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A B S T R A C T   

The healing processes in cutaneous wounds, i.e., chronic wounds, represent a health problem affecting 1–2 % of 
the population. The evaluation of these wounds is mainly based on subjective parameters, although there is a 
medical consensus on protease activity as the best marker for healing disorders. Here we show the correlation of 
the amino acid concentration on chronic wounds and with their evolution, and the development of a test kit to 
straightforward determining this evolution. Our test kit is a colorimetric sensory polymer film that change its 
colour upon contacting amino acids. The kit allows for the quantification of the overall amino acid concentration 
by simply analysing the colour definition parameters of the sensory film obtained from of a photograph taken 
with a smartphone. We analysed with the kit the amino acid concentration of human chronic wounds of 34 
patients and we mathematically demonstrate that there is a correlation with the amino acid concentration, 
related with the protease activity, and the evolution of the wound’s diagnoses. This kit can help diagnosis of 
human chronic wounds, usually evaluated and treated along time by different physicians, or even by different 
medical teams, providing an analytical tool not subjected to subjective evaluation.   

1. Introduction 

Nowadays, the medical researches related to the cure for cancer, or 
the development of new vaccines against viruses, such as HIV or coro-
navirus, are very current issues. But there are other health problems that 
a priori may seem milder but have a significant impact on society, both 
due to the large number of people who are affected by them and the 
economic costs they cause. In this work, we will focus on one of these 
well-known health problems [1,2], with high impact [3–7], and little 
visibility: the healing processes in cutaneous wounds, that is, chronic 
wounds. These types of low visibility injuries (affecting 1–2 % of the 
population) represent 2–3 % of the total European health budget [8]. 
According to estimates, in Europe, these wounds signify costs of 2.8–3.5 
million euros per 100,000 habitants. Nurses dedicate the equivalent of 
89 days to cures, and it is estimated that patients with these conditions 
occupy 19,000–31,000 bed days per year [9]. In the USA, the economic 
impact of chronic injuries has been estimated at 32,000 million dollars 

per year [10], and only in Spain 350 million € per year [8]. 
This type of wounds requires weekly monitoring (even daily, in case 

of hospitalised patients). This follow-up is carried out by a physicians 
through a form where the state of the wound is assessed, regarding 
factors such as the appearance of infection (Y/N), revascularisation (Y/ 
N), date of revascularisation, evolution, necrosis (Y/N), ischemia (Y/N) 
or cell cultures performed (Pseudomonas aeruginosa, Proteus mirabilis, 
Staphylococcus aureus, Prevotella bivia, Enterococcus faecalis, Escherichia 
coli). The problem with these evaluations is that many of the parameters 
are subjective. Additionally, due to the shifts and schedules of the health 
workers, throughout the same week, a patient can be attended by 2 or 3 
different physicians, with varying opinions about the state of the wound, 
which generates a high variability on the results. At this point, the need 
for a methodology based on a simple kit becomes evident, which phy-
sicians can use to objectively determine the state/evolution of the 
wounds. 

Although nowadays there are currently not clear solutions to this 
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problem, there is a medical consensus among the World Union of Wound 
Healing Societies [11], "that increased protease activity is currently the 
best available marker for healing disorders when other causes have been 
excluded, and that the effective use of a protease test kit has the po-
tential to change wound management globally" [12,13]. Proteases are 
the enzymes responsible for the degradation into peptides and amino 
acids of proteins. They are believed to play a crucial role in healing 
processes as they degrade damaged extracellular matrix (EM) proteins, 
thereby allowing new tissue formation in an orderly healing process. 
Healing problems appear when the degradation/regeneration balance is 
altered, due to the uncontrolled activity of the protease that not only 
breaks the damaged EM proteins but also degrades the newly formed EM 
and other essential EM proteins, like growth factors and their receptors. 
This uncontrolled degradation prolongs the inflammatory phase pre-
venting the wound to progress to the proliferative phase. 

Thus, determining the enzymatic activity of a wound seems to be the 
key to diagnosing this type of lesions at an early stage, since at first sight, 
they are not easy to detect in their early stages because clinical signs of 
inflammation are usually challenging to discriminate from the signs of 
infection. This is an important issue since there is currently no fast and 
reliable method for evaluating enzyme activity. Techniques such as 
gelatine zymography [14,15], and the Enzyme-Linked Immunosorbent 
Assay (ELISA) [16], determines protease levels using antibodies but, in 
most cases, they are beyond the reach of physicians. 

Since proteases hydrolyse ME proteins, we hypothesise that the 
higher the enzyme activity, the higher the amino acid concentration. 
This hypothesis would allow us to address the problem indirectly by 
measuring the concentration of amino acids derived from enzyme ac-
tivity and not the activity directly. Within the literature, the detection of 
amino acids is an intensely studied subject and for which there are 
several techniques such as electrophoresis [17,18], HPLC [19,20], NMR 
[21], or chromatography [22–24]. However, all of these methods 
require expensive equipment and advanced knowledge for amino acid 
detection. 

