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A B S T R A C T   

Outdoor stone sculptures are prone to accelerated deterioration caused by the proliferation of microorganisms in 
the stone. The physical, chemical and mechanical action of microorganisms on stone heritage causes aesthetic 
and structural changes that devalue the artworks over time. Developing more sustainable and ecological alter
natives for their preventive conservation is necessary to reduce the negative environmental and human health 
impacts of currently used toxic biocides. Chitosan-based coatings cross-linked with citric acid and sodium tri
polyphosphate (TPP) were developed for application to stone sculptures, as antimicrobial protection to inhibit 
the growth of degrading microorganisms. After polymerisation of the formulations, the resulting films were only 
partially soluble while remaining permeable to water vapour. These characteristics offer the possibility to reverse 
the conservation treatments, or to re-treat in regular periods, as part of programmed conservation strategies. 
Bacteria and fungi commonly found in stone microbiomes that contribute to biodeterioration processes were 
inhibited, particularly the pigment-producing yeast Rhodotorula spp., which causes discolouration of stone sur
faces. The most interesting coating was successfully tested on granite, limestone and marble samples, and its 
presence on the stones’ surfaces was confirmed by FTIR and SEM analyses. The chitosan-based coating caused no 
visible colour changes to the stones and reduced the wettability of granite and limestone, thus representing a 
potential antimicrobial protective layer for stone cultural heritage.   

1. Introduction 

Cultural heritage, in its various forms, represents the history, identity 
and legacy of human societies [1,2]. The protection and conservation of 
cultural heritage is, therefore, a global responsibility in today’s world, 
and its proper management must be ensured by various means, 
including scientific and biotechnological contributions [3–5]. In 
particular, tangible immovable heritage (historical and archaeological 
sites, monuments, buildings, sculptures, etc.) is often at risk of deterio
ration in a constantly changing world, and its conservation is essential to 
ensure that its historical, artistic and economic value is preserved and 
passed on to future generations [1,2,6,7]. Stone heritage, such as 
sculptures, is susceptible to various forms of deterioration, especially 

when they are placed outdoors. Urban outdoor stone sculptures are 
subject to the deteriorating effects of exposure to uncontrollable envi
ronmental conditions and atmospheric pollution [8–10]. Furthermore, 
stone degradation is exacerbated by the physical and chemical action of 
microorganisms that colonise the artworks (biodeterioration), promot
ing several aesthetic and structural changes that reduce the integrity and 
value of the objects over time [11,12]. Even though biodeterioration 
processes of outdoor sculptures cannot be fully stopped, they can be 
slowed down with a combination of prevention, control and interven
tion actions [5,10,13]. Whenever possible, biodeterioration processes 
should be addressed from a preventive perspective, by implementing 
programmed conservation strategies and protective treatments that will 
hinder or slow down microbial growth [14,15]. Current conservation 
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practices using chemical compounds involve biocides and synthetic 
polymer coatings that can react with the substrates and have negative 
impacts on the artworks, such as discolouration of the materials and 
oxidation/reduction reactions [15,16]. They also pose environmental 
problems and can be toxic to human health [17]. 

One of the challenges in the cultural heritage conservation field 
today is the development of new products that constitute an alternative 
to traditional treatments while fulfilling a set of relevant characteristics. 
In particular, new solutions must be environmentally friendly, have low 
cost, derive from renewable sources, be easily applicable, be compatible 
and well absorbed by the treated surfaces, allow water vapour ex
changes, not damage nor alter the structural characteristics of the ma
terials to be preserved and not change the colour and aesthetic 
appearance of the artworks [11,18–21]. The reversibility of the treat
ments, or at least their retreatability, is also a fundamental feature in 
conservation practices [19,21–23]. Coatings used in preventive con
servation strategies often have limited durability in terms of their 
effectiveness and need to be reapplied or substituted by other treatments 
without bringing unexpected consequences [24]. Biodegradable poly
mers have been considered in recent years as part of conservation 
treatments, since they are expected to disintegrate completely over time 
and leave no residues in the stone, allowing reapplications to be carried 
out when required, or alternative conservation treatments to be under
taken, without compromising future works due to polymer build-up 
[24,25]. 

Chitosan has many properties that have attracted interest from a 
variety of fields [26–31]. It is a natural biodegradable polymer derived 
from the deacetylation of chitin and can be obtained from shellfish 
waste, as chitin is part of the exoskeleton of crustaceans [29,32,33]. 
Chitosan’s non-toxicity and proven wide range of antimicrobial activity 
have been explored to develop films and coatings for various applica
tions, such as wound dressings and food packaging [29,34,35]. How
ever, the use of chitosan in art conservation remains scarce, despite its 
fulfilling many of the requirements to address problems in the field, such 
as those related to the biodeterioration of stone cultural heritage. 

In this context, we have developed chitosan formulations cross- 
linked with citric acid and sodium tripolyphosphate (TPP) for applica
tion to stone sculptures and artworks, as an antimicrobial protective 
coating to inhibit the growth of degrading microorganisms. The coating- 
forming solutions were evaporated to form solid films, which were 
characterised by Fourier Transform Infrared (FTIR) spectroscopy and 
evaluated for their solubility and swelling in water, wettability, water 
vapour transmission and antimicrobial activity against bacteria and 
fungi chosen among those that commonly colonise stone sculptures. The 
most suitable formulation was selected and applied in liquid form to 
samples of granite, limestone and marble. The characterisation of the 
coated stones was carried out by FTIR, scanning electron microscopy 
(SEM), wettability tests and colourimetric measurements in order to 
evaluate the applicability of the coating and its impact on the aesthetic 
properties of the different types of stone. 

2. Materials and methods 

2.1. Materials 

Chitosan (medium molecular weight grade (190,000–310,000 Da), 
75–85 % deacetylated), citric acid monohydrate, TPP, calcium chloride, 
peptone and TWEEN® 80 were purchased from Sigma-Aldrich (USA). 
Glacial acetic acid and glycerol were obtained from Merck (Germany). 
Potato dextrose agar (PDA) and Müller-Hinton (MH) broth and agar 
culture media were purchased from BIOKAR Diagnostics (France). Po
tato dextrose broth (PDB) was obtained from Laboratorios Conda 
(Spain). Granite, marble and limestone slabs were purchased from 
Mármores e Granitos Felisberto, Lda (Portugal). 

