deprotonated 

form of the chromophore, increased. In contrast to the behavior of AYR in solution, however, the 

switch in peak maxima was never complete. The presence of the polymer matrix probably shielded 

a part of the incorporated chromophores and the peak corresponding to the protonated form (364-

376 nm) always dominated the spectra. As a consequence, the color shift to pink originated from 

the appearance and gradual increase of the peak (shoulder) at 500-520 nm corresponding to an 

increasing amount of deprotonated chromophore. 

The 70/30 B/E copolymer, thus, provided an optimal balance between wettability and stability. The 

membranes were hydrophilic enough to allow sufficient accessibility for a clear and visual 

halochromic response towards both solutions and vapors, yet the membranes were hydrophobic 

enough to remain stable in the applied environments (Figure S20). 

Interestingly, in case of the 70/30 B/E based nanofibrous sensors, the responsivity could be further 

fine-tuned by altering the crystallization degree of the material. The, in Section 3.1, observed 

dependence of water-affinity and, therefore, fiber swelling and shape-stability on semi-crystallinity 

consequently influences the accessibility of the incorporated chromophore as well. Indeed, 

amorphous 70/30 B/E nanofibers showed an instantaneous response to the acid or alkaline 

environment but shrunk upon prolonged contact as the fibers swelled, while crystalline samples 

were dimensionally stable and responded slower, i.e., up to several minutes. This difference in 
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response time worked both ways, meaning that amorphous 70/30 B/E nanofibers immediately 

returned to their original color after removal of the trigger, while the semi-crystalline 70/30 B/E 

nanofibers retained their color for a longer time, i.e., several minutes. Both systems have their 

benefits for specific applications. The amorphous 70/30 B/E nanofibers can be applied for single-

use, real-time monitoring, while their semi-crystalline shape-stable counterpart provides reusability 

and the slow response provides a memory function up to several minutes. A combination of both 

can be interesting as well. As the hot and cold treatments did not change the morphological integrity 

of the membranes (Figure S14), they can thus be applied to design a sensor with the proper 

characteristics for the intended application. 

2.3.2 Influence of the chromophore-substituent 

In addition to tunable responsivity and sensitivity provided by the support platform, Figure 5 

indicates that the use of different chromophore-substituents with a specific nature and size (length), 

allows further fine-tuning of the sensor behavior in terms of pKa, as substituents are known to alter 

the energetic states of the chromophoric conjugated system or to influence the interactions with the 

environment, e.g., polymer support.[57,58,60,61] Doping of AYR in its original form into the 

nanofibrous support brings the chromophore, the carboxylic acid-groups in particular, in close 

proximity to the support polymer chains, enabling the formation of specific interactions, such as 

hydrogen bonds. Figure 5 and S19 show that these specific dye-polymer interactions resulted in 

the loss of the colorimetric response both in aqueous environments and upon contact with vapors, 

regardless of the used polymer. It is likely that hydrogen bonds were formed between the AYR and 

the amide-groups present in these PAOx. Furthermore, the peak maximum appeared at a 

wavelength (400 nm) in between those registered for AYR in acid (373 nm) or alkaline form (494 

nm). As AYR is solvatochromic and was reported earlier to show a maximum wavelength at 400 
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nm when dissolved in ACN,[62] it may be proposed that the applied polymer support resulted in an 

environment of similar polarity as ACN, leading to the observed maximum wavelength of 400 nm. 

It is likely that these specific dye-polymer interactions could no longer occur if larger substituents 

were present at the carboxylic acid-site of the AYR-chromophore, due to steric hindrance for 

instance. This is indeed evidenced by Figure 5 and S19, showing that the larger substituents, 

leading to AYR-E and PnBuOx-AYR, not only prevented dye-leaching (Figure S21) but were also 

crucial to retain the halochromic response in both aqueous environments and vapors of different 

acidity/alkalinity. 

Figure 6 further proofs that the nature and size of the chromophore-substituents could be used to 

tune the pH at which the nanofibrous sensors change color. The 70/30 B/E nanofibrous membranes 

functionalized with AYR-E changed from yellow (364 nm) to pink (500-520 nm) between pH 3 

and pH 4. In case of PnBuOx-AYR 5, the color shifted from orange (372 nm) to pink (500-520 

nm) at pH 7-8 (see also Figure S22). Finally, the orange (376 nm) to pink (500-520 nm) color 

change is shifted to even higher pH values when PnBuOx-AYR 10 was used, i.e., pH 9-10. The 

estimated pKa values (Figure 6 and S23) confirm that the pKa of the AYR-derivatives inside the 

nanofibers increased with substituent size while the chromophoric part of these AYR-derivatives 

remained the same. 
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Figure 6. UV-Vis spectra of 70/30 B/E functionalized with AYR-E (left), PnBuOx-AYR 5 

(middle) and PnBuOx-AYR 10 (right) show that the pH at which the color switch occurred, thus 

pKa, could be tuned by altering the nature and size (length) of the substituent covalently linked to 

the chromophore. 

It is hypothesized that, compared to AYR-E, the longer substituents, i.e., PnBuOx-AYR 5 and 

PnBuOx-AYR 10, destabilized the deprotonated chromophore (anion) more by their increased 

hydrophobicity (thus decreased polarity)[63–67] or, to a smaller extent, via steric and electrostatic 

(donating) effects.[58,68–75] Hydrophobic-induced pKa-shifts have indeed been reported for proteins 

and polymers in solution.[63–67] The hydrophobic environment led to stronger bonding of the proton, 

resulting in the need for more extreme conditions, i.e., higher pH, to deprotonate and consequently 

change color. Additionally, the longer substituents may have very well impacted the dye’s azo-

hydrazone tautomerism, resulting in a shift of this equilibrium towards the less acidic hydrazone 

form.[76–78] Molecular modelling will be used in future studies to further evaluate these different 

aspects. However, the slight bathochromic shift of the peak maximum (Figure S24) may already 

be an indication of the hydrophobic ‘enclosure’ by the larger substituents resulting in a less polar 

local environment, or the increased stability of the protonated chromophore resulting in lower 

energy states.[58] While protonated AYR-E showed a peak maximum at 364 nm, this peak 

maximum was located at 372-376 nm in case of the longer substituents. Additionally, a peak 

shoulder appeared at 450-550 nm which became more pronounced in case of the longer PnBuOx-
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AYR functionalized membranes. This shoulder could be ascribed to the presence of the hydrazone 

form.[77,78] Visually, these factors slightly changed the color of the membranes in acid conditions 

from yellow for AYR-E to orange for PnBuOx-AYR. 

