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Development of Green-Synthesized
Silver Nanoparticle-Containing PCL
Coatings for Paper Packaging Materials

ABSTRACT

Growing environmental concerns and the increasing demand for sustainable
packaging materials have accelerated the development of biodegradable
and functional paper-based packaging systems. Although paper is widely
preferred for its excellent printability, low cost, and recyclability, its inherently
poor barrier properties limit its use, particularly in food packaging. Surface
coating with biodegradable polymers and antimicrobial nanomaterials has
emerged as an effective strategy to overcome these limitations while preserv-
ing the desirable characteristics of paper. Among antimicrobial nanomateri-
als, silver nanoparticles (AgNPs) have attracted considerable attention owing
to their broad-spectrum antibacterial activity. Green synthesis approaches
further enhance their sustainability by eliminating the need for hazardous
reducing agents, with hydroxyethly cellulose (HEC) serving as both a reducing
and stabilizing agent. In this study, AgNPs synthesized via an HEC-mediated,
autoclave-assisted one-pot green synthesis method were incorporated into a
polycaprolactone (PCL) matrix and applied onto paper substrates to improve
their functional performance. UV-Vis spectroscopy showed a characteristic
absorption band at approximately 430 nm, while DLS analysis revealed an av-
erage hydrodynamic particle size of 240 nm with a PDI of 0.303. PCL coating
formulations containing different amounts of AgNP were applied onto coarse
filter paper surfaces in two layers using a glass rod. The structural, thermal,
and surface properties of the coated papers were evaluated by ATR-FTIR
spectroscopy, thermogravimetric analysis (TGA), water contact angle, and
surface free energy measurements. The printability of the coated papers was
evaluated using an IGT C1 laboratory printing tester at a printing pressure of
350 N and a printing speed of 1 m min~" using Toyo Process Cyan ink. The col-
or properties of the papers before and after printing were determined using
an X-Rite eXact spectrophotometer, while surface gloss was measured using a
BYK-Gardner gloss meter. The developed PCL-AgNP coating system success-
fully combines biodegradability, antimicrobial functionality, and printability
while addressing the intrinsic barrier limitations of paper. This environmen-
tally friendly surface modification strategy demonstrates significant potential
for developing next-generation active paper-based food packaging materials
with enhanced functionality and industrial applicability.

KEY WORDS
Silver nanoparticles, green synthesis, polycaprolactone,
paper packaging, antibacterial coating

Filiz Kara

Baskent University, Faculty
of Engineering, Department
of Industrial Engineering,
Ankara, Turkiye



https://doi.org/10.24867/GRID‐2026-p74
https://orcid.org/0000-0002-5017-0783

GRID 2026 - Proceedings

1. Introduction

Paper-based materials are increasingly considered for
packaging applications because they are renewable,
recyclable, and biodegradable. However, the porous and
hydrophilic nature of cellulose-based paper limits its
resistance to moisture, oils, and gases, making uncoat-
ed paper unsuitable for many applications that require
effective barrier properties. Surface coating is commonly
used to overcome these limitations. Although petro-
leum-based polymers such as polyethylene provide effec-
tive protection, their use can reduce the biodegradability
and recyclability of paper. This has increased interest

in biodegradable polymers as more sustainable coating
materials for paper-based packaging (Adak et al., 2025).

Polycaprolactone (PCL) is a biodegradable aliphatic
polyester with good film-forming ability and relative-

ly hydrophobic character. These properties make PCL
suitable for coating cellulose-based substrates. PCL can
also serve as a polymer matrix for incorporating func-
tional agents, making it suitable for the development of
active coatings (Lo Faro et al., 2023). The properties of
biodegradable polymer coatings can be further mod-
ified through the incorporation of nanomaterials. In
particular, metal-based nanoparticles can improve the
functional performance of these coatings and provide
antimicrobial activity, extending their potential use

in active packaging systems (Vukoje & Bota, 2025).

