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Abstract

Natural stone used in cultural heritage is highly susceptible to deterioration driven by
environmental, chemical, and biological factors, with microbial biodeterioration and water
playing a critical role in physicochemical and aesthetic degradation. Therefore, this study
aimed to develop innovative organic coatings with antimicrobial and hydrophobic proper-
ties based on dendritic polymers derived from L-lysine functionalized with different fatty
acids. Dendrons of generations G0 and G1 were synthesized via amidation and hydrolysis
reactions, followed by structural characterization using NMR, FTIR and mass spectrometry,
and their antimicrobial activity was evaluated against microorganisms associated with
biodeterioration, alongside assessments of hydrophobic performance, aesthetic compat-
ibility and durability on natural stone substrates. The results showed that antimicrobial
activity and hydrophobic performance depended on the dendritic architecture, fatty acid
chain length, and stone substrate. Most formulations also exhibited acceptable colorimetric
compatibility after accelerated ageing. Overall, these findings highlight the potential of
the developed coatings as a promising, sustainable, and effective strategy for protecting
natural stone against the deleterious effects of water, contributing to the mitigation of
biodeterioration and the conservation of cultural heritage assets.

Keywords: biodeterioration; dendritic coatings; heritage protection; hydrophobic
coatings; sustainability

1. Introduction
Natural stone has been highly used worldwide in archaeological, historical, and con-

temporary architecture due to its durability, aesthetic value, and cultural significance [1–10].
Consequently, the preservation of stone-built cultural heritage has become a major scien-
tific and societal concern, particularly considering the progressive deterioration observed
in monuments and historical structures exposed to environmental conditions over long

Appl. Sci. 2026, 16, 10496 https://doi.org/10.3390/app162110496

https://crossmark.crossref.org/dialog?doi=10.3390/app162110496&domain=pdf&date_stamp=2026-10-23
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-2247-3215
https://orcid.org/0000-0001-8536-3131
https://orcid.org/0000-0001-8764-2310
https://orcid.org/0000-0001-5409-6990
https://orcid.org/0000-0003-0103-3448
https://orcid.org/0000-0003-4075-3667
https://doi.org/10.3390/app162110496


Appl. Sci. 2026, 16, 10496 2 of 19

periods of time [1,2,4,11–15]. Stone degradation results from the combined action of anthro-
pogenic and natural factors, including atmospheric pollution, thermal stress, weathering
processes, water infiltration, salt crystallization, and biological colonization [1–3,5,11,14,16].

Among the different deterioration mechanisms affecting stone materials, biodeterio-
ration is considered one of the most relevant processes compromising both the aesthetic
and physicochemical integrity of cultural heritage substrates [6,13,15,17–20]. Biodete-
rioration is mainly associated with the colonization and metabolic activity of microor-
ganisms such as bacteria, fungi, algae, and lichens, which develop biofilms on stone
surfaces and induce discoloration, mineral dissolution, biocorrosion, and surface ero-
sion [1,5,6,11,13,15,18–21]. In addition to aesthetic damage, microbial communities may
penetrate fissures and pores, contributing to structural weakening and accelerating degra-
dation phenomena [3,5,9,11,15,17–19,22,23].

The susceptibility of stone materials to microbial colonization is strongly influenced by
their intrinsic physicochemical properties, particularly porosity, roughness, permeability,
and mineralogical composition [1,2,4,10,13,19,23–26]. Highly porous substrates promote
water retention and create favourable microenvironments for microbial growth and biofilm
formation. In fact, water is recognized as one of the most critical external agents involved
in stone deterioration, acting not only as a determining factor for microbial proliferation,
but also as a transport medium for soluble salts and pollutants [1,4,11,12,27–29]. Therefore,
water infiltration may promote chemical dissolution and trigger freeze–thaw cycles and salt
crystallization within the stone pore network; the latter two processes generate internal me-
chanical stresses, thereby progressively compromising the material’s durability [1,3,27,28].

To mitigate the effects of water-induced deterioration and microbial colonization, vari-
ous protective strategies have been proposed for stone conservation, including mechanical,
physical, biological, and chemical treatments [28,30–33]. Among these approaches, hy-
drophobic and antimicrobial coatings have emerged as promising preventive conservation
solutions due to their ability to reduce water penetration, inhibit microbial growth, and
limit biofilm formation on stone surfaces [2,12,24,27,28,34–37]. However, conventional
protective coatings, including fluoropolymers, acrylics, siloxanes, and nanoparticle-based
systems, often present important limitations such as low long-term durability, signifi-
cant environmental toxicity, poor compatibility with porous substrates, reduced vapour
permeability, and inducing visible chromatic alterations [4,16,24,26,30,33,35,38–44].

In recent years, increasing attention has been directed toward the development of
sustainable and multifunctional coatings capable of combining hydrophobicity, antimi-
crobial activity, substrate compatibility, and environmental safety [4,12,19,27,34,45–49]. In
this context, dendritic polymers have emerged as highly versatile macromolecular systems
due to their well-defined branched architecture, high density of functional groups, tune-
able surface chemistry, and multifunctional behaviour [2,4,30,34,45,47,49–56]. Dendrons,
which differ from dendrimers, are dendritic macromolecular fragments with well-defined,
controlled branching structures that exhibit particularly attractive properties for coating
applications, including low viscosity, high reactivity, nanometric dimensions, and the
possibility of incorporating amphiphilic functionalities [2,4,27,30,34,45–50,52–58].

In this study, new L-lysine-based dendritic coatings functionalized with fatty acids
of different aliphatic chain lengths were developed for the protection of natural stone
substrates. Among the different dendritic systems, L-lysine-based dendrons are considered
to be especially promising due to the presence of multiple reactive amino groups that
facilitate controlled branching and functionalization [47,48,51,57]. The incorporation of
fatty acid chains into the dendritic architectures should provide hydrophobic behaviour
while preserving compatibility with porous stone substrates [7,37,47,48,56].
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The newly synthesized coatings were evaluated regarding their antimicrobial activ-
ity against biodeterioration-associated microorganisms, hydrophobic efficiency, vapour,
colorimetric compatibility, and durability under accelerated weathering conditions. The
obtained results intend to contribute to the development of innovative and sustainable
multifunctional coatings for preventive conservation of stone cultural heritage.

