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Abstract: Chitosan films have attracted increased attention in the field of sensors because of chi-
tosan’s unique chemico-physical properties, including high adsorption capacity, filmability and
transparency. A chitosan film sensor was developed through the dispersion of an ammonia specific
reagent (Nessler’s reagent) into a chitosan film matrix. The chitosan film sensor was characterized to
assess the film’s properties by Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), scanning electron microscopy (SEM) and differential scanning calorimetry (DSC). A
gas diffusion device was prepared with the chitosan film sensor, enabling the collection and detection
of ammonia vapor from biological samples. The chitosan film sensor color change was correlated with
the ammonia concentration in samples of human serum and artificial urine. This method enabled
facile ammonia detection and concentration measurement, making the sensor useful not only in
clinical laboratories, but also for point-of-care devices and wherever there is limited access to modern
laboratory facilities.

Keywords: chitosan; sensor; film; ammonia detection; Nessler’s reagent

1. Introduction

Chitosan-based materials have been developed for sensing applications in different
analytical fields, including electrochemical biosensors [1,2], piezoelectric sensors [3] and pH
indicators [4,5]. The extraordinary characteristics of chitosan, i.e., its adsorption, biodegrad-
ability, biocompatibility, filmability and transparency, make it a promising substrate for
composite film preparation, compared to other synthetic polymers with a higher impact
as raw materials [6]. Chitosan’s ability to adsorb or bond molecules and particles confers
specific functionalities to materials [7]. Chitosan composites are easily filmed, because of
the viscosity in solution, and allow color change detection by the naked eye. Due to its
biodegradability and biocompatibility, chitosan is frequently used as an additive in food
and biomedical devices [8].

Chitosan films have been loaded with organic and inorganic compounds for pro-
ducing biopolymeric sensors, useful tools for onsite screening [9–11], semi-quantitative
analysis [12–14] and intelligent packaging [15–17]. Especially in the field of food preser-
vation and monitoring, different pH indicators have been loaded into chitosan-based
matrices [18–23]. These devices were intended for food preservation or for quality moni-
toring through the development of responsive devices, using a biocompatible substrate,
where a specific reaction/color change allows the detection of a specific marker [24–28].
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Besides food applications, the determination of ammonia is crucial in other fields,
especially in clinical chemistry [29,30]. Indeed, the increase of ammonia in biological fluids
is associated with various disorders, particularly renal and liver diseases [31]. Ammonia is
generated mostly from the action of urease on the breakdown of urea into ammonia and
carbon dioxide. Through this reaction, colonic bacteria in the intestine generates ammonia
from protein degradation, which enriches the blood stream. Through the portal vein, the
blood enriched with ammonia flows to the liver, where urea, which is less toxic, is restored
from ammonia. The liver converts 85% of the ammonia into urea, which can be excreted by
the kidneys and the colon. The alteration of these processes is associated with severe health
issues. The production of ammonia is increased in several conditions, for e.g., in convulsive
seizures with increased muscle production, while, in the opposite case, ammonia levels
are low because of the impairment of its clearance, for e.g., in hepatocellular dysfunction,
portosystemic shunting, or both, with the subsequent impaired hepatic detoxification of
ammonia [32–34]. For traditional detection methods, the determination of ammonia in
biofluids is based on enzymatic analysis and ion-selective electrodes [35], with the former
being the most common approach. In short, the method utilizes the reaction of glutamate
dehydrogenase, where glutamate, NAD(P)+ and water results from the reaction between
α-oxoglutarate and reduced nicotinic adenine dinucleotide (phosphate) (NAD(P)H) with
ammonium [34]. Therefore, the decrease in the concentration of NADH or NADPH is
measured by absorbance spectroscopy. A different direct method for detecting ammonia is
the ammonium electrode, where a NH4

+ selective membrane, based on a mixture of the
antibiotics nonactin and monoactin, is used. Moreover, the actual analytical methods for
ammonia determination lack easy, portable screening devices, which combine stability and
affordable costs. Within this context, taking advantage of ammonia volatility at an alkaline
pH, microdiffusion methods have also been proposed, particularly in point-of-care devices;
however, due to the high costs, limited stability and complex operation, they have found
only limited application [36].

For the determination of ammonia, an inorganic regent (Nessler’s reagent) is com-
monly used for water quality analysis, because of its specific reaction with ammonia.
Nessler’s reagent is composed of a mixture of potassium tetraiodomercurate (II) and potas-
sium hydroxide. When dissolved in water, the transparent solution turns instantaneously
to yellow for a low amount of ammonia, and to deep red for a higher concentration of the
analyte. Nessler’s reagent is very sensitive, as it can be used to detect quantities down
to the µg of ammonia [37,38]. Potassium tetraiodomercurate (II) reacts with ammonia
only at basic pHs and the intensity of the color is directly proportional to the ammonia
concentration in the sample.

Therefore, in this study we combined chitosan properties as a transparent support
film and Nesser’s reagent for its ammonia sensitivity, to develop and test an innovative
analytical platform for rapid screening purposes. The chitosan film sensor (CFS) containing
Nessler’s reagent was applied in a preliminary application to biological fluids.

