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ABSTRACT: Global food waste is a cross-cutting issue that ranges from agricultural production 

to storage in households and leads up to the loss of one third of the produced food products. 

Although the currently depicted static expiry, best-by and due-by date provide accurate 

information on when to consume the food product, this time indication is only valid under ideal 

storage conditions. Therefore, there is a stringent need for easy-to-use sensor applications that 

allow continuous monitoring of the food freshness. This work showcases a straightforward and 

effortless approach to obtain highly porous crosslinked water-stable, reactive hydrophilic 

nanofiber membranes based on electrospinning of poly(2-isoproprenyl-2-oxazoline) (PiPOx) with 

succinic acid as crosslinker. Subsequent thermal treatment of the produced succinic acid 

containing PiPOx nanofiber networks generated sufficient crosslinking to preserve the fibrous 

morphology in an aqueous environment while retaining the hydrophilic character of the scaffold. 

The remaining 2-oxazoline side chains of PiPOx are stable at room temperature but provide 

reactivity for post-crosslinking modification with carboxylic acid containing compounds as 

exploited here for continuous food monitoring by incorporating acid-functionalized dyes yielding 

a colorimetric sensor for biogenic food spoilage indicators, such as thiol and amine-containing 

small molecules. 

 

 

 



 3 

1. Introduction 

Establishing the quality of food products, especially protein-based foods (e.g. fish and meat) is 

anything but trivial. The first concern that makes the freshness assessment of food essential is the 

need to reduce the risk of food poisoning to a minimum, which originates from the microorganisms 

(bacteria, viruses, or parasites) growing on spoiled food. Foodborne diseases could result from 

consumption after the expiration date, lousy storage, adverse events along the supply chain, or the 

consumer's improper manipulation. Yearly in Europe, 23 million people are affected by food 

poisoning.1 Secondly, but no less critical, freshness assessment is mandatory to reduce unjustified 

food waste as safety margins on expiry dates leads to major disposal of still edible food. 2 Food 

quality control systems include specific analytical measures that provide reliable data, but are 

limited to control agencies, requiring long-time analyses, equipped laboratories, and trained 

personnel. Therefore, there is a stringent need for solutions that can assess the quality of a single 

piece of meat/fish based on simple systems of low cost and whose output is easy to comprehend. 

Consequently, developing such continuous monitoring devices has received significant attention.3 

The largest category of systems is focused on collateral properties, indirectly related to food 

freshness. Devices aimed to control the cold chain's maintenance,4 or the modified atmosphere's 

integrity for the food packed under CO2 are a few examples.5 However, the response obtained by 

these systems provided an irrefutable conclusion on the freshness of the food product, the 

sophisticated control of the meat's color or its headspace composition required apps or trained 

people and are nowhere near the envisioned instrument-less and straightforward responses. 

Moreover, all electronic noses, tongues,6-8or devices require a complex algorithm to assess the 

food freshness.9 Undoubtedly, the colorimetric sensors present the best candidates for the 

development of food assessment due to their simplistic color change and easy read-out. These 
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could be placed in the tray over the meat and detect the shift in volatile compound composition 

from safe to hazardous conditions by an on/off response signal. Many proposals in the literature 

exploited this principle, mainly based on pH indicators.10-16 However, the documented results 

cannot pinpoint the complex deterioration of the food product. During food spoilage, a more 

complex mixture of analytes is formed, which is not included in the purely pH-focused analysis. 

In principle, for each degradation step, the volatile by-products formed during spoilage exhibit 

different acid-base behavior, resulting in changes in the meat sample's headspace composition.17 

In any muscle converted to meat, anaerobic glycolysis takes place during which the glycogen is 

hydrolyzed into lactic acid, resulting in an acidity decrease towards pH 5-6. After that, bacterial 

decomposition of the substances occurs. At this step, despite the wide variety of microorganisms 

and substrates, all proteinaceous food spoilage process are rather similar, mainly related to the 

classes of precursors commonly present in these matrices. Firstly, sugars and fats are degraded by 

bacteria, producing molecules that can migrate from the meat to the headspace. In this phase, 

volatile organic compounds (VOCs) produced include ethanol, 3-methyl-1-butanol, and free fatty 

acids, mainly acetic acid. Until this phase, protein foods are considered safe products. However, 

to our knowledge, no sensing devices were developed exhibiting recognition to this stage. From 

the moment when glucose and its direct metabolites are depleted, the catabolism of proteins start, 

producing an assortment of amines, biogenic amines, sulfur compounds, and thiols. For example, 

sulfur compounds such as methanethiol originate from proteins containing amino acids such as 

cysteine. As spoilage proceeds, the discoloration and production of odor mark this stage. By now, 

the produced by-products are toxic, and meat consumption at this stage could be a severe hazard. 