In conclusion, it is remarkable that the combination of one polymer platform and one type of 

chromophore enables the production of colorimetric nanofibrous sensors of which the responsivity, 

sensitivity and pH response region can be designed and tuned to match the application needs. 

Indeed, this sensor system provides a versatile platform from which further optimizations can be 

performed to work towards a specific application. 

2.4 Proof-of-principle for biogenic amine detection strips 

As the produced membranes showed a clear and visual response towards alkaline environments, 

applications towards the sensing of biogenic amines have been explored in more detail. For this, 

70/30 B/E nanofibers were functionalized with the covalently modified AYR-chromophores. The 

different chromophore-substituents again allowed for different responses as a result of their specific 

pKa (Figure 7). Nanofibers functionalized with PnBuOx-AYR 10 turned pink upon contact with 

5000 ppm T, H, DAB, DAP and DMA in an aqueous solution. 70/30 B/E nanofibrous membranes 

functionalized with PnBuOx-AYR 5 changed color upon contact with 1000 ppm of T, H, DAB, 

DAP and DMA. For the biogenic amines T, DAB and DAP concentrations of 500 ppm could 

already be detected. But the most sensitive membranes were those functionalized with AYR-E. 

70/30 B/E nanofibers functionalized with AYR-E were found to be capable of detecting 

concentrations as low as 5 ppb for T, H, DAB, DAP, DMA and TMA in aqueous solutions. This 

increased sensitivity is ascribed to the lower pKa of the chromophore. By combining these 

differently functionalized membranes on one support for example, a semi-quantitative sensor can 

be created that indicates, by color, different orders of magnitude in amine concentration. 
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Figure 7. The functionalized 70/30 B/E nanofibrous membranes were sensitive towards different 

biogenic amines (O = original sample). The sensitivity depended on the AYR-derivative. 

Membranes functionalized with AYR-E turned pink upon exposure to very low concentrations, 

i.e., 5 ppb, of the biogenic amines while membranes functionalized with PnBuOx-AYR 5 needed 

concentrations of at least 500 ppm for a visual response (DMA only showed a response for 1000 

ppm). Membranes functionalized with PnBuOx-AYR 10 even needed much higher concentrations 

of at least 5000 ppm to visually turn pink. Note that TMA could only be detected, at the measured 

concentrations, by AYR-E functionalized membranes. 

Thanks to the low detection limit, this material shows potential for detection of T, H, DAB and 

DAP in food, e.g., meat or fish, as these substances mark food degradation (Figure 8, top left, and 

S25).[47,50] More specifically, a sensor strip consisting of AYR-E functionalized 70/30 B/E 

nanofibers was placed inside a sealed environment together with a piece of fresh, raw chicken 

breast. This sample was stored at room temperature, clearly showing a color change in the sensor 

strip after six days, which is presumably due to the spoilage induced release of biogenic amines. 
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Although it is clear that the sensitivity of the sensor strip is not yet optimized for this application, 

this preliminary proof-of-principle shows the potential of the sensor strips for food spoilage 

detection. Future research will require significant more work for sensor optimization as well as 

validation to accurately adjust the sensor as well as to make the sensor design and production 

industrially viable. 

Furthermore, detecting low levels of TMA and DMA can be useful for people suffering from blood-

borne breath malodor.[44–46,49] Patients suffering from the rare disease  trimethylaminuria, for 

example, lack the ability to N-oxidize the TMA that is present in our body due to the digestion of 

specific food components, into the odor-less TMA N-oxide.[45,46] This inevitably leads to the 

excretion of TMA through urine, sweat and breath, leading to a fish-like body odor which can 

already be sensed by a fellow human nose at sub-ppm concentrations.[44,46] Although this condition 

does not cause any further physical malfunctions, the psychosocial impact of this disease is 

tremendous.[45,46] Straightforward, easy-to-interpret, user-friendly sensors available for personal 

use might lower the threshold for raising this issue with a doctor who can prescribe further detailed 

tests, decreasing the risk of delayed or missed diagnosis and further personal harm. In a more 

general context, these sensors might be useful to personally and discretely detect halitosis or bad 

breath, even for healthy individuals. 

In order to demonstrate the potential of this material and visualize the influence of the AYR-

substituent size, a sensor strip was designed and tested to detect low levels of DMA or TMA vapor 

which could be present in breath and signaling underlying physical dysfunctions. For this proof-

of-principle, 70/30 B/E nanofibers functionalized with PnBuOx-AYR 10 were electrospun next to 

70/30 B/E nanofibers functionalized with AYR-E on a filter paper support (Figure 8, top right, and 

Movie 1). Upon contact with air that contained 500 ppb of DMA or TMA the PnBuOx-AYR 10 
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strip remained yellow but the AYR-E strip immediately and clearly changed color from yellow to 

pink. When the sensor was taken away from the analyte source, the strip immediately changed back 

to its original color allowing reusability. When the sensor was subjected to the analyte source for 

prolonged times, the pink color was kept for several minutes in open air. The original color could 

be reestablished faster by subjecting the sensor to an acid vapor, e.g., HCl. The functionalized 

70/30 B/E nanofibrous strips could be used multiple times to detect sub-ppm levels of DMA and 

TMA vapors without loss of the nanofibrous integrity (Figure 8, bottom). 