2. Materials and Methods
2.1. Materials

All chemicals were of analytical reagent grade. Chitosan powder (DD 80%, MW
230,000, CAS 9012-76-4), Nessler′s reagent, glacial acetic acid (CAS 64-19-7), sodium hy-
droxide, ammonia 32%, human serum (no detectable ammonia) and the synthetic negative
(no detectable ammonia) urine control were from Sigma-Aldrich (Darmstadt, Germany). A
model Purelab1-Chorus 3 water purification system (Elga Veolia, High Wycombe, UK) was
used to obtain ultra-pure water, to prepare all the solutions.

2.2. Methods

SEM analyses were performed with a Zeiss FEG Gemini 500 electronic microscope.
The microscope can operate with accelerating voltages of 0.5–30 kV, beam currents of 3 pA-
20 nA, with a nominal resolution of 0.6 nm at 15 kV. For the analysis reported in this study,
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the system was operating at 5 kV. The FEG–SEM was also equipped with an integrated
Bruker QUANTAX EDS/WDS (energy dispersive/wave dispersive) microanalysis system
for analysis of the light elements.

Attenuated total reflection–Fourier transform infrared spectroscopy (ATR-FTIR) was
performed to acquire the infrared spectra, using a Thermo Fisher Scientific Nicolet iS20 FTIR
spectrometer mounted with the Smart iTX accessory (4 cm−1 resolution, 650–4000 cm−1

range, 28 scans), equipped with a monolithic diamond crystal.
Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/DSC1

STAR e system. Weight variations were analyzed in a temperature range from 30 to 1000 ◦C,
at 10 ◦C/min, under an air flux of 50 mL/min.

DSC analysis was performed using a Mettler Toledo DSC3 STAR e system. Samples
were scanned in aluminum pans, under a nitrogen atmosphere, in the −70, 120 ◦C temper-
ature range, with a heating/cooling rate of 5 ◦C/min (ramp: from 25 ◦C to 120 ◦C; 2 min at
120 ◦C; from 120 ◦C to −70 ◦C; 2 min at −70 ◦C; from −70 ◦C to 120 ◦C; 2 min at 120 ◦C;
from 120 ◦C to 25 ◦C).

CFS reactivity was assessed, detecting the ammonia development from complex
biofluids, i.e., serum and artificial urine. The change in color from transparent to red was
associated with the effective reaction of ammonia with Nessler’s reagent. The test was
performed by spiking samples with ammonia in the range from 28 µg/L to 28 g/L (28, 280,
2800 µg/L, 28, 280, 2800 mg/L and 28 g/L), in triplicate.

2.3. Preparation of Chitosan Film Sensor (CFS) for Ammonia Detection

The CFS for ammonia detection was prepared by simply dissolving chitosan and
Nessler’s reagent and drying the solution by solvent casting. For preparing a film with a
diameter of 5 cm, 50 mg of chitosan was dissolved in 5 mL of deionized water and 250 µL
of acetic acid and stirred for 30 min. Nessler’s reagent, 0.75 mL, was then added to the
solution. The mixture was subject to magnetic stirring for 90 min and then poured onto a
glass Petri dish with a diameter of 5 cm. The Petri dish was placed in a ventilated oven
at 30 ◦C overnight. The resultant film was peeled from the glass support and used for the
ammonia detection.

A pure chitosan film was also prepared for a comparative evaluation and the same
procedure was adopted. Chitosan (50 mg) was dissolved in 5 mL of deionized water and
250 µL of acetic acid and stirred for 2 h. The dissolved chitosan was poured into a Petri
dish (5 cm diameter) and dried in a ventilated oven at 30 ◦C overnight.

2.4. Fabrication of the Gas Diffusion Device

The gas diffusion device consisted of a chromatography glass vial of 1.5 mL, with
an insert of 0.4 µL, where the Teflon® septum of the cap was replaced with a CFS with a
proper size (0.9 cm, diameter of the CFS cap septum), as depicted in Figure 1. Ammonia
evaporation is promoted by the basic pH solution; since the vial is a closed system, external
disturbances to the liquid–gas interface are prevented. The device design resembled a
previously described unit used for detecting ammonia in vitreous humor samples [39]. The
method exploits a colorimetric reaction between molecular ammonia and the Nessler’s
reagent (Equation (1)).

2[HgI4]2− + 4OH− + NH4
+ → HgO · Hg(NH2)I + 7I− + 3H2O (1)

Moreover, 200 µL of the sample was pipetted into the chromatography vial containing
30 mg of NaOH, the vial was then capped with the CFS allocated in the lid and 10 µL
of a solution 6M of sodium hydroxide was dropped onto the CFS. The reaction and the
vapor collection took place at room temperature. Color recording was performed with a
smartphone camera (iPhone 13, Apple Inc., Cupertino, CA, US), using image acquisition
by the device sensing part. The evaluation of the interaction between molecular ammonia
and Nessler’s reagent was estimated using the ImageJ software version 1.8.0, using a
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deconvolution of the red, green and blue components, to obtain the RGB distance (∆RGB),
using Equation (2):

∆RGB =
√
(R− R0) + (G− G0) + (B− B0) (2)
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Figure 1. Representation of the procedure for detecting ammonia through the gas diffusion device
carrying the CFS in the lid. (a) Steps of the procedure: (i) addition of 30 mg of NaOH into a vial
equipped with CFS in the lid; (ii) addition of 200 µL of the sample into the vial; (iii) addition of
10 µL of NaOH 6M on the CFS. (b) Reaction between ammonia and Nessler’s reagent resulting in a
colored CFS. (c) Image of the lid with CFS, sensing part of the gas diffusion device: (i) blank sample;
(ii) spiked sample with ammonium.