The overwhelming majority of papers that proposed colorimetric (nanofibrous) sensors merely 
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focused on dye-doping to detect the presence of biogenic amines in the headspace, neglecting most 

of the other metabolites.10, 12, 14, 18-21 

A first, main issue with the reported dye-doped sensor systems is the possible leaching of the 

analyte-sensitive dye from the material, resulting in loss of sensitivity or, even worse, possible 

toxicological responses when entering the food product. Therefore, most of the literature research 

focuses on reducing this dye leaching by various, often tedious, chemical modifications or 

incorporating additives.12, 22-25 To completely suppress dye-leaching from the designed materials, 

the covalent incorporation of the desired functionality onto a base material is required either during 

or after the fabrication. A second issue with the currently developed systems is sensitivity. Due to 

the small amounts of metabolites formed during the initial stages of the spoilage process, a sensor 

material with high sensitivity is desired. Typically, materials providing this characteristic are 

highly porous, making it easier for the analyte to reach the sensor’s active component. Therefore, 

if functionalized with the correct dyes, nanofibers networks with their characteristic high surface-

to-volume ratio lend themselves to be a suitable candidate for developing a food sensor with a 

colorimetric read-out. 

Electrospinning, first introduced by Formhals in 193426 has been widely adopted as an effective 

and versatile technique to produce fibers with a diameter ranging from nano to micrometres.27, 28 

A large variety of synthetic and natural polymers have been electrospun to form nanofiber systems 

used in fields such as tissue engineering,29-31 protective clothing,32, 33 environmental protection,34, 

35 sensors,36-38 optics,39 as well as water filtration and purification.40 The wide applicability of such 

nanofibrous non-woven materials is largely due to the remarkable properties of the nanofiber 

systems including a high surface area to volume ratio, tunable porosity and the ability to 

manipulate the nanofiber composition to acquire the desired properties and function.41 
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Solvent electrospinning is the most commonly applied technique for the production of such 

nanofibers.41 For future industrial applications of electrospinning as well as for biomedical 

applications of the nanofibers, the 'green-factor' of the electrospinning solvent and its ecotoxicity 

are becoming indisputable requirements for effective valorisation.42 Consequently, the use of 

green, non-toxic solvents, such as water and ethanol, becomes increasingly important. Over the 

past decade, several reports were published on the electrospinning of naturally derived, water-

soluble biopolymers including collagen, silk fibroin and gelatin.43-45 Moreover, various 

biocompatible and water soluble synthetic polymers, such as poly(vinyl alcohol) (PVA),46-48 

poly(ethylene oxide) (PEO),49-51 poly(vinylpyrrolidone) (PVP),52 poly(2-oxazoline)s,53 and 

poly(N-isopropylacrylamide) (PNIPAM) were used to prepare nanofibers from aqueous solvent 

systems.54, 55 

Although the green electrospinning of water-soluble polymers provides a sustainable way to 

produce hydrophilic nanofiber materials, the lack of water stability precludes their use in humid 

environments or aqueous media representing a major disadvantage and limitation. Therefore, 

various procedures were developed to increase the dimensional stability of hydrophilic nanofibers 

by crosslinking, which, however, comes with some drawbacks, including time-consuming multi-

step modification procedures, toxic reagents, tedious purification of polymeric precursors, and 

more difficult processing.56-58 Typically, crosslinking of electrospun nanofibers is performed after 

the electrospinning process as precrosslinking can only be done to a minor extend to retain 

processability.56 For example, Li and coworkers reported the photocrosslinking of benzophenone 

functionalized poly(2-ethyl-2-oxazoline) (PEtOx) nanofibers.56 The photocrosslinking process 

significantly increased the water stability of PEtOx nanofibers; however, the modification 

procedure was performed in two steps by partially hydrolyzing PEtOx followed by a reaction with 
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4-benzoylbenzoyl chloride and involved the use of harmful reagents. Several other crosslinking 

strategies, including ultraviolet irradiation or dehydrothermal treatment, and use of crosslinking 

agents such as dicumyl peroxide, glutaraldehyde, and citric acid have been reported for increasing 

the hydrolytic stability of various polymeric nanofibers.42, 59-61 However, the production of water-

stable, hydrophilic and biocompatible nanofibers remains subject to further optimization, e.g. by 

exploring more facile and eco-friendly production methods. Consequently, finding and 

investigating other alternative polymers represent the focus of ongoing research.62, 63 

This study focuses on development of a continuous food monitoring system based on dye-

functionalized hydrophilic crosslinked nanofibers consisting of poly(2-isoproprenyl-2-oxazoline) 

(PiPOx), which was recently demonstrated to be a biocompatible, hydrophilic polymer64-66 The 

polymer can be synthesized from the 2-isoproprenyl-2-oxazoline (iPOx) monomer using different 

polymerization methods, i.e. free radical,67 reversible addition−fragmentation chain-transfer,68 

atom transfer radical,69 group transfer,70 and anionic polymerization64, 71 with the retention of the 