 
Figure 8. (top left) Proof-of-principle for food packaging: a sensor strip consisting of AYR-E 

functionalized 70/30 B/E nanofibers brought in a sealed environment together with a fresh chicken 

sample at room temperature turned pink after six days indicating that the spoilage of the chicken 

had induced a color change in the sensor. (top right) Proof-of-principle for breath analysis: a sensor 

strip consisting of both AYR-E and PnBuOx-AYR 10 functionalized nanofibers showing that the 

AYR-E strip reversibly changed color upon detection of low concentrations of TMA-vapor (similar 

results obtained with DMA). (bottom) Reversibility tests (absorbance at 504 nm) show that the 

70/30 B/E nanofibers functionalized with AYR-E could be used multiple times without loss of the 

nanofibrous integrity (SEM image), efficiently changing from yellow to pink when alternately 

exposed to TMA vapors. Similar results were obtained with other alkaline vapors. The yellow color 

could be restored by simply removing the alkaline vapor (air) or by subjecting the sample to acid 

vapors, e.g. HCl or formic acid. 
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3. Conclusions 

High molar mass PnBuOx and PnBuOx copolymers with EtOx-units are put forward in this work 

as a polymer platform that offers the opportunity to simultaneously electrospin from eco-friendly 

solvents and result in water-stable nanofibrous materials without the need for crosslinking. To 

create a versatile support platform from which materials with specific wettability and thermal 

properties can be designed, statistical copolymers of PnBuOx were synthesized containing both the 

hydrophobic B- and hydrophilic E-units. The homopolymer PnBuOx and the B/E statistical 

copolymers could be successfully electrospun from eco-friendly water/ethanol solvent systems. 

The copolymers resulted in interesting nanofibrous materials with tunable properties in between 

those of the PnBuOx and PEtOx homopolymers. With hydrophilicity and crystallinity depending 

on the B/E monomer ratio, wettability, moist adsorption and water-solubility could be altered to 

meet the requirements of a specific application.  

In case of sensor design, sufficient hydrophilicity is required to achieve a wettability that allows 

good accessibility of the incorporated chromophores towards the analyte present in the surrounding 

environment. A proper balance between wettability and stability was found for the 70/30 B/E based 

nanofibers. Functionalization with different derivatives of the AYR-chromophore resulted in 

colorimetric halochromic sensor materials, free of leaching and changing color when subjected to 

aqueous solutions of different pH or acid (HCl) and alkaline (NH3) vapors. In fact, the covalent 

modifications of the AYR-chromophore appeared to be crucial for the color change to occur. 

Responsivity of the nanofibrous sensors could be fine-tuned by changing the semi-crystallinity of 

the 70/30 B/E support material, while the nature and size of the chromophore-substituents 

determined the pH range in which the sensor product changed color. It was shown that the latter 
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had an important impact on the sensitivity of the sensors towards biogenic amines, which could be 

shifted from 5000 ppm to 5 ppb.  

Thus, the PnBuOx-based platform can be used as a universal tool to, eco-friendly and 

straightforwardly, design nanofibers possessing variable properties with potential for many 

application areas, whereby the specific combination with an AYR-chromophore possessing 

substituents of different size results in the possibility to produce a versatile range of stable, user-

friendly, colorimetric nanofibrous sensors with variable responsivity, sensitivity and pKa.  This 

dye-polymer sensor system shows high versatility enabling tuning and further optimization to work 

towards specific sensing applications, which will be the focus of our future work. A preliminary 

indication for specific applications was already provided based on proof-of-principle studies, 

which demonstrate that the sensor strips show a reversible detection of sub-ppm concentrations of 

alkaline substances such as biogenic amines, which might open doors towards applications in 

safety, environmental monitoring, food packaging and breath analysis. 

4. Experimental Section 

Materials: Unless stated otherwise, all solvents were HPLC grade and the chemicals were used as 

received. Dichloromethane (DCM), diethyl ether, acetonitrile (ACN), sodium (ACS reagent), 

ninhydrin (ACS reagent), alizarin yellow R (AYR, Mordant Orange I, > 70.0%, due to water 

content, dried in vacuum oven before use), triethylamine (TEA, > 99.5%, extra dry), 

dimethylformamide (DMF, > 99.5%, extra dry), methyl-p-toluenesulfonate (MeOTs, 98%) and 

zinc acetate dihydrate (≥ 98%) were purchased from Sigma Aldrich. Butyronitrile (> 99.0%) and 

ethanolamine (> 99.0%) were obtained from TCI. Chloroform (CHCl3) and methanol (MeOH) 

were purchased from Fischer chemical. Acetone and absolute ethanol (EtOH) were obtained from 

Chem-Lab and VWR, respectively. Potassium hydroxide (KOH, > 99%) was purchased from 



25 

 

Fisher scientific. Barium oxide (> 90%) was purchased from Acros organics. 2-Ethyl-2-oxazoline 

(E) was kindly donated by Polymer Chemistry Innovations and purified by fractional distillation 

over barium oxide and ninhydrin. 2-n-Butyl-2-oxazoline (B) was synthesized according to a 

previously reported procedure.[79] B was purified by fractional distillation under reduced pressure 

over sodium pieces and a subsequent fractional distillation over barium oxide with ninhydrin. Dry 

DCM and ACN were obtained from a custom made J.W. Meyer solvent purification system and 

were dried over an aluminum oxide column. Sephadex® LH-20 was purchased from GE 

healthcare. CHCl3-d (CDCl3) was obtained from Euriso-top. Basic aluminium oxide (> 99.7%) was 

obtained from Acros Organics. 

For electrospinning, deionized water (H2O) and ethanol (EtOH absolute, 99.97%, VWR) were used 

to dissolve the (functionalized) polymers. Alizarin yellow R (AYR, Mordant Orange I, > 70.0%, 

Sigma Aldrich) was used as received for dye-doping.  