The values R0, G0 and B0 (Equation (2)) correspond to the R, G and B components of a
sample solution, which is analyzed for each matrix, and it is considered as the reference
value. The analysis of a reference sample, i.e., biofluid without the analyte, minimizes the
differences due to external light exposition or to the light camera-embedded smartphone.
Also, the analysis of a reference sample reduces the differences due to the de-convolution
performance related to the digitalization of the image, operated by the device used for
recording the image.

The gas diffusion device testing setup is extremely easy to use for on-site analysis,
since it requires only adding the sample inside the gas diffusion device (Figure 1(aii)) and a
drop of NaOH 6M on the CFS lid. The color detection is conveniently conducted through
a phone camera. This method obviously implies that the gas diffusion devices have been
prepared in a laboratory, with NaOH inside the vial and the CFS placed inside the hollow
lid.

3. Results and Discussion
3.1. Chitosan Film Sensor (CFS) Containing Nessler’s Reagent

A film sensor for ammonia analysis needs to be transparent for the easy evaluation of
color changes (Figure 2b). Other characteristics for the CFS preparation are: (i) reduction
to a minimum of chitosan used, and (ii) optimization of the Nessler’s reagent load for
achieving the highest sensitivity to ammonia.

Since chitosan is soluble only in mildly acidic aqueous solutions, the direct dissolution
of chitosan in the Nessler’s reagent is not possible, because of the presence of KOH that
confers a strongly alkaline pH. Therefore, our procedure involves a first step on the disso-
lution of chitosan in an acidic aqueous solution, where the chitosan polymeric chains are
protonated due to the presence of amine functional groups. When chitosan is dissolved, the
Nessler’s reagent can be added to the chitosan–acetic acid solution with a consequent pH
increase from 3.0 to 4.5. This step allows chitosan to remain protonated, thus maintaining
its solubility. The Nessler’s reagent addition causes a slight change in the solution color
from perfectly transparent to slightly yellowish opaque. In about one and a half minutes,
the mixture again becomes transparent. This can be explained by hypothesizing that the
coordination of HgI4

2− and K+ ions with the chitosan functional groups (i.e., R-OH) oc-
curs during the mixing, resulting in a homogeneous ion distribution inside the dissolved
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chitosan matrix. During the drying process, Nessler’s components are trapped inside the
chitosan structure resulting in a thin transparent film, which can easily be detached from
the casting container and used for this purpose (Figure 2a).
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The amount of chitosan was chosen with the aim of producing a thin self-standing
transparent film, where the surface color changes due to the reaction with ammonia can be
easily identified. For this purpose, 50 mg of chitosan proved enough to obtain a film with
an area of about ~20 cm2 (i.e., the surface of a Petri dish with a diameter of 5 cm) and with
a film thickness of 15 µm (±3) (Figure S1). This thickness allowed the highly transparent
film’s easy detachment from the casting container.

Different amounts of Nessler’s reagent have been added to chitosan to obtain a color
change of the CFS in the presence of ammonia, with an optimum at K2HgI4 20% of the
total weight of the CFS. These preliminary tests were conducted varying the K2HgI4 %
from 15% to 30%. Although chitosan showed very high adsorption of the Nessler’s reagent
(2.0 up to 4.5 times of its weight, calculated over the total dry content in the Nessler’s
reagent), if the addition of Nessler’s reagent produces a pH exceeding 5–6, chitosan loses its
solubility, resulting in non-homogeneous solutions and non-transparent films. Therefore,
the optimum amount of K2HgI4 was established at 20% in weight, taking into consideration
the detection of ammonia (appreciated change in color of the CFS) and the solubility of
chitosan in the solution.

3.2. Physico-Chemical Characterization of the CFS

CFSs have been analyzed by SEM to assess the morphology. Figure 3a,c shows a
comparison between a pure chitosan film and a CFS. The pure chitosan film (Figure 3a)
has a homogeneous surface, where the profiles of solvent evaporation can be observed.
These patterns are typical for solvent casting of polysaccharide films. The CFS (Figure 3c)
also reveals profiles of evaporation, along which crystalline salt residues are clearly visible.
Analyzing the same samples using EDX, information on the distribution of Nessler’s
reagent inside the chitosan matrix was achieved (Figure 3b,d). While the pure chitosan film
obviously shows only carbon and oxygen atoms (Figure 3b), the CFS reveals the presence
of Hg, I and K (Figure 3d). Figure S2 shows the distribution of the individual elements,
Hg, I and K, which further confirms that a composite material was obtained. Using EDX
analysis, over the analyzed area, the homogeneous distribution of Hg, I and K atoms was
observed. The addition of Nessler’s salt obviously affects the composition and decreases
the number of solvent evaporation profiles visible per area. The presence of salt residues
does significantly impact the film’s transparency.
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Using FTIR analysis, it was possible to investigate the interaction between chitosan
and other ions, comparing the pure chitosan film spectra to that of the CFS (Figure 4a), for
assessing the formation of weak and ionic bonds. The FTIR spectrum of the pure chitosan
film showed the characteristic peaks of chitosan films dissolved in acetic acid solutions [40].
Between 3600 and 3000 cm−1, the broad absorption band was correlated to the stretching of
hydroxyl and amino groups in the carbohydrate ring. Moreover, 1642 cm−1 is assigned to
the stretching vibration of the carboxyl group (C=O, amide I), while the peaks at 1545 cm−1

are assigned to the bending of the N-H, amide II [41]. The FTIR vibration wavenumber
of 1545 cm−1 and 1405 cm−1 were contemporaneously influenced by asymmetric and
symmetric stretching of the carboxylate ion, ascribed to the vibrations by the acetate ion in
the chitosan acetate salt [42].