Silver nanoparticles (AgNPs) have attracted considerable
interest in food packaging due to their strong antimicro-
bial activity against a broad range of microorganisms.
Their high surface-area-to-volume ratio and effectiveness
at relatively low concentrations make them suitable

for active packaging applications aimed at reducing
microbial contamination and extending food shelf life.

AgNPs can be incorporated into polymer matrices, bio-
degradable films, and surface coatings, making them
suitable for the development of functional packaging
materials. In addition to providing antimicrobial activity,
their incorporation may influence the barrier, thermal,
mechanical, and optical properties of the resulting
material. For paper-based packaging, AgNP-containing
polymer coatings therefore provide a useful approach
for combining the advantages of cellulose-based sub-
strates with additional functionality (Okur et al., 2025).

The synthesis method of AgNPs is also important for the
development of sustainable functional materials. Con-
ventional chemical synthesis generally requires reducing
and stabilizing agents, whereas green synthesis methods
aim to simplify nanoparticle production and reduce the
use of potentially harmful chemicals. Natural polymers
and cellulose derivatives can be useful in this respect
because their functional groups can interact with silver
jons and with the surface of the resulting nanoparticles.

Hydroxyethyl cellulose (HEC) is a water-soluble, non-ion-
ic cellulose derivative containing abundant hydroxyl
groups. HEC has previously been used as a polymeric
medium in the preparation of AgNPs and can contribute
to nanoparticle formation and stabilization (El-Sheikh

et al.,, 2013) . Its use is therefore suitable for preparing
AgNP dispersions that can subsequently be incorpo-
rated into polymer-based coating formulations.

Most studies on AgNP-containing papers have focused
primarily on antimicrobial or barrier properties. However,
adding nanoparticles to a coating can also change the
surface and optical characteristics of paper. These chang-
es are important when the coated material is intended
to be printed, since color and gloss contribute directly to
the appearance of the final product. The amount and dis-
tribution of nanoparticles within the coating may affect
the original color of the paper as well as its appearance
after printing (Todorova et al., 2024; Jung et al., 2018).
Evaluating these properties together with wettability and
thermal behavior can therefore provide a more com-
plete assessment of AgNP-containing paper coatings.

In this study, AgNPs were prepared by an HEC-mediated,
autoclave-assisted one-pot method and subsequently
incorporated into PCL coatings applied to coarse fil-

ter paper. Three different amounts of the AgNP were
used to examine their effect on the coated paper.

The resulting materials were evaluated in terms of
chemical structure, thermal behavior, water con-
tact angle, surface free energy, color, and gloss.
Color and gloss were also measured after printing
with cyan ink to determine how AgNP incorporation
affected the appearance of the printed surface.

2. Methods

2.1. Materials

Hydroxyethyl cellulose, polycaprolactone (Sigma-Al-
drich), and silver nitrate (AgNO,; ISOLAB Chemicals) were
used as raw materials. All solvents and other chemicals
used in the experiments were of analytical grade and
were used as received without further purification.

2.2. Green Synthesis and
Characterization of AgNPs

AgNPs were synthesized through a green, one-pot
autoclave-assisted method using HEC, without the
addition of conventional reducing agents or other
toxic chemicals. In this approach, HEC served as the
polymeric medium for AgNPs formation under auto-
clave conditions. First, 0.2 g of HEC was dissolved in
8 mL of deionized water with magnetic stirring.
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After complete dissolution, 4 mL of 0.4% (w/v) AgNO,
solution was added slowly, and the mixture was stirred
at 700 rpm for 5 min. The solution was then placed in
an autoclave (NUVE NC 90M) and heated at 120 °C and
15 psi for 50 min. A clear change in the color of the solu-
tion was observed after autoclaving, providing an initial
indication of AgNP formation through the reduction of
silver ions (Ag*) (Figure 1) (Venkatesham et al., 2014).
AgNPs formation was examined by UV-Vis spectrosco-
py over the wavelength range of 200—800 nm using

a Hitachi U-1800 spectrophotometer (Digilab, Tokyo,
Japan). The hydrodynamic particle size distribution was
determined by dynamic light scattering (DLS) using

a Zetasizer Nano ZS90 (Malvern Instruments, UK).