One of the oldest and most studied methods [25,26] is that of 
ninhydrin [27–30], a colorimetric method widely used in forensic sci-
ence [25,31,32]. However, this method implies both the manipulation 
of chemicals and the use of relatively costly equipment, which un-
doubtedly complicates their daily use in hospitals and/or health centres. 
Gel behaviour polymers have been widely used for sensory applications 
oriented to different areas [33–36], and for this reason, we propose a 
sensory film, with gel behaviour, simple, cheap and easy to use by 
non-specialized personnel, based on ninhydrin receptors but without the 
need to manipulate any chemical reagent, which determines enzymatic 
activity in the wounds indirectly, by measuring the amino acid con-
centration of exudates from a skin wound through a digital photo taken 
with a smartphone. 

This work is focused in two correlated objectives. First, the devel-
opment of a new sensory material for the detection of amino acids in and 
easy and rapid way, by only using a smartphone. Second, the demon-
stration that the level of amino acids is directly related to the state of a 
chronic wound, and subsequently with the protease activity. For the 
analysis of all this data, the statistical classification methods have 
boosted the proposed diagnostic tool based on a simple sensory film. 

2. Experimental 

2.1. Materials 

We have used the following materials and solvents, as received, 
unless otherwise stated: 2,2′-azobis(2-methylpropionitrile) (AIBN) (98 
%, Aldrich), 1-vinyl-2-pyrrolidone (VP) (99 %, Aldrich), methyl meth-
acrylate (MMA) (99 %, Aldrich), pH 4.66 Buffer (VWR), dioxane (100 %, 
VWR), acetone (99 %, VWR), trans-4-hydroxi-L-proline (≥99 %, Sigma- 
Aldrich), L-aspartic acid (98 %, Alfa Aesar), L-threonine (98 %, Alfa 
Aesar), Serine (≥99 %, Fluka), L-arginine (98 %, Alfa Aesar), L-glutamic 

acid (+99 %, Alfa Aesar), L-lysine (97 %, Sigma-Aldrich), L-proline (99 
%, Alfa Aesar), L-histidine (+98 %, Alfa Aesar), Glycine (99 %, Alfa 
Aesar), L-alanine (99 %, Alfa Aesar), L-cysteine (+98 %, Alfa Aesar), L- 
valine (≥98 %, Sigma-Aldrich), L-methionine (+98 %, Alfa Aesar), L- 
isoleucine (98 %, Sigma-Aldrich), L-tyrosine (+99 %, Acros Organic), L- 
phenylalanine (98 %, Alfa Aesar) zinc (II) nitrate hexahydrate (98 %, 
Sigma Aldrich), Iron(III) nitrate nonahydrate (99 %, Sigma Aldrich), 
cesium nitrate (≥99 %, Fluka), manganese (II) nitrate hexahydrate 
(98+%, Alfa Aesar), tetrachloroauric(III) acid trihydrate (99.9+%, 
Sigma-Aldrich), potassium dichromate (≥99.5 %, Sigma-Aldrich), 
barium chloride dehydrate (99 %, Labkem), cobalt(II) nitrate hexahy-
drate (≥99 %, Labkem), ammonium nitrate (≥98 %, Sigma-Aldrich), 
calcium nitrate tetrahydrate (≥99 %, Sigma-Aldrich), chromium(III) 
nitrate nonahydrate (98.5 %, Alfa Aesar), mercury(II) nitrate (98 %, Alfa 
Aesar), rubidium nitrate (99.95 %, Sigma-Aldrich), dysprosium(III) ni-
trate (99.9 %, Alfa Aesar), lithium chloride (≥ 99 %, Sigma-Aldrich 
cadmium nitrate tetrahydrate (98.5 %, Alfa Aesar), Fe(NO3)3⋅9H2O 
(≥ 98 %, VWR), cerium (III) chloride tetrahydrate (≥99.99 %, Sigma- 
Aldrich), zirconium(IV) chloride (98 %, Alfa Aesar), lanthanum(III) ni-
trate hexahydrate (99.9 %, Alfa Aesar), potassium nitrate (99+%, 
Sigma-Aldrich), samarium(III) nitrate (99.9 %, Alfa Aesar), magnesium 
nitrate hexahydrate (≥ 99 %, Labkem), aluminum nitrate nonahydrate 
(≥ 98.9 %, Sigma-Aldrich), silver nitrate (≥99.9, Sigma-Aldrich), neo-
dymium(III) nitrate (99.9 %, Alfa Aesar), lead(II) nitrate (≥ 99 %, 
Fluka), strontium nitrate (99+%, Sigma-Aldrich), copper(II) nitrate 
trihydrate (98 %, Sigma-Aldrich), nickel(II) nitrate hexahydrate (98.5 
%, Sigma-Aldrich), sodium nitrate (99 %, LabKem), tin (II) chloride (98 
%Aldrich), Sodium cyanide (>97 %, Sigma-Aldrich), Sodium acetate 
(>99 %, Aldrich), Lithium hydroxide (>98 %, Sigma-Aldrich), Sodium 
fluoride (≥99.9 %, Sigma-Aldrich), Potassium perchlorate (>99 %, 
Sigma-Aldrich), Sodium dodecyl sulfate (≥98.5 %, Sigma-Aldrich), So-
dium nitrite (>97 %, Aldrich), Sodium Ethoxide (95 %, Sigma-Aldrich), 
Potassium hydrogen phthalate (99.95 %, Sigma-Aldrich), Sodium py-
rophosphate tetrabasic (>95 %, Sigma-Aldrich), Potassium persulfate 
(>99 %, Sigma-Aldrich), Sodium methanesulfonate (98 %, Sigma- 
Aldrich), Sodium pyrophosphate dibasic (>99 %, Sigma-Aldrich), 
Lithium trifluoromethanesulfonate (96 %, Sigma-Aldrich), Sodium p- 
toluenesulfonate (95 %, Sigma-Aldrich), Potassium bromide (>99 %, 
Sigma-Aldrich), Potassium thiocyanate (>99 %, Sigma-Aldrich), Potas-
sium oxalate monohydrate (>98.5 %, Sigma-Aldrich), Sodium carbon-
ate (>99 %, Sigma-Aldrich), Sodium benzoate (>99.5 %, Sigma- 
Aldrich), Lithium phosphate monobasic (99 %, Sigma-Aldrich,), So-
dium sulfate (99 %, Sigma-Aldrich), Sodium chloroacetate (98 %, 
Sigma-Aldrich), Sodium trifluoroacetate (>99 %, Sigma-Aldrich), So-
dium periodate (99.78 %, Sigma-Aldrich, 99.8 %), bovine serum albu-
min (BSA) (>97 %, Biowest), L-Glutathione reduced (GLUT) (VWR, >98 
%), SeO2 (99.4 %, Alfa Aesar), HCl(37 %, VWR-Prolabo), sodium 
dodecyl sulfate (≥97 %, Fluka), di-sodium tetraborate (99 %, Sigma- 
Aldrich), phthaldialdehyde (97 %, Merk), 2-mercaptoethanol (98+%, 
Alfa Aesar), Selenium dioxide (98 %, Fluka, Caution, toxic!). 