The FTIR spectrum of the CFS showed an increase in the intensity in the OH stretching
at ~3300 cm−1, due to the addition of KOH. The region interested in the amide vibrations
showed peaks with increased intensity, which slightly shifts to 1648 cm−1 (C=O, amide
I) and 1550 cm−1 (N-H, amide II), wavenumbers that are also interested in the vibrations
by the acetate [43,44]. These changes may suggest differences in the chitosan coordination
due to the additions of Nessler’s reagent ions and/or may result from the deprotonation of
NH3

+ by OH− ions.
The TGA degradation profile of CFS (see Figure 4b) from room temperature to 1000 ◦C

was compared with a pure chitosan film and a sample of Nessler’s reagent powder, which
was previously desiccated in the oven. All the curves show a weight loss until 150 ◦C,
associated with water desorption. Comparing the CFS with the pure chitosan film, we
noticed that the CFS had a higher water content with a weight loss of ~20%, and only
10% for pure chitosan [41]. The presence of Nessler’s reagent (weight loss 13% to 150 ◦C),
which is a hygroscopic solid, especially because of the presence of KOH, increases the water
content. This aspect was also confirmed by the FTIR analysis. Around 200 ◦C, all the curves
showed sharp weight losses. Pure chitosan undergoes degradation according to a two-step
process, reaching complete degradation at around 800 ◦C [45] (weight loss 96%). The CFS
showed a different degradation process, characterized by three major regimes (weight
losses: 34%, 44%, 77%). At 1000 ◦C, CFS does not completely degrade due to Nessler’s salt
causing incomplete degradation, as higher temperatures would be required.
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(c) DSC analysis of pure chitosan film (black line) and CFS (light blue line).

Figure 4c shows a comparison between the DSC curves for the CFS and the pure
chitosan film. A first endothermic peak is visible during the first heating ramp and was
associated with the evaporation of absorbed water in the polymer. For the pure chitosan
film, the peak is centered at 65 ◦C, while for the CFS we observed a shift at 105 ◦C. This
shift is attributed to the presence of Nessler’s reagent, which is able to bind an increased
amount of water, as also confirmed by the TGA analysis. The endothermic peak disappears
in the second heating ramp because of water evaporation. No clear Tg transition is visible
for any of the two materials, although other studies have reported a Tg of 54 ◦C for films
containing acetic acid [40]. In this range of DSC temperature investigation, the thermal
properties of pure chitosan do not significantly differ from CFS.

3.3. Gas Diffusion Device Application for Ammonia Detection

The CFS was allocated in the lid of a chromatography vial, creating a gas diffusion
device where the volatile ammonia liberated in the head space is in equilibrium with
the ammonia/ammonium ion present in the liquid phase. When NaOH is added, the
equilibrium is forced from the ammonium ion to ammonia, which diffuses in the gas phase.
As such, ammonia interacts with Nessler’s reagent in the CFS and produces a color change,
which is recorded after 180 s (from the addition of NaOH in the sample) and evaluated by
image analysis. The linearity was tested in the range concentration between 28 µg/L to
28 g/L in different matrices, i.e., serum and artificial urine.

For the spiked serum samples (Figure 5a), a linear trend of the log (C) is observed
for the entire tested range of the concentration, with a correlation coefficient (R2) equal to
0.9609. The relationship between the RGB (y) and the log (ammonium concentration) (x) is
expressed in the caption for Figure 5. For the spiked artificial urine samples, two ranges
where identified, where the linearity of the function can be applied: 28 µg/L–28 mg/L, and
28 mg/L–28 g/L (Figure 5b). The former linear interval shows a correlation coefficient (R2)
equal to 0.8411 and the latter equal to 0.9797.
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Figure 5. Relationship between the serum ammonium concentration (x-axis) and the RGB distance (y-
axis). The ammonium has been spiked in the range from 28 µg/L to 28 g/L (with dilution steps equal
to 10): (a) serum sample: y (RGB distance) = 19.6 (±2.3) × log10 [Serum ammonium concentration] −
86.7 (±5.9); (b) urine sample: y (RGB distance) = 5.9 (±4.0) × log10 [Urine ammonium concentration]
+ 38.4 (±12.9); y (RGB distance) = 37.1 (±8.3) × log10 [Urine ammonium concentration] + 83.9 (±9.3).

The two slopes reflect the different capability of the device to turn to a different color.
In particular, a slope of 5.9 (caption Figure 5) indicated a lower capability of the CFS to
react with ammonia produced from low concentrated urine samples, while the chitosan-
based film was more sensitive (slope equal to 37.1) to color changes if the concentration
of ammonium in the urine samples was in the order of milligrams per liter. Differently,
the sensitivity to ammonia produced from the serum samples seemed to show a constant
capability to change color for the investigated range.

The developed device has been designed to simplify the determination of ammonia
at the point of need; as such, the performance in terms of the limit of detection has been
evaluated as the concentration causing a color change that can be identified by the operator.
The visual color change for the spiked serum samples was identified at 0.28 mg/L. The
limit of detection (LOD) with the naked eye for urine analyses was 28 mg/L.