Halochromic behavior towards different pH media, vapors or biogenic amines was tested by using 

aqueous solutions of hydrochloric acid (HCl, 1M, Honeywell Fluka, Fisher Scientific), sodium 

hydroxide (NaOH, 1M, Honeywell Fluka, Fisher Scientific), ammonia (NH3, 28-30 % ammonium 

hydroxide solution, Sigma Aldrich), histamine (H, Alfa Aesar, Fisher Scientific), tyramine (T, ≥ 

98%, Sigma Aldrich), diaminobutane (DAB, 99%, ACROS Organics, Fisher Scientific), 

diaminopentane (DAP, 98%, ACROS Organics, Fisher Scientific), dimethylamine (DMA, 40% 

w/v aq. soln., Fisher Chemical, Fisher Scientific) and trimethylamine (TMA, 45% w/w aq. soln., 

Alfa Aesar, Fisher Scientific). 

General polymerization procedure: In this work nanofibers were electrospun from in-house 

synthesized PnBuOx homopolymer and B/E statistical copolymers with a 30/70, 50/50 and 70/30 

monomer molar ratio coded as 30/70 B/E, 50/50 B/E and 70/30 B/E respectively. Nanofibers 
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electrospun from in-house synthesized PEtOx were prepared to compare moist adsorption and 

wettability characteristics. 

Reactions were carried out under argon flow in round bottom schlenk flasks. The flasks were dried 

in the oven at 200 °C and cooled under argon flow to room temperature before use. The reaction 

mixtures were all prepared in a glovebox (Vigor Sci-Lab SG 1200/750 system with less than 1 ppm 

of O2 and H2O) under argon. The polymerization mixtures contained the monomers E, B or both 

in the desired ratio with a total [M] of 4 M in ACN and MeOTs (different amounts to vary the [M]/[I] 

ratio as to aim for a specific degree of polymerization (DP)) as initiator. While PEtOx polymers 

were freezedried on the lyophilizer, PnBuOx polymers and copolymers were precipitated in ice-

cold diethyl ether and dried under vacuum at an elevated temperature. The reader is referred to the 

Supporting Information for more details on all the polymer characteristics (Table S1 and Figure 

S1). 

Homopolymers: PEtOx and PnBuOx with a DP of 500 were synthesized (Table S1). All polymers 

were synthesized using the general procedure. The monomer/initiator [M]/[I] ratio was 666/1 and 

the polymerizations were stopped at 75% conversion, as determined via GC. 

Statistical copolymers: The statistical copolymers were synthesized in a similar manner to the 

homopolymers with an aimed DP of 500 at 75 % conversion (Table S1). In short, the statistical 

copolymerizations were performed at different monomer feed ratios, namely B:E = 30:70, 50:50 

and 70:30. Polymerizations were terminated at 75% total monomer conversion according to GC. 

Based on GC and 1H NMR data, both monomers were incorporated at a similar rate indicating the 

formation of near ideal random copolymers in which the compositions reflect the utilized monomer 

feed ratios (Figure S1). These results are in line with the previously described copolymerizations 
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of E and B.[80,81] Throughout the manuscript, the statistical copolymers are therefore coded as X/Y 

B/E with the molar ratio of the comonomers B and E here noted as X/Y. 

Synthesis of ethyl-2-hydroxy-5-((4-nitrophenyl)diazenyl)benzoate (AYR-E): To a solution of  dried 

AYR (0.7 g, 2.4 mmol), DMAP (0.074 g, 0.6 mmol) dissolved in EtOH (20 mL) and EDC (0.491 

g, 3.2 mmol) was added in an ice bath at 0 °C. This was stirred overnight and the remaining EtOH 

was removed in vacuo. The brown-red solid was dissolved in CHCl3 and purified using column 

chromatography on silica using CHCl3/ethyl acetate (5/1 ratio) resulting in a brown-red powder 

with a yield of 57%.  

1H NMR (300 MHz, CDCl3, δ) 11.36 (s, 1H), 8.52 (d, J = 2.5 Hz, 1H), 8.43 – 8.31 (m, 2H), 8.16 

– 8.05 (m, 1H), 8.04 – 7.92 (m, 2H), 7.11 (d, J = 9.0 Hz, 1H), 4.48 (q, J = 7.1 Hz, 2H), 1.47 (t, J = 

7.1 Hz, 3H) (Figure S2). 

Synthesis AYR-chromophore labeled poly(2-n-butyl-2-oxazoline)s (PnBuOx-AYR 5 and PnBuOx-

AYR 10): Both polymers were synthesized under similar conditions. The monomer concentration 

was 4 mol L-1 in ACN for all polymerizations. The monomer/initiator [M]/[I] ratio was 50/1, and 

100/1, respectively. The solutions were prepared in a glovebox under argon and the reactions were 

carried out in capped microwave vials. The polymerization mixtures were heated to 140 °C under 

microwave irradiation for 207 s ([M]/[I] = 60), and 414 s ([M]/[I] = 115) to reach respectively 85 

and 90 % conversion. For the end-capping reactions, the vial was cooled down to room temperature 

and a solution of AYR in DMF 1.5-fold excess was added via a syringe through the septum of the 

capped microwave vial containing the living oligomers. Thereafter, TEA was added similarly in a 

two-fold molar excess relative to the initiator. The given amounts were varied according to the 

used monomer to initiator ratios. The reaction solution was heated to 100 °C for 20 hours. After 

cooling to room temperature, the reaction mixture was diluted with CHCl3 and the solution was 
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washed three times with saturated aqueous sodium hydrogen carbonate. Then the solution was 

washed with distilled water, brine, dried over MgSO4 and filtered. The polymers were dissolved 

again in MeOH and passed over a basic aluminum oxide column to remove the remaining AYR. 