2.3. Preparation and Characterization
of P-PCL and AgNPs-Loaded Papers

A10% (w/v) PCL solution was prepared in 10 mL of
dichloromethane (DCM) under magnetic stirring. A

few drops of Tween 80 were added to facilitate homo-
geneous dispersion. HEC-AgNP dispersion was then
added separately to the PCL solution at volumes of 300,
600, and 1200 pL, and each mixture was thoroughly
mixed using a magnetic stirrer. A PCL solution without
HEC-AgNPs was prepared in the same manner as the
control coating solution. Coarse filter paper (P) (ISOLAB,
60 g/m?) was cut into 10 x 20 cm pieces. The prepared
coating solutions were poured onto the paper surfaces
and spread uniformly over the entire area. The papers
were dried at room temperature, and the coating pro-
cedure was repeated to obtain a second layer. After the
second application, the coated papers were completely
dried at room temperature. The paper coated with PCL
alone was designated as P-PCL, whereas the papers
coated with PCL containing 300, 600, and 1200 pL of
HEC-AgNP dispersion were designated as P-PCL-AgNP1,
P-PCL-AgNP2, and P-PCL-AgNP3, respectively (Figure 1).

The chemical structure of the uncoated and coated
papers was analyzed by ATR-FTIR spectroscopy using

a Thermo Nicolet iS10 spectrometer (Thermo Fisher
Scientific, USA). The spectra were recorded over the
range of 4000-600 cm™ with 32 scans at a resolution
of 4 cm™. The thermal behavior of the coated papers
was evaluated using a TGA 4000 thermogravimetric
analyzer (PerkinElmer, USA). The samples were heated
from 30 to 750 °C at a heating rate of 10 °C/min under
a nitrogen atmosphere. The water contact angles of
the coated paper samples were measured using a Pock-
et Goniometer PG-X, Version 3.4 (FIBRO Systems AB,
Sweden). A droplet of deionized water was placed on
the coated paper surface, and the droplet profile was
recorded using a CCD video camera. The water con-
tact angle was determined from the recorded droplet
images. The surface free energy of the coated paper
was subsequently calculated based on the measured
water contact angle in accordance with ASTM D5946.

» Figure 1: Schematic representation of AgNP synthesis,
preparation of coating formulations, and coating of
coarse filter paper

2.4. Printability, Color, and
Gloss Measurements

The printability of the coated paper samples was eval-
uated using an IGTC1 laboratory printing tester. Test
prints were produced using Toyo Process Cyan ink under
controlled printing conditions. The printing speed was
set at 1 m/min, while the applied printing pressure was
350 N. The same printing conditions were used for all
coated paper samples to ensure a consistent compar-
ison of their printing performance. The colors of the
coated papers before and after printing were measured
using an X-Rite eXact portable spectrophotometer in
accordance with 1SO 13655:2017. Color measurements
were performed using a 0°/45° geometry, a 2° standard
observer, and a D50 illuminant over the wavelength
range of 400—700 nm. The color coordinates were
expressed in the CIELAB color space as L*, a*, and b*,
where L* represents lightness, a* represents the red—
green chromatic coordinate, and b* represents the yel-
low—blue chromatic coordinate. The gloss of the coated
paper surfaces before and after printing was measured
using a BYK-Gardner gloss meter according to ISO 8254-
1:2009. Gloss measurements were reported in gloss
units (GU) using the specified measurement geometry.