Based on the above results, the developed device appears suitable for detecting ammo-
nia in serum and urine samples for pathological conditions. The ammonia detoxification
process is conducted in the organism through the conversion in urea. An alteration of
this process corresponds to increases of ammonia in the organism. The present strategies
in preliminary analysis demonstrate the feasibility to detect a severe increase of ammo-
nia in biofluids, such as serum and urine, reflecting a pathological status. Indeed, the
normal content in serum samples is within the range 0.2–1 mg/L [46], and the concentra-
tion of ammonium in urine samples is 0.1–1 g/L [47], as these values are well above the
experimentally measured LOD.

Currently, the determination of ammonia in biofluids, such as serum and urine, is
conducted by enzymatic-based reactions and ion-selective electrodes. Although these
methods are the most diffused approaches offering extensively validated techniques, in
comparison to the proposed approach, the current methods are more expensive, and in
most cases are designed to be used in laboratories, instead of at the point of need. Also,
another drawback to the enzymatic method is the time of analysis, which is 90 min [48].
On the other hand, the present method showed higher limits of detection (one order of
magnitude for urine [48], and three orders of magnitude for serum [49]).

4. Conclusions

In the present study, a simple and low-cost chitosan film sensor (CFS) has been
developed, characterized and tested in a gas diffusion device for detecting ammonia in
biological samples. The CFS is a solvent casted self-standing film, with a thickness of 15 µm,
containing the Nessler’s reagent (20% of the weight of potassium tetraiodomercurate
(II)), which triggers a colorimetric reaction with molecular ammonia. The CFS has been
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studied in regard to its chemico-physical properties to confirm that a composite material
was prepared. The SEM–EDX analysis suggests the homogeneous dispersion of Nessler’s
reagent into the chitosan matrix, and shows visible formation of salt residues, which
does not significantly impact the film’s transparency. The FTIR analysis shows increased
intensities that could be related to differences in the chitosan coordination and in the
neutralization chitosan amine groups due to the addition of Nessler’s reagent ions. The
CFS thermal properties assessed by TGA and DSC confirmed the formation of a composite
material. The CFS is transparent, enabling a facile evaluation of the color change, either
using smartphone image analysis or the naked eye. When tested in a miniaturized gas
diffusion device, the CFS can detect the presence of ammonia in samples of serum and
urine, with a sensitivity suitable for application as a point-of-care analytical tool. The gas
diffusion device testing setup has an extremely easy functionality for on-site analysis, since
the sample can be allocated directly on the appropriately prepared gas diffusion device
and the color change inspected with a phone camera.

As such, from this perspective the device, after the necessary engineering and valida-
tion, can be extremely useful in developing countries and in locations with limited access
to clinical laboratories because of its portability, handiness and fast detection.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15214238/s1, Figure S1. SEM image of a cross section of CSF.
Measured thickness 15 µm. Figure S2. EDX analysis of a CFS for single elements.

Author Contributions: Individual contributions of authors are stated. Conceptualization: I.T.,
G.M., F.T. and C.A. Methodology: I.T., G.M., P.C., R.M.D. and F.T. Investigation: I.T. and G.M.
Writing—original draft preparation: I.T. and G.M. Writing—review and editing: I.T., G.M., F.T. and
C.A. Supervision: I.T., G.M., F.T. and C.A. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Raja, A.N. Recent development in chitosan-based electrochemical sensors and its sensing application. Int. J. Biol. Macromol. 2020,

164, 4231–4244. [CrossRef]
2. Bounegru, A.V.; Bounegru, I. Chitosan-Based Electrochemical Sensors for Pharmaceuticals and Clinical Applications. Polymers

2023, 15, 3539. [CrossRef] [PubMed]
3. Hosseini, E.S.; Manjakkal, L.; Shakthivel, D.; Dahiya, R. Glycine–Chitosan-Based Flexible Biodegradable Piezoelectric Pressure

Sensor. ACS Appl. Mater. Interfaces 2020, 12, 9008–9016. [CrossRef] [PubMed]
4. Vadivel, M.; Sankarganesh, M.; Raja, J.D.; Rajesh, J.; Mohanasundaram, D.; Alagar, M. Bioactive constituents and bio-waste

derived chitosan/xylan based biodegradable hybrid nanocomposite for sensitive detection of fish freshness. Food Packag. Shelf
Life 2019, 22, 100384. [CrossRef]

5. Safitri, E.; Humaira, H.; Murniana, M.; Nazaruddin, N.; Iqhrammullah, M.; Sani, N.D.M.; Esmaeili, C.; Susilawati, S.; Mahathir,
M.; Nazaruddin, S.L. Optical pH Sensor Based on Immobilization Anthocyanin from Dioscorea alata L. onto Polyelectrolyte
Complex Pectin–Chitosan Membrane for a Determination Method of Salivary pH. Polymers 2021, 13, 1276. [CrossRef]

6. Petroni, S.; Tagliaro, I.; Antonini, C.; D’arienzo, M.; Orsini, S.F.; Mano, J.F.; Brancato, V.; Borges, J.; Cipolla, L. Chitosan-Based
Biomaterials: Insights into Chemistry, Properties, Devices, and Their Biomedical Applications. Mar. Drugs 2023, 21, 147.
[CrossRef]