2. Materials and Methods
2.1. Materials
2.1.1. Laboratory Consumables

L-lysine methyl ester dihydrochloride (Lys-COOMe·2HCl; ≥99%; CAS No. 26348-70-
9), tetrahydrofuran (THF; ≥99.9%; CAS No. 109-99-9), N,N-dimethylformamide (DMF;
≥99.8%; CAS No. 68-12-2), methanol (≥99.8%; CAS No. 67-56-1), chloroform (CHCl3;
≥99.8%; CAS No. 67-66-3), diethyl ether (Et2O; ≥99.8%; CAS No. 60-29-7), sodium
hydroxide (NaOH; ≥97.0%; CAS No. 1310-73-2), triethylamine (TEA; ≥99.5%; CAS No.
121-44-8), and HBTU (≥98.0%; CAS No. 94790-37-1) were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and used as received. Fatty acids with different aliphatic chain
lengths were used for dendron functionalization, namely octanoic acid (C8:0; ≥99%; CAS
No. 124-07-2), palmitic acid (C16:0; ≥99%; CAS No. 57-10-3), arachidic acid (C20:0; ≥99%;
CAS No. 506-30-9), and behenic acid (C22:0; 99%; CAS No. 112-85-6) were purchased from
TCI Chemicals (Tokyo, Japan) and used as received.

2.1.2. Stone Specimens

Three types of natural stone from quarries located in Portugal, commonly used in
monuments, were selected: limestone, marble, and granite. The limestone was extracted
from the Estremadura Limestone Massif and supplied by SOLANCIS—Sociedade Explo-
radora de Pedreiras, S.A. (Benedita, Portugal).; the marble originated from Vila Viçosa
and was supplied by DIMPOMAR—Rochas Portuguesas, Lda. (Vila Viçosa, Portugal);
and the granite was extracted from Alpalhão and supplied by FILSTONE—Comércio de
Rochas, S.A. (Fátima, Portugal). These lithotypes were selected due to their frequent use in
national built heritage and their distinct physical properties [12], allowing the performance
of the coatings to be evaluated on substrates with different characteristics and enabling a
comparative assessment [12,59].

The lithotype specimens were wet-cut into standard blocks measuring 3 × 3 × 0.4 cm
using a cutting saw (DISCOPLAN-TS, Struers, Ballerup, Denmark). The surfaces were then
polished with a carborundum polishing cloth (SiC P320, 46 µm) to obtain uniform surfaces
and remove cutting imperfections. After polishing, the specimens were washed with
distilled water, dried in an oven at 40 ◦C for 24 h, and allowed to cool to room temperature.

2.2. Methods
2.2.1. Synthesis of L-Lysine-Based Dendritic Polymers

L-lysine-based dendritic polymers were synthesized through a convergent synthetic
methodology involving sequential amidation and hydrolysis reactions, adapted from previ-
ously reported procedures described by Agudo-Álvarez et al. [60] and Theodorou et al. [61].
Generation 0 dendrons (G0) were obtained through a two-step sequence involving HBTU-
mediated coupling between L-lysine methyl ester dihydrochloride and the corresponding
fatty acid to afford the methyl ester intermediates G0(COOMe)-R, followed by alkaline
hydrolysis to yield the carboxylic acid derivatives G0(COOH)-R. The same synthetic se-
quence was subsequently applied using G0(COOH)-R as a precursor to obtain Generation 1
dendrons, G1(COOMe)-R and, after hydrolysis, the corresponding G1(COOH)-R dendrons.
In the dendron nomenclature, R corresponds to the alkyl chains derived from octanoic,
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palmitic, arachidic, and behenic acids, namely C7, C15, C19, and C21, respectively, after
amide bond formation. The general synthetic pathway is shown in Figure 1.

Figure 1. Reaction scheme involving L-lysine methyl ester dihydrochloride as starting material.

2.2.2. Structural Characterization of the Synthesized Compounds

The synthesized compounds were characterized by nuclear magnetic resonance
(NMR), Fourier-transform infrared spectroscopy with attenuated total reflectance (FTIR-
ATR), and electrospray ionization mass spectrometry (ESI-MS). 1H and 13C NMR spectra
were recorded at 400 and 100 MHz, respectively, on an Avance III spectrometer (Bruker,
Billerica, MA, USA), using CDCl3 as solvent. Chemical shifts (δ) are reported in ppm. FTIR-
ATR spectra were acquired on an Alpha Platinum-ATR spectrometer (Bruker, Billerica, MA,
USA), in the 3500–500 cm−1 region. ESI-MS spectra were obtained using a Vanquish HPLC
instrument (Thermo Fisher Scientific, Waltham, MA, USA) coupled to a DAD detector
and an Orbitrap QExactive Focus mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). The mass spectrometry analyses were performed at the Elemental Analysis,
Chromatography and Mass Service of the University of Salamanca, Spain, while the re-
maining analyses were conducted at the University of Évora. The corresponding spectra
and characterization data are provided in the Supplementary Information.

2.2.3. Preparation and Application of Coating Formulations

For the preparation of the dendritic polymer formulations, 50 mg of each synthe-
sized compound were dispersed in 10 mL of a mixture of isopropanol/water (7:3, v/v).
The resulting suspensions were homogenized by vortex agitation followed by ultrasonic
treatment in order to obtain uniform formulations before application. The coatings were
applied onto the stone surfaces by spray deposition, following the procedure described
by Hashim et al. [12]: a spray gun connected to a Michelin MB24 air compressor (Bologna,
Italy) operating at 230 V, with an air flow rate of 170 L/min and a maximum pressure
of 8 bar, was used for the application. Each formulation was sprayed for approximately
3 s at a working distance of approximately 1 m from the stone surface to ensure homoge-
neous coverage. Because the coatings were applied by spray deposition onto porous stone
substrates, a uniform and continuous film thickness could not be assumed. The coating
thickness was, therefore, not determined, as the applied material may remain at the surface
and/or partially penetrate the pore network depending on the formulation and substrate
characteristics. Instead, the application procedure was standardised using the formulation
concentration, application time, spraying distance, and operating conditions described
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above. After application, all coated stone specimens were dried at room temperature for
24 h before subsequent assays.