3. Results

3.1. UV-Vis and DLS Analysis

The formation of AgNPs was evaluated by UV-Vis spec-
troscopy. The initially colorless HEC solution changed to
dark brown after the reaction, and the corresponding
UV-Vis spectrum showed a distinct absorption band
centered at approximately 430 nm. DLS measure-
ments showed an average hydrodynamic particle size
of 239.7 nm with a PDI value of 0.303 (Figure 2).
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» Figure 2: (a) UV-Vis absorption spectrum and (b) DLS particle size distribution of HEC-AgNPs

3.2. ATR-FTIR Analysis

The ATR-FTIR spectra of the uncoated paper (P),
PCL-coated paper (P-PCL), and AgNP-containing coated
papers (P-PCL-AgNP1, P-PCL-AgNP2, and P-PCL-AgNP3)
are shown in Figure 3. The spectrum of P showed a
broad band at 3338 cm™ and a C—H stretching band at
2902 cm™. A weak band was observed at 1647 cm™.
Several bands were also present at 1421, 1371, and 1313
cm™. Strong absorption bands were observed at 1161
and 1028 cm™, together with a band at 896 cm™.

After PCL coating, a new carbonyl band appeared at 1723
cm™ and a band was observed at 1242 cm™. The carbonyl
band was also present in the AgNP-containing samples
at 1723, 1728, and 1725 cm™ for P-PCL-AgNP1, P-PCL-Ag-
NP2, and P-PCL-AgNP3, respectively. The band around
1240 cm™ was observed at 1243 cm™ for P-PCL-AgNP1
and 1244 cm™ for P-PCL-AgNP2 and P-PCL-AgNP3. The
cellulose bands at around 1161-1163, 1028-1031, and
895-896 cm™ were retained in all coated samples. No
new bands or consistent shifts in the main band posi-
tions were observed after the addition of HEC-AgNPs.

» Figure 3: FTIR spectra of uncoated and coated papers

3.3. TGA-DTG Analysis

The thermal behavior of P-PCL and AgNP-containing
coated papers prepared using AgNPs synthesized in
the presence of HEC (P-PCL-AgNP1, P-PCL-AgNP2, and
P-PCL-AgNP3) was investigated by TGA and DTG (Fig-
ure 4a and 4b). The mass loss below 150 °C was 3.4%
for P-PCL, 1.6% for P-PCL-AgNP1, 2.9% for P-PCL-Ag-
NP2, and 4.2% for P-PCL-AgNP3. The main mass loss
occurred between approximately 250 and 500 °C.

In this region, two partially overlapping peaks were
observed in the DTG curves. The first DTG peak was
recorded at 354.7 °C for P-PCL, 360.6 °C for P-PCL-AgNP1,
361.2 °C for P-PCL-AgNP2, and 357.9 °C for P-PCL-AgNP3.
The second DTG peak occurred at 421.7, 425.7, 420.7, and
422.8 °C, respectively. The second DTG peak was more
pronounced for P-PCL-AgNP1 and P-PCL-AgNP2 than

for P-PCL and P-PCL-AgNP3. At 740 °C, the remaining
residues were 9.2% for P-PCL, 7.4% for P-PCL-AgNP1,
5.6% for P-PCL-AgNP2, and 9.3% for P-PCL-AgNP3.

3.4. Hydrophilicity and
Surface Free Energy

Representative water droplet images of the coated
paper samples are shown in Figure 5, while the water
contact angle and surface free energy values of all
samples, including the uncoated paper, are present-
ed in Table 1. The uncoated paper (P) had a water
contact angle of 18.0°, which increased to 72.0° after
PCL coating. The addition of AgNPs decreased the
contact angle to 49.5°, 48.4°, and 47.9° for P-PCL-Ag-
NP1, P-PCL-AgNP2, and P-PCL-AgNP3, respectively.

