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Light-Driven Structural Detachment and Controlled Release
in Smart Antibacterial Multilayer Platforms

Zuzanna J. Krysiak, Daniel Rybak, Tetuko Kurniawan, Anna Zakrzewska,

and Filippo Pierini*

Smart materials, especially light-responsive, have become a key research area
due to their tunable properties. It is related to the ability to undergo physical
or chemical changes in response to external stimuli. Among them,
photothermal responsive materials have attracted great interest. This study
focuses on the development of a multilayer system (MS) consisting of
benzophenone-modified polydimethylsiloxane (PDMS) ring and a
thermo-responsive core made of poly(N-isopropylacrylamide-co-N-
isopropylomethacrylamide) (P(NIPAAm-co-NIPMAAm)), gelatin, and gelatin
methacrylate (GelMA). The system utilizes the thermal sensitivity of
P(NIPAAm-co-NIPMAAm) and the photothermal effect of gold nanorods
(AuNRs) to achieve an on-demand controlled release mechanism within 6 min
of near-infrared (NIR) light irradiation. The mechanical properties investigated
in the compression test show significant improvement in MS, reaching 60
times greater value than the material without a PDMS ring. In addition, NIR

1. Introduction

For a few decades, the field of smart
materials has seen extreme growth, and
new solutions are being sought.'!l Stimuli-
responsive materials attract the most at-
tention as they undergo physical/chemical
modification when exposed to external
stimuli.?] Heat, light,?) pH,[*3] electricity,!®]
and mechanical stress!’”! are used to in-
duce the desired action in the smart
materials. These tunable properties bene-
fit many applications, such as actuators,
sensors,®! smart textiles,[) and biomedical
materials.['%) Smart materials are fabricated
mainly based on polymers, hydrogels,!!
and carbon-based components.[1213]

irradiation for 15 min activated the antimicrobial properties, eliminating
99.9% of E. Coli and 100% of S. Aureus, thus presenting pathogen eradication.
This platform provides a versatile methodology for developing
next-generation smart materials, advanced delivery mechanisms, and
multifunctional nanostructured composites. This work highlights the
potential of photosensitive materials to revolutionize the field of soft robotics,
optics and actuators, and on-demand systems by providing precise control

over release dynamics and improved material properties.
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Hydrogels are easy-to-process, 3D net-
works with great porosity,['* enabling the
bonding of molecules within the hydrogel
matrix.['>1®) Among many hydrogels, the
group of thermo-sensitive is commonly
reported on the topic of smart materials.[*”]
The response phenomena are related to
the volume phase transition temperature
(VPTT) in which the phase separation
occurs above the critical temperature.[>1819]
Poly(N-isopropylacrylamide) (PNIPAAm),
frequently used for smart hydrogel man-
ufacturing, has VPTT at ~32 °C.[2021]
The hydrogel matrix shrinks above this temperature, chang-
ing properties from hydrophilic to hydrophobic. It is attributed
to the rearrangement of hydrogen bonds, which is reversible;
the formation of inter- and intrachain hydrogen bonds be-
tween the amide groups occurs as the water-polymer bonds are
broken.[?2] The critical temperature can be shifted by blend-
ing PNIPAAm with other polymers. For instance, copolymer-
ization with poly(N-isopropylomethylacrylamide) (PNIPMAAm)
with VPTT ~42 °C leads to the VPTT increase to ~#33-34 °C.[2324]
To facilitate the application of the thermal sensitivity of hydro-
gels, plasmonic particles are incorporated into the bulk of the
material to induce cascade stimuli response behavior.[22¢] The
gold nanoparticles irradiated with light with a dedicated wave-
length activate the surface plasmon resonance (SPR).[?’] There-
fore, the NIR light is converted into local heat and triggers
the thermal response of the hydrogel.l?] The physical changes
in the hydrogel matrix are generated, affecting its mechanical
properties.[29-32]
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Figure 1. The step-by-step preparation scheme presents PDMS mold manufacturing, PDMS mold modification, and MS fabrication.