2-oxazoline ring as reactive side-chain functionality. The resulting polymer is a versatile, 

functional polymer that has been used in the synthesis of various (multi)functional materials, 

including hydrogels for water purification72 and for ophthalmic applications,64 molecularly 

imprinted polymers for drug delivery73 ultra-high strength hydrogels74 photonic applications75 and 

optical and temperature sensors.65, 67 The advantages of this platform compared to other existing 

polymers such as PVA, PVP or PNIPAM reside in the hydrophilicity, biocompatibility and 

stability under physiological conditions of the polymer in combination with the straightforward 

post-polymerization modification reaction of the 2-oxazoline side-chains with (di)carboxylic acid 

groups at elevated temperatures66, 76. Therefore, PiPOx represents an excellent candidate as a base 

material for the synthesis of reactive crosslinked hydrophilic nanofiber networks, which to the best 
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of our knowledge, has not been previously reported in the literature. Furthermore, PiPOx offers 

the great advantage of in situ crosslinking, which can be facilitated by the incorporation of a 

biobased, non-toxic, cost-efficient and readily available dicarboxylic acid such as succinic acid 

followed by curing the nanofibers at elevated temperature. The resulting crosslinked hydrophilic 

nanofiber networks can be used for post-processing modification by soaking in a solution with a 

carboxylic acid containing solution followed by heating. Although the name of this polymer might 

suggest at first sight that it belongs to the well-known class of poly(2-oxazolines) (PAOx), one 

must emphasize that the chemical structure of PiPOx does not resemble the pseudo-polypeptide 

structure of PAOx and can not be regarded as an analogue, while the properties and chemical 

reactivity are different as well. Consequently, processing of PiPOx into (nano)fibers is not a simple 

optimization of the electrospinning process as previously used for PAOx. Moreover, the PiPOx 

(nano)fibers could potentially open up new research directions and applications due to their post-

modification possibilities as already demonstrated in the literature for PiPOx hydrogels.64, 72, 74, 77 

In the present study, a straightforward method is introduced to prepare dye-functionalized 

hydrophilic crosslinked nanofiber networks for continuous food monitoring. Therefore, PiPOx 

nanofiber networks were fabricated by electrospinning a solution of PiPOx homopolymers blended 

with succinic acid as a crosslinker. The influence of the processing parameters such as flow rate, 

voltage, and polymer concentration on the morphology of the resulting nanofibers was 

systematically investigated as well as the post-fabrication crosslinking. The formed PiPOx 

nanofibers with a porous and uniform morphology before and after crosslinking were characterized 

using scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, and 

dynamic vapor sorption gravimetry (DVS). We report that the fabricated nanofibrous networks 

can effectively absorb water without drastic changes of the morphological structure, indicating its 
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potential as versatile hydrophilic crosslinked nanofiber network for applications such as 

colorimetric sensors, fiber-optics and energy transfer membranes. Within this work, we 

demonstrate the straightforward post-processing modification of these reactive hydrophilic 

crosslinked nanofibers with various carboxylic acid functionalized dyes for colorimetric detection 

of thiol and amine containing analytes for food spoilage detection. The potential of this system is 

shown by providing a proof of concept for spoilage detection of cod fish. 
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Scheme 1. Synthesis of PiPOx based colorimetric sensor. (I) Synthesis of PiPOx by anionic or 

free radical polymerization (FRP); (II) Electrospinning process of PiPOx; (III)Crosslinking of 

PiPOx electrospunn nanofibers; (IV) Attachment of the sensing units to obtain the final 

colourimetric sensors. 
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2. RESULTS AND DISCUSSION 

2.1. Synthesis and characterization of the PiPOx polymers. 

As it was envisioned that a continuous food monitoring platform would be easily accessible 

through the use of hydrophilic crosslinked PiPOx nanofibers, we first focused our attention on the 

solvent electrospinning of PiPOx, which was not previously reported in the literature. The 

processing conditions, process stability, and resulting fiber morphology were considered when 

investigating the electrospinnability of PiPOx. We focused our efforts on determining the influence 

of polymer-related parameters, such as molecular weight and dispersity, and processing 

parameters, including solution viscosity and concentration, on electrospun fiber formation.  

The living anionic polymerization (LAP) of 2-isopropenyl-2-oxazoline results in polymers with 

highly defined characteristics, albeit at the cost of limited scalability due to heat transfer issues 

and strict processing conditions. Therefore, we evaluated the solvent electrospinning of PiPOx 

prepared by LAP as well as free radical polymerization (FRP) as it is more straightforward and 

easier scalable. Nevertheless, one must consider that the LAP of iPOx proceeds with an almost 

quantitative yield, while the synthesized FRP polymers were obtained with lower yields (61 %). 

However, the main difference between the two polymerization methods lies in their control. The 

scalable FRP effortlessly provides PiPOx with high molar mass values and broad 

polydispersities67, 78 while LAP65, 71, 79 provides access to PiPOx with controlled molar mass and 

narrow dispersity. 65 65 65 64 63 63 63 6363 

A series of PiPOx homopolymers with degree of polymerization ranging from 150 to 315 was 

synthesized via LAP and FRP. The characteristics of the polymers are listed in Table 1 and their 

corresponding SEC traces are given in Figure S1. 



 12 

Table 1. Structural characterization and characteristic properties of the synthesized PiPOx 

homopolymers. 