The surface free energy showed an opposite trend.
The value decreased from 58.6 mJ/m? for P to 39.0
mJ/m? for P-PCL and then increased to 47.2—47.7 mJ/
m? after AgNP incorporation. Only small differences
were observed among the AgNP-containing samples.
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(a)

» Figure 4: TGA (a) and DTG (b) curves of coated papers

(a) (b)

(c) (d)

» Figure 5: Representative water droplet images of (a) P-PCL, (b) P-PCL-AgNP1, (c) P-PCL-AgNP2, and (d) P-PCL-AgNP3

Table 1
Water contact angle and surface free energy
of uncoated and coated papers

Water contact Surface free
Sample
angle (°) energy (mJ/m?)

P 18.0 58.6
P-PCL 72.0 39.0
P-PCL-AgNP1 49.5 472
P-PCL-AgNP2 48.4 47.6
P-PCL-AgNP3 479 477

3.5. Color and Gloss Measurements

The CIELAB color coordinates of the unprinted and
printed paper samples are presented in Table 2. Before
printing, P showed L*, a*, and b* values of 89.43, 1.04,
and 4.03, respectively. After PCL coating, these values
were 91.52, 0.05, and 3.42, respectively. AgNP incor-
poration resulted in L* values of 89.28, 88.02, and
79.86 for P-PCL-AgNP1, P-PCL-AgNP2, and P-PCL-AgNP3,
respectively. The corresponding a* values remained
close to zero (0.03, 0.41, and -0.67), whereas the b*
values increased progressively from 13.35 to 14.39

and 16.65. After printing with cyan ink, the L* values
were 35.41 for P and 31.84 for P-PCL, while values of
38.01, 29.35, and 35.91 were obtained for P-PCL-Ag-
NP1, P-PCL-AgNP2, and P-PCL-AgNP3, respectively.

All printed samples showed negative a* and b* val-
ues. The b* value of P-PCL was -50.83 and became
progressively less negative with AgNP incorporation,
reaching -41.23, -38.72, and -31.07 for P-PCL-Ag-
NP1, P-PCL-AgNP2, and P-PCL-AgNP3, respectively.

The gloss values of the unprinted and printed paper
samples are shown in Figure 6. Before printing, the
gloss value increased from 5.3 GU for P to 17.8 GU
for P-PCL. The AgNP-containing samples showed
gloss values of 13.4, 11.2, and 8.7 GU for P-PCL-AgNP1,
P-PCL-AgNP2, and P-PCL-AgNP3, respectively. After
printing, the gloss value of P-PCL was 19.1 GU, while
values of 15.4, 13.3, and 9.9 GU were obtained for
P-PCL-AgNP1, P-PCL-AgNP2, and P-PCL-AgNP3, respec-
tively. The decreasing trend in gloss with increasing
AgNP addition was maintained after printing.

» Figure 6: Gloss values of the unprinted
and printed paper samples
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Table 2

CIELAB color coordinates of the unprinted and printed paper samples

Sample Before printing L* a* b* After printing L* a* b*
P 89.43 1.04 4.03 35.41 -11.64 -49.20
P-PCL 91.52 0.05 3.42 31.84 -7.85 -50.83
P-PCL-AgNP1 89.28 0.03 13.35 38.01 -13.05 -41.23
P-PCL-AgNP2 88.02 0.41 14.39 29.35 -12.81 -38.72
P-PCL-AgNP3 79.86 -0.67 16.65 35.91 -11.48 -31.07

4. Discussion

The color change from colorless to dark brown and

the appearance of an absorption band at approxi-
mately 430 nm indicate the formation of AgNPs. The
absorption band is attributed to the surface plasmon
resonance (SPR) of AgNPs, which is generally observed
in the 400-500 nm region and is associated with the
reduction of Ag* ions and formation of metallic silver
nanoparticles (Ashraf et al., 2016). SPR bands within
approximately 410-450 nm has also been common-

ly reported for spherical AgNPs (Zaheer & Rafiuddin,
2012). DLS analysis showed an average hydrodynamic
particle size of 239.7 nm with a PDI of 0.303. Since DLS
measures the hydrodynamic diameter of particles in
dispersion, the measured size includes the nanoparticle
together with its associated surface layer and surround-
ing solvated components. The PDI value indicates a
moderately polydisperse particle population rather than
a highly uniform size distribution (Wang & Wei, 2022).