2.2. Preparation of CHGCA-TPP formulations 

The preparation of the CHGCA-TPP formulations was adapted from 
[36,37] with modifications. Chitosan (1 % (w/v)) was dissolved in an 
aqueous solution of 1 % (v/v) acetic acid to prepare the coatings. After 
complete dissolution, glycerol and citric acid at 1 % (w/v) were added to 
the chitosan solution and the resulting mixture was stirred at 600 rpm 
for 2 h. TPP solutions (6 mL) were prepared at 0.25 %, 0.50 % and 0.75 
% (w/v) in deionised water and added dropwise to 15 mL of the previous 
mixture, at a flow rate of 250 μL min− 1 (KDS 100 Legacy, KD Scientific, 
USA) under constant stirring (1000 rpm), in order to obtain three for
mulations with increasing TPP concentrations (CHGCA-TPP-a, CHGCA- 
TPP-b, CHGCA-TPP-c; see Table 1). The final coating-forming solutions 
were stirred for a further 10 min at 1000 rpm to ensure complete 
homogenisation. 

To characterise the formulations, the coating-forming solutions were 
poured into plastic Petri dishes (6 mL in 52 mm diameter dishes or 16 mL 
in 85 mm diameter dishes) and allowed to dry at room temperature for 
72 h until polymerisation into thin solid films occurred. Additionally, 
the coating-forming solution with the lowest TPP concentration 
(CHGCA-TPP-a) was applied to the upper surfaces of granite, marble and 
limestone slabs (previously washed and cleaned with deionised water; 
400 μL in 4 × 4 × 1 cm or 25 μL in 1 × 1 × 1 cm stone slabs), spread with 
micropipette tips and left at room temperature for 4 h until complete 
drying before further analysis. 

2.3. Characterisation of CHGCA-TPP formulations 

2.3.1. FTIR spectroscopy 
FTIR analysis of the CHGCA-TPP solid films was performed using a 

FTIR spectrometer (PerkinElmer Precisely Spectrum 100, Waltham, 
USA) equipped with an attenuated total reflectance (ATR) accessory 
(PIKE MIRacle™, PIKE Technologies, USA) with a diamond crystal plate. 
FTIR spectra were acquired with eight scans and 4 cm− 1 resolution in the 
4000–550 cm− 1 region. Chitosan films containing only glycerol (CHG) 
and glycerol and citric acid (CHGCA) were also analysed and used as 
controls to examine the structural alterations on chitosan films due to 
cross-linking. 

2.3.2. Evaluation of film solubility and swelling in water 
The percentages of solubility and swelling of the CHGCA-TPP films 

were determined according to Al-Naamani et al., 2016 [38] with slight 
modifications. The films were dried to constant weight in an oven at 
105 ◦C on glass Petri dishes, which had been dried and weighed be
forehand under the same conditions. The initial dry weight of the films 
(M1) was calculated and the films were immersed in 35 mL of deionised 
water. After 24 h, the water was removed, and the films were dried with 
filter paper to absorb excess water and weighed to calculate their wet 
weight (M2) for the swelling assays. For the solubility experiments, after 
removing the water, the films were again placed in an oven at 105 ◦C for 

Table 1 
Chitosan and TPP mass ratios in the CHGCA-TPP formulations, thickness of the 
films after polymerisation and percentage of Penicillium chrysogenum growth 
inhibition after incubation with the films.  

Sample Mass (mg) Chitosan: 
TPP 
mass ratio 

Thickness 
(mm) 

Penicillium 
chrysogenum 
growth 
inhibition 
(%) 

Chitosan TPP 

CHGCA- 
TPP-a  

146.48  14.65 5:0.5 
0.040 ±
0.001a 21.48 ± 8.41a 

CHGCA- 
TPP-b  

146.48  29.30 5:1 0.046 ±
0.007a 12.61 ± 7.08a 

CHGCA- 
TPP-c  

146.48  43.94 5:1.5 0.069 ±
0.004b 11.92 ± 6.31a  
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24 h and weighed to obtain their final dry weight (M3). The assays were 
performed in triplicate and the measurements were made using an 
analytical balance (ACJ 120-4M, Kern & Sohn, Germany). The swelling 
and solubility of the films were calculated using Eqs. (1) and (2): 

Swelling (%) =

(
M2 − M1

M1

)

× 100 (1)  

Solubility (%) =

(
M1 − M3

M1

)

× 100 (2)  

2.3.3. Water contact angle (WCA) assessment 
The WCAs of the CHGCA-TPP films were determined by the sessile 

drop technique (Laplace-Young method) using a tensiometer (Attension 
Theta, Biolin Scientific, Sweden). Each film was measured at three 
different points, by dispensing 3 μL of deionised water on the films and 
measuring the angles formed between the baseline and the tangent lines 
to the surfaces of the water droplets. The experiment was made in 
triplicate and the values were recorded for 1 min; the values after 3 s of 
stabilisation of the water droplets were used to calculate the mean WCA 
for each film. 

2.3.4. Thickness and water vapour transmission rate (WVTR) assays 
Thickness measurements were taken at four different points on each 

CHGCA-TPP film using a micrometre (MI20, Adamel Lhomargy, 
France). The films were measured in triplicate and the values were 
averaged to obtain the mean thickness. 

The WVTR assays were performed by the gravimetric method. The 
CHGCA-TPP films were placed on aluminium cups containing anhy
drous calcium chloride as a desiccant, which were covered with ring- 
shaped lids and sealed with paraffin and screws to hold the films to 
the edges of the cups. CHGCA-TPP films placed and sealed on aluminium 
cups without calcium chloride were used as negative controls. The cups 
were maintained in a room with controlled atmosphere at 22 ± 2 ◦C and 
48 ± 4 % relative humidity and weighed over 4 days, using an analytical 
balance (XS205 DualRange, Mettler Toledo, Switzerland), in order to 
determine the amount of water vapour absorbed by calcium chloride 
through the membranes. The assays were performed in triplicate and the 
WVTRs were calculated using Eq. (3): 

WVTR
(
g m− 2 day

)
=

(
sF − sC

A

)

× 24 (3)  

where sF is the slope of the regression lines of the weight versus time 
plots of the films, sC is the slope of the regression lines of the weight 
versus time plots of the negative controls and A is the effective area of 
the films. 