We have prepared three solutions mimicking collagen (COL), elastin 
(ELA) and epidermis (EPI), following the procedure described in a 
previous work [37], by mixing different concentrations of the amino 
acids which these proteins are constituted of, as reported by Eastoe [38], 
Keeley and Partrige [39], and Eastoe et al. [40]. The concentration of 
COL, ELA and EPI are expressed as the summation of the molarities of 
each amino acid (ΣM). 

Food matrix, beef, loin cut, was used to test the polymer described in 
this work as amino acid sensor. For it, the results of the proposed method 
in this work were compared with the results of the Nielsen method 
(reference method for the amino acids detection) [41]. The food matrix 
was purchased from a local supermarket (see ESI section S6, 
Figure S10). 

The real biological samples (exudates) from patients with chronic 
wounds have been obtained following the established procedures at 
HUBU (University Hospital of Burgos), directly from the damaged tissue. 
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Thus, tissue sample collection was carried out with validated aseptic 
technique after mechanical dragging with physiological saline of any 
drug residue or detritus. In cases where there is dry crust or abundant 
accumulation of devitalized tissue, they are actively removed with a 
scalpel until a representative bed of the ulcer is obtained. The samples 
are two-ways collected: 1) by means of a bottom swab smear of the 
lesion; 2) by physical debridement with a scalpel in the different areas of 
loss of substance depending on the anatomical location of the lesion and 
its extension in surface and depth (edges, bottom, bone, tendon, etc.), 
obtaining a piece of vital tissue of the size to proceed according to the 
condition of the wound. The sample is deposited in a suitable means of 
transport that allows the correct later analysis. The study was carried out 
with five types of samples of a chronic wounds of each patient, and 
picked up from 35 patients: swab (A), wound bed (B), edge (C), capsular 
tissue (D) and/or bone (E). Samples were collected by physicians who 
previously performed a visual analysis of the wounds, evaluating also 
other factors such as age, type of sample (A, B, C, D, E), re-vascularised 
date, site injury, infectious appearance (Y/N), bad evolution (Y/N), 
necrosis (Y/N), ischemia (Y/N) and cell cultures (Pseudomonas aerugi-
nosa, Proteus mirabilis, Staphylococcus aureus, Prevotella bivia, Entero-
coccus faecalis, Escherichia coli) and note about evolution. We understand 
by bad evolution of a wound if there are criteria of infection or lack of 
healing in a given period. Signs of infection are pain, heat, perilesional 
erythema, bad smell, gas, lymphangitis, crepitus in the area of the 
injury, and signs of lack of healing are progressive necrosis or reduced 
granulation tissue at the bottom of the lesion in 4–6 weeks from the 
appearance of the lesion. All samples were boiled in pH 4.66 buffer 
solution for 10 min (20 mL of pH 4.66 buffer solution per gram of 
sample). Finally, samples were filtered at room temperature, and the 
resulting solutions were labelled as CWS (chronic wound samples). 