Afterwards, the MeOH was evaporated and the polymers were dissolved once again in CHCl3 and 

precipitated in ice cold diethyl ether, and centrifuged for 10 minutes (7500 rpm) at 5 °C. The liquid 

was removed and the resulting precipitate was dissolved in DCM and evaporated under reduced 

pressure resulting in a red-orange powder. Finally, the polymers were dried overnight in the 

vacuum oven at 50 °C. The resulting polymers were analyzed by both SEC, using a UV detector, 

and 1H-NMR (Table S1, Figure S3 and S4). 

1H NMR (300 MHz, CDCl3, δ) 9.01 – 7.52 (m, 6H), 7.12 – 6.92 (d, 1H), 3.87 – 3.13 (m, 4H), 2.52 

– 2.00 (m, 3H), 1.40 – 1.17 (m, 2H), 0.94 – 0.73 (m, 3H). 

As AYR-E shows a similar modification at the carboxylic acid-site as the PnBuOx-AYR 

compounds, the extinction coefficient can be assumed to be similar. Based on a calibration curve 

of AYR-E in ethanol (Figure S5), the functionalization degree of PnBuOx-AYR 5 and PnBuOx-

AYR 10 could therefore be calculated according to the law of Lambert-Beer. The polymers 

respectively carry 0.37 wt% and 0.19 wt% of the AYR-chromophore. Based on the 1H-NMR 

spectra an end-group functionalization efficiency of 78% was calculated. 

Electrospinning: Electrospinning solutions were prepared by dissolving different amounts of the 

polymers in water/ethanol solvent mixtures with different ratios expressed in volume percentage 

(vol%). Mass concentrations are expressed by weight percentages (wt%) defined as the ratio of 

polymer mass and the sum of polymer and solvent mass. In case of dye-functionalization, AYR 

and its derivatives were added to the polymer solution in such a concentration to incorporate 0.15 

%omf (on mass fiber) of the AYR-chromophore. Solvent electrospinning experiments were carried 
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out using a mono-nozzle set-up with an 18 gauge Terumo mixing needle without bevel. A rotating 

drum collector was used to collect uniform nanofibrous membranes of 10 cm by 10 cm. A stable 

Taylor cone was achieved at a flow rate of 1 mL h-1, a tip to collector distance of 6 cm and a voltage 

between 10 kV and 15 kV at ambient conditions ((25 ± 2)°C and (30 ± 10)% relative humidity). 

Electrospinning under climatized conditions was carried out by placing the set-up in a climate 

chamber. 

Proof-of-principle for detection of food degradation: To demonstrate the application potential, the 

following experiment was performed. Raw chicken breast was bought at the store and transferred 

into a transparent cuvette. On one side of the cuvette an AYR-E functionalized 70/30 nanofibrous 

membrane was attached but it was made sure that it could not touch the food sample. The lid was 

closed and sealed with parafilm. The discoloration of the nanofibrous membrane was checked 

every day while storing the sample at room temperature. 

Proof-of-principle for breath analysis: To demonstrate the application potential, a simple sensor 

strip was designed by electrospinning AYR-E and PnBuOx-AYR 10 functionalized nanofibers next 

to one another onto a filter paper support. As a proof-of-principle, the visual response upon contact 

with TMA and DMA-vapors was investigated. Different vapor concentrations were tested, i.e., 500 

ppb, 1 ppm, 10 ppm, 50 ppm and 100 ppm, by evaporating (upon heating) different volumes of 

40% w/v aqueous solution of DMA or 45% w/w aqueous solution of TMA in a flask with tap of 

specific volume. The sensor was placed in a small sealed tube connected to the tap. After 

evaporation of the analyte, the tap was opened to subject the sensor to the vapor. The response was 

recorded with a Dinolite USB camera. 
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Characterization: 1H NMR spectra were recorded on a Bruker Avance 300 MHz at room 

temperature in CDCl3 purchased from Euriso-top. The chemical shifts are given in parts per million 

(δ), relative to tetramethylsilane.  

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 °C min-1 from 

50 °C to 120 °C, followed by a ramp of 50 °C min-1 to 300 °C. 

SEC was performed on an Agilent 1260-series HPLC system equipped with a 1260 online degasser, 

a 1260 ISO-pump, a 1260 automatic liquid sampler (ALS), a thermostatted column compartment 

(TCC) at 50 °C equipped with two PLgel 5 μm mixed-D columns and a mixed-D guard column in 

series, a 1260 diode array detector (DAD) and a 1260 refractive index detector (RID). The used 

eluent was DMA containing 50 mM of LiCl at a flow rate of 0.500 mL min-1. The spectra were 

analyzed using the Agilent Chemstation software with the SEC add on. Molar mass and dispersity 

(Ð) values were determined by SEC-analysis, calculated against poly(methylmethacrylate) 

(PMMA) standards.  

Deionized water was prepared with a resistivity less than 18.2 MΩ x cm using an Arium 611 from 

Sartorius with the Sartopore 2 150 (0.45 + 0.2 µm poresize) cartridge filter.  

Polymer thermoresponsivity was analyzed through cloud point temperature (TCP) measurements, 

carried out on an Avantium Crystal 16 turbidimeter. 1 mL of the solutions with different polymer 

concentrations were examined by cycling the temperature between 10 °C and 60 °C. The TCP was 

determined as the temperature at which the transmission of the solution decreased to 50% during 

heating. Following recent recommendations, the heating/cooling rate was set at 0.5 K min-1.[82] 
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The produced nanofibrous membranes were analyzed on an FEI Phenom XL tabletop SEM at an 

accelerating voltage of 15 kV. Prior to analysis, the samples were coated with gold using a sputter 

coater (LOT-QuantumDesign). The nanofiber diameters were measured using Phenom FiberMetric 

software. The average diameters and their standard deviations were based on at least 300 

measurements per sample. 

UV-Vis spectra were recorded using a double beam Perkin-Elmer Lambda 900 UV-Vis 

spectrophotometer. Solutions were measured in transmission mode using 1 cm matched quartz cells 

while solid samples were characterized in reflection with an integrated Spectralon Labsphere (150 

mm). The samples were excited with light of wavelengths ranging from 630-300 nm with a data 

interval of 1 nm for transmission and 4 nm for reflection. Transmission and reflection were 

converted into absorbance (A) and Kubelka-Munk (K-M) respectively.  