2.3.5. Antimicrobial activity protocol 

2.3.5.1. Microorganisms. The microorganisms tested were Pseudomonas 
aeruginosa (ATCC® 27853™), Staphylococcus aureus (ATCC® 25923™), 
Bacillus cereus (NCTC 2599), Rhodotorula spp. (CBS 10577) and Penicil
lium chrysogenum (ATCC® 10106™). These microorganisms were 
selected as representative strains of taxa that are prevalent and wide
spread in stone microbiomes and can cause changes in stone cultural 
heritage [39–42], and constitute an initial basis for evaluating the 
antimicrobial capacity of the chitosan formulations. The microbial cul
tures were maintained in MH broth (P. aeruginosa, S. aureus and 
B. cereus) or PDB (Rhodotorula spp. and P. chrysogenum) until antimi
crobial activity testing. 

2.3.5.2. Calibration curves. The bacterial strains were grown on MH 
agar at 37 ◦C (P. aeruginosa and S. aureus) and 30 ◦C (B. cereus) for 16 h, 
while the fungal cultures were grown on PDA at 22 ◦C for 65 h (Rho
dotorula spp.) and at 25 ◦C for 4 days (P. chrysogenum). Cell suspensions 

of S. aureus, B. cereus, P. aeruginosa and Rhodotorula spp. were prepared 
in peptone water (1 g L− 1) from the respective inoculated agar plates. A 
solution of 1 % (w/v) of TWEEN® 80 in 1 g L- 1 peptone water was used 
in order to extract P. chrysogenum spores from the PDA plates inoculated 
with the fungus, which were collected in a sterile tube. The cell and 
spore suspensions were diluted with peptone water (1 g L− 1) to an op
tical density (OD) of 0.9–1.0 at 600 nm using a spectrophotometer (UV 
mini-1240, Shimadzu, Japan). The suspensions were further diluted 
(1:2) in peptone water (1 g L− 1) and the OD values were recorded. Serial 
dilutions of 1:10 in peptone water (1 g L− 1) were then made from each of 
the diluted suspensions and 100 μL were plated in duplicate on MH agar 
(for the bacteria) or PDA (for the fungi) using the spread plate technique. 
The agar plates were incubated for 24 h (at 37 ◦C for P. aeruginosa and 
S. aureus and at 30 ◦C for B. cereus), 65 h at 22 ◦C for Rhodotorula spp. 
and 48 h at 25 ◦C for P. chrysogenum. The concentration of viable cells or 
spores was calculated according to Eq. (4): 

Concentration of viable cells or spores
(
CFU or spores ml− 1) =

= number of CFU or spores×
1

dilution
×

1
plated volume

(4)  

where CFU is the number of colony-forming units. 
Calibration curves of CFU mL− 1 or spores mL− 1 versus OD values 

were plotted and used to calculate the concentrations required for the 
viable cell count and spore concentration assays. 

2.3.5.3. Viable cell count assays. Viable cell count assays were per
formed according to Campos et al., 2014 [43] with minor modifications. 
CHGCA-TPP films (in triplicate) were cut into 1 cm2 discs, sterilised 
under UV-C light for 10 min on each side and placed in sterile 24-well 
microplates. Cell suspensions of P. aeruginosa, S. aureus and B. cereus 
were prepared in MH broth and incubated for 16 h at the temperature 
required for each strain, while Rhodotorula spp. suspensions were ob
tained after inoculation in PDB and incubation at 22 ◦C for 65 h. Each 
inoculum was prepared by diluting the suspensions of the corresponding 
microorganism in peptone water (1 g L− 1) to a concentration of 5 × 106 

CFU mL− 1, as calculated from the calibration curves and the OD mea
surements obtained by spectrophotometry. The microplate wells con
taining the film discs were filled with 200 μL of inoculum and 200 μL of 
MH broth or PDB to completely cover the discs. Positive controls were 
performed under the same conditions in wells without film discs. 
Negative controls were performed by adding 400 μL of culture media to 
wells containing film discs. The microplates were incubated at 37 ◦C, 
30 ◦C or 22 ◦C, depending on the microorganism being tested. At specific 
time points (0 h, 3 h, 6 h and 24 h for the bacteria; 0 h, 3 h, 6 h, 24 h, 48 
h, 55 h and 78 h for the yeast), aliquots of 200 μL were aseptically taken 
from each well, homogenised in 1.8 mL of peptone water (1 g L− 1) and 
serially diluted (1:10) in peptone water (1 g L− 1). Each dilution was 
plated (20 μL) in triplicate on MH agar (for the bacteria) or PDA (for the 
yeast) by the drop plate technique and incubated for 24 h or 65 h at the 
temperature required for each microorganism. The concentration of 
viable cells was calculated according to Eq. (4). The inhibitory effect on 
microbial growth was estimated as the logarithmic (log) reduction in 
viable cells after incubation of the microorganisms with the films (Eq. 
(5)): 

Logarithmic growth reduction = log10

(
CFU mL− 1 at initial time point
CFU mL− 1 at final time point

)

(5)  

where CFU is the number of colony-forming units. 

2.3.5.4. Spore concentration assays. The antifungal activity of the 
CHGCA-TPP films was evaluated by testing the ability of P. chrysogenum 
spores to germinate on the surfaces of the films, following a protocol 
adapted from [44,45]. A suspension of P. chrysogenum spores was 
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prepared as described in Section 2.3.5.2 and adjusted to a concentration 
of 2.5 × 106 spores mL− 1 after measuring the OD in a spectrophotometer 
(UV mini-1240, Shimadzu, Japan) and calculating the spore concen
tration using the previously determined calibration curve. The films, cut 
into 1 cm2 discs, were sterilised under UV-C light for 10 min on each 
side. The film discs were placed in the centre of PDA plates and 10 μL of 
the P. chrysogenum spore suspension was added to each film. The assays 
were performed in triplicate. Positive controls were prepared similarly, 
with the same inocula, but using sterile filter paper discs instead of film 
discs. Negative controls were performed by placing film discs in PDA 
plates without spore suspensions. The agar plates were incubated at 
25 ◦C for 4 days and the diameter of the fungal colonies was measured to 
calculate the percentage of inhibition of fungal growth (Eq. (6)): 

Fungal growth inhibition (%) = 100 −
(

dF × 100
dC

)

(6)  

where dF is the diameter of P. chrysogenum colonies grown on the film 
discs and dC is the diameter of P. chrysogenum colonies grown on the 
filter paper discs. 