The FTIR spectrum of the uncoated paper showed the
characteristic bands of cellulose (Figure 3). The broad
band at 3338 cm™ is assigned to O—H stretching, while
the band at 2902 cm™ is related to C—H stretching. The
weak band at 1647 cm™ can be associated with adsorbed
water in the cellulose structure. The bands at 1421 and
1371 cm™ are related to CH, scissoring and C—H bending
vibrations, respectively. The band at 1161 cm™ is assigned
to asymmetric C—O—C stretching of the glycosidic linkage,
while the band at 1028 cm™ is related to C—O stretching of
the pyranose ring. The band at 896 cm™ is characteristic
of the B-glycosidic linkages of cellulose (Oh et al., 2005).

The main change after PCL coating was the appearance
of a strong band at 1723 cm™, assigned to ester C=0
stretching of PCL, together with a band at 1242 cm™
associated with asymmetric ester C—O—C stretching
(Elzein et al., 2004). These bands were also observed
in all AgNP-containing samples, indicating the pres-
ence of PCL in the coated papers. The cellulose bands
around 1160, 1030, and 896 cm™ remained visible after
coating. HEC is a cellulose ether, and its main FTIR
bands overlap with those of the cellulose-based paper
(Refaat et al., 2023). Therefore, HEC cannot be clearly
distinguished from the paper substrate in the spectra.

The addition of HEC-AgNPs did not produce new

bands or consistent shifts in the main PCL and cellu-
lose bands. Small differences were observed mainly in
band intensities at 1723 cm™. These differences may be
related to variations in the amount and distribution of
the coating within the analyzed area. Overall, the FTIR
results showed that the characteristic PCL and cellulose
bands were retained after HEC-AgNP incorporation.

The TGA/DTG profiles of all samples showed a similar
multi-step degradation pattern, which can be related

to the presence of the cellulose-based paper substrate
together with HEC and PCL. AgNP incorporation did not
substantially alter the overall shape of the degradation
profile, although some differences were observed in the
degradation temperatures and DTG peak intensities.
The mass loss below 150 °C can mainly be attributed to
the removal of adsorbed and hydrogen-bonded water.

The hydrophilic hydroxyl groups of cellulose ethers
contribute to water retention within the structure, and
a similar low-temperature mass loss associated with
retained moisture has been observed in HEC-based
materials (Zor et al., 2024) . The lower mass loss of
P-PCL-AgNP1 and P-PCL-AgNP2 compared with P-PCL
may be related to interactions between AgNPs and
hydroxyl groups in the polymer chains, which can affect
water retention within the structure (Orsuwan, 2023).

In contrast, P-PCL-AgNP3 showed a higher mass loss in
this region. This difference may be associated with vari-
ations in sample composition and the number of hydro-
philic groups available for interaction with water. The
first DTG peak appeared between 355 and 361 °C, which
falls within the main thermal degradation range of cel-
lulosic materials. Cellulose degradation generally occurs
between approximately 315 and 400 °C and involves
cleavage of glycosidic bonds and breakdown of the poly-
mer chains (Yang et al., 2007). Therefore, the first DTG
peak can be mainly associated with the degradation of
the cellulose-based paper substrate and HEC. Compared
with P-PCL, which showed this peak at 355 °C, the peak
shifted to 361 °C for both P-PCL-AgNP1 and P-PCL-AgNP2
and to 358 °C for P-PCL-AgNP3. These small shifts to high-
er temperatures may result from interactions between
AgNPs and the surrounding polymeric structure.
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The effect of AgNPs on thermal degradation can vary
depending on the polymer matrix and nanoparti-
cle—polymer interactions, and changes in degradation
temperature (Ramos et al., 2014; Orsuwan, 2023). The
second DTG peak, observed between 421 and 426 °C,
can be mainly associated with PCL degradation. The
thermal degradation of PCL involves random chain
scission followed by successive depolymerization from
the chain ends, with e-caprolactone formed during
the degradation process (Persenaire et al., 2001).