The search for new strategies in on-demand systems is es-
sential due to its potential to revolutionize the smart materi-
als market.****] Innovative materials can provide superior me-
chanical properties or more precise release mechanisms.!?>3¢]
Thermo-responsive materials are already broadly used in on-
demand release systems,*”! particularly drug delivery materials.
These systems operate by rearranging the material’s bulk struc-
ture in response to external stimuli, enabling the controlled re-
lease of drugs encapsulated within hydrogels according to spe-
cific needs.’®*] However, current release systems are based on
small molecule/drug entrapment, thus lacking the possibility to
release a greater part of the manufactured system!***!l and be ap-
plied as soft robotics, actuators, or optics.[*?!

In this study, we developed a multilayer system (MS) con-
sisting of a polydimethylsiloxane (PDMS) ring modified with
benzophenone (BP) and the inner part made of P(NIPAAm-
co-NIPMAAm), gelatin and gelatin methacrylate (GelMA).
P(NIPAAm-co-NIPMAAm) was selected according to its thermal
properties, which, together with gold nanorods (AuNRs), create
an on-demand release system. The morphology of each layer of
MS was investigated together with the chemical composition. A
compression test was performed to discuss the mechanical prop-
erties of MS. NIR irradiation increased the temperature of sam-
ples and induced the detachment and release of the P(NIPAAm-
co-NIPMAAm) layer. The photothermal effect activates bacterial
eradication. The MS irradiated with NIR lightkilled E. Coli and S.
Aureus, showing exceptional antimicrobial properties. This work
presents the methodology for fabricating an adjustable system

Macromol. Mater. Eng. 2025, 2400462 2400462 (2 of 9)

for the on-demand release of the hydrogel. By harnessing light-
responsiveness, a new generation of nanostructured composites
is being designed to accelerate the release and provide the desired
properties of the material.

2. Results and Discussion

The MS for on-demand detachment and hydrogel release was
manufactured using the multistep procedure. First, the polycar-
bonate (PC) mold was milled to fabricate the negative shape of
the PDMS ring, which was molded in the next step. After curing
with the temperature, the PDMS ring was modified with BP to
crosslink the PDMS with the bottom layer of MS-GelMA. Then,
the middle layer of gelatin and the top layer of P(NIPAAm-co-
NIPMAAm) were prepared (Figure 1).

2.1. Physicochemical Properties

The structure of thermo-responsive MS was evaluated with field
emission scanning electron microscopy (FE-SEM). Each layer
is composed of an interconnected porous network with the
pore size 14.89 + 5.18, 9.46 + 1.99, and 16.05 + 6.91 pm, re-
spectively, for P(NIPAAm-co-NIPMAAm), GelMA and gelatin
(Figure 2A-C). These 3 materials are categorized as microp-
orous hydrogels, facilitating the loading and release of drugs or
other active agents and enhancing the diffusion of molecules.!*}]

© 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

35UBD| 7 SUOWILLOD BAIIERID 3(qedt|dde ays Aq pausenob ae sajoNe YO ‘9sn JO SajnJ 10} AriqiT auljuQ A3|IM UO (SUOIIPUOD-PUR-SWBIW0D AS | 1M AlRIq 1 U1 |UO//SANY) SUO R IPUOD pue SWS | 8U) 88S *[5202/€0/0T ] U ARl auluQ A3IM ' NVd 11UY9S L MOWR qoid YoAmomespod 1niAisu| - utisid oddiji4 Aq Z9v00t20z aWew/Z00T 0T/I0p/od’ A3 | 1M Areiq 1 puljuo//sdny WwoJ) papeoiumod ‘0 ‘YS0Z6srT


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

{M}%br

Materials and Enging

Open Access,

www.advancedsciencenews.com

www.mame-journal.de

Gelatin

400
D P(NIPAAm-co-NIPMAAm, E F —rT
350 —— MS_wo_PDMS
- - - gl
3 3 30043
S, S, PDMS_BP - £
P GelMA 8 3250.""
o
c s =,
©
= E §200-4 Strain (%)
£ i £ PDMS 5 150
g g o
[ = 100
50
- . ; : - - . T T y y T y T 0 . : : . - :
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500 0 10 20 30 40 50 60 70

Wavenumber [cm™]

Wavenumber [cm™]

Strain [%]

Figure 2. FE-SEM micrographs of the inner part of MS: A) P(NIPAAm-co-NIPMAAm); B) GelMA, and C) gelatin. D) FT-IR spectra of the inner part of
MS and E) of the pristine PDMS ring and modified with BP. F) Representative compressive stress—strains curve of MS and MS without PDMS ring.