7. Tagliaro, I.; Seccia, S.; Pellegrini, B.; Bertini, S.; Antonini, C. Chitosan-based coatings with tunable transparency and super-
hydrophobicity: A solvent-free and fluorine-free approach by stearoyl derivatization. Carbohydr. Polym. 2023, 302, 120424.
[CrossRef]

8. Ladiè, R.; Cosentino, C.; Tagliaro, I.; Antonini, C.; Bianchini, G.; Bertini, S. Supramolecular Structuring of Hyaluronan-Lactose-
Modified Chitosan Matrix: Towards High-Performance Biopolymers with Excellent Biodegradation. Biomolecules 2021, 11, 389.
[CrossRef]

https://www.mdpi.com/article/10.3390/polym15214238/s1
https://www.mdpi.com/article/10.3390/polym15214238/s1
https://doi.org/10.1016/j.ijbiomac.2020.09.012
https://doi.org/10.3390/polym15173539
https://www.ncbi.nlm.nih.gov/pubmed/37688165
https://doi.org/10.1021/acsami.9b21052
https://www.ncbi.nlm.nih.gov/pubmed/32011853
https://doi.org/10.1016/j.fpsl.2019.100384
https://doi.org/10.3390/polym13081276
https://doi.org/10.3390/md21030147
https://doi.org/10.1016/j.carbpol.2022.120424
https://doi.org/10.3390/biom11030389


Polymers 2023, 15, 4238 10 of 11

9. Fu, L.; Wang, A.; Lyv, F.; Lai, G.; Zhang, H.; Yu, J.; Lin, C.-T.; Yu, A.; Su, W. Electrochemical antioxidant screening based on a
chitosan hydrogel. Bioelectrochemistry 2018, 121, 7–10. [CrossRef]

10. Tang, W.; Yan, T.; Ping, J.; Wu, J.; Ying, Y. Rapid Fabrication of Flexible and Stretchable Strain Sensor by Chitosan-Based Water Ink
for Plants Growth Monitoring. Adv. Mater. Technol. 2017, 2, 1700021. [CrossRef]

11. Wang, X.; Li, F.; Cai, Z.; Liu, K.; Li, J.; Zhang, B.; He, J. Sensitive colorimetric assay for uric acid and glucose detection based on
multilayer-modified paper with smartphone as signal readout. Anal. Bioanal. Chem. 2018, 410, 2647–2655. [CrossRef] [PubMed]

12. Takkar, B.; Mukherjee, S.; Chauhan, R.C.; Venkatesh, P. Development of a semi-quantitative tear film based method for public
screening of diabetes mellitus. Med. Hypotheses 2019, 125, 106–108. [CrossRef]

13. Hu, T.; Zeng, L.; Li, Y.; Wu, Y.; Zhu, Z.; Zhang, Y.; Tian, D.; Gao, C.; Li, W. Multifunctional chitosan non-woven fabrics modified
with terylene carbon dots for selective detection and efficient adsorption of Cr(VI). Chem. Eng. J. 2022, 432, 134202. [CrossRef]

14. Ofoegbu, O.; Ike, D.C.; Batiha, G.E.-S.; Fouad, H.; Srichana, R.S.; Nicholls, I. Molecularly Imprinted Chitosan-Based Thin Films
with Selectivity for Nicotine Derivatives for Application as a Bio-Sensor and Filter. Polymers 2021, 13, 3363. [CrossRef] [PubMed]

15. Ezati, P.; Rhim, J.-W. pH-responsive chitosan-based film incorporated with alizarin for intelligent packaging applications. Food
Hydrocoll. 2020, 102, 105629. [CrossRef]

16. Yong, H.; Liu, J.; Qin, Y.; Bai, R.; Zhang, X.; Liu, J. Antioxidant and pH-sensitive films developed by incorporating purple and
black rice extracts into chitosan matrix. Int. J. Biol. Macromol. 2019, 137, 307–316. [CrossRef] [PubMed]

17. Rouhani, M. Fluoro-functionalized graphene as a promising nanosensor in detection of fish spoilage: A theoretical study. Chem.
Phys. Lett. 2019, 719, 91–102. [CrossRef]

18. Yong, H.; Wang, X.; Bai, R.; Miao, Z.; Zhang, X.; Liu, J. Development of antioxidant and intelligent pH-sensing packaging films by
incorporating purple-fleshed sweet potato extract into chitosan matrix. Food Hydrocoll. 2019, 90, 216–224. [CrossRef]

19. Silva-Pereira, M.C.; Teixeira, J.A.; Pereira-Júnior, V.A.; Stefani, R. Chitosan/corn starch blend films with extract from Brassica
oleraceae (red cabbage) as a visual indicator of fish deterioration. LWT 2015, 61, 258–262. [CrossRef]

20. Tirtashi, F.E.; Moradi, M.; Tajik, H.; Forough, M.; Ezati, P.; Kuswandi, B. Cellulose/chitosan pH-responsive indicator incorporated
with carrot anthocyanins for intelligent food packaging. Int. J. Biol. Macromol. 2019, 136, 920–926. [CrossRef]

21. Alizadeh-Sani, M.; Tavassoli, M.; McClements, D.J.; Hamishehkar, H. Multifunctional halochromic packaging materials: Saffron
petal anthocyanin loaded-chitosan nanofiber/methyl cellulose matrices. Food Hydrocoll. 2021, 111, 106237. [CrossRef]

22. Zhang, X.; Lu, S.; Chen, X. A visual pH sensing film using natural dyes from Bauhinia blakeana Dunn. Sens. Actuators B Chem.
2014, 198, 268–273. [CrossRef]