Polymer  

Code 

Synthesis  

method 

Mn 

(kDa)1 

Mw 

(kDa)1 

Đ1 Rh 

(nm)2 

Rg 

(nm)3 

c*(g/mL)4 c* 

(wt%)4 

A150 LAP 15 17.1 1.14 3.2 3.7 0.137 12.5 

A222 LAP 22 24.6 1.12 3.8 4.3 0.124 11.3 

A315 LAP 33 37.8 1.15 4.6 5.3 0.103 9.4 

F300 FRP 36 53.3 1.48 5.6 6.4 0.09 8.2 

1Determined using SEC-LS in DMAc (SI) 

2Determined from DLS measurements at 25 °C in DW/EtOH (1:1 wt/wt) 

3Estimated from Rh using the Kirkwood–Riseman theory 

4Critical overlap concentration determined in H2O/EtOH (1:1 wt/wt) 

 

Well-defined PiPOx homopolymers (A150, A222 and A315) with a controlled average molar 

mass and narrow dispersity of Ð ≤ 1.15 were obtained by LAP (Table 1), while the FRP (F300) 

polymer showed a much broader dispersity (Ð = 1.48) and significantly difference between Mw 

and Mn, characteristic to FRP processes.  

2.2. Optimization of the electrospinning process. 

To reduce the number of experiments and minimize the amount of polymer used, in view of the 

special reaction conditions required for the LAP, we first determined the theoretical critical overlap 

concentration (c*) (see Table 1). The knowledge of the c* allows a priori prediction of polymer 

concentration range needed for successful electrospinnability without having to perform a solution 
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viscosity study. The critical overlap concentration (c*) of the PiPOx polymers in H2O/EtOH (1:1 

wt/wt) was estimated by the following equation:80 

𝑐∗ =
3∙𝑀𝑤

4𝜋∙𝑅𝑔
3 ∙𝑁𝐴𝑣

  (1) 

Where Mw is the weight average molecular weight in g/mol, NAv is the Avogadro number and 

Rg is the radius of gyration. The Rg in a good solvent can be estimated using the Kirkwood–

Riseman theory from the hydrodynamic radius (Rh) according to the below equation: 

𝑅𝑔 =
𝑅ℎ

0.875
  (2) 

The Rh can be easily determined from dynamic light scattering measurements. As expected, the 

c* decreases with increasing molecular weight (Table 1). PiPOx with higher molecular weight 

possesses a higher hydrodynamic volume, thus requiring a lower concentration to overlap. 

Considering the c* values obtained, polymeric solutions were made in H2O/EtOH (1:1 wt/wt) at 

different concentrations higher than c* (e.g., 15, 20, 25 and 30 wt%) to span the semi dilute 

unentangled and entangled regimes. The processing parameters such as the applied voltage, 

solvent ratio and the feed rate were adjusted to optimize the electrospinning process using the 

polymers A150, A222 and A315, as summarized in Table S1. These nanofiber diameters were 

obtained at a feed rate below 1 mL/hr and an applied voltage of 20 kV. Finally, for the polymer 

F300 the H2O/EtOH solvent composition was also varied. 

Prior to electrospinning the viscosity of these solutions was measured using a rheometer. All the 

samples displayed a Newtonian behavior within the investigated shear rate interval (Figures S3 

and S4). The zero shear viscosity (η0) was calculated as the slope of the plot of the shear stress-

shear rate data in the range 0-100 s-1. 
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The specific viscosity at each concentration was calculated using the equation below: 

𝜂𝑠𝑝 =
𝜂0−𝜂𝑠

𝜂𝑠
  (3) 

where η0 is the zero-shear viscosity determined for every concentration from Figures S3 and S4 

and ηs is the solvent viscosity (2.033 mPa·s).  

The ηsp is plotted against polymer solution concentration to determine the entanglement 

concentration (ce) (Figure 1a). The transition between semi-dilute unentangled to the semi dilute 

entangled regime is observed as a change in the slope. Although ce cannot be determined with 

sufficient accuracy due to the limited number of data points one can visually observe that the ce is 

in the region of 20 to 25 wt %. Intuitively, one expects that increasing the molar mass of the PiPOx 

results in a lower ce value.  
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Figure 1. a) Rheological characterization of all polymers at different polymer concentrations in 

EtOH:H2O (1/1) mixtures. b-d) Scanning electron microscopy analysis of the fabricated A150, 

A222 and A315 membranes at 25 wt% evidencing the nanofiber formation. 

Subsequently the electrospinnability of various PiPOx solutions was tested. Typically, the fiber 

morphology changes from beaded fibers to uniform fibers upon increasing the concentration and 

consequently the viscosity of the polymer solution (Figure 2).81 Electrospinning of 15 or 20 wt% 

A150, A222, and A315 polymer solutions, that are below ce, resulted in the formation of polymer 

beads, as expected, indicating insufficient chain overlap (Figure 2 and Figure S2). 
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Figure 2. Scanning electron microscopy analysis of the fabricated F300 membranes at three 

different polymer concentrations. 