Gelatin has the most significant pore irregularity in shape
and size (Figure 2C), while GeIMA shows the greatest ho-
mogeneity (Figure 2B). The crosslinking of P(NIPAAm-co-
NIPMAAm) and GelMA precursors provided more structure reg-
ularity than gelatin.** Further material characterization was per-
formed with furier transform infrared spectroscopy (FT-IR; oc-
curs Figure 2D,E). The spectra of each layer were similar, and
the chemical composition of the used material was comparable.
However, there are slight shifts within peak positions and differ-
ences in intensity. For P(NIPAAm-co-NIPMAAm), at 2969 and
2874 cm™', there are peaks related to the asymmetrical and sym-
metrical stretching of C—H. The stretching frequency of C=0 ap-
pears at 1640 cm~'.[*’] The peak characteristic for amide bond is
at 1539 cm™! for both GelMA and gelatin. The O—H stretching vi-
bration frequency is at 3289 cm™ for gelatin, while for GelMA, it
is slightly shifted to 3281 cm™!. The peaks related to the N—H and
C—H are located at 3071 and 2931 cm™!, respectively.l*®] For pris-
tine PDMS, the asymmetric stretching of Si—O—Si is detected
at 1059 and 1010 cm™!, while the asymmetric stretching vibra-
tion of Si—CHj is at 787 cm™. In the spectra of PDMS modified
with BP, those peaks remain almost unshifted, except 1059 cm™
moved to 1073 cm™' due to the modification with BP.[*78] The
C=C stretching vibration from the aromatic ring of benzophe-
none occurs between 1600-1400 cm™!.[4]

Hydrogels are known for their low mechanical strength and
being soft and flexible, for example, P(NIPAAm-co-NIPMAAm).
Therefore, improvement of those properties would be benefi-
cial for various applications.>®! Figure 2F shows representative
compression—stress curves. To analyze the effect of PDMS on
MS, the samples without PDMS (MS_wo_PDMS) were com-
pressed. For this purpose, the PDMS ring was cut off from the
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samples, and the inner part was tested. The elastic modulus
of MS was =60 times greater than for MS_wo_PDMS, reach-
ing 425.5 + 19.7 and 7.8 + 1.1 kPa, respectively. Zheng and co-
workers reached a similar level of magnitude of elastic modulus
for pristine PNIPAAm.®! Thus, ensuring that the PDMS ring
enables MS manufacturing and maintains structural integrity.

2.2. Photothermal Characterization and On-Demand Release of
Hydrogel

The photothermal effect of MS was investigated for various hy-
drogel precursor to AuNRs ratios and under different laser pow-
ers. The tested ratios were 2.5:1, 5:1, 7.5:1, and 10:1, while the
evaluated laser power was 1, 1.5, 2, and 2.5 W ¢cm~2. The ther-
mal response was possible (Figure S1A, Supporting Informa-
tion), as AuNRs absorb energy in the NIR region and transfer
it to the heat.l>?l The time-temperature profile follows the same
pattern regardless of the number of plasmonic particles incorpo-
rated into the hydrogel and laser power, showing a temperature
increase proportional to the AuNRs amount and laser power. The
more plasmonic particles were incorporated into the P(NIPAAm-
co-NIPMAAm) hydrogel, and the higher laser power was used,
the more the temperature increase was accelerated, reaching
greater values (Figure 3A,B).I3] The correlation between the AT
and both hydrogel precursor to AuNRs ratio and laser power was
linear (R?=0.990 and R?=0.986, respectively); see Figure 3C,D.
The optimization process of thermal response of MS was cru-
cial to finding the balance between the AuNRs content, laser
power, affecting the time of irradiation and reached tempera-
ture. The AuNRs triggered by the NIR light generated heat and
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Figure 3. Photothermal optimization of the material. A) Temporal plots of different hydrogel precursor to AuNRs ratio-temperature dependence over
time using constant laser power: 2 W cm™2. B) Temporal plots of laser power—temperature dependence over time using constant hydrogel precursor to
AuNRs ratio 5:1. C) Linear plot of hydrogel precursor to AuNRs ratio and AT dependence. D) Linear plot of laser power and AT dependence. E) Panel
with thermal camera images showing the MS and control samples without the AuNRs (MS_AuNRs(-)) temperature before and after 1, 2, 3, 4, 5, and 6