2.4. Characterisation of CHGCA-TPP-a-coated stone samples 

2.4.1. FTIR spectroscopy 
Granite, marble and limestone samples (4 × 4 × 1 cm) were coated 

with CHGCA-TPP-a coating-forming solution as described in Section 2.2 
and the corresponding FTIR spectra were obtained as reported in Section 
2.3.1. FTIR spectra of uncoated stone samples were also collected for 
comparison purposes. 

2.4.2. SEM 
Granite, marble and limestone samples (1 × 1 × 1 cm) were coated 

with CHGCA-TPP-a solution as described in Section 2.2. The samples 
were then observed under a scanning electron microscope (JEOL JSM 
5600LV, Japan) in low vacuum at an accelerating voltage of 30 kV. SEM 
images of uncoated samples were also acquired for comparison 
purposes. 

2.4.3. WCA measurements 
The WCAs of granite, marble and limestone samples (4 × 4 × 1 cm) 

coated with CHGCA-TPP-a solution (see Section 2.2) were determined 
by applying 3 μL of deionised water to three different points on each slab 
using the same equipment and in the same manner as detailed in Section 
2.3.3. Uncoated granite, marble and limestone were used as controls and 
their WCAs were also acquired. The experiment was performed in trip
licate using three slabs of each stone type. 

2.4.4. Colourimetry 
The L* a* b* coordinates of the CIELab colour space were recorded 

using a CM-700d Chroma Meter (Konica Minolta, Japan), with an 8 mm 
aperture. Twenty measurements were taken over the entire upper sur
faces of uncoated granite, marble and limestone (4 × 4 × 1 cm), and the 
mean values of L*, a* and b* were calculated for each sample. The same 
stones were coated with 400 μL of CHGCA-TPP-a solution using either a 
micropipette tip (as described in Section 2.2) or a brush to spread the 
liquid, and new colourimetric measurements were taken after 24 h. The 
experiment was performed in triplicate and the total colour difference 
(ΔE*ab) between the samples before and after coating was calculated 
according to Eq. (7): 

ΔE*
ab =

[
(ΔL*)

2
+ (Δa*)

2
+ (Δb*)

2 ]1/2
(7)  

where ΔL*, Δa* and Δb* are the differences between the L*, a* and b* 
values of the samples before and after coating, respectively. 

2.5. Statistical analysis 

Statistical analysis was performed using IBM SPSS® Statistics v28 
software (IBM, USA). The Shapiro-Wilk test was used to verify the 
normal distribution condition of the data, and one-way analysis of 
variance (ANOVA) with the Tukey B post-hoc test was executed to 
calculate significant differences among the three CHGCA-TPP formula
tions for the different parameters studied. For non-normally distributed 
data, the analysis was conducted with the Kruskal-Wallis test followed 
by Mann-Whitney tests. Differences in WCA values between uncoated 
and coated stone samples were verified by independent samples t-tests, 
as was the comparison of fungal growth inhibition values between the 
films and the control. Likewise, the colour differences of the stones 
coated with CHGCA-TPP-a using either a micropipette or a brush were 
analysed by independent samples t-tests. 

3. Results and discussion 

3.1. Physicochemical properties of CHGCA-TPP formulations 

The chitosan formulations had pH values of 3–4 and their physico
chemical properties were investigated after casting the coating-forming 
solutions into Petri dishes and polymerisation into solid films (Supple
mentary Fig. S1). Thin homogeneous CHGCA-TPP films were obtained 
(Fig. 1), which were easily recovered from the Petri dishes. The films 
retained their structure when immersed in water for 24 h, upon visual 
inspection. 

3.1.1. FTIR spectroscopy 
The structural changes of the chitosan films and the establishment of 

new chemical bonds due to the cross-linking of chitosan with citric acid 
and TPP were investigated by FTIR. The FTIR spectrum of the CHG film 
(Fig. 2 (a)) exhibited absorption bands typical of functional groups 
found in chitosan-glycerol films. A broad band was visible in the 
3500–3200 cm− 1 region, which corresponds to O–H and N–H 
stretching vibrations, as well as absorption bands at 2970–2850 cm− 1 

associated with C–H chains [46–49]. A weak absorption band centred 
at ca. 1650 cm− 1 and a deeper band at 1556 cm− 1 were also detected, 
related to C––O stretching vibrations (amide I band) and C–N stretching 
and N–H bending vibrations (amide II band) in the amide groups of 
chitosan [46,50,51]. The band at 1407 cm− 1 may be related to vibra
tions of C–CH3 bonds or C–O stretching in chitosan rings [49,51]. The 
bands at 1152 cm− 1 and 850 cm− 1 have previously been assigned to 
stretching vibrations of the C–O–C bridge, and the band centred at 1030 
cm− 1 has been associated with skeletal vibrations concerning the 
stretching of C–O bonds [48,50,51]. 

After the addition of citric acid to the chitosan-glycerol formulation 
(CHGCA films; Fig. 2 (a)), the most evident differences were found in the 
1750–1500 cm− 1 region. Changes in band intensity near this region 
have previously been associated with the cross-linking action of citric 
acid and the formation of new chemical bonds with glycerol, chitosan 
and starch [48,52–56]. A slight shift in the position of the amide II band 
from 1556 cm− 1 to 1573 cm− 1 was observed, which could be indicative 
of changes from primary amines to secondary amines in chitosan upon 
cross-linking with citric acid [48]. Additionally, a shift from ca. 1650 
cm− 1 to 1708 cm− 1 with an increase in intensity was also detected for 
the amide I band, ascribed to C––O stretching vibrations. This change 
could be associated with ester groups between citric acid and glycerol or 
esterification reactions between citric acid and chitosan upon the 
establishment of chemical linkages between the compounds [55,56]. A 
new band at 1211 cm− 1 was also formed, possibly related to C–O bonds 
from citric acid [57]. 