A visual estimate of the pKa can be determined based on the spectroscopy data according to the 

procedure mentioned in previous studies.[58] The absorbance of the two main absorption peaks, 

corresponding to the protonated and deprotonated forms of the chromophore, were therefore 

normalized and plotted in function of pH. The pKa can then be estimated as the crossing point of 

the curves. Note that this crossing point is only exactly equal to the pKa if the normalized 

absorbance values vary between zero and one for both the protonated and deprotonated form of the 

chromophore. As this is not the case for AYR-E and PnBuOx-AYR, the mentioned pKa values 

should be interpreted as estimates. 

To investigate the response of the produced nanofibers upon contact with different pH baths, the 

membranes were immersed in aqueous solutions of which the pH was adjusted by addition of HCl 

(1M) and NaOH (1M). pH was measured with a combined reference and glass electrode (SympHony 

Meters VMR). 
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The response towards biogenic amines was investigated by immersion of the nanofibrous samples 

into aqueous solutions of H, T, DMA, TMA, DAB and DAP of different concentrations, i.e., 5000 

ppm, 500 ppm, 50 ppm 1 ppm, 500 ppb and 5 ppb. 

The response towards acid and alkaline vapors was measured by pipetting 500 µL of HCl (1M) or 

NH3 (28-30 % ammonium hydroxide solution) aqueous solutions in cuvettes. The nanofibrous 

samples were placed on top but it was made sure that the samples did not touch the solutions. The 

cuvettes were sealed and subsequently measured via UV-Vis spectroscopy. 

(M)DSC was used to measure glass transition temperatures (Tg), crystallization temperatures (Tc) 

and melting temperatures (Tm). A TA Instruments Q2000 equipped with a refrigerated cooling 

system (RCS90) was applied using nitrogen as purge gas (50 mL min-1). The instrument was 

calibrated using Tzero technology for standard Tzero aluminum pans using indium at the heating rate 

applied during measurements. Samples of (2.5 ± 0.5) mg were prepared in Tzero hermetic aluminum 

pans and a small hole was pinned in the lid to enable the escape of evaporating solvents, such as 

water, during the (M)DSC measurement. The heating/cooling rate was set at 2 K min-1 and, in case 

of MDSC, a temperature modulation of ± 0.7 °C every 60 s was selected. The samples were 

subjected to two heating cycles from -50 °C to 150 °C with a cooling cycle in between. Tg, Tc and 

Tm were determined using TA Instruments TRIOS software. 

Static contact angles were determined with an OCA 25 contact angle setup from DataPhysics. 

Droplets of 2 µL deionized water were dropped onto the membrane surface at room conditions (25 

°C, (30 ± 10)% relative humidity). Average initial contact angles and standard deviations were 

measured using the OCA 25 software. The evolution of the contact angle over time was measured 

by movies recorded with a frame rate of 5 frames per second. 
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Water vapor adsorption and desorption measurements were carried out with a Q5000SA dynamic 

vapor sorption apparatus from TA Instruments (DVS). Samples of (2.50 ± 0.50) mg were 

characterized by using metalized quartz sample pans. Following a drying step at 35 °C and 0 %RH, 

the relative humidity was increased from 0 %RH to 90 or 95 %RH with steps of 15 %RH at a 

constant temperature of 25 °C after which desorption was programmed. All mass changes were 

allowed to reach equilibrium (mass change <0.05% during 60 min). 
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Table S1. Structural characterization of both synthesized non-labeled and dye-labeled polymers 

and copolymers. *Theoretical degree of polymerization. **Determined using SEC with PMMA 

standards. 

Sample code DP* Mn [kg mol-1]** Đ 

PEtOx 500 69 1.3 

PnBuOx 500 73 1.2 

70/30 B/E 500 79 1.2 

50/50 B/E 500 77 1.2 

30/70 B/E 500 78 1.2 

PnBuOx-AYR 5 50 9 1.1 

PnBuOx-AYR 10 100 15 1.2 

 

 

 

 

 

 

 

 

 
Figure S1. 1H-NMR spectra of the homopolymers and copolymers with increasing B-content (top 

to bottom). 
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Figure S2. (top) 1H-NMR spectrum of AYR-E. (bottom) 13-C NMR spectrum of AYR-E. 
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Figure S3. Normalized RI-signal (black) and UV-Vis absorbance at 350 nm (pink) confirming that 

AYR is covalently attached to PnBuOx (5 kg mol-1, left) and to PnBuOx (10 kg mol-1, right) 

resulting in PnBuOx-AYR 5 and PnBuOx-AYR 10 respectively. This after passing the polymers 

over the basic aluminum oxide to successfully remove the traces of uncoupled AYR. The SEC 

traces were recorded on a DMA-SEC system. 

 

 

 
Figure S4. 1H-NMR spectra of AYR-labeled PnBuOx. Based on this spectrum an end-group 

functionalization efficiency of 78% was calculated. 
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Figure S5. The extinction coefficient of modified AYR was determined by a calibration curve 

based on AYR-E solubilized in EtOH. 

 

 
Figure S6. SEM images of PnBuOx electrospun at different concentrations (10/90 vol% 

H2O/EtOH) show how beads are transformed into uniform nanofibers with increased polymer 

concentration. 

 

 
Figure S7. The solvent system does not seem to have a big influence on the nanofiber morphology 

of PnBuOx, except that the nanofibers are thicker if they are electrospun from 100% EtOH. This 

can be ascribed to the higher evaporation rate of EtOH which results in faster solidification of the 

polymer jet, leaving the nanofibers less stretched (SEM images shown for 30 wt% solutions). 
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Figure S8. Due to the hydrophobic nature of the polymer and the limited use of water in the solvent 

system, PnBuOx can be electrospun at different climate conditions without alterations in nanofiber 

morphology (SEM images shown for nanofibers spun from 30 wt% PnBuOx in 10/90 H2O/EtOH). 