Further increasing the polymer concentration resulted in the formation of uniform, bead-free 

nanofibers, whereby an optimum fiber diameter was found at 25 wt% polymer in a H2O/EtOH 

mixture (1:1 wt/wt) for all PiPOx polymers obtained by anionic polymerization (Figure 2). At a 

concentration of 25 wt%, all materials had a fiber diameter below 500 nm without any significant 

deviations between the different chain lengths (Table S1), suggesting that increasing the DP from 

150 to 330 has only a minor effect on the fiber formation process (Figure 1b-d). In all cases, the 

fiber diameter increased, and diameter uniformity decreased upon increasing the solution 

concentration to 30 wt%, further indicating that the viscosity of the solutions becomes too high for 

controlled electrospinning. PiPOx-F300 also showed bead formation at 15 wt% concentration in 

H2O/EtOH (1/1 wt/wt), whereas stable fibers were already obtained at lower concentration, that is 

20 wt%, compared to PiPOx-A315, due to the higher molar mass of the PiPOx-F300 (Mw = 53.3 

kDa compared to Mw = 37.8 kDa). As the concentration of PiPOx-F300 was further increased the 

fiber diameter increased as well, up to the point where the 30 wt% solution was no longer 

electrospinnable due to increased viscosity leading to droplet formation at the needle instead of a 

stable Taylor cone. The optimal solution viscosity, regardless of PiPOx type and DP was found to 

be in the range 100 to 300 mPa·s (Figures S3-S4 and Table S1).  
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The SEM analysis and the resulting fiber diameter data in Figure 3 and table S1 indicated a 

stable spinning process, resulting in the formation of nanofibers with a diameter below 500 nm 

when 25 wt% solution PiPOx-A was used (Table S1). However, electrospinning a 25 wt% solution 

of PiPOx-F300 resulted in the formation of fibers with higher diameter, that is 736 ± 109 nm (Table 

S1), due to the increased viscosity of 25 wt% PiPOx-F300 which is 1.6 times higher than the 

viscosity of 25 wt% PiPOx-A315 (Figure 3a). Well-defined nanofibers from PiPOx-F300 were 

obtained upon lowering of the concentration to 20 wt%, yielding diameters of 458 nm ± 91 nm as 

illustrated in Figure 3b.  

To determine the influence of the polymer dispersity on the fiber formation process the 

concentration of PiPOx F300 was adjusted to match the viscosity of 25 wt% PiPOx-A315, 

resulting in a 23.8 wt% solution concentration (Figure S4). The fibers obtained showed a diameter 

 

Figure 3. a) Scanning electron microscopy analysis of the fabricated F300 membranes 

evidencing the nanofiber formation at 25 wt%. b) Overview of the results obtained for 

electrospun nanofibers (20–30 wt%) from PiPOx synthesized by both anionic and free radical 

polymerization. Hashes indicate unsuccessful electrospinning experiments depicting bead 

formation. 
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of 701 ± 104 nm, almost two times higher than the diameter of the fibers obtained from PiPOx-

A315. Such a behavior can be explained by the extensibility of the highest molecular weight 

fractions of a polydisperse polymer which governs the spinnability process as previously 

mentioned for poly(methyl methacrylate) by Clasen and colleagues.82 In short, polydisperse 

polymers generally offer better spinnability than monodisperse polymers with a similar Mn value 

due to the presence of a higher molar mass fraction. 

Further on, the influence of the solvent ratio on the fiber formation process was investigated for 

PiPOx-F300. Decreasing the H2O/EtOH mass ratio to 3/7 resulted in the formation of fibers only 

at 30 wt% concentration (Table S1), whereas at lower concentration no fibers or beaded fibers 

were obtained. Decreasing the water content even more, e.g. 1/9 H2O/EtOH, the mass ratio at 20 

wt% concentration yielded similar results as the 3/7 mass ratio. Such behavior can be explained 

by a decrease of the viscosity of the solution with an increasing EtOH fraction, visually evaluated 

by the vial tilting method (data not shown). Increasing the amount of water in the solvent mixture 

to 90 or even 100 percent did not allow the formation of stable nanofibers. The polymer solution 

was much more viscous (visually assessed by vial tilting method) compared to the 1/1 H2O/EtOH 

solution leading to an unstable spinning process. In general conclusion, the processing parameters 

allow tailoring of the fiber diameter to match the needed application. Specifically, the ethanol 

content of the electrospinning solution can be increased to obtain thicker fiber diameters. However, 

if smaller diameters are desired, one may conclude that the 1/1 H2O/EtOH solvent mixture should 

be used for successful electrospinning of PiPOx, at least for the conditions used in the present 

study, as it provides the optimal solution viscosity. 