The FTIR spectra of the chitosan films after the addition of TPP at 
different concentrations (CHGCA-TPP-a, CHGCA-TPP-b and CHGCA- 
TPP-c; Fig. 2(a)) showed that the absorption bands became less 
intense, particularly those in the 3500–3200 cm− 1 range (overlapping 
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O–H and N–H vibrations), which became broader and less pro
nounced, possibly due to increased H-bonding upon further cross- 
linking by TPP [58]. Similarly, the bands at ca. 1020–1030 cm− 1 

became less intense, most clearly in the CHGCA-TPP-c film. Therefore, 
cross-linking reactions with citric acid and TPP were possibly indicated 
by slight changes in the position and intensity of the peaks rather than by 
the formation of new ones. 

Contrary to what is reported in the literature [47,51,59], no new 
bands were identified in the spectra when TPP was added to the for
mulations, which could be related, for example, to an overlap of char
acteristic TPP absorption bands with those of the other compounds 
present in the solutions. Typical bands of TPP assigned to P––O 
stretching vibrations (1210 cm− 1), symmetric and antisymmetric 
stretching in PO2 groups (1140 cm− 1) and symmetric and antisymmetric 
stretching in PO3 groups (1093 cm− 1) [51,60] were presumably over
lapped by absorption bands characteristic of vibrations of the C–O–C 
bonds of the chitosan and citric acid structures [48]. Overall, the FTIR 
spectra of the CHGCA-TPP films indicate that the cross-linking process of 
citric acid with chitosan was successfully achieved, which was further 
enhanced by the addition of TPP. No relevant differences among the 

three formulations (CHGCA-TPP-a, CHGCA-TPP-b and CHGCA-TPP-c) 
were observed, as strengthening of the cross-linking reactions seems to 
have been achieved in all samples. 

3.1.2. Film solubility and swelling in water 
The concentration of TPP significantly influenced the solubility and 

swelling of the films, as previously reported in other studies [59,61,62]. 
The solubility of the dry films after immersion in deionised water ranged 
from 43.64 ± 1.34 % to 55.14 ± 0.90 % and increased as a result of the 
higher concentration of TPP in the formulations. As illustrated in Fig. 3, 
increasing the chitosan:TPP mass ratio from 0.5 (CHGCA-TPP-a) to 1.5 
(CHGCA-TPP-c) significantly incremented the solubility of the films (p 
< 0.05), resulting in the loss of their resistance and stability. In contrast, 
increasing the concentration of TPP reduced the swelling of the films. 
The degree of swelling decreased from 123.36 ± 17.76 % to 75.17 ±
3.18 % with increasing TPP concentrations, with CHGCA-TPP-a film 
exhibiting a significantly higher (p < 0.05) percentage of swelling than 
the other formulations. 

Solubility and swelling in water are important factors when pre
paring films and coatings for application to surfaces. For stone surfaces 

Fig. 1. CHGCA-TPP films obtained after casting the coating-forming solutions into Petri dishes and evaporating the solvent. 
CHGCA-TPP: chitosan-glycerol-citric acid-sodium tripolyphosphate. 

Fig. 2. FTIR spectra of (a) chitosan films and (b-d) uncoated and CHGCA-TPP-a-coated granite, limestone and marble. 
CHG: chitosan-glycerol; CHGCA: chitosan-glycerol-citric acid; CHGCA-TPP: chitosan-glycerol-citric acid‑sodium tripolyphosphate. 
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that may come into contact with water or high humidity levels, the 
relative insolubility of the coatings is a requirement. Once a coating- 
forming solution has been applied to a surface and polymerised, the 
coating must retain its physical integrity and not disintegrate rapidly or 
expand significantly when in contact with water for a specific period of 
time. Therefore, in order to evaluate the solubility and swelling char
acteristics of the formulations, they were dried until the formation of 
films. The CHGCA TPP-a film, with less TPP, showed the highest per
centage of swelling, suggesting it absorbed more water than the other 
films. This is related to groups with high affinity for water present in the 
film matrix, such as the amine groups in chitosan and the hydroxyl 
groups in chitosan and glycerol [46,63,64]. As the concentration of TPP 
increased, the higher degree of cross-linking in the polymer matrices 
may have contributed to reducing chain mobility and affinity for water, 
thereby limiting water influx into the matrices and lowering the degree 
of swelling [48,65]. The same trend was expected for the percentage of 
solubility. However, raising the concentration of TPP caused an increase 
in the solubility of the films. This may be due to the presence of more 
unbound polar groups that can interact with water molecules [47,61]. 
Nevertheless, the films mostly retained their original and intact shape at 
the end of the experiments, allowing for applications in programmed 
conservation strategies. 

3.1.3. Wettability assays 
The wettability assays showed that higher amounts of TPP led to 

smaller WCAs (Fig. 4). Statistically significant differences (p < 0.05) 
were observed only between the CHGCA-TPP-a (40.81 ± 4.45◦) and 

CHGCA-TPP-c (31.44 ± 3.66◦) films, and no differences were found 
when comparing these to the CHGCA-TPP-b formulation (33.84 ±
2.40◦). The WCAs also decreased over time for all films (Fig. 5). Both 
CHGCA-TPP-a and CHGCA-TPP-b had decreases in WCAs of 11–13 % 
between the beginning and the end of the experiments, while CHGCA- 
TPP-c showed a more pronounced decrease (28 %). 

The angle formed between a water droplet and the surface of a film 
varies according to the hydrophilicity/hydrophobicity of its constituent 
materials [38,66]. On the one hand, water droplets spread less over the 
surface of films with low wettability due to the reduced interaction 
between their components and the water, forming larger angles with the 
surfaces (> 90◦) [38,66,67]. On the other hand, the interaction of water 
droplets with the components of films with high wettability results in 
greater droplet spreading and smaller contact angles (< 90◦) [38,66,67]. 
All the films tested had WCAs <90◦, revealing their high wettability and 
non-repellence properties, which became more evident with time as the 
WCA values decreased and the water droplets spread more over the 
surfaces of the films. Additionally, increasing amounts of TPP resulted in 
a decrease in WCAs and films with higher wettability, which is consis
tent with their higher solubility. More free polar groups could be ar
ranged towards the surfaces of the films, making them more available to 
bind with water molecules [47,48]. Other studies have reached similar 
conclusions [61,62,68]. 