 

 

 

 

 

 

 

 
Figure S9. (left) In contrast to the PnBuOx homopolymer and the 50/50 and 70/30 B/E statistical 

copolymers which are not soluble in water, the 30/70 B/E statistical copolymer is showing LCST 

behavior as determined by turbidimetry. (right) SEM images of 30/70 B/E electrospun from water 

show that temperature and humidity play a crucial role in obtaining uniform nanofibers. Note that 

at 35 °C the electrospinning solution turns opaque as the temperature crossed the LCST, 

consequently a lot of beads are formed and eventually the needle is clogged. 

 



S9 

Table S2. Weight changes observed during DVS measurements as a consequence of moist 

adsorption at different relative humidities and a constant temperature of 25 °C. The more E-units 

are present in the polymer, the higher the capacity to adsorb moist. 

Relative 
humidity 

Weight change 
PnBuOx 

Weight change 
70/30 B/E 

Weight change 
50/50 B/E 

Weight change 
30/70 B/E 

Weight change 
PEtOx 

15 % 1 % 1 % 1 % 1 % 1 % 

30 % 1 % 2 % 2 % 3 % 4 % 

45 % 2 % 2 % 4 % 5 % 7 % 

60 % 3 % 4 % 6 % 8 % 12 % 

75 % 4 % 5 % 9 % 13 % 21 % 

90 % 6 % 9 % 16 % 25 % 45 % 

 

 
Figure S10. Pictures and SEM-images of as spun nanofibrous membranes after immersion in 

water for 1 min (top) and 24 h (bottom) show that PnBuOx provides full water-stability while 

70/30 B/E based nanofibers are water-stable but suffer from fiber swelling resulting in shrinkage 

when immersed for a prolonged time (24 h). 50/50 B/E based nanofibers turn into films, 

completely losing the nanofibrous structure. 30/70 B/E and PEtOx based nanofibers completely 

dissolve in aqueous media leaving only the aluminum support behind. 

Table S3. Glass transitions of PEtOx and PnBuOx homopolymers and B/E statistical copolymers 

as determined by MDSC experiments. 

Polymer Tg [°C] 

PEtOx 60 

30/70 B/E 51 

50/50 B/E 45 

70/30 B/E 31 

PnBuOx 30 
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Table S4. Influence of time on different properties of the nanofibrous samples. DVS is expressed 

as weight changes (%). Initial contact angles and contact angles after 30 s are given under CA 0s 

and CA 30s respectively. Water stability was assessed after 1 minute and 24 hours immersion time. 

Time 
MDSC 

ΔHm* - Tm* 
DVS  

95 %RH 
CA 0s CA 30s Water stability 1 min Water stability 24 h 

PnBuOx 

as spun 32 J/g - 165 °C 8 % 138 ± 4 137 ± 4 Stable Stable 

1 week 33 J/g - 165 °C 8 % 139 ± 2 138 ± 2 Stable Stable 

2 weeks 33 J/g - 165 °C 8 % 142 ± 3 142 ± 3 Stable Stable 

3 weeks 33 J/g - 165 °C 8 % 142 ± 3 142 ± 3 Stable Stable 

4 weeks 33 J/g - 165°C 8 % 142 ± 3 141 ± 3 Stable Stable 

70/30 B/E 

as spun Amorphous 15 % 133 ± 2 132 ± 2 Stable Stable but crimp 

1 week 7 J/g - 108 °C 15 % 134 ± 1 133 ± 1 Stable Stable but crimp  

2 weeks 11 J/g - 107 °C 14 % 134 ± 1 133 ± 1 Stable Stable but crimp 

3 weeks 12 J/g - 107 °C 13 % 136 ± 1 135 ± 1 Stable Stable but crimp 

4 weeks 13 J/g - 107 °C 12 % 135 ± 1 134 ± 1 Stable Stable but crimp 

50/50 B/E 

as spun Amorphous 23 % 132 ± 1 121 ± 1 Film Film 

1 week Amorphous 23 % 128 ± 4 116 ± 9 Film Film 

2 weeks Amorphous 23 % 129 ± 2 118 ± 4 Film Film 

3 weeks Amorphous 23 % 130 ± 3 122 ± 3 Film Film 

4 weeks Amorphous 23 % 122 ± 5 104 ± 13 Film Film 

30/70 B/E 

as spun Amorphous 39 % 116 ± 5 0 Dissolves Dissolves 

1 week Amorphous 39 % 124 ± 3 0 Dissolves Dissolves 

2 weeks Amorphous 39 % 127 ± 4 49 ± 6 Dissolves Dissolves 

3 weeks Amorphous 39 % 123 ± 4 56 ± 4 Dissolves Dissolves 

4 weeks Amorphous 38 % 122 ± 5 63 ± 3 Dissolves Dissolves 

PEtOx 

as spun Amorphous 74 % 71 ± 3 0 Dissolves Dissolves 

1 week Amorphous 74 % 74 ± 5 0 Dissolves Dissolves 

2 weeks Amorphous 74 % 71 ± 5 0 Dissolves Dissolves 

3 weeks Amorphous 74 % 81 ± 3 0 Dissolves Dissolves 

4 weeks Amorphous 74 % - - Dissolves Dissolves 

*ΔHm: melting enthalpy; Tm: melting temperature 

 

 

 



S11 

 
Figure S11. (top left) MDSC analysis shows that PEtOx, 30/70 B/E, 50/50 B/E and 70/30 B/E as 

spun nanofibers are amorphous while PnBuOx nanofibers are semi-crystalline. (top right) The 

70/30 B/E nanofibers are, however, capable of crystallization upon aging. After 1 year of 

climatized storage ((23 ± 1) °C and (25 ± 2) %RH), , the melting enthalpy has reached 14 J/g. 