2.2.4. Antimicrobial Activity Assays

The synthesized coatings were studied with the aim of evaluating their biocidal po-
tential against microorganisms commonly found on stone substrates. For this purpose,
two bacterial strains, Bacillus cereus and Micrococcus sp., and one yeast strain, Saccharomyces
cerevisiae, were selected as representative microorganisms for the biological assays. Nu-
trient Agar (NA, HiMedia®) and Nutrient Broth (NB, Oxoid®) were used as solid and
liquid culture media, respectively, for microbial growth throughout the experimental work.
Culture media were prepared according to manufacturer recommendations and sterilized
in an autoclave at 120 ◦C for 15 min prior to use in order to eliminate possible microbial
contaminants. Stock solutions of the synthesized dendritic coatings were prepared at three
different concentrations, namely 1000, 2000, and 5000 ppm, all in triplicate.

The antimicrobial activity assays were performed in sterile 96-well microplates, using
an independent microplate for each microbial strain. For each well, 80 µL of NA or
NB liquid culture medium and 10 µL of the corresponding dendritic coating solution
were added for a final concentration of 100, 200 or 500 ppm of dendritic coating solution.
Negative controls (blank assays) were prepared by replacing the coating solution with
10 µL of sterile Milli-Q water in order to evaluate microbial growth in the absence of coating
influence. Microbial cells were resuspended in sterile Milli-Q water and 10 µL of the
microbial suspension were added to each well, including blank controls. All antimicrobial
activity procedures were carried out under aseptic conditions.

The microplates were incubated at 37 ◦C in a Multiskan GO UV–Vis spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) with orbital shaking every 5 min until the
control cultures (microorganism + sterile Milli-Q water) reached the stationary phase of
microbial growth. Vancomycin hydrochloride (Sigma-Aldrich®) was used as positive
control for Micrococcus sp. and Bacillus cereus assays, while Amphotericin B 80% (TCI®)
was used as positive control for Saccharomyces cerevisiae assays.

2.2.5. Optical Tensiometry

Static water contact angle (θ) measurements were carried out using a Ramé-Hart Model
210 tensiometer (Succasunna, NJ, USA), following an experimental approach adapted from
Armal et al. [2] and Hashim et al. [12]. Deionized water droplets of 12 µL were deposited
onto the stone surface, and static contact angles were recorded between 3 and 10 s after
droplet deposition using DROPimage software (ver. 3.21.11.0). For each specimen, five
distinct droplets were deposited on the surface, and 15 measurements were recorded
for each droplet. The final static contact angle value was expressed as the average of
the measurements obtained for each surface. Measurements were performed before and
after coating application, as well as after accelerated ageing, to evaluate the hydrophobic
performance and durability of the treatments.

2.2.6. Colorimetric Analysis

Colorimetric measurements were performed according to the procedure described
by Armal et al. [2], in order to evaluate whether the coatings preserved the original visual
appearance of the stone surfaces after application and accelerated ageing. Measurements
were carried out before and after coating application, and after accelerated ageing using a
portable Konica Minolta colorimeter equipped with MAV aperture.
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The colour parameters were expressed according to the CIELAB system, and the
total colour difference (∆E*) was calculated from the variations in L*, a*, and b* using
Equation (1) [5,28,44,62,63].

∆E∗ =

√︂
∆L∗2 + ∆a∗2 + ∆b∗2 (1)

According to the CIELAB colour system and heritage conservation criteria, colour
differences become perceptible to the naked eye at ∆E values of approximately 1–2. In
the conservation of built heritage, ∆E values below 5 are generally considered acceptable
(∆E* < 5) [2,64].

2.2.7. Accelerated Ageing Assays

The durability of the protective coatings was evaluated under simulated atmospheric
conditions by accelerated weathering tests. Artificial ageing was performed in a QUV
Accelerated Weathering Tester (Q-Lab Corporation, Westlake, OH, USA) following the
ASTM G154 standard method [2,12]. The ageing protocol consisted of 15 min of water
spray, followed by 3 h 45 min of condensation at 50 ◦C and 8 h of UVA irradiation at
340 nm and 60 ◦C, with an irradiance of 0.75 W/m2, with a total of 28 cycles applied, each
of which lasted 12 h, corresponding to a total testing period of 14 days.

After the artificial weathering tests, the durability of the coatings was assessed
by repeating the static water contact angle measurements and colorimetric analyses.
These tests allowed for the evaluation of the retention of the hydrophobic performance
and the preservation of the aesthetic properties of the treated stone substrates after
accelerated ageing.

3. Results and Discussion
3.1. Assessment of the Antimicrobial Potential

The antimicrobial potential of the synthesized dendritic coatings was evaluated against
three microorganisms, namely Bacillus cereus, Micrococcus sp., and Saccharomyces cerevisiae.