2.2. Measurements and instrumentation 

The method for measuring amino acid concentrations with pictures 
taken to sensory films (from now on RGB_method) was carried out by 
taking digital photography of the sensory discs (8 mm diameter) with an 
iPhone 6S smartphone after immersion in a mixture of 1:1 buffer pH =
4,66: aqueous solutions with different concentrations of amino acids at 
100 ◦C for 1 h. The pictures were made in a homemade retro- 
illumination box, manufactured with 3D printing, to obtain a good 
reproducibility of the results, as well as to avoid possible external in-
fluences in the photographs (for practical purposes, the influence of 
ambient light and digital camera could be disregarded using a colour 
reference, [42,43]). The digital pictures were analysed with a generic 
image software to obtain the R (red), G (green) and B (blue) parameters 
(RGB) of the entire surface of the sensory disc. Photos were made 
six-fold for the calculations of the errors, and the average of each RGB 
parameter was calculated. This easy and cheap method allows the 
quantification of amino acid in aqueous media, by only taking a photo, 
and we have widely used it in previous works [44,45]. 

Principal component analysis (PCA) was carried out using the Stat-
graphics Centurion XVI software installed on a personal computer in a 
Windows 7 environment. The principal component (PC) values were 
obtained from RGB parameters, carrying out a multivariate analysis of 
principal component. This mathematical method allows the simplifica-
tion of 3 variables to a single one [46], transforming a colour in a 
number. Values were standardised and accounted for >99 % of the 
variance in all experiments. 

Infrared spectra (FTIR) were recorded with an FT/IR-4200 FT-IR 
Jasco Spectrometer with an ATR-PRO410-S single reflection accessory. 
1H and 13C{1H} NMR spectra were recorded with a Bruker Avance III HD 
spectrometer operating at 300 MHz for 1H, and 75 MHz for 13C, using 
deuterated solvents like dimethyl sulfoxide (DMSO-d6) or deuterated 
chloroform (CDCl3) at 25 ◦C. Solid-state 13C CPMAS NMR spectra were 
recorded on a Bruker AVANCE III, 9.4 T system equipped with a 4 mm 
MAS DVT Double Resonance HX MAS probe. Larmor frequencies were 

400.17 MHz and 100.63 MHz for 1H and 13C nuclei, respectively. 
Chemical shifts were calibrated indirectly with glycine, carbonyl peak at 
176 ppm. The sample rotation frequency was 10 kHz and the relaxation 
delay was 5 s. The number of scans were 10240. Polarization transfer 
was achieved with RAMP cross-polarization (ramp on the proton 
channel) with a contact time of 5 ms. High-power SPINAL 64 hetero-
nuclear proton decoupling was applied during acquisition. 

Thermal and mechanical properties of the material were measured 
using thermogravimetric analysis (TGA, 10− 15 mg of the sample under 
synthetic air and nitrogen atmosphere with a TA Instruments Q50 TGA 
analyser at 10 ◦C min− 1), differential scanning calorimetry (DSC, 10− 15 
mg of the sample under a nitrogen atmosphere with a TA Instruments 
Q200 DSC analyser at 20 ◦C min− 1), and tensile properties analysis (5 ×
9.44 × 0.122 mm samples using a Shimadzu EZ Test Compact Table-Top 
Universal Tester at 1 mm⋅min− 1). The weight percentage of water taken 
up by the films upon soaking in pure water at 20 ◦C until reaching 
equilibrium (water-swelling percentage, WSP) was obtained from the 
weight of a dry sample film (ωd) and its water-swelled weight (ωs) using 
the following expression: WSP = 100×[(ωs− ωd)/ωd]. 

High-resolution electron-impact mass spectrometry (EI-HRMS) was 
carried out on a Micromass AutoSpect Waters mass spectrometer (ion-
isation energy: 70 eV; mass resolving power: >10,000). 

UV/Vis spectra were recorded using a Hitachi U-3900 UV/Vis 
spectrophotometer. 

RAMAN spectra were recorded with a confocal AFM-RAMAN model 
Alpha300R – Alpha300A AFM from WITec, using a laser radiation of 532 
nm, at magnifications of 100 × . All spectra were taken at room 
temperature. 

Chronic wounds were initially visually analysed by physicians. Then, 
all CWS were analysed by two methods: reference method based on 
Nielsen’s method (see ESI section S6) and RGB_method explaining in 
this work [41]. All data obtained were analysed by statistical linear and 
non-linear methods for diagnosis and classification, such as Discrimi-
nant Analysis (DA) [47], Logistic Regression (LR) [48], or Support 
Vector Machine (SVM) [49–51]. 