min of laser irradiation. The scale baris 5 mm.

locally increased the hydrogel temperature above VPTT, leading
to the transition from hydrophilic to hydrophobic. Once the tem-
perature exceeded 35 °C, the P(NIPAAm-co-NIPMAAm) matrix
started shrinking, and gelatin was dissolved, enabling hydrogel
release from the MS.[*5% The hydrogel to AuNRs ratio equal to
5:1 and laser power to 2 W cm~2 was selected as the most ef-
ficient for on-demand release, see Figure 3E. After 100 s of ir-
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radiation, the sample reached ~35 °C (Figure 3A,B). Therefore,
the releasing process started, reaching ~45 °C within the next
260 s irradiation, and then the P(NIPAAm-co-NIPMAAm) hy-
drogel could be detached from the MS (Figure 3A,B,E; Figures
4A-D and S1A, Supporting Information). Moreover, when the
sample without a gelatin layer was exposed to the NIR irradi-
ation, the hydrogel release did not occur (Figure 4E-H); even

© 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 4. On-demand detachment and release of hydrogel from MS. A) Schematic of MS irradiated with NIR light; Images of MS in 24-well plate at B)
beginning of irradiation, C) after 6 min of irradiation, and D) after the release of hydrogel (top layer of the MS). E) Schematic of MS without gelatin
irradiated with NIR light; Images of MS in 24-well plate at F) beginning of irradiation, G) after 6 min of irradiation, and H) after sample removal from
the well plate.

Macromol. Mater. Eng. 2025, 2400462 2400462 (5 of 9) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

SUONIPUOD PU. SWS | 34} 39S *[5202/80/0T] U0 A%eiq1T3UIUO ABIIM * NV IMIILOS L MOWR G0 UoAMOMEISPOd IIAISU - ubidid oddiliH AQ 295001202 SULeW/Z00T OT/I0PALI0D" A8 | 1M Ated U uo//:SARY WO papeojumoa ‘0 ‘vS026erT

fo A

85US017 SUOLIWOD 9A 181D 3(ceal (dde auy Ag pauenof ake sajo ke O ‘asn Jo sa|n oy Akeiqi] auluQ AS|IMm uo


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

‘EM}%U

Materials and Engi

Open /

www.advancedsciencenews.com

E. Coli
p— |
A T, -
©
2
S 10,
=}
(7]
©
= 14
(]
whd
O
©
m
0.1
No NIR NIR
E. Coli
C
-
1
— 1
2
L od
€ |
(]
O 1
1
1
I
I
|
1
2
=
1
I
|
I

www.mame-journal.de

S. Aureus

100§

-
o
L

Bacterial survival [%]

o
-
L

No NIR NIR

S. Aureus

Figure 5. Photothermal inactivation of bacteria in contact with MS irradiated under NIR light. Survival percentage of A) E. Coli and B) S. Aureus in contact
with the MS after 15 min of NIR irradiation or no irradiation. Bacteria suspension was used as a control. C) Images of representative plates of bacterial
colonies grown on LB agar plates for each condition. Data are presented on a logarithmic scale as mean + standard deviation.

the thermal effect remained unchanged (Figure S1B, Support-
ing Information). The BP was used as a crosslinker between
the PDMS and GelMA.551 The Schiff base reaction occurs be-
tween the P(NIPAAm-co-NIPMAAm) and GelMA during the
sample processing.[5®! Therefore, the gelatin was used as a mid-
dle layer of MS to create a barrier between the P(NIPAAm-co-
NIPMAAm) and GelMA to block the bonding formation and en-
able the on-demand release of hydrogel (Figure 4A-D). These
findings provide valuable insights for developing advanced mate-
rials with customizable photothermal response that enables hy-
drogel’s controlled, on-demand release through precise laser ir-
radiation.