3.1.4. Film thickness and WVTR assays 
The permeability of the films to water vapour was evaluated by 

WVTR assays (Fig. 6), which established that the CHGCA-TPP-a film was 
the least permeable (p < 0.01) with a WVTR of 140.055 ± 37.912 g m− 2 

day. Adding more TPP culminated in higher water vapour permeability, 
with a WVTR of 372.575 ± 14.785 g m− 2 day recorded for CHGCA-TPP- 

Fig. 3. – Solubility and swelling of CHGCA-TPP films. 
The values shown are the mean ± SD (n = 3). The symbol * indicates statistically significant differences among the films (one-way ANOVA with Tukey B post-hoc 
test; α =0.05). CHGCA-TPP: chitosan-glycerol-citric acid‑sodium tripolyphosphate. 

Fig. 4. Water contact angle (WCA) of CHGCA-TPP films. 
The values shown are the mean ± SD (n = 3). The symbol * indicates statisti
cally significant differences among the films (one-way ANOVA with Tukey B 
post-hoc test; α = 0.05). CHGCA-TPP: chitosan-glycerol-citric acid‑sodium 
tripolyphosphate. 

Fig. 5. Water contact angle (WCA) of CHGCA-TPP films at the (a) beginning 
and (b) end of the experiments, over 1 min. 
CHGCA-TPP: chitosan-glycerol-citric acid‑sodium tripolyphosphate. 
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b. However, when the chitosan:TPP mass ratio was further increased 
(CHGCA-TPP-c), the permeability decreased significantly (p < 0.01) and 
a WVTR of 229.845 ± 7.325 g m− 2 day was obtained. The thickness 
(Table 1) of the films used for the permeability assays ranged from 0.040 
± 0.001 mm to 0.069 ± 0.004 mm. The CHGCA-TPP-c film was signif
icantly thicker (p < 0.05) than the others, while no statistical differences 
were found between CHGCA-TPP-a and CHGCA-TPP-b. 

Film permeability is related to empty spaces that facilitate water 
permeation through membranes [68]. Also, the amine and hydroxyl 
groups in chitosan films provide possible binding sites for water mole
cules, in addition to the functional groups provided by TPP that can also 
form bonds with water [47,61,63]. The interaction of coatings with 
water is important when dealing with applications for cultural heritage 
conservation purposes, as they must allow water vapour exchanges be
tween the underlying surfaces and the atmosphere [19,21]. Water 
vapour exchanges are especially relevant for stone sculptures and art
works in outdoor settings due to the direct exposure to climatic factors, 

and the application of protective coatings should not cause an obstruc
tion to water evaporation processes and water circulation in the stone 
pores. In this study, all chitosan-TPP films were permeable to water 
vapour. Increasing the concentration of TPP improved the permeability 
of the membranes, but only up to a certain level, beyond which a sig
nificant decrease in WVTR was observed. The increased permeability of 
the membranes facilitates water passage through the matrices [68]. 
Thus, water vapour diffusion was facilitated in the CHGCA-TPP-b film, 
which exhibited a significantly higher WVTR than the CHGCA-TPP-a 
formulation. However, the further increase in TPP concentration 
(CHGCA-TPP-c) may have resulted in a reduction in intermolecular 
distances due to the agglomeration of TPP in the polymer matrix and the 
formation of more compact films, thus slowing the penetration of water 
molecules and reducing their permeability [69,70]. This was supported 
by the significantly greater thickness of the CHGCA-TPP-c film. 

Fig. 6. – Water vapour transmission rate (WVTR) of CHGCA-TPP films. 
The values shown are the mean ± SD (n = 3). The symbol * indicates statistically significant differences among the films (one-way ANOVA with Tukey B post-hoc 
test; α = 0.01). CHGCA-TPP: chitosan-glycerol-citric acid-sodium tripolyphosphate. 

Fig. 7. Viable cell counts of (a) Staphylococcus aureus, (b) Bacillus cereus, (c) Rhodotorula spp. and (d) Pseudomonas aeruginosa incubated without chitosan films (□) or 
with CHGCA-TPP-a (○), CHGCA-TPP-b (Δ) and CHGCA-TPP-c (◊) films. 
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3.1.5. Antimicrobial activity 
The antimicrobial properties of the films were evaluated by plotting 

log10 (CFU mL− 1) values over the incubation period for the Gram- 
positive S. aureus and B. cereus, the Gram-negative P. aeruginosa and 
the yeast Rhodotorula spp. (Fig. 7). 

All three types of films inhibited the growth of S. aureus, B. cereus and 
Rhodotorula spp. when compared to these cell suspensions incubated 
without the films (positive controls). A slow and sustained decline in 
S. aureus growth was achieved over 24 h (Fig. 7 (a)), resulting in a 
0.87–1.58-log reduction depending on the concentration of TPP; no 
statistically significant differences were found for the three formulations 
(p > 0.05). 

The growth inhibition of B. cereus (Fig. 7 (b)) was more pronounced, 
with reductions of ca. 1 log cycle for the films with the highest and 
lowest TPP concentrations and a 3-log reduction for the film with an 
intermediate TPP concentration. Bacterial growth remained constant 
until the end of the experimental trials, with the concentration of TPP 
having a significant effect (p < 0.05) in reducing the number of viable 
B. cereus cells. 

The inhibition of Rhodotorula spp. (Fig. 7 (c)) was noticeable after 24 
h of incubation with CHGCA-TPP-a, with a reduction in its growth of ca. 
3 log cycles. However, for the other two formulations only a slight 
decrease or no inhibition at all was achieved at this time point. The 
duration of the experiment was extended to 78 h to follow the expo
nential phase of the yeast growth, which resulted in log reduction values 
of 0.73 and 1.27 for those two formulations. The growth of Rhodotorula 
spp. continued to slow down steadily up to 78 h of incubation with 
CHGCA-TPP-a, as reflected by the almost complete absence of countable 
CFUs at the end of the experiment. 

In contrast, incubation of P. aeruginosa with the films (Fig. 7 (d)) 
neither prevented nor substantially slowed its growth. Although the 
concentration of P. aeruginosa cells remained constant during the first 3 
h, the bacterial growth resumed its typical pattern, similar to that 
observed in the positive control. A 2-log increase in growth was 
observed compared to the number of P. aeruginosa cells at the beginning 
of the experiment, and no significant differences were found among the 
three formulations (p > 0.05). 