2.3. Monomer synthesis 

For the synthesis of a polymer with ninhydrin-based receptor units, 
the synthesis of a monomer with a reactive side moiety was performed 
following the same philosophy as in previous works [45,52,53]. Instead 
of carrying out the complete synthesis of the sensory monomer, we 
prepared a monomer which subsequent free-radical-initiated polymer-
ization in bulk rendered a functional polymer film that was transformed 
into the sensory polymer containing ninhydrin-based receptors by 
straightforward solid phase synthesis. Compared to conventional 
monomer synthesis, this methodology is cost effective and greener, it 
reduces both the use of solvents and the time needed. 

The preparation and characterization of the monomer with the 
reactive side moiety, which is a derivative of 6-aminoindanone, is 
described in the electronic supplementary information, ESI section S1, 
and shown schematically in Scheme 1. 

2.4. Polymer synthesis 

2.4.1. Preparation of the sensory film 
We obtained the starting material by thermally initiated radical 

copolymerisation of two main co-monomers, one hydrophilic (vinyl-
pyrrolidone, VP) and the other hydrophobic (methylmethacrylate, 
MMA), and the monomer with the reactive side moiety, (1). The bulk 
radical polymerisation was carried out in a silanised glass mould (100 
μm thick) in an oxygen-free atmosphere at 60 ◦C overnight to obtain the 
membrane F1. Regarding the molar ratio of the monomers, this can be 
adjusted for different purposes. In our case, the colorimetric response of 
the material toward amino acid was modulated by controlling this molar 
ratio, i.e., 49.5/ 49.5/1 (VP/MMA/(1)). After the bulk radical 
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polymerisation, a solid phase reaction was made in the solid membrane 
to obtain the final sensory material (F2). We chose solid-phase synthesis 
to synthesise the anchor monomer derived from ninhydrin because, 
following the conventional route, the process would require several 
purifications per column with a high solvent expenditure. Also, this 
methodology has given us good results in previous works [45,52]. The 
reaction was carried out as previously depicted for the preparation of 
different ninhydrin derivates [54]. First, the membranes (4 membranes 
13 cm wide and 9 cm long) were washed with 200 mL of dioxane in a 
pressured flask for one night at RT. Secondly, the dioxane was removed 
from the flask, and a solution of SeO2 in dioxane (1 g in 200 mL) was 
added. The flask was heated at 90 ◦C for 24 h, or until no colour evo-
lution of the membrane observed in the presence of amino acid. Finally, 
the solution was removed from the flask, and the films were washed with 
acetone (2 times) and water (2 times). 

The chemical structure of the films used to prepare the sensory 
materials is depicted in Scheme 1. Additionally, the thermally inititated 
free.-radical bulk polymerisation procedure for polymers prepared with 
VP results in crosslinked materials [55], which limits conventional NMR 
or GPC analysis. Thus, we have developed a sensory film with a higher 
proportion of ninhydrin units for the characterisation of the materials by 
FT-IR spectroscopy, Raman spectroscopy and solid-state NMR (see ESI 
section S2, Figures S2-S4). 

2.5. Ethical statement 

All experiments with human subjects have been performed based on 
the use and ethics of the HUBU policy for trials with humans. This study 
(minute 13/2017, internal code: 2017.200, on November 16, 2017) has 
been approved by the ethics committee of clinical experimentation of 
the region of Burgos, Spain. According to Spanish Organic Law 15/1999, 
December 13, related to Spanish Personal Data Protection Regulation 
and Royal Decree-Law 1720/2007, December 21, all participants of the 
study were informed and gave their consent. 

3. Results and discussion 

3.1. Water uptake of films 

The water swelling percentage (WSP) was 56 % for F1, 101 % for F2 
and 38 % for F3, and envisaged appropriate diffusion of species, such as 
amino acids, inside the water-swelled sensory film. The increase in 

swelling between F1 and F2 is because the ninhydrin derivative present 
in F2 is more hydrophilic than the indanone derivative of F1. The 
decrease of the water uptake in F3 is due to the crosslinking process that 
results after the reaction of ninhydrin motifs with an amino acid. 

3.2. Thermal and mechanical characterisation 

An essential property in sensory materials is their manageability. 
This is related with a good thermal behaviour, with thermal resistance 
above the higher-expected environmental temperatures, and also with 
good mechanical properties. Regarding the former, the 5 (T5) and 10 % 
(T10) weight loss under nitrogen atmosphere, obtained by TGA, are 360 
and 387 ◦C for F1, 296 and 355 ◦C for F2, and 332 and 370 ◦C for F3. The 
thermal characterization was complemented with the determination of 
the glass transition temperatures (Tg) of the materials DSC. The Tg 
values were 177, 206 and 202 ◦C for F1, F2 and F3 respectively. The DSC 
and TGA patterns are shown in the ESI section S3, Figure S5. The 
mechanical properties for F1, F2, and F3 (Young’s moduli of 48, 31, and 
105 MPa, respectively) were obtained from strips of the water swelled 
films. These values are very similar for F1 and F2, the small differences 
are due to the swelling in water, in F2 is higher, so the modulus de-
creases. In F3 Young’s modulus is higher because of the crosslinking of 
the material. 