2.3. Crosslinking of PiPOx nanofibers 
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In previous studies, PiPOx was demonstrated to be a versatile polymeric platform for the 

synthesis of functional materials by making use of the highly effective ring-opening addition 

reaction of the pendant iPOx rings with carboxylic acids.64-66, 74-76 Thus, it was hypothesized that 

water stable PiPOx nanofibers could be easily obtainable by the incorporation of a dicarboxylic 

acid in the polymer solution prior to the electrospinning, thereby providing a great advantage 

compared to polymers where additional modification steps are required to introduce the functional 

groups that are required for crosslinking. Succinic acid was chosen as crosslinker due to its good 

solubility in the H2O/ethanol mixture, low toxicity, and bio-based provenience. Succinic acid (10 

mol% of COOH to iPOx units) was added to a PiPOx-F300 solution and the mixture was 

electrospun. Literature indicated that the inclusion of small molecules, if soluble, generally does 

not significantly influence the electrospinning process and therefore, no influence on the fiber 

diameter was expected (Figure S5).81 The crosslinking reaction of PiPOx nanofibers was 

performed by heating at 120 °C for 5 h. The reaction conditions were chosen based on previous 

data obtained for modifying PiPOx with (di)carboxylic acids in solution or in swollen particles.64, 

65, 75, 78 Note that in the current study the crosslinking reaction was performed in solid-state at 120 

°C avoiding the use of potentially harmful solvents. Furthermore, the high glass-transition 

temperature (Tg) of PiPOx (177.5 °C) allows the preservation of the nanofibrous morphology 

during the crosslinking reaction and a wider reaction temperature domain in comparison to other 

nanofibers obtained from hydrophilic polymers (e.g. PEtOx or PEG) that tend to lose their 

structural characteristics when heated due to their low Tg or melting temperature (Tm).65, 78 As 

analyzed via SEM (Figure S5), the fiber morphology was maintained during the crosslinking 

reaction, where fiber diameters were obtained of 458 nm ± 91 nm before and 465 ± 79 nm after 

crosslinking. 
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To confirm the crosslinking reaction between succinic acid and the PiPOx chains, FTIR 

spectroscopy was performed for both, non-crosslinked and crosslinked, membranes. These spectra, 

displayed in Figure 4, show the appearance of characteristic peaks at 1727 (νC=O ester) and 1540 

cm-1 (νC=N amide II) indicating the ester-amide bond formation as a result of the ring-opening 

addition reaction confirming the effective crosslinking. 

 

 

Figure 4. a) FTIR spectra of non-crosslinked (grey) and crosslinked PiPOx nanofiber 

membranes (red) documenting the obtained crosslinked nanofiber network and its 

characteristic ester C=O stretch at 1727 cm-1. b) Schematic representation of the crosslinking 

reaction between two different PiPOx polymer chains and succinic acid, with the indication 

of the formed esters, emphasized in Red. 

To determine the crosslinking density of the obtained PiPOx-based nanofiber network, by FTIR 

spectroscopy, a calibration curve was constructed from reference copolymers containing known 
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proportions of propionic acid. In total, six different copolymers were synthesized with varying 

modification degree from 6 to 60 mol% propionic acid. The modification degree of the copolymers 

was determined by 1H-NMR spectroscopy (Figure 5a). By integrating both the signal of the 

protons corresponding to the newly formed ester amide structure (–N–CH2–) at 3.40 ppm and the 

protons of the unreacted 2-oxazoline ring (=N–CH2–) at 3.76 ppm, one can easily determine the 

modification degree. The 1H-NMR spectra indicated that no side-products were formed although 

the reaction was performed at a relatively high temperature. This SEC analysis of the copolymers 

revealed a slight increase of the molar mass, as expected, and a steady Ð value for all modified 

polymers (Figure 5b). The copolymers were further analyzed by FTIR spectroscopy, and a 

calibration curve was obtained by plotting the transmission value corresponding to the ester 

vibration at 1727 cm-1 versus the modification degree calculated from 1H-NMR spectra. The 

experimental points showed a linear correlation with a high degree of confidence R2 = 0.99 (Figure 

5c), revealing a T% = 19.04 % degree of modification. 
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Figure 5. a) 1H NMR spectra in CDCl3 of the PiPOx modified with different degrees of 

propionic acid; b) corresponding SEC traces for modified copolymers series that show the 

constant progress of the modification reaction; c) the calibration curve connecting the ester 

peak intensity from FTIR to the modification degree calculated via 1H NMR showing a linear 

correlation. 

Based on the equation above, a crosslinking efficiency of 99 %, assuming mostly interchain 

coupling reactions, is found for the PiPOx crosslinked nanofibers with 10 mol% succinic acid, 

indicating almost full reaction of the succinic acid molecules with the PiPOx network. Thus, the 

resulting water-stable nanofiber network retained 91.2 % of unreacted, hydrophilic 2-oxazoline 

groups. 