3.1.1. Antimicrobial Potential Against Bacillus cereus

As illustrated in Table 1, among all synthesized formulations, only G1C7 exhibited
significant antimicrobial activity against Bacillus cereus, with inhibition rates increasing from
11.0% at 100 ppm to 48.7% at 500 ppm. Vancomycin, used as the positive control, exhibited
inhibition rates ranging from 27.7% to 38.0% against Bacillus cereus. Although vancomycin is
an established antimicrobial agent against Gram-positive bacteria, including Bacillus species,
the relatively limited inhibition observed under the present experimental conditions may
be related to the specific susceptibility of the strain employed and/or the experimental
conditions used. However, since the susceptibility of the tested strain to vancomycin
was not independently characterized, no specific explanation can be established for the
observed response. Interestingly, under the experimental conditions employed, G1C7
exhibited higher inhibition rates than vancomycin at 200 and 500 ppm (inhibition rates
of 37.2% and 48.7%, respectively). This observation highlights the antimicrobial potential
of G1C7 against the tested B. cereus strain, although direct comparison with vancomycin
should be interpreted cautiously given the relatively limited inhibition observed for the
reference antibiotic under the present assay conditions.
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Table 1. Inhibition rate (expressed in %) of Bacillus cereus bacterial growth at three different concen-
trations of applied coatings, namely 100, 200, and 500 ppm.

Coating 100 ppm 200 ppm 500 ppm

G0C7 0 0 0
G1C7 11.0 37.2 48.7

G0C15 0 0 0
G1C15 0 0 0
G0C19 0 0 0
G1C19 0 0 0
G0C21 0 0 0
G1C21 0 0 0

Vancomycin 27.7 31.9 38.0

In contrast, the remaining formulations containing longer aliphatic chains (C15, C19,
and C21) did not show detectable inhibitory activity against this bacterial strain. The pro-
gressive increase in inhibition observed for G1C7 with increasing concentration suggests
a concentration-dependent antimicrobial effect associated with the interaction of the am-
phiphilic dendritic structure with the bacterial membrane. Amphiphilic compounds may
disrupt bacterial membranes through destabilization of lipid bilayer organization, leading
to loss of membrane integrity and subsequent inhibition of microbial growth [56,65–67].

The obtained results suggest the existence of an optimal hydrophobic–hydrophilic
balance for membrane interaction, corresponding to the shorter aliphatic chain (C7). Longer
hydrocarbon chains appear to increase the hydrophobic character of the dendritic structures,
reducing their polarity and consequently limiting their dispersion and interaction with the
bacterial membrane. Additionally, excessive hydrophobicity may hinder the accessibility
of lysine-derived polar groups, which are responsible for electrostatic interactions with
negatively charged phospholipids present in the bacterial membrane.

Interestingly, antimicrobial activity was only observed for the first-generation com-
pound G1C7, whereas the corresponding generation 0 formulation (G0C7) did not exhibit
inhibitory activity. This behaviour suggests that the higher density of lysine groups and
hydrophobic tails present in the G1 dendritic structure enhances membrane interaction
and destabilization. The increased density of positively charged lysine groups may favour
electrostatic interactions with anionic membrane phospholipids, intensifying membrane
disorganization and antimicrobial activity [56,65–67].

3.1.2. Antimicrobial Potential Against Micrococcus sp.

The G1C7 formulation also exhibited the highest antimicrobial performance against
Micrococcus sp., with inhibition rates increasing from 22.5% at 200 ppm to 43.4% at 500 ppm
(Table 2).

However, unlike Bacillus cereus, additional formulations containing longer aliphatic
chains, namely G1C15, G1C19, and G1C21, also demonstrated inhibitory activity at lower
concentrations, but this inhibition was not concentration-dependent. Fatty acid-containing
amphiphilic compounds may promote membrane permeabilization through adsorption
onto the microbial surface followed by insertion of hydrophobic segments into the lipid
bilayer. This interaction destabilizes membrane organization and compromises cellular
viability [56].

The observed differences between Bacillus cereus and Micrococcus sp. suggest distinct
membrane susceptibilities associated with variations in membrane composition, lipid orga-
nization, and permeability. Similarly to the results obtained for Bacillus cereus, antimicrobial
activity was predominantly observed for first-generation dendrons (G1), reinforcing the
importance of higher lysine group density and amphiphilic organization in promoting
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membrane interaction. Generation 0 compounds generally exhibited negligible activity,
suggesting that the reduced number of lysine groups and hydrophobic tails limits effective
interaction with the bacterial membrane.

Table 2. Inhibition rate (expressed in %) of Micrococcus sp. bacterial growth at three different
concentrations of applied coatings, namely 100, 200, and 500 ppm.

Coating 100 ppm 200 ppm 500 ppm

G0C7 0 0 0
G1C7 0 22.5 43.4

G0C15 0 0 0
G1C15 10.6 0 0
G0C19 0 0 0
G1C19 2.4 0 0
G0C21 0.6 0 0
G1C21 15.1 0 0

Vancomycin 90.8 88.3 94.5

3.1.3. Antimicrobial Potential Against Saccharomyces cerevisiae

The antimicrobial assays performed against Saccharomyces cerevisiae revealed a broader
inhibitory activity profile compared to the bacterial strains. All synthesized compounds
exhibited some degree of antimicrobial activity against the yeast strain (Table 3), although
substantial differences were observed depending on dendritic structure and concentration.

Table 3. Inhibition rate (expressed in %) of Saccharomyces cerevisiae bacterial growth at three different
concentrations of applied coatings, namely 100, 200, and 500 ppm.