2.3. Antibacterial Properties

The antibacterial properties of smart materials are essential for
reducing the spread of pathogens. These materials can inhibit
bacterial growth on surfaces, lowering the risk of contamination
and reducing the need for chemical disinfectants. E. Coli and
S. Aureus, representing gram-positive and gram-negative strains,
were selected for verification of the pathogen eradication by the

Macromol. Mater. Eng. 2025, 2400462 2400462 (6 of 9)

MS. Moreover, they are the most common strains for antibacte-
rial studies. Plasmonic particles incorporated into the polymeric
material and irradiated with the NIR enable local temperature
increase, thus killing bacteria.>*’->°] However, in the case of wet
samples immersed in the bacteria suspension, the laser power
has to be increased compared to the dry samples (Figure 3). Af-
ter 15 min of irradiation with the contact with MS and reaching
59-62 °C, E. Coli growth was inactivated to 3 log units (the detec-
tion limit), showing only 0.1% of survived bacteria (n = 3, Figure
5A). The qualitative test of S. Aureus growth inhibition presented
100% killing of bacteria (n = 3, Figure 5B), while the obtained
temperature was 56-61 °C. The representative plates of bacteria
on MS after irradiation with NIR light demonstrate a few colonies
(Figure 5C), confirming the antibacterial properties of MS. The
slight difference between the qualitative and quantitative assays
for S. Aureus in the case of MS irradiated with NIR may appear
because the number of bacteria colonies to be detected was lim-
ited. The volume of bacterial suspension used for representative
plates was greater than that used for the qualitative study. Thus,
those four visible colonies could grow (Figure 5C). Moreover, bac-
teria growth was slightly reduced for the non-irradiated MS com-
pared to the controls. This phenomenon is attributed to the BP
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entrapped in the PDMS ring. The BP is able to target bacte-
rial membranes, resulting in its depolarization. Therefore, it was
used to synthesize benzophenone-based membrane-targeting
antibiotics, effective even against MRSA (methicillin-resistant
Staphylococcus aureus) and VRSA (vancomycin-resistant Staphy-
lococcus aureus).[*61] The significance of this study lies in demon-
strating an innovative antibacterial strategy using plasmonic
smart materials to effectively eliminate bacteria pathogens upon
NIR irradiation.

3. Conclusion

This work described the development and characterization of
the MS composed of P(NIPAAm-co-NIPMAAm), gelatin, and
GelMA, with an on-demand hydrogel release with antibacte-
rial properties. The production method is simple and based on
the photo-crosslinking of P(NIPAAm-co-NIPMAAm) and GelMA
precursors. Plasmonic nanoparticles incorporated into the top
layer of MS induce a photothermal effect when the sample is ex-
posed to NIR light. The heating performance increased within
greater AuNRs to hydrogel ratio and higher laser power. Across
different ratios between the plasmonic nanoparticles and hydro-
gel and laser power, the most efficient conditions for the on-
demand hydrogel release from MS were selected.

The hydrogel to AuNRs ratio was set at 5:1, and laser power
was equal to 2 W cm~2. Within those parameters and 6 min
of NIR irradiation, the P(NIPAAm-co-NIPMAAm) layer was re-
leased. Also, this work proved that the gelatin layer was essential
for the on-demand detachment and release. The photothermal
effect was efficient enough to kill 99.9% of E. Coli and 100% of S.
Aureus, showing excellent antimicrobial properties of MS. More-
over, the antimicrobial effect was enhanced by the BP incorpo-
rated into the PDMS ring. The described study presents the ma-
terial with tunable and bacterial eradication properties for the on-
demand detachment and release of one of the MS layers, which
could be used in soft robotics, optics, and actuators. This work
introduces a novel material that, unlike most recent studies, fa-
cilitates the release of the whole part of MS, not only the active
agents incorporated into the material matrix. In the future, more
advanced systems will be manufactured using 3D printing for
more precise design. Moreover, apart from plasmonic particles,
short fibers or active agents could be incorporated into the hy-
drogel matrix to broaden the properties of materials and their
application area.