Regarding the spore concentration assays, P. chrysogenum colonies of 
ca. 21–22 mm in diameter were observed in the positive controls. All 
films were able to induce inhibition of P. chrysogenum growth (Table 1) 
when compared to the fungal growth on filter paper (positive control). 
The CHGCA-TPP-a film was the most effective inhibitor (21.48 ± 8.41 
%), while those with more TPP induced inhibition rates of only 12–13 %. 
No significant differences were found among the films (p > 0.05), and 
only CHGCA-TPP-a showed a significantly greater inhibition than the 
positive control (p < 0.05). 

The values shown are the mean ± SD (n = 3). CHGCA-TPP: chitosan- 
glycerol-citric acid‑sodium tripolyphosphate. 

Although it is often difficult to compare the antimicrobial activity of 
coatings and films across studies due to the variety of reagents and 
protocols employed, the antimicrobial properties of chitosan are 
extensively documented in the literature, against both bacterial and 
fungal species [46,71,72]. Citric acid has also been reported to have 
inhibitory effects against some bacterial strains [55]. In this study, 
viable cell count assays showed that all three films were effective in 
reducing the growth rate of S. aureus, B. cereus, Rhodotorula spp. and 
P. chrysogenum, although complete inhibition was only achieved for the 
yeast strain incubated with CHGCA-TPP-a. 

The microbial inocula followed an expected pattern for the positive 
controls, displaying constant and increasing growth over time. However, 
when the same strains were incubated with the films, the concentrations 
of viable cells at the end of the experiments were significantly lower 
than at the beginning, except for P. aeruginosa. The lower inhibitory 
capacity of chitosan-based coatings against Pseudomonas strains 
compared to Gram-positive bacteria has been reported before, possibly 
due to the protective effect of the outer membrane of Gram-negative 

cells [73]. The chitosan films slowed the growth of S. aureus by ca. 
1–1.5 orders of magnitude. However, the inhibition of bacterial growth 
was most evident for B. cereus, which showed a marked reduction in 
viable cell counts within just 3 h. The lower viable cell counts remained 
constant over time, reaching a 3-log reduction in growth after 24 h of 
incubation with the CHGCA-TPP-b film. These results are comparable to 
those obtained in a previous study in which chitosan showed bacteri
cidal action against B. cereus vegetative cells within 4 h [74]. On the 
contrary, the CHGCA-TPP-a film produced the greatest decline in yeast 
growth. The number of viable Rhodotorula spp. cells remained close to 
the initial value during the first hours of the experiment, due to the 
typically slower growth of yeasts compared to bacteria. Nonetheless, 
viable yeast cell counts decreased over time and after 78 h of incubation 
with CHGCA-TPP-a, virtually no CFUs could be counted. This is a 
particularly significant result given that yeasts of the genus Rhodotorula 
are important biodeteriogens and have been associated with dis
colouration and visible alteration of stone monuments and mural 
paintings due to the production of carotenoids [41,42,75]. As for 
P. chrysogenum, although complete inhibition of the fungus was not 
achieved, the CHGCA-TPP-a film successfully slowed its growth 
compared to the positive control and produced a greater inhibition rate 
than the other formulations. These results are particularly noteworthy 
considering that the assays were performed using high concentrations of 
spores and their germination was still hampered when in contact with 
the film. 

In summary, the chitosan formulations cross-linked with citric acid 
and TPP were successfully polymerised and exhibited partial wetta
bility, solubility and swelling in water. However, the membranes 
allowed water vapour exchanges due to their high permeability. The 
films effectively slowed the growth of microorganisms that colonise 
stone heritage and contribute to its biodeterioration. However, although 
increasing the concentration of TPP improved some of the physico
chemical properties of the coatings, the excess of TPP increased the 
membranes’ solubility and wettability. Even though the reversibility 
and repeatability of conservation treatments are important, and the use 
of biodegradable polymers in coatings offers that possibility, high 
wettability/solubility of polymeric matrices is undesirable in the context 
of preventive conservation (especially in an outdoor setting), as it re
duces their durability. For this reason, the CHGCA-TPP-a formulation 
was selected to test its application on stone samples, since it has a lower 
TPP content while retaining relevant properties. 

3.2. Characterisation of CHGCA-TPP-a-coated stone samples 

An overview of the characterisation procedures carried out on coated 
stone slabs is given in Supplementary Fig. S1. 

3.2.1. Morphological assessment by scanning electron microscopy 
SEM analysis (Fig. 8) revealed that the CHGCA-TPP-a solution 

polymerised on the surfaces of granite, limestone and marble, contrary 
to what was observed for the uncoated samples. However, although 
fragments of the coating were visible, their distribution was not uniform 
throughout the area of application. This uneven distribution was 
observed in all stone types and may be related to the natural absorption 
of some of the solution by the pores of the stones. Furthermore, the 
solution was applied and spread with a micropipette, which may also 
have resulted in uneven distribution on the surfaces. In situ application 
to a sculpture using a brush or spray may result in more uniform 
dispersion and polymerisation of the solution. 

3.2.2. FTIR spectroscopy 
The FTIR analysis of the granite, limestone and marble samples after 

coating with CHGCA-TPP-a confirmed that at least part of it polymerised 
on the stoneś surfaces without being completely absorbed by their pores. 
This was evidenced by the FTIR spectra of the coated samples (Fig. 2 (b- 
d)), which were similar to the one obtained for the CHGCA-TPP-a film 
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(Fig. 2 (a)). The main absorption bands of the functional groups iden
tified for the CHGCA-TPP-a film were also observed on the coated 
stones. In particular, the broad bands in the 3500–3200 cm− 1 and 
2970–2850 cm− 1 regions, associated with O–H, N–H and C–H bonds, 
were identified [46–49]. Also present were the absorption peaks at ca. 
1560 cm− 1 related to the amide II bands of chitosan, the peaks near 
1400 cm− 1 associated with vibrations in the chitosan rings, and the 
bands at ca. 1030 cm− 1 related to chitosan and citric acid molecules 
[46,48–51]. As observed in the spectrum of the CHGCA-TPP-a film, new 
absorption bands pertaining to cross-linking reactions were also not 
visible in the spectra of the coated stones. On the contrary, the spectra of 
the uncoated stones did not show the distinctive bands identified for the 
CHGCA-TPP-a film, and only absorption peaks characteristic of the 
stones’ mineralogical composition were visible. The spectrum of un
coated granite (Fig. 2 (b), Supplementary Fig. S2) exhibited absorption 
bands at 938 cm− 1 and 761 cm− 1, which were within the regions 
assigned to Si–O asymmetric stretching in quartz and Al–O stretching 
in albite and biotite [76]. The spectra of limestone and marble (Fig. 2 (c) 
and (d), Supplementary Figs. S3 and S4) showed absorption patterns 
typical of calcite, with peaks at ca. 1380–1400 cm− 1, 870 cm− 1 and 712 
cm− 1, which can be attributed to the asymmetric stretching and bending 
modes of CO3

2− [76–78]. 