Coating 100 ppm 200 ppm 500 ppm

G0C7 0 0 46.0
G1C7 23.0 69.9 93.4

G0C15 40.0 0 0
G1C15 0 36.7 25.4
G0C19 22.9 0 0
G1C19 56.1 43.1 0
G0C21 52.6 29.5 0
G1C21 56.8 41.9 0

Amphotericin B 100.0 100.0 100.0

Among all formulations, G1C7 demonstrated the highest inhibitory activity, reaching
93.4% inhibition at 500 ppm. The strong concentration-dependent effect observed for this
formulation is consistent with the results obtained for both bacterial strains, confirming the
superior antimicrobial performance of the shorter-chain first-generation dendritic system.
In contrast, several formulations containing longer aliphatic chains exhibited higher inhibi-
tion at lower concentrations, followed by reduced activity at higher concentrations. This
behaviour was particularly evident for G1C15, G1C19, G0C21, and G1C21. Amphiphilic
compounds may undergo concentration-dependent aggregation phenomena in aqueous
media. The formation of molecular aggregates reduces the fraction of dispersed active
molecules available to interact with microbial membranes, consequently decreasing antimi-
crobial efficiency [56,65–67]. The susceptibility of Saccharomyces cerevisiae to the synthesized
coatings may also be associated with the structural complexity of the yeast membrane,
which contains ergosterol as a major membrane component. Amphiphilic compounds
may interact with sterol-containing membranes, inducing membrane destabilization and
compromising essential cellular functions [56].
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It should be noted that the antimicrobial assays performed in the present study used
planktonic cells under controlled laboratory conditions. Although this approach provides a
useful initial comparative assessment of the antimicrobial activity of the dendritic formu-
lations, it does not reproduce the complexity of microbial biofilms developing on natural
stone surfaces. Furthermore, the three microorganisms selected in this study, Bacillus cereus,
Micrococcus sp. and Saccharomyces cerevisiae, represent only a limited fraction of the micro-
bial diversity associated with stone biodeterioration. Therefore, the results should not be
directly extrapolated to the efficacy of these formulations against established biofilms on
heritage stone. Future studies should extend the range of microorganisms investigated
and evaluate the antimicrobial performance of the coatings against biofilms developed on
coated stone specimens under conditions representative of stone conservation applications.

3.2. Study of Hydrophobic Properties by Optical Tensiometry

The hydrophobic performance of the synthesized dendritic coatings was evaluated
by optical tensiometry through static water contact angle (θ) measurements performed
on marble, limestone, and granite substrates. These analyses aimed to assess both the
initial hydrophobic efficacy of the coatings and the preservation of their water-repellent
properties after accelerated ageing assays [2,12].

3.2.1. Study of the Effectiveness of Coatings

Hydrophobic coatings are generally considered effective when the treated surfaces
exhibit static water contact angles higher than 90◦. The results obtained for the different
stone substrates are presented in Figure 2.

Figure 2. Graphical representation of the hydrophobic effectiveness of the applied coatings, based on
the static contact angles of water measured in different lithotypes. The blue dashed line indicates the
90◦ threshold, corresponding to the lower limit used to classify a surface as hydrophobic, where the
shaded blue area represents the hydrophobic coated surfaces.

The measured water contact angles varied according to both coating formulation and
lithotype, confirming the influence of substrate characteristics and coating composition on
surface wettability. Previous studies have linked substrate porosity to coating retention
within the pore network [2,12]. However, as coating retention and penetration were not
directly assessed in the present study, their contribution to the observed differences in
water contact angles remains uncertain.

Hydrophobic behaviour (θ > 90◦) was mainly observed for formulations containing the
longest fatty acid chains (C19 and C21), particularly on limestone and marble, whereas coat-
ings incorporating shorter chains (C7 and C15) consistently exhibited contact angles below
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90◦. Overall, approximately 50% of the synthesized formulations displayed hydrophobic
behaviour on at least one lithotype.

The higher contact angles observed for formulations containing C19 and C21 chains
are consistent with the expected contribution of longer hydrocarbon chains to hydrophobic
behaviour. However, surface free energy was not measured in this study, and contact angle
measurements using water alone do not allow the polar and dispersive components of
surface energy to be determined.

Differences in the measured contact angles may also be influenced by surface rough-
ness and the distribution of the deposited material [12]. Nevertheless, coating morphology,
thickness, and penetration into the stone pore network were not directly characterized.
Consequently, the present results do not establish whether continuous surface films were
formed or whether penetration into the substrate affected the amount of hydrophobic
material exposed at the surface.

In any case, these results demonstrate that the hydrophobic performance of the syn-
thesized dendritic coatings is strongly dependent on the length of the aliphatic fatty acid
chains incorporated into the dendritic architecture.

3.2.2. Durability of Hydrophobic Coatings

The durability of the hydrophobic coatings was further evaluated through static
contact angle measurements after accelerated ageing assays. The obtained post-ageing
results are presented in Figure 3. The relative percentage variation between pre- and
post-ageing contact angles is summarized in Table 4.

Figure 3. Graphical representation of the durability of the hydrophobic effectiveness of the applied
coatings, based on the static contact angles of water measured on the different lithotypes after
accelerated ageing testing. The blue dashed line indicates the 90◦ threshold, corresponding to the
lower limit used to classify a surface as hydrophobic, where the shaded blue area represents the
hydrophobic coated surfaces.

Accelerated weathering revealed that the durability of the hydrophobic coatings
depended on both the lithotype and the coating formulation. Limestone exhibited the great-
est loss of hydrophobic performance after ageing, whereas marble and granite generally
showed higher coating stability. The lower durability observed for limestone is consis-
tent with its higher porosity, which may facilitate water ingress and accelerate coating
degradation [68].
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Table 4. Relative percentage variation of static contact angles between pre- and post-ageing contact
angles obtained before and after the accelerated ageing test for each coating applied to the different
lithotypes under study.

Static Contact Angles (q) Relative Percentage Variation in
Contact Angles (%)

Pre-Ageing Post-Ageing

Coatings Marble Limestone Granite Marble Limestone Granite Marble Limestone Granite

G0C7 48.7 32.2 38.0 32.9 28.2 26.3 −32.4 −12.4 −30.8
G1C7 47.6 50.0 58.7 37.0 42.5 30.9 −22.3 −15.0 −47.4
G0C15 57.9 73.0 79.9 67.0 35.3 109.3 15.7 −51.6 36.8
G1C15 84.6 78.8 82.6 121.3 54.1 118.9 43.4 −31.3 43.9
G0C19 123.6 128.2 78.4 140.2 121.8 132.9 13.4 −5.0 69.5
G1C19 99.0 129.9 126.5 72.2 72.6 73.0 −27.1 −44.1 −42.3
G0C21 120.1 134.4 123.3 150.6 96.0 124.8 25.4 −28.6 1.2
G1C21 113.9 119.2 116.8 120.2 77.5 125.8 5.5 −35.0 7.7

Among the synthesized formulations, G1C19 exhibited the most significant loss of
hydrophobicity after ageing. Before weathering, this formulation presented contact an-
gle values higher than 90◦ on all substrates, demonstrating effective hydrophobic be-
haviour. However, after accelerated ageing, all measured contact angles decreased be-
low the hydrophobic threshold, corresponding to reductions of approximately 27%, 44%,
and 42% for marble, limestone, and granite, respectively (Table 4). These results in-
dicate substantial degradation of the hydrophobic surface properties under simulated
environmental exposure.