3.3. Study of pH 

Biological samples usually need specific conditions in terms of pH. 
Accordingly, we carried out a study of the behaviour of F2 at different 
pHs. For it, 14 discs (8 mm diameter) of F2 were immersed in a mixture 
of 1 mL of 0.1 M amino acid solution (ΣM) mimicking epidermis (EPI), 
and 1 mL of aqueous solutions with pH ranging from 1 to 14 (HCl: 
NaOH). The system was heated at 100 ◦C for 60 min, and the discs were 
washed with water. Photographs of the discs were taken in the retro- 
illumination lightbox and were analysed by the RGB_method (ESI-S4, 
Table S1). The results show (Fig. 1) that the sensory material can be 
used from pH 3–11. In our case, 4.66 was chosen as the working pH. 

3.4. Response mechanism and method for measuring amino acid 
concentrations with photographs taken to sensory films (RGB_method) 

The 8 mm discs of F2 changes their colour upon immersion in water 
solution of amino acids (pH 4.66) at 100 ◦C for 60 min. The initial 

Scheme 1. Synthetic route for the sensory monomer 1 and sensory polymer F2.  
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orange colour evolves to blue in presence of varying amino acid con-
centrations (see ESI-S5, Figure S6). The sensing mechanism is depicted 
in Scheme 1. The sensing mechanism is based on the ‘ninhydrin test’ in 
which two molecules of ninhydrin react with a free α-amino acid to 
render the Ruhemann’s purple [56]. Ninhydrin behaves as oxidizing 
agent causing the deamination and decarboxylation of the amino acids 
with the concomitant condensation between the reduced ninhydrin 
residue and the second molecule of ninhydrin with the release of 
ammonia, giving rise to a highly coloured diketohydrin complex. 

In a first stage, we tested our sensory material with amino acid so-
lutions mimicking collagen (COL), elastin (ELA) and epidermis (EPI), as 
we have depicted in previous works [57]. These are the main proteins 
conforming the skin, i.e., that are supposed to be related with the pro-
tease activity in chronic wounds. Fig. 2 shows the titration of F2 discs 
EPI, in sum of concentrations of all amino acids ranging from 5 × 10− 4 

to 1 × 10-2 M (ΣM). Further information related with the fitted curve, 
and equivalent experiments carried out with COL and ELA (ESI-S5, 
Figure S7-S9). 

3.5. Interference study 

The study of interferences was carried out with a wide collection of 
anions and cations (Fig. 3), by immersing an 8 mm diameter disc of F2 in 
1 mL of 4.66 buffer and 1 mL of an aqueous solution of the interferents at 
high concentration (10− 2 M), at 100 ◦C for 60 min. The disc was pho-
tographed in the retro-illuminated lightbox. We observed no in-
terferences concerning the application of the sensory material. 

3.6. Testing the material with a real sample: food matrix, beef, loin cut 

After the test of the sensory material with COL, ELA and EPI solu-
tions, and before the analysis with samples from human chronic wounds, 
we carried out a proof of concept with a beefsteak from the local market 
(see ESI-S6, Figure S10). The aim of this experiment was the detection 
of amino acids from the activity of the proteinase papain (papaya pro-
teinase I) on the beefsteak by two different ways, the reference method 
and RGB_method. The degree of hydrolysis (DH%) produced by papain 
was measured at different times by reference method, as we explain 
thoroughly in ESI section S6. Additionally, at the same times, F2 discs 
were immersed in a mixture of 1 mL from the beefsteak hydrolysis flask 
and 1 mL of pH 4.66 buffer solution, and the system was heated for 60 
min at 100 ◦C. The discs were washed and photographed for the mea-
surement of the RGB parameters and calculation of the principal 
component (PC). The results of both methods are shown in Fig. 4, where 
we can see a good correlation between DH% obtained with the reference 
method, and PC obtained with RGB_method. 

3.7. Analysis of human chronic samples by data mining methods from 
data obtained with our methodology (RGB_method) 

Once checked the response of the sensory discs to amino acids in the 
lab-prepared solutions (COL, ELA and EPI), and after the successful 
proof of concept following the proteinase activity of papain on a beef 
steak, we decided to initiate a study with 34 patients (all data can be 
found in ESI section S7, Table S12). The main objectives of this work 
are two: 1) to replace the reference method used so far for the quanti-
fication of amino acids, by the method that we propose in this work 
based on our sensory materials; 2) to demonstrate that the amino acid 
concentration of a chronic wound is directly correlated with the state of 
the wound (according to the visual analysis of the medical personnel). 
For both, we have analysed five types of samples from each chronic 
human wound: swab (A), wound bed (B), edge (C), capsular tissue (D) 
and/or bone (E). Physicians at the HUBU collected the samples, ac-
cording to the established protocols. 