3.2.3. Wettability assays 
The wettability assays (Fig. 9) revealed that coating granite and 

limestone with the CHGCA-TPP-a solution significantly decreased the 
wettability of their surfaces, while not rendering them water-repellent. 
The WCA of coated granite (61.27 ± 4.35◦) was significantly greater 
(p < 0.05) than that of the corresponding uncoated samples (29.83 ±
15.68◦), as was the WCA of limestone, which was 41.94 ± 2.64◦ for the 
uncoated and 64.75 ± 4.05◦ for the coated samples. Therefore, the 
WCAs of coated granite and limestone were ca. 20◦ greater than that of 
the CHGCA-TPP-a film (see Section 3.1.3), suggesting that the coating 
changes the stones’ intrinsic properties even though it does not act as a 
water-repellent. 

However, this pattern was not observed for marble. The WCA of 
coated marble was slightly lower (p < 0.05) than that of its uncoated 
counterpart, changing from 57.18 ± 2.36◦ to 50.57 ± 2.06◦, even 
though it was still within the range observed for the CHGCA-TPP-a film. 
The increase in wettability could be related to the morphology and 
porosity characteristics of the stone and its interaction with the coating. 
Contact angle measurements involve a very short contact time between 
the water droplet and the stone and are affected by surface roughness 
and heterogeneity [79,80]. Therefore, further studies are necessary to 
investigate the interaction of the coating with stone specimens. 

Fig. 8. Scanning electron microscopy (SEM) images of ((a), (c), (e)) uncoated and ((b), (d), (f)) CHGCA-TPP-a-coated granite, limestone and marble. 
The arrows show fragments of the CHGCA-TPP-a coating. CHGCA-TPP: chitosan-glycerol-citric acid‑sodium tripolyphosphate; G: granite; L: limestone; M: marble. 
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3.2.4. Colourimetric assays 
The colourimetric tests performed on the stones before and after the 

application of the coating-forming solution showed that the colour dif
ferences were small and similar between the stone types (Table 2). The 
colour differences when the coating was applied with a micropipette 
were less than or ca. 2, with the lowest value recorded for limestone. 
When the same coating was applied with a brush, the ΔE*ab values 
decreased, especially for granite and limestone, but remained similar for 
marble. However, no significant differences were found for any of the 
stone types concerning the method of coating application (p > 0.01). 

Treatments and applications of protective coatings on art objects 
should not produce any perceptible aesthetic changes [81]. In cultural 
heritage, this assessment is commonly done using the CIELAB system to 
calculate the total colour difference (ΔE*ab) of many types of samples 
[81]. There appears to be no clear consensus in the literature regarding 
the acceptable limits that should be adopted for interpreting chromatic 
changes in stone art objects and monuments. However, some authors 
consider that an ΔE*ab < 5 is acceptable in porous materials because any 
chromatic differences below this threshold cannot be detected with the 
naked eye [17,81–84]. Additionally, some studies suggest that 5 <
ΔE*ab < 10 is still within a tolerable range despite already being 
detectable by the human eye, while an ΔE*ab > 10 corresponds to visible 
colour changes that exceed the acceptable limit [84–86]. In this study, 
the ΔE*ab values were less than or equal to ca. 2, which demonstrates 
that coating granite, limestone and marble with the CHGCA-TPP-a so
lution did not cause any visible colour changes, according to the 
thresholds proposed in the literature cited. Moreover, the colour dif
ferences before and after the treatment remained minimal when the 
solution was applied with a brush to simulate a real application scenario. 
This supports the hypothesis that the formulation can be applied as a 
protective coating to these materials without causing visible colour- 
related aesthetic changes. However, more research on this matter is 
necessary to elucidate the coating-stone interactions and evaluate the 
establishment of a coating on the surfaces. As observed by SEM, the 
distribution of the formulation was not uniform, with a significant 

portion possibly being absorbed, which would have no effect on the 
colour measurements due to the absence of a protective coating at the 
surface level. 

In summary, the CHGCA-TPP-a formulation seems to have partly 
polymerised on the surfaces of the stones, with a significant portion 
possibly absorbed into their pores. The coating decreased the wettability 
of granite and limestone, without making them water-repellent. 
Furthermore, the coating did not cause any visible colour changes, 
which is a prerequisite for its use as an antimicrobial protector of stone 
cultural heritage. 

4. Conclusions 

Chitosan-based formulations cross-linked with citric acid and TPP 
were developed with the purpose of coating stone sculptures and art 
objects. After polymerisation of the formulations, the resulting films 
were partially soluble and swelled, but the membranes were permeable 
to water vapour. Additionally, they were able to inhibit the growth of 
microorganisms that can colonise the stone and contribute to biodete
rioration processes, namely the pigment-producing yeast Rhodotorula 
spp., which causes discolouration of stone substrates. However, the 
strains used in this study were obtained from culture collections and are 
a starting point for evaluating the chitosan formulations. Future studies 
should expand the antimicrobial activity assays in order to include a 
wider range of microorganisms, in particular those isolated directly from 
stone cultural heritage with demonstrated biodeterioration strategies. 
Finally, the formulation with the lowest TPP content (CHGCA-TPP-a) 
was applied to granite, limestone and marble while preserving their 
chromatic properties, and constitutes a potential antimicrobial protec
tive coating for stone cultural heritage. Nevertheless, the stones’ 
porosity and permeability properties should be investigated to clarify 
the polymerisation processes occurring when the coating is applied to 
lithic materials and its interaction with the substrates, as well as eluci
date the coating’s reticulation both at internal and surface levels and its 
influence on the stones’ intrinsic characteristics. Likewise, the antimi
crobial ability of the formulation should be confirmed after its appli
cation to different types of stone, as well as after exposure to ageing 
factors. 
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