23. Zhang, J.; Zou, X.; Zhai, X.; Huang, X.W.; Jiang, C.; Holmes, M. Preparation of an intelligent pH film based on biodegradable
polymers and roselle anthocyanins for monitoring pork freshness. Food Chem. 2019, 272, 306–312. [CrossRef] [PubMed]

24. Naghdi, S.; Rezaei, M.; Abdollahi, M. A starch-based pH-sensing and ammonia detector film containing betacyanin of paperflower
for application in intelligent packaging of fish. Int. J. Biol. Macromol. 2021, 191, 161–170. [CrossRef] [PubMed]

25. Vijayakumar, Y.; Nagaraju, P.; Yaragani, V.; Parne, S.R.; Awwad, N.S.; Reddy, M.R. Nanostructured Al and Fe co-doped ZnO thin
films for enhanced ammonia detection. Phys. B Condens. Matter 2020, 581, 411976. [CrossRef]

26. Luo, X.; Lim, L.-T. Cinnamil- and Quinoxaline-Derivative Indicator Dyes for Detecting Volatile Amines in Fish Spoilage. Molecules
2019, 24, 3673. [CrossRef]

27. Flórez, M.; Guerra-Rodríguez, E.; Cazón, P.; Vázquez, M. Chitosan for food packaging: Recent advances in active and intelligent
films. Food Hydrocoll. 2022, 124, 107328. [CrossRef]

28. Zam, M.; Niyumsut, I.; Osako, K.; Rawdkuen, S. Fabrication and Characterization of Intelligent Multi-Layered Biopolymer Film
Incorporated with pH-Sensitive Red Cabbage Extract to Indicate Fish Freshness. Polymers 2022, 14, 4914. [CrossRef]

29. Kwak, D.; Lei, Y.; Maric, R. Ammonia gas sensors: A comprehensive review. Talanta 2019, 204, 713–730. [CrossRef]
30. Hizam, S.M.M.; Al-Dhahebi, A.M.; Saheed, M.S.M. Recent Advances in Graphene-Based Nanocomposites for Ammonia Detection.

Polymers 2022, 14, 5125. [CrossRef]
31. Loscalzo, J.; Fauci, A.S.; Kasper, D.L.; Hauser, S.L.; Longo, D.L.; Jameson, J.L. Harrison’s Principles of Internal Medicine; McGraw

Hill: New York, NY, USA, 2022.
32. Nikolac, N.; Omazic, J.; Simundic, A.-M. The evidence based practice for optimal sample quality for ammonia measurement. Clin.

Biochem. 2014, 47, 991–995. [CrossRef] [PubMed]
33. Hashim, I.A.; Cuthbert, J.A. Elevated ammonia concentrations: Potential for pre-analytical and analytical contributing factors.

Clin. Biochem. 2014, 47, 233–236. [CrossRef] [PubMed]
34. Vilstrup, H.; Amodio, P.; Bajaj, J.; Cordoba, J.; Ferenci, P.; Mullen, K.D.; Weissenborn, K.; Wong, P.; Tal-walkar, J.A.; Conjeevaram,

H.S.; et al. Hepatic Encephalopathy in Chronic Liver Disease: 2014 Practice Guideline by the European Association for the Study
of the Liver and the American Association for the Study of Liver Diseases. J. Hepatol. 2014, 61, 642–659. [CrossRef]

35. Li, D.; Xu, X.; Li, Z.; Wang, T.; Wang, C. Detection methods of ammonia nitrogen in water: A review. TrAC Trends Anal. Chem.
2020, 127, 115890. [CrossRef]

36. Veltman, T.R.; Tsai, C.J.; Gomez-Ospina, N.; Kanan, M.W.; Chu, G. Point-of-Care Analysis of Blood Ammonia with a Gas-Phase
Sensor. ACS Sens. 2020, 5, 2415–2421. [CrossRef]

37. Morrison, G.R. Microchemical Determination of Organic Nitrogen with Nessler Reagent. Anal. Biochem. 1971, 43, 527–532.
[CrossRef]

https://doi.org/10.1016/j.bioelechem.2017.12.013
https://doi.org/10.1002/admt.201700021
https://doi.org/10.1007/s00216-018-0939-4
https://www.ncbi.nlm.nih.gov/pubmed/29455281
https://doi.org/10.1016/j.mehy.2019.02.043
https://doi.org/10.1016/j.cej.2021.134202
https://doi.org/10.3390/polym13193363
https://www.ncbi.nlm.nih.gov/pubmed/34641180
https://doi.org/10.1016/j.foodhyd.2019.105629
https://doi.org/10.1016/j.ijbiomac.2019.07.009
https://www.ncbi.nlm.nih.gov/pubmed/31276717
https://doi.org/10.1016/j.cplett.2019.02.001
https://doi.org/10.1016/j.foodhyd.2018.12.015
https://doi.org/10.1016/j.lwt.2014.11.041
https://doi.org/10.1016/j.ijbiomac.2019.06.148
https://doi.org/10.1016/j.foodhyd.2020.106237
https://doi.org/10.1016/j.snb.2014.02.094
https://doi.org/10.1016/j.foodchem.2018.08.041
https://www.ncbi.nlm.nih.gov/pubmed/30309548
https://doi.org/10.1016/j.ijbiomac.2021.09.045
https://www.ncbi.nlm.nih.gov/pubmed/34536478
https://doi.org/10.1016/j.physb.2019.411976
https://doi.org/10.3390/molecules24203673
https://doi.org/10.1016/j.foodhyd.2021.107328
https://doi.org/10.3390/polym14224914
https://doi.org/10.1016/j.talanta.2019.06.034
https://doi.org/10.3390/polym14235125
https://doi.org/10.1016/j.clinbiochem.2014.05.068
https://www.ncbi.nlm.nih.gov/pubmed/24915632
https://doi.org/10.1016/j.clinbiochem.2014.08.013
https://www.ncbi.nlm.nih.gov/pubmed/25175939
https://doi.org/10.1002/hep.27210
https://doi.org/10.1016/j.trac.2020.115890
https://doi.org/10.1021/acssensors.0c00480
https://doi.org/10.1016/0003-2697(71)90283-1