The second peak occurred at 422 °C for P-PCL and

at 426, 421, and 423 °C for P-PCL-AgNP1, P-PCL-Ag-
NP2, and P-PCL-AgNP3, respectively. Since the peak
temperature did not show a consistent increase after
AgNP incorporation, AgNPs had no clear systematic
effect on the degradation temperature of PCL. The
more pronounced second DTG peak for P-PCL-AgNP1
and P-PCL-AgNP2 indicates a higher degradation rate
in this temperature region. This difference may be
related to the coating composition and the distribu-
tion of AgNPs within the polymer matrix. The residue
remaining at 740 °C ranged from approximately 6% to
9% and did not show a consistent change with AgNPs
incorporation. The final residue may include carbona-
ceous products formed during the degradation of the
cellulose-based components together with thermally
stable silver-containing material (Ramos et al., 2014).

The differences among the samples may therefore result
from both the coating composition and the amount

of carbonaceous residue formed during thermal deg-
radation. Overall, AgNP incorporation did not change
the main multi-step degradation profile of the coat-
ed papers. The first DTG peak shifted slightly toward
higher temperatures, whereas no consistent change
was observed in the second peak associated mainly
with PCL degradation. These results suggest that AgNP
incorporation caused only minor changes in the ther-
mal degradation behavior of the coated papers with-
out markedly affecting their overall thermal profile.

The uncoated paper (P) showed a low water contact
angle (18.0°), which can be related to the hydrophilic
hydroxyl groups of cellulose and the porous structure of
the paper. After PCL coating, the contact angle increased
to 72.0° for P-PCL, showing the lower wettability of the
PCL-coated surface. This increase is consistent with the
relatively hydrophobic character of PCL. However, the
contact angle remained below 90°, which is general-

ly associated with hydrophilic wetting behavior (Law,
2014). AgNP incorporation decreased the water con-
tact angle to 49.5°, 48.4°, and 47.9° for P-PCL-AgNP1,
P-PCL-AgNP2, and P-PCL-AgNP3, respectively. The lower
contact angles indicate improved wettability of the
AgNP-containing coated surfaces compared with P-PCL.
This change may be associated with the modification of
the surface characteristics after AgNP incorporation.

Since the AgNPs were incorporated as an HEC-based
dispersion, the hydroxyl-rich structure of HEC may also
contribute to the increased interaction of the coated
surface with water (Bellen et al., 2023). Only small differ-
ences in contact angle were observed among the three
AgNP-containing samples. The surface free energy results
followed the opposite trend to the water contact angle.
PCL coating decreased the surface free energy from 58.6
mJ/m? for P to 39.0 mJ/m? for P-PCL. After AgNP incorpo-
ration, the values increased to 47.2, 47.6, and 47.7 mJ/m?
for P-PCL-AgNP1, P-PCL-AgNP2, and P-PCL-AgNP3, respec-
tively. The increase in surface free energy, together with
the decrease in water contact angle, indicates improved
wettability of the AgNP-containing coated papers.

The incorporation of AgNPs affected the optical appear-
ance of the PCL-coated paper. While the uncoated
paper exhibited a relatively neutral appearance, AgNP
incorporation resulted in a progressive increase in
positive b* values, indicating a gradual shift toward
yellowish tones (P-PCL-AgNP3, b* =16.65). This con-
centration-dependent optical change can be associ-
ated with the presence of AgNPs within the coating
layer. The incorporation of AgNPs can affect the opti-
cal characteristics of coated paper, and the resulting
changes may depend on the amount and distribution
of nanoparticles within the coating (Todorova et al.,
2024; Jung et al., 2018). The increase in yellowness was
accompanied by a decrease in L* at the highest AgNP
addition (P-PCL-AgNP3, L* = 79.86). Thus, the highest
AgNP formulation produced the most pronounced yel-
lowish and darker appearance among the investigated
coatings. This behavior can be attributed to the optical
contribution of the AgNP-containing layer. However,
AgNP concentration alone may not determine the final
color, since particle size, aggregation state, dispersion,
and coating structure can also influence the optical
response of nanoparticle-containing films and coatings.