The study was carried out on a representative group of patients, 
taking into account variables such as age, and wound status. Two 
questions were stated: 

3.7.1. Is there a function f such that reference method = f(RGB_method)? 
In this test, we try to establish if there is any kind of functional 

relationship between the variable obtained from reference method 
(absorbance at 330 nm, or ABS 330) and the variables R, G, B (which 
classically determine a colour depending on the values Red, Green and 
Blue from 0 to 255). The test was performed with a sample of n = 35 
cases, and three different models have been used: two linear models 
(Linear Regression, LinR, and Support Vector Regression, SVR) and a 
non-linear model (SVR with Gaussian Kernel, SVR-GK). For each test, 
we have analysed Mean Square Error (MSE, Eq. 1), Mean Absolute Error 
(MAE, Eq. 2) and Fit or R2. Let’s be Oi the observed value (each value of 
ABS 330) and Ei the value estimated for each model, in case i, i = 1…n: 

Fig. 1. The pH study was performed using the RGB_method, by immersing 8 
mm diameter discs of F2 in a mixture of 1 mL of 0.1 M EPI, and 1 mL of aqueous 
solutions with pH ranging from 1 to 14 (HCl:NaOH), at 100 ◦C for 60 min. Then, 
the discs were washed several times with water, and photographed for the 
extraction of the RGB variables, which were simplified to a single variable (first 
principal component, PC) through a multivariate analysis. Additional infor-
mation in ESI section S4, Table S1. 

Fig. 2. Titration of F2 discs with solution mimicking epidermis (EPI) was 
performed with RGB_method. Discs of 8 mm diameter of F2 were dipped in pH 
4.66 buffered solutions of EPI, with a sum of concentrations of all amino 
concentrations ranging from 5 × 10− 4 to 1 × 10-2 M (ΣM). After reaction at 100 
◦C for 60 min, the discs were washed several times with water, and photo-
graphed for the extraction of RGB data, which were simplified to a single 
variable (first principal component, PC) through a multivariate analysis. 
Additional information can in ESI section S5, Figure S6. 
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MSE =
1
n
⋅

(
∑n

i=1
(Oi − Ei)

2

)

(1)  

MAE =
1
n
⋅

(
∑n

i=1
|Oi − Ei|

)

(2) 

Fit = R2 where R is Pearson’s correlation between Oi y Ei. 
The values of Oi have been standardised between 0 and 1. The results 

obtained are depicted in Table 1. 
The results show great fits and low errors. Besides, Snedecor’s F test 

to validate the LinR model gives a value of F = 23,669, with a proba-
bility queue p < 0.001. Therefore, there is at least one significant linear 
functional relationship, and there could be a non-linear relationship 
because of the good results of SVR-KG. Thus, yes, our proposed 
RGB_method can replace the reference method. 

3.7.2. Is the concentration of amino acids in a chronic wound related to its 
condition? 

The state of the chronic wounds was determined by four parameters 
or pathologies: infectious appearance, bad evolution, necrosis and 
ischemia. Then, we compared these results with the amino acid con-
centration obtained by reference method and our proposed RGB_me-
thod. For this study, three linear classification methods were used: 
discriminant analysis (DA), logistic regression (LR) and support vector 
machine (SVM). With the observed data, a set of coefficients was 
determined (ci) accompanying the explanatory variables, plus a free 
coefficient c0. With these coefficients, the classification/diagnosis of a 
specific case was obtained by calculating the val parameter with Eq. 3, 
where m is the number of explanatory variables and v1,…, vm are the 
values of these variables for this case. In this way, if val > 0, the case is 
diagnosed positive (YES) and otherwise negative (NO). 

Table 2 depicts the results obtained by the three methods considered, 
using the absorbance at 330 nm in the case of reference method (m = 1), 
and RGB parameters in the case of the RGB_method (m = 3) as explan-
atory variables for all analysed medical parameters. The results include 
the number of successes (Sc, i.e. number of correctly diagnosed cases), 
the ratio (rat, from 0 to 1), and the number of positive and negative cases 
for each parameter. 

val = c0 + c1⋅v1 + ⋅⋅⋅ + cm⋅vm (3) 

For reference method, apparently, there are several combinations 
parameter/method where an interesting rate of success is reached (in 
fact 12 of 16 over 68 %). Still, we must be cautious about this: when the 
cases of each group are unbalanced as in this database, the classification 

Fig. 3. Discs of F2 were dipped for 60 min at 
100 ◦C in a mixture of 1 mL of 4.66 buffer and 1 
mL of an aqueous solution of the interferents (1 
× 10− 2 M). a) Cations of nitrate or chloride salt. 
b) Anions. A1=Cyanide, A2=acetate, A3=hy 
droxile, A4=fluoride, A5=perchlorate, A6=dod 
ecyl sulfate, A7=nitrite, A8=ethoxide, A9=hy 
drogen phthalate, A10=pyrophosphate, A11=
persulfate, A12=methanesulfonate, A13=pyr 
ophosphate dibasic, A14=trifluoromethanes 
ulfonate, A15=p-toluenesulfonate, A16=brom 
ide, A17=thiocyanate, A18=oxalate, A19=

carbonate, A20=benzoate, A21=dihydrogenphosphate, A22=sulfate, A23=chloroacetate, A24=trifluoroacetate, A25=periodate. See materials section.   