4. Experimental Section

To prepare MS PDMS (Sylgard 184 Silicone Elastomer Kit, Dow Europe,
Germany), gelatin type A (Sigma-Aldrich, Poland), phosphate buffered
saline (PBS, pH =7.4, Sigma-Aldrich, Poland), methacrylic anhydride
(2000 ppm topanol A as inhibitor, 94%, Carl Roth, Poland), 2-hydroxy-4'-
(2-hydroxyethoxy)-2-methylpropiophenone (Igracure 2959, 98%, Sigma—
Aldrich, Poland), gelatin from porcine skin (Sigma—-Aldrich, Poland),
N,N-isopropylacrylamide (NIPAAm, 97%, Sigma—Aldrich, Poland), N-
isopropylmethacrylamide (NIPMAAm, 97%, Sigma-Aldrich, Poland),
N,N’-methylene-bis-acrylamide (BIS-AAm, 99.5%, Carl Roth, Poland), gold
nanorods (AuNRs, Aa = 805 nm, O.D. = 50, AuNR ~ 1 mg mL~T,
nanoComposix, USA), benzophenone (BP, 99%, Carl Roth, Poland), ace-
tone (99%, Chemsolute, Th. Geyer, Poland), trichloro(1H, 1H, 2H, 2H-
perfluorooctyl)silane (97%, Sigma—Aldrich, Poland) were used.
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GelMa Synthesis:  Gelatin was reacted with methacrylic anhydride to
synthesize GelMA. Gelatin was dissolved in phosphate buffer (PBS; pH
7.5) at 50 °C to obtain 10% w/v solution. After the complete dissolution of
the gelatin, 5 mL methacrylic anhydride was added dropwise under vigor-
ous stirring and protected from the light. After 2 h of reaction, the mixture
was diluted with 300 mL of warm PBS (37 °C), dialyzed (MWCO = 12 kDa)
for 10 days against distilled water (DI) at room temperature, and finally
freeze-dried.

Preparation of GelMA and Gelatin Solution: GelMA was dissolved in
the DI water at 40 °C to obtain 6% w/v. Prior to adding the Irgacure 2959
to the GelMa solution, the stock solution was prepared by dissolving the
photoinitiator at 10 mg mL~" in DI water at 70 °C. The Irgacure 2959 so-
lution was added to the GelMA solution to obtain the final concentration
of 0.05% w/v. Gelatin was dissolved in the DI water at 40 °C to obtain 2%
w/v.

Preparation of the Hydrogel Precursor Solution With AuNRs:  The hydro-
gel precursor solution (4.8% w/v) was prepared by mixing 578.1 mg of NI-
PAAm, 15.6 mg of NIPMAAm, 31.2 mg of BIS-AAm, 12.5 mg of Irgacure
2959 and dissolved in: 7.14, 8.33, 8.83, and 9.1 mL of DI water. A gold
nanorod suspension, sonicated for 10 min, was added to the hydrogel
precursor solution in a proportion of 1:2.5, 1:5, 1:7.5, and 1:10, and then
the oxygen from the solution was removed using argon. For the control
samples, the AuNRs suspension was substituted with water to keep the
concentration of hydrogel components at the same level.

Fabrication of Multilayered System: MS for on-demand detachment
and hydrogel release was manufactured using the multistep procedure.
First, the mold was fabricated from 10 mm-thick polycarbonate (PC) plates
(Macrolon, Bayer, Germany). The negative shape of the ring was milled
into the plates using a CNC milling machine (Ergwind, Poland), which has
a positioning reproducibility of 5 um. A pressurized water washer was used
to clean the surface of the mold from burrs or other contaminants. Then, it
was silanized with 45 pL of trichloro(1H, TH, 2H, 2H-perfluorooctyl)silane
by placing the mold in the vacuum pump under 20 mbar (V-700, Buchi,
Switzerland) for 12 min.