Polymers 2023, 15, 4238 11 of 11

38. Demutskaya, L.N.; Kalinichenko, I.E. Photometric determination of ammonium nitrogen with the nessler reagent in drinking
water after its chlorination. J. Water Chem. Technol. 2010, 32, 90–94. [CrossRef]

39. Musile, G.; Gottardo, R.; Palacio, C.; Shestakova, K.; Raniero, D.; De Palo, E.F.; Tagliaro, F. Development of a low cost gas diffusion
device for ammonia detection in the vitreous humor and its preliminary application for estimation of the time since death. Forensic
Sci. Int. 2019, 295, 150–156. [CrossRef]

40. Qiao, C.; Ma, X.; Wang, X.; Liu, L. Structure and properties of chitosan films: Effect of the type of solvent acid. LWT 2021, 135,
109984. [CrossRef]

41. Qiao, C.; Ma, X.; Zhang, J.; Yao, J. Effect of hydration on water state, glass transition dynamics and crystalline structure in chitosan
films. Carbohydr. Polym. 2019, 206, 602–608. [CrossRef]

42. Kumar-Krishnan, S.; Prokhorov, E.; Ramírez, M.; Hernandez-Landaverde, M.A.; Zarate-Triviño, D.G.; Kovalenko, Y.; Sanchez,
I.C.; Méndez-Nonell, J.; Luna-Bárcenas, G. Novel gigahertz frequency dielectric relaxations in chitosan films. Soft Matter 2014, 10,
8673–8684. [CrossRef] [PubMed]

43. Noriega, S.E.; Subramanian, A. Consequences of neutralization on the proliferation and cytoskeletal organization of chondrocytes
on chitosan-based matrices. Int. J. Carbohydr. Chem. 2011, 2011, 809743. [CrossRef]

44. Demarger-Andre, S.; Domard, A. Chitosan carboxylic acid salts in solution and in the solid state. Carbohydr. Polym. 1994, 23,
211–219. [CrossRef]

45. Nunthanid, J.; Puttipipatkhachorn, S.; Yamamoto, K.; Peck, G.E. Physical properties and molecular behavior of chitosan films.
Drug Dev. Ind. Pharm. 2001, 27, 143–157. [CrossRef] [PubMed]

46. Rifai, N. Tietz Textbook of Laboratory Medicine-E-Book; Elsevier Health Sciences: Amsterdam, The Netherlands, 2022.
47. Rehman, M.Z.; Melamed, M.; Harris, A.; Shankar, M.; Rosa, R.M.; Batlle, D. Urinary ammonium in clinical medicine: Direct

measurement and the urine anion gap as a surrogate marker during metabolic acidosis. Adv. Kidney Dis. Health 2023, 30, 197–206.
[CrossRef]

48. Liu, N.-Y.; Cay-Durgun, P.; Lai, T.; Sprowls, M.; Thomas, L.; Lind, M.L.; Forzani, E. A Handheld, Colorimetric Optoelectronic
Dynamics Analyzer for Measuring Total Ammonia of Biological Samples. IEEE J. Transl. Eng. Health Med. 2018, 6, 2800610.
[CrossRef]

49. Pasqualotto, E.; Cretaio, E.; Scaramuzza, M.; De Toni, A.; Franchin, L.; Paccagnella, A.; Bonaldo, S. Optical System Based on
Nafion Membrane for the Detection of Ammonia in Blood Serum Samples. Biosensors 2022, 12, 1079. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3103/S1063455X10020049
https://doi.org/10.1016/j.forsciint.2018.12.012
https://doi.org/10.1016/j.lwt.2020.109984
https://doi.org/10.1016/j.carbpol.2018.11.045
https://doi.org/10.1039/C4SM01804D
https://www.ncbi.nlm.nih.gov/pubmed/25254949
https://doi.org/10.1155/2011/809743
https://doi.org/10.1016/0144-8617(94)90104-X
https://doi.org/10.1081/DDC-100000481
https://www.ncbi.nlm.nih.gov/pubmed/11266226
https://doi.org/10.1053/j.akdh.2022.12.006
https://doi.org/10.1109/JTEHM.2018.2840678
https://doi.org/10.3390/bios12121079

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Preparation of Chitosan Film Sensor (CFS) for Ammonia Detection 
	Fabrication of the Gas Diffusion Device 

	Results and Discussion 
	Chitosan Film Sensor (CFS) Containing Nessler’s Reagent 
	Physico-Chemical Characterization of the CFS 
	Gas Diffusion Device Application for Ammonia Detection 

	Conclusions 
	References