After confirming the efficient crosslinking of the nanofibers by FTIR, we investigated the 

stability by immersing the crosslinked PiPOx membranes in aqueous environments for different 
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periods of time. In contrast to non-crosslinked PiPOx nanofibers that instantaneously dissolved 

when immersed into water, the heat-treated nanofibers did not dissolve and maintained their 

nanofiber morphology when immersed in water. As such it is clearly demonstrated that water-

stable hydrophilic PiPOx nanofibers can be prepared by straightforward crosslinking with succinic 

acid resulting from the reaction between the pendant 2-oxazoline rings on the polymer structures 

and the carboxylic acid functionalities of the crosslinker, as illustrated in Figure 6. SEM also 

confirmed the preservation of the nanofibrous structure after immersion of the PiPOx nanofibers 

in water for 24 hours (Figure 6b). 

 

Figure 6. a) Water stability experiment with on top non-crosslinked nanofibers showing the 

aluminium foil support without the white nanofibrous mat and on the bottom the crosslinked 

nanofibers after heating showing the presence of the nanofibrous mat after respectively 5 
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seconds and 1-minute immersion in water. b) SEM analysis of the intact PiPOx crosslinked 

nanofibers network before and after immersion in water for 24 hours. 

2.4. Synthesis of colorimetric sensors based on reactive PiPOx nanofibers 

After establishing the straightforward preparation of reactive hydrophilic crosslinked PiPOx 

nanofiber networks, we focused our attention to the incorporation of carboxylic acid functionalized 

dyes for continuous food monitoring. The sensor prototype discussed here is envisioned for 

safeguarding food freshness and edibility by providing a visual and user-friendly read-out via color 

change. Therefore, a dye toolbox composed of four dyes analyte-responsive dyes was immobilized 

and evaluated towards actual food samples. The relevant analytes indicative of food spoilage 

include mainly amines and thiols. Therefore, halochromic and thiol-responsive dyes were selected 

for incorporation into the crosslinked PiPOx nanofiber material. The selected dyes are the 

commercially available Disperse Red 1 (pKa = 2.15, Figure S7), Methyl Red (pKa = 5.7, Figure 

S8), and Ellman's Reagent. Although Disperse Red 1 does not contain a compatible functional 

handle for covalent attachment to PiPOx, the required carboxylic acid handles was simply 

introduced by reacting it with succinic anhydride. Furthermore, to cover a more comprehensive 

pKa range, a fourth dye, HO-azo-COOH, was synthesized with a pKa equal to 8.2 (Figure S9).  

In general, due to ease of use, the post-fabrication modification approach for the fabrication of 

PiPOx-based sensor materials has far more economic potential than a pre-fabrication strategy. The 

possibility of using a single optimized procedure for the covalent immobilization of different dyes 

in the PiPOx nanofiber network is more appealing from an application perspective. Therefore, a 

dye-modification procedure was developed containing three main steps (Figure 7). In the first 

step, the PiPOx nanofiber network is immersed and left to react for five hours in a concentrated 
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solution of the desired dye at elevated temperatures. Secondly, any residual, non-coupled dye is 

removed through a continuous washing step. Herein, the residual dye is rinsed away until no color 

can be observed in the washing solvent. Finally, a quick-drying step of the material is performed 

to ensure the immobilization of the colorant and remove traces of washing solvent. As this 

technique is straightforward and accessible, it allows for quick optimization in terms of dye 

solubility and concentration.  

 

Figure 7. (top) Chemical structures of the selected dyes responsive towards food spoilage 

metabolites; D1: Ellman’s reagent; D2: Methyl Red; D3: acid-functionalized Disperse Red 1; D4: 

HO-azo-COOH. The pictures show the dye functionalized PiPOx nanofibers before (left) and after 

(right) exposure to the respective analytes (BT (butanethiol), HCl or TEA (triethylamine) vapor). 

(bottom) Schematic representation of the post-processing modification protocol for the cross-

linked PiPOx fibrous mats. 
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Successful dye immobilization was evidenced by the retained color of the nanofibrous sensor 

materials after the extensive washing step (Figure 7).  

2.5. Proof of concept for food monitoring applications. 

The colorimetric response of the dye functionalized PiPOx nanofibers towards each target group 

of analytes was demonstrated by placing the sensor in a controlled atmosphere containing the 

desired analyte. The response tests were performed by administering thiols (butanethiol, BT), 

hydrochloric acid (HCl), and triethylamine (TEA) gasses to Ellman's reagent (D1), Methyl Red 

(D2), Modified Disperse Red 1 (D3), and HO-azo-COOH (D4) functionalized PiPOx membranes, 

respectively. As depicted in Figure 7, the results demonstrate that all four dyes have retained their 

analyte responsiveness after immobilization onto the PiPOx nanofibrous material. Firstly, the D1 

fibres revealed a color change from white to dark orange after a short period of BT gas exposure. 

Secondly, the membranes functionalized with D2 documented the expected color change from 

yellow to pink when brought into contact with acidic vapors. Thirdly, the D3 membranes showed 

to be responsive to administered HCl gas as the color transitioned from red to deep purple upon 

protonation. Finally, the D4 membrane was deprotonated after synthesis, exhibiting a yellow color. 

After protonation with acidic vapors, the membrane exhibited a distinct orange color, which 

returned to yellow after deprotonation by TEA gas.  