Therefore, the observed color changes can be interpret-
ed as a concentration-dependent optical response of
the PCL-AgNP coating. The effect of AgNP incorporation
was also evident in the surface gloss. PCL application
increased the gloss compared with the uncoated paper
(17.8 vs. 5.3 GU). However, increasing AgNP addition
progressively reduced the gloss, with the lowest val-

ue obtained for P-PCL-AgNP3 (8.7 GU). The gloss of
nanoparticle-coated paper surfaces is closely related to
surface topography, as changes in the coating structure
can influence specular reflection (Samyn et al., 2016).
Accordingly, the reduction in gloss with increasing AgNP
addition may be associated with changes in the surface
structure and light-scattering characteristics of the PCL
coating. The same concentration-dependent tendency
was retained after printing. Although the cyan printing
ink dominated the absolute color coordinates, the pro-
gressive increase in b* from P-PCL (-50.83) to P-PCL-Ag-
NP1 (-41.23), P-PCL-AgNP2 (-38.72), and P-PCL-AgNP3
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(-31.07) indicates that increasing AgNP addition shifted
the printed surface toward less negative b* values. In
other words, the printed samples became progressively
less blue as the AgNP addition increased. This indicates
that the optical characteristics of the underlying func-
tional coating were still reflected in the final printed
appearance, despite the strong contribution of the cyan
ink. The post-print gloss values showed a similar trend.
P-PCL exhibited the highest gloss value (19.1 GU), where-
as the gloss decreased with increasing AgNP addition,
reaching the lowest value for P-PCL-AgNP3 (9.9 GU).

The retention of the same decreasing tendency after
printing suggests that the reduction in surface gloss orig-
inated primarily from the coated substrate rather than
from the printing step itself. Differences in the surface
structure and optical roughness of nanoparticle-contain-
ing paper coatings can influence their gloss characteris-
tics (Samyn et al., 2011). Overall, the results demonstrate
a concentration-dependent effect of AgNP incorporation
on both color and gloss. Increasing AgNP addition pro-
duced progressively more yellowish coating surfaces
while reducing gloss. After printing, the cyan ink became
the dominant contributor to the measured color coordi-
nates; nevertheless, the systematic shift toward less neg-
ative b* values with increasing AgNP addition indicates
that the underlying functional coating continued to influ-
ence the final printed appearance. These findings are
particularly relevant for active packaging papers, where
AgNP addition should be considered not only in relation
to functional performance but also to the optical char-
acteristics and print appearance of the final substrate.

5. Conclusions

HEC-mediated AgNPs were successfully incorporated into
PCL coatings and applied to coarse filter paper. The addi-
tion of AgNPs did not alter the main chemical structure
or thermal degradation profile of the PCL-coated papers,
but it affected their surface and optical properties.
Compared with PCL alone, the AgNP-containing coatings
showed lower water contact angles and higher surface
free energy, indicating improved surface wettability.
Increasing AgNP addition also resulted in a more yellow-
ish appearance and a gradual decrease in surface gloss.

The effect of the coating composition remained vis-
ible after printing. Although cyan ink dominated the
color of the printed samples, differences associated
with AgNP addition were still observed, particularly in
the b* values and gloss. Overall, the results show that
AgNPs can be incorporated into PCL-coated paper while
maintaining the main structural and thermal charac-
teristics of the coating. At the same time, the changes
in wettability, color, and gloss indicate that the amount
of AgNPs should be considered when such coatings
are intended for printed paper-based applications.
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