Interestingly, several formulations exhibited improved hydrophobic behaviour after
accelerated ageing, particularly on marble and granite substrates. G0C15, G0C19, and
G1C15 showed substantial increases in contact angle values after weathering exposure.
Notably, G1C15, which initially exhibited non-hydrophobic behaviour, achieved contact
angles of approximately 121◦ on marble and 119◦ on granite after ageing (Table 4).

Similarly, G0C19 exhibited a remarkable 70% increase in contact angle values on
granite after ageing, reaching approximately 133◦, thereby acquiring effective hydrophobic
behaviour that was not initially observed. Among all tested formulations, G0C21 demon-
strated the highest hydrophobic durability. On marble substrates, this coating exhibited a
25% increase in contact angle after ageing, reaching values close to 151◦, corresponding to
superhydrophobic behaviour.

The optical tensiometry images presented in Figure 4 further illustrate the remarkable
hydrophobicity achieved after ageing.

Figure 4. Optical tensiometry images obtained for the marble substrate: (a) contact angles of the
uncoated stone (negative control); (b) contact angles after application of the G0C21 coating; (c) contact
angles after ageing of the G0C21 coating.
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Although some formulations exhibited higher water contact angles after accelerated
ageing, the mechanisms underlying these changes cannot be determined from the present
measurements alone. Changes in surface chemistry or organization, surface roughness,
redistribution or partial removal of coating material, and changes in the polar and disper-
sive contributions to surface energy are possible explanations. However, these mechanisms
remain hypotheses, as surface-energy components, coating morphology, thickness, pen-
etration into the substrate, and adhesion were not independently assessed in this study.
Further investigations incorporating complementary surface characterization techniques
will be necessary to clarify the origin of the observed changes in wettability.

3.3. Evaluation of Chromatic Alteration in Lithotypes

The application of protective coatings onto natural stone substrates requires the preser-
vation of the original aesthetic appearance of the treated materials. Among the different
aesthetic parameters, colour variation is considered one of the most critical factors in cul-
tural heritage conservation, since chromatic alterations are often macroscopically detected
before any structural degradation becomes apparent [16]. Consequently, visible colour
changes are generally considered undesirable in protective treatments for natural stone due
to their potential impact on the historical, commercial and aesthetic value of the substrate.

3.3.1. Aesthetic Compatibility of the Synthesized Coatings

The chromatic compatibility of the synthesized dendritic coatings was evaluated
using the CIELAB colour system. The obtained ∆E* values for the different lithotypes are
presented in Figure 5.

Figure 5. Graphical representation of ∆E* for coatings applied to limestone, marble, and granite
stone samples. The shaded area represents the chromatic compatibility values considered to be
unacceptable in the conservation of built heritage (∆E* ≥ 5). Values below this threshold indicate
limited colour differences, helping to preserve the original macroscopic appearance of the stone.

Most of the synthesized coatings exhibited satisfactory chromatic compatibility with
the studied lithotypes, with ∆E values below the accepted conservation threshold (∆E < 5).
Marble showed excellent compatibility for all formulations, whereas limestone presented
unacceptable colour variation only for G0C19, with the surface becoming visibly lighter
and less glossy after coating application, suggesting partial surface accumulation and
heterogeneous film formation, as demonstrated in Figure 6. Granite proved to be the most
sensitive substrate, with G0C15 and G0C21 producing visible whitish surface alterations
(Figure 6; ∆E* ≥ 5), indicating lower interfacial compatibility between these formulations
and the substrate.
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Figure 6. Photographic record of limestone and granite substrates before and after the application of
G0C19, G0C15 and G0C21 coatings.

Overall, only 12.5% of the tested samples exceeded the acceptable colour variation
limit, namely G0C19 on limestone and G0C15/G0C21 on granite, while all G1 formu-
lations remained below this threshold. The improved performance of the G1 coatings
characterized by a 1:4 ratio between carboxylic groups and hydrophobic chains may be
attributed to their higher branching density and greater steric volume, which promote a
more homogeneous interfacial organization and reduce heterogeneous surface accumula-
tion. In contrast, the lower branching density of G0 systems, particularly those containing
longer alkyl chains (C15–C21), may favour aggregation phenomena, resulting in localized
chromatic alterations.

The lithotype properties may also influence coating behaviour. The greater porosity
of limestone may facilitate coating penetration, reducing surface accumulation, whereas
the low porosity and heterogeneous mineralogy of granite appear to promote less uniform
coating distribution.

3.3.2. Effect of Accelerated Ageing on Chromatic Stability

In addition to initial chromatic compatibility, the long-term aesthetic stability of
the coatings under environmental exposure is also a critical requirement for cultural
heritage conservation applications. Therefore, after coating application, the stone sub-
strates were subjected to accelerated ageing assays and subsequent colorimetric analyses
were performed. The obtained ∆E* values after artificial weathering are presented in
Figure 7 and Table 5 summarizes the ∆E* values obtained before and after the accelerated
ageing test.

Overall, the coatings that initially exhibited satisfactory chromatic compatibility main-
tained this behaviour after accelerated ageing, confirming their long-term aesthetic stability
under simulated environmental conditions. Interestingly, formulations previously con-
sidered chromatically incompatible, namely G0C19 on limestone and G0C21 on granite,
exhibited substantial improvement after weathering exposure, reaching ∆E* < 5 after ageing
(Table 5).