Fig. 4. The figure shows the picture of F2 discs after dipped for 60 min at 100 
◦C in a mixture of 1 mL from the beefsteak hydrolysis flask and 1 mL of pH 4.66 
buffer solution. After washed with water, the discs were photographed for 
measuring the RGB parameters and after that calculation of the principal 
component (firstfirst principal component, PC). The graph shows the correla-
tion of PC with the chosen reference method, which shows the amino acid 
concentration of the hydrolysis flask, expressed as the degree of hydrolysis (DH 
%), due to the proteinase activity of the enzyme papain (papaya proteinase I) on 
the beefsteak. Further information can be found in the ESI section S6. 

Table 1 
Results of different models to adjust the values of ABS 330.   

MSE MAE Adjustment (R2) 

LinR 0.0108585 0.0819458 0.6961003 
SVR 0.0135306 0.0868035 0.6771253 
SVR-GK 0.0085048 0.0599027 0.7700693  

Table 2 
Results obtained by the diagnostic methods (discriminant analysis, DA, logistic 
regression, LR, and support vector machine, SVM) using both reference method 
and RGB_method as explanatory variables (absorbance at 330 nm and RGB 
parameters respectively).  

Experimental 
method 

Medical 
parameter 

Cases Analysis method 

No Yes DA LR SVM 

Reference 
method 

Infectious 
aspect 26 9 

16 (Sc) 26 26 
0.4571 
(rat) 

0.7429 0.7429 

Bad evolution 21 14 20 24 21 
0.5714 0.6857 0.6 

Necrosis 26 9 
24 25 26 
0.6857 0.7143 0.7429 

Ischemia 28 7 
24 27 28 
0.6857 0.7714 0.8 

RGB_method 

Infectious 
aspect 

25 9 19 23 25 
0.5588 0.6765 0.7353 

Bad evolution 21 13 
19 22 21 
0.5588 0.6471 0.6176 

Necrosis 25 9 
21 31 25 
0.6176 0.9118 0.7353 

Ischemia 27 7 
22 26 27 
0.6471 0.7647 0.7941  
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methods can be limited to say that all are from the most numerous group 
and artificially get a good result. Therefore, initially, we only consider a 
number of successes higher than the largest group to be interesting. So 
that the diagnosis of the bad evolution explained by LR is an interesting 
result. For the RGB_method, we would consider as exciting the diagnosis 
of the bad evolution defined by LR and especially the 31 successes of 34 
cases also achieved with LR in the diagnosis of necrosis. In short, the 
concentration of amino acids is directly correlated with the state of the 
wound, regardless of whether it was obtained using the reference 
method, or using the RGB_method. Even in the case of necrosis, the 
RGB_method combined with the LR method gives exciting results. 

3.8. Figure of merits 

There are many techniques/methods in the literature for detecting 
protease activity qualitatively or quantitatively. However, in most cases, 
these procedures need much time and/or their costs are very high 
because they require extensive instrumentation. Table 3 shows a short 
study of the published detection methods for amino acid, in terms of the 
low-cost character, response time and naked-eye detection. 

4. Conclusions 

We propose a new method and methodology for the control and 
diagnosis of chronic wounds based on pictures taken to discs cut from 
sensory films, which change their colour upon entering into contact with 
amino acids. The sensory polymeric material is inexpensively prepared 
by straightforward procedures from 99 % of commercially available 
monomers. The experimental procedure is simple, neither reactants nor 
expensive equipment are needed, and can be straightforward carried out 
by untrained personnel by taking a photograph with a smartphone to the 
sensory material after immersing in the exudate. The sensor can be used 
in a broad pH range and has no interference with a vast number of an-
ions and cations. Additionally, we have demonstrated that the state/ 
evolution of the wound correlates with the concentration of amino acids. 
The chosen reference method for measuring amino acids (Nielsen 
method) [41] has shown to have good results in wound diagnosis. 
Mainly, in the case of bad evolution, the results are fascinating. In the 

other hand, it has been established that there is a functional relationship 
between the values of this reference method and the values of the digital 
colour of the photograph of the discs (R, G and B parameters). Even, the 
RGB values show to have a diagnostic capability of chronic wounds 
similar to the reference method, and better in the case of necrosis. We 
have used linear models, for data treatment and predictions, which are 
conceptually simple to understand and apply. However, more sophisti-
cated models could significantly improve the quality of the results, and 
could be integrated into an easy to use software or smartphone app. 
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R. Srinivasan, X. Li, K. Devarajan, L. Prélot, C.E. Ang, Y. Shibuya, B.A. Benayoun, 
A.L.S. Chang, M. Wernig, J. Wysocka, M.T. Longaker, M.P. Snyder, A. Brunet, 
Heterogeneity in old fibroblasts is linked to variability in reprogramming and 
wound healing, Nature 574 (2019) 553–558, https://doi.org/10.1038/s41586- 
019-1658-5. 
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