Storing the samples in a fridge (± 5 °C) inhibits crystallization. (bottom left) The crystallization 

can be induced and controlled by heat treatments (results given after 4 hours in an oven at different 

temperatures). Starting from 60 °C a melting enthalpy of 13 J/g can be reached. Note that the 

nanofibrous structure is affected at temperatures exceeding 60 °C. (bottom right). Influence of the 

time of the heat treatment on the crystallization degree of 70/30 B/E nanofibers. A heat treatment 

of 4 h is required to obtain a melting enthalpy of 13 J/g. 
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Table S5. Influence of heat treatment duration (60 °C) on the thermal properties, water adsorption 

(expressed in weight change %) and water stability of the 70/30 B/E nanofibrous membranes. 

Time 
MDSC 

ΔHm* - Tm* 
DVS  

95 %RH 
Water stability 1 min Water stability 24 h 

as spun Amorphous 15 % Stable Stable but crimp 

30 min 6 J/g - 109 °C 15 % Stable Stable 

1 h 7 J/g - 109 °C 14 % Stable Stable 

2 h 8 J/g - 110 °C 14 % Stable Stable 

3 h 9 J/g - 112 °C 14 % Stable Stable 

4 h 13 J/g - 112°C 13 % Stable Stable 

    *ΔHm: melting enthalpy; Tm: melting temperature 

 
Figure S12. Pictures and SEM images of 70/30 B/E nanofibrous samples showing the influence 

of aging (top) and heat treatments (bottom) on the dimensional stability when immersed in water 

for 1 min and 24 h. Prolonged aging and heat treatments result in semi-crystallinity which 

successfully increases the dimensional stability of the membranes as fiber swelling is reduced. 

 
Figure S13. SEM-images of 70/30 B/E nanofibrous membranes taken after DVS experiments (25 

°C, 95 %RH) show that an increase in crystallization degree due to prolonged aging (top) and heat 

treatments (bottom) reduces fiber swelling upon moisture uptake, which efficiently enhances the 

dimensional stability of the membranes in moist environments.  
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Figure S14. Storing the nanofibrous membranes in the fridge or heat treating them does not alter 

the nanofiber morphology. 

 

 

 
Figure S15. Absorbance spectra of AYR dissolved at equal concentrations in aqueous solutions 

of different pH. AYR changes from yellow at pH < 10 over orange at pH 10 to pink/red at pH > 

10. 

 

 

 
Figure S16. Normalized absorbance spectra of AYR dissolved in water (yellow) and EtOH 

(orange-yellow) at equal concentration. As a peak shift is observed, AYR is slightly 

solvatochromic. 
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Figure S17. Normalized absorbance spectra of AYR in EtOH (orange-yellow) and modified AYR 

in EtOH (yellow). In all cases the concentration of the chromophore was similar. The modification 

of AYR into AYR-E and PnBuOx-AYR clearly alters the absorbance in EtOH. It can thus be 

concluded that the chromophore is slightly influenced by the modification. All modifications result 

in a similar peak shift in EtOH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S18. Functionalization of the polymer solutions does not alter the nanofiber morphology 

significantly (based on 30 wt% solutions in 10/90 vol% H2O/EtOH). 
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Figure S19. Also with HCl and NH3 vapors, the dye-doped AYR does not change color, regardless 

of the polymer matrix. For the nanofibers functionalized with modified AYR, on the contrary, the 

same color shifts are observed as for immersion in different pH-baths, i.e., upon contact with acid 

HCl vapors the membranes turn yellow/orange while a pink color is observed upon contact with 

alkaline NH3 vapors. 

 

 

 

 

 
Figure S20. SEM images of nanofibers after immersion in different pH-baths or exposure to acid 

and alkaline vapors show that the nanofiber integrity is sufficiently preserved. 
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Figure S21. Leaching tests show that functionalized 70/30 B/E nanofibers, in general, do not show 

much leaching. The leaching is, however, further reduced by covalently modifying AYR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S22. UV-Vis spectroscopy of nanofibrous membranes functionalized with PnBuOx-AYR 

5 after immersion in different pH-baths shows how the color changes from orange (372 nm) to 

pink (500-520 nm) between pH 7-8. 
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Figure S23. Based on the spectroscopy data an estimate of the pKa of the AYR-derivatives can be 

done as the crossover of the K-M intensities at the wavelength corresponding with the protonated 

chromophore (364-376 nm) and the K-M intensities at the wavelength corresponding with the 

deprotonated chromophore (504 nm). The estimated pKa’s coalesce more or less with the observed 

color switch. 

 

 

 

 

 

 

 
Figure S24. As the AYR-derivatives are modified with a longer substituent the peak maximum is 

bathochromically shifted and broadened resulting in dark yellow/orange colors (PnBuOx-AYR 5 

and PnBuOx-AYR 10) instead of yellow (AYR-E). The peak in the 500-520 nm range is located 

similarly for all AYR modifications but appears more as a shoulder in case of PnBuOx-AYR (most 

pronounced for PnBuOx-AYR 10) due to the broader peak at 372-376 nm. 
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Figure S25. UV-Vis spectra of an AYR-E functionalized 70/30 B/E nanofibrous sample before 

and after exposure to the degradation of raw chicken breast clearly demonstrates the change in 

color which was gradually observed over several days. Note that this was only a proof-of-principle 

which indicates that the spoilage induced release of biogenic amines is responsible for the color 

change of the nanofibrous sensor. Of course, further optimization is required, particularly 

regarding the sensitivity (time-frame of the response). 

 

 

 

Movie 1 showing how the lower part (AYR-E functionalized) of the sensor strip changes color 

from yellow to pink upon detection of 500 ppb TMA-vapor. On the contrary, the upper part 

(PnBuOx-AYR 10 functionalized) does not detect this low concentration. The color change is 

reversible as the lower strip turns immediately yellow upon removal of the analyte. The prototype 

can be used multiple times to detect different vapor concentrations. 