Photographic records presented in Figure 8 revealed partial recovery of the original
stone coloration after ageing, particularly for G0C19 and G0C21, which became visibly less
whitish after weathering exposure.

https://doi.org/10.3390/app162110496

https://doi.org/10.3390/app162110496


Appl. Sci. 2026, 16, 10496 14 of 19

Figure 7. Graphical representation of ∆E* for the coatings applied to the stone samples under study
after the ageing test. The shaded area represents the chromatic compatibility values considered to be
unacceptable in the conservation of built heritage (∆E* ≥ 5). Values below this threshold indicate
limited colour differences, helping to preserve the original macroscopic appearance of the stone.

Table 5. ∆E* values obtained before and after the accelerated ageing test for each coating applied to
the different lithotypes under study. Values shown in bold indicate ∆E* > 5.

Colorimetric Analyses (∆E*)

Pre-Ageing Post-Ageing

Coatings Marble Limestone Granite Marble Limestone Granite

G0C7 1.89 1.82 0.52 1.95 1.18 1.36
G1C7 1.27 0.72 1.25 1.26 1.21 1.04

G0C15 1.65 3.81 11.53 1.44 0.80 5.08
G1C15 1.09 1.31 0.78 2.42 1.07 0.49
G0C19 4.33 6.52 4.77 4.01 3.87 1.87
G1C19 0.31 1.60 0.31 1.52 1.89 1.14
G0C21 1.06 4.46 5.08 1.74 3.77 3.25
G1C21 0.59 1.13 3.41 1.47 2.01 3.64

Figure 8. Photographic record of the limestone and granite substrates before and after the application
of the G0C19, G0C15 and G0C21 coatings, as well as after the ageing test.
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The partial recovery of the original coloration after accelerated ageing may be related
to changes in the surface distribution of the coatings during exposure. These observations
suggest that the response of the dendritic formulations to environmental ageing may
depend on their interaction with the stone substrate, although further investigation would
be needed to clarify the underlying processes.

4. Conclusions
In this study, a series of organic coatings based on L-lysine-derived dendrons function-

alized with fatty acids of different aliphatic chain lengths were developed for the protection
of natural stone substrates. The results obtained demonstrated that both dendritic gen-
eration and fatty acid chain length significantly influence the functional performance of
the coatings. Overall, first-generation dendritic systems exhibited superior performance
compared to their generation 0 counterparts.

Antimicrobial activity was found to be strongly influenced by dendritic architecture
and fatty acid chain length. Shorter aliphatic chains, particularly in first-generation den-
drons, promote enhanced antimicrobial performance due to a more favourable amphiphilic
balance and improved interaction with microbial membranes. Conversely, excessive hy-
drophobicity associated with longer hydrocarbon chains may reduce molecular dispersion
and promote aggregation phenomena, ultimately limiting antimicrobial efficiency.

The hydrophobicity of the synthesized dendritic coatings was also found to be strongly
dependent on aliphatic chain length. The incorporation of longer aliphatic chains results
in higher water static contact angles, suggesting that the increased hydrophobicity arises
from the lower surface free energy associated with longer hydrocarbon chains. In turn,
the durability of the hydrophobic coatings was found to be dependent on both substrate
porosity and aliphatic chain length. Less porous substrates such as granite and marble
favour long-term coating stability under the simulated environmental conditions tested,
while longer hydrocarbon chains generally show greater resistance to environmental degra-
dation. Several formulations displayed higher static water contact angles after accelerated
ageing. However, the mechanisms underlying these changes remain unresolved, as surface-
energy components, coating morphology, and coating–substrate adhesion were not directly
measured. Chromatic compatibility was found to be dependent on both the molecular
architecture of the dendritic coatings and the physicochemical characteristics of the stone
substrate. Generation 1 formulations exhibited the highest chromatic compatibility, whereas
some generation 0 coatings containing longer aliphatic chains induced visible colour al-
terations, likely due to aggregation phenomena and heterogeneous surface distribution.
A large majority of the evaluated formulations (95.8%) exhibited acceptable chromatic
compatibility after accelerated ageing, indicating that the newly synthesized dendritic
coatings possess considerable potential for application in natural stone conservation, en-
suring both long-term aesthetic preservation and functional durability under adverse
environmental conditions.

The integrated assessment of the different performance parameters indicates that the
developed coatings exhibit distinct functional profiles rather than a single formulation
simultaneously maximising all evaluated properties. G1C7 showed the most relevant
antimicrobial profile while maintaining good chromatic compatibility and ageing stability,
whereas G0C21 provided a particularly favourable combination of hydrophobicity, aes-
thetic compatibility, and durability across the three lithotypes. These results highlight the
importance of matching the coating formulation to the specific conservation requirements
and physicochemical characteristics of the stone substrate.

Future studies may extend the assessment of these coatings by investigating additional
properties relevant to stone conservation, including water vapour permeability, alongside
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complementary characterisation of coating morphology, thickness, distribution, and ad-
hesion. This broader approach will help clarify the interactions between the coatings and
stone substrates and provide a more comprehensive understanding of their performance
under conservation-relevant conditions.