As a final proof of concept for the developed continuous food monitoring system based on dye 

functionalized PiPOx nanofibers, the sensor system was exposed to real-life samples, i.e. cod filets. 

The design consisted of four different PiPOx nanofiber networks functionalized with the above-

described compounds D1, D2, D3 and D4. These nanofiber materials were introduced into the head 

space of the cod and their color was monitored in time. During cod spoilage monitoring over a 
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time period of ten days, the fibrous networks functionalized with D1 and D2 documented a 

significant color change detectable with the naked eye, as depicted in Figure 8. The PiPOx 

nanofibers functionalized with D3 and D4 did not show a color change. For D3 this might be related 

to an acid-base reaction between the dye and the PiPOx preventing further analyte monitoring. 

Even though D4 depicted a visual color change during initial experiments with TEA gas, no 

observable difference was noted during the real-life sample investigation. This non-response can 

be explained due to the high pKa value of 8.7, which requires more alkaline conditions to present 

its color change.  

. 

   

Figure 8. Left: Picture of the set-up for continuous monitoring of cod filet spoilage by dye-

functionalized PiPOx nanofibers; Middle: Naked-eye cod spoilage monitoring over 10 days of the 

four different networks functionalized with D1, D2, D3, and D4, respectively; Right: Euclidean 

color distance evolution for the developed sensors with D1, D2, D3, and D4 under cooled 

conditions, monitored over ten days. Lines were added for visual support only (Note that the 

package indicated food spoilage after 5 days, which is in agreement with the observed changes).  
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This visual study was complemented by Euclidean Color Distance (ECD) calculations to further 

quantify the observed results in function of the color change. This study attempts to provide the 

first step toward automatizing color analysis through the enhanced ECD formula mentioned above. 

The color distance can allow objective classification of the analyzed samples using smartphone 

algorithms. The obtained results, as shown in Figure 8, right, display the calculated color distance 

throughout the different timeframes, always using the initial picture as the reference point. 

Initially, as seen from the visual evaluation, until day four, no significant color difference can 

be observed. However, starting from day five, the ECD values for the two colorants mentioned 

above, D1 and D2, go up drastically to a value of 0.4, indicating a color change due to the formed 

metabolites. The other colorants document no change in color distance and are thereby confirming 

the visual evaluation. Important to note that the described expiry date on the packaging of the food 

samples was expected on experiment day 5, indicating that the PiPOx sensor system is indeed 

capable of detecting the expected food spoilage time.  

As supported by literature, the degradation of proteinaceous food products (e.g., fish and meat) 

occur in different steps sided by a characteristic change in the headspace above the product.20, 62, 

83 Firstly, the bacterial degradation of sugars and fats occurs, resulting in the production of 

molecules able to migrate from the meat to the headspace. In this phase, the main volatile organic 

compounds, VOCs, are dominated by ethanol and free fatty acids, mainly acetic acid. Until this 

phase lasts, protein foods are considered 'safe products. Only when sugars such as glucose and its 

direct metabolites are depleted does the breakdown of proteins producing a wide variety of amines, 

often referred to as the biogenic amines, and sulfur compounds such as thiols. These compounds 

originate from the breakdown of the proteins' building blocks, the amino acids. By now, the by-

products are toxic, and meat consumption at this stage could be a severe hazard. A proper sensing 
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device can recognize this stage and indicate the potential danger of consuming such a product. The 

catabolism can potentially explain the reaction observed upon the depicted sensors functionalized 

with D1 and D2, indicating a reaction with the thiol and amine metabolites, respectively. 

Importantly, these results of the sensor prototype provided the first proof of concept for continuous 

food spoilage monitoring. 

3. Conclusions 

In conclusion, we demonstrated a straightforward yet robust procedure to fabricate PiPOx 

nanofibers with high water stability, which will be of great value towards the development of 

different functionalized nanofiber platforms, e.g., for tissue engineering or wound dressings. 

Solvent electrospinning of PiPOx is demonstrated for facile production of narrow nanofibers with 

excellent tunability from a 1/1 H2O/EtOH mixture as a green, sustainable solvent system. 

Moreover, through pendant 2-oxazoline groups in the side chains, the PiPOx membranes were 

effortlessly crosslinked into the respective nanofibrous networks by introducing a dicarboxylic 

acid functional molecule during one-pot electrospinning. After a thermal treatment procedure, this 

resulted in networks with high water stability, whereas a crosslinking efficiency of 99 % was 

determined. Due to the nature of the polymer itself and the straightforward procedure, we thus 

introduced a versatile reactive polymer platform without the need for tedious or potentially 

hazardous chemical modifications, which significantly enhances their applicability for future 

applications. Within this project the PiPOx platform’s reactivity was showcased by the facile 

functionalization with modified Disperse red 1, with retention of its halochromic properties after 

post fabrication. Put into a broader context, the reported reactive hydrophilic PiPOx nanofiber 

networks can be implemented as a hydrophilic base material for various advanced functional 
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material applications going well beyond the demonstrated sensor applications, including wound 

dressings, filtration, energy transfer and biomedical imaging.  
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