Overall, the results obtained indicate that the developed dendritic coatings are promis-
ing multifunctional materials for natural stone conservation. Their organic nature makes
them worth exploring as potential alternatives to conventional fluorinated protective
treatments. However, their environmental performance and sustainability have not been
assessed in the present study and would require further investigation, including dedicated
evaluations of toxicity, biodegradability and environmental impact.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app162110496/s1: Figure S1: 1H-NMR spectrum of the compound
G0(COOH)-C15 obtained at CDCl3, Figure S2: 13C-NMR spectrum of the compound G0(COOH)-C15
obtained at CDCl3, Figure S3: FTIR spectrum of the compound G0(COOH)-C15, Figure S4: ESI-
MS spectrum of the compound G0(COOH)-C15, Figure S5: 1H-NMR spectrum of the compound
G1(COOH)-C15 obtained at CDCl3, Figure S6: 13C-NMR spectrum of the compound G1(COOH)-C15
obtained at CDCl3, Figure S7: FTIR spectrum of the compound G1(COOH)-C15, Figure S8: ESI-
MS spectrum of the compound G1(COOH)-C15, Figure S9: 1H-NMR spectrum of the compound
G0(COOH)-C7 obtained at CDCl3, Figure S10: 13C-NMR spectrum of the compound G0(COOH)-C7
obtained at CDCl3, Figure S11: FTIR spectrum of the compound G0(COOH)-C7, Figure S12: ESI-
MS spectrum of the compound G0(COOH)-C7, Figure S13: 1H-NMR spectrum of the compound
G1(COOH)-C7 obtained at CDCl3, Figure S14: 13C-NMR spectrum of the compound G1(COOH)-C7
obtained at CDCl3, Figure S15: FTIR spectrum of the compound G1(COOH)-C7, Figure S16: ESI-
MS spectrum of the compound G1(COOH)-C7, Figure S17: 1H-NMR spectrum of the compound
G0(COOH)-C19 obtained at CDCl3, Figure S18: 13C-NMR spectrum of the compound G0(COOH)-
C19 obtained at CDCl3, Figure S19: FTIR spectrum of the compound G0(COOH)-C19, Figure S20:
ESI-MS spectrum of the compound G0(COOH)-C19, Figure S21: 1H-NMR spectrum of the compound
G1(COOH)-C19 obtained at CDCl3, Figure S22: 13C-NMR spectrum of the compound G1(COOH)-
C19 obtained at CDCl3, Figure S23: FTIR spectrum of the compound G1(COOH)-C19, Figure S24:
ESI-MS spectrum of the compound G1(COOH)-C19, Figure S25: 1H-NMR spectrum of the compound
G0(COOH)-C21 obtained at CDCl3, Figure S26: 13C-NMR spectrum of the compound G0(COOH)-
C21 obtained at CDCl3, Figure S27: FTIR spectrum of the compound G0(COOH)-C21, Figure S28:
ESI-MS spectrum of the compound G0(COOH)-C21, Figure S29: 1H-NMR spectrum of the compound
G1(COOH)-C21 obtained at CDCl3, Figure S30: 13C-NMR spectrum of the compound G1(COOH)-
C21 obtained at CDCl3, Figure S31: FTIR spectrum of the compound G1(COOH)-C21 and Figure S32:
ESI-MS spectrum of the compound G1(COOH)-C21.
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67. Jennings, J.; Ašćerić, D.; Semeraro, E.F.; Lohner, K.; Malanovic, N.; Pabst, G. Combinatorial Screening of Cationic Lipidoids
Reveals How Molecular Conformation Affects Membrane-Targeting Antimicrobial Activity. ACS Appl. Mater. Interfaces 2023, 15,
40178–40190. [CrossRef] [PubMed]

68. Ortiz-Marqués, A.; Caldevilla, P.; Goldmann, E.; Safuta, M.; Fernández-Raga, M.; Górski, M. Porosity and Permeability in
Construction Materials as Key Parameters for Their Durability and Performance: A Review. Buildings 2025, 15, 3422. [CrossRef]

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

https://doi.org/10.3390/app162110496

https://doi.org/10.1002/chem.201002052
https://www.ncbi.nlm.nih.gov/pubmed/21226098
https://doi.org/10.1017/CBO9781139048859
https://doi.org/10.1039/b104290b
https://doi.org/10.1016/j.mtchem.2022.101285
https://doi.org/10.1186/1556-276X-9-247
https://www.ncbi.nlm.nih.gov/pubmed/24994950
https://doi.org/10.1039/b005993p
https://doi.org/10.1007/s00253-009-2355-3
https://www.ncbi.nlm.nih.gov/pubmed/19956944
https://doi.org/10.1016/S0065-2318(10)63006-5
https://www.ncbi.nlm.nih.gov/pubmed/20381707
https://doi.org/10.3390/molecules13051111
https://www.ncbi.nlm.nih.gov/pubmed/18560331
https://doi.org/10.3390/heritage6090331
https://doi.org/10.1515/pac-2023-1104
https://doi.org/10.1016/j.tetlet.2007.09.074
https://doi.org/10.1016/j.ibiod.2025.106188
https://doi.org/10.1002/col.20579
https://doi.org/10.1016/j.conbuildmat.2015.02.083
https://doi.org/10.3390/biomimetics10110739
https://www.ncbi.nlm.nih.gov/pubmed/41294411
https://doi.org/10.1126/sciadv.adn8117
https://www.ncbi.nlm.nih.gov/pubmed/39321303
https://doi.org/10.1021/acsami.3c05481
https://www.ncbi.nlm.nih.gov/pubmed/37602460
https://doi.org/10.3390/buildings15183422
https://doi.org/10.3390/app162110496

	Introduction 
	Materials and Methods 
	Materials 
	Laboratory Consumables 
	Stone Specimens 

	Methods 
	Synthesis of L-Lysine-Based Dendritic Polymers 
	Structural Characterization of the Synthesized Compounds 
	Preparation and Application of Coating Formulations 
	Antimicrobial Activity Assays 
	Optical Tensiometry 
	Colorimetric Analysis 
	Accelerated Ageing Assays 


	Results and Discussion 
	Assessment of the Antimicrobial Potential 
	Antimicrobial Potential Against Bacillus cereus 
	Antimicrobial Potential Against Micrococcus sp. 
	Antimicrobial Potential Against Saccharomyces cerevisiae 

	Study of Hydrophobic Properties by Optical Tensiometry 
	Study of the Effectiveness of Coatings 
	Durability of Hydrophobic Coatings 

	Evaluation of Chromatic Alteration in Lithotypes 
	Aesthetic Compatibility of the Synthesized Coatings 
	Effect of Accelerated Ageing on Chromatic Stability 


	Conclusions 
	References