PDMS prepolymer and curing agent were mixed thoroughly in a ratio of
20:1, degassed under the vacuum, poured into the PC mold, and cured for
5 hat 80 °C. The PDMS ring was removed from the PC mold and immersed
in the 10% w/v BP solution in acetone for 5 min to modify only the lower
part of the ring. The PDMS ring was extensively washed with DI water and
dried. Then, it was placed on the Petri Dish, 250 uL of 6% GelMa solution
was added and crosslinked under a UV lamp (Dymax, 400 W, power density
0f 225 mW cm™2) for 90 s. The second layer was prepared by adding 100 pL
of 2% gelatin; then, the solution was solidified by storing it in the fridge (4
°C) for 20 min. Finally, 300 uL of P(NIPAAm-co-NIPMAAm) hydrogel with
AuNRs was added and irradiated with a UV lamp for 140 s (in 7 intervals for
20 s). For the control, samples without AuNRs were prepared (Figure 1).

Chemical and Morphological Analysis:  Before FT-IR and FE-SEM analy-
sis, samples were frozen in liquid nitrogen and freeze-dried at —83 °C and
4.0 mbar (FreeZone Freeze Dryer, LABCONCO, USA).

Spectra of GelMA, gelatin, NIPAAm-co-NIPMAAm, BP, PDMS, and BP-
modified PDMS were recorded on a Bruker Vertex70 FT-IR spectrometer
in the ATR mode. Measurements were performed over the wavenumber
range 4000-400 cm™", with a resolution of 1cm™! and 10 scans per sam-
ple.

FE-SEM was performed with the ZEISS Crossbeam 350 FIB-SEM micro-
scope. Before imaging, samples were sputtered with an ~8 nm thick gold
layer using a SC7620 Polaron mini sputter coater (Quorum Technologies
Ltd, Ashford, UK).

Compression Test:  Mechanical tests were conducted on the MS using
CTX Texture Analyzer from Brookfield Ametek in compression mode. MS
with a diameter of 13 mm and a height of 5.5 mm were manufactured and
placed on a flat surface. MS without a PDMS ring was used as a control.
The load cell of 5 kg was applied with a speed of 0.1 mm s~'. Data acquisi-
tion occurred at a rate of 50 readings per second. The testing commenced
when the load reached 0.1 N. Samples were compressed until destruction
or maximum power.

Photothermal Analysis: The fiber-coupled laser (Coherent Powerline)
with CW diode laser, operating at 808 nm, which was the high absorption
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range of AuNRs, was used to stimulate the on-demand hydrogel release
from an MS supplied with plasmonic nanoparticles. The thermal camera
(FLIR, A655sc) with an accuracy of 0.2 °C, generating images with a res-
olution of 640 x 480 pixels, was used to capture the temperature profile
under NIR irradiation. The thermal analysis of the MS was conducted in
a dry state. Before selecting the final version of on-demand material, a
diverse copolymer to AuNRs ratio (2.5:1, 5:1, 7.5:1, and 10:1) and laser
power (1, 1.5, 2 and 2.5 W cm~2) was tested. For this purpose, the depen-
dence between the NIR laser power and AT was analyzed. Each sample
was irradiated for 6 min in triplicates. Once the final material (copolymer
to AuNRs ratio 5:1) was selected and laser power optimized (2 W cm~2),
the on-demand detachment of the hydrogel layer from the MS was per-
formed.

Antibacterial Properties: Before microbial studies, samples were
placed in the 24-well plates and sterilized under UV light for 30 min for
each side. The antibacterial properties of MS were verified. S. Aureus (ATCC
6538) and E. Coli (ATCC 25 922) were isolated from culture with a streak
plate method. A bacteria colony was isolated and inoculated in 3 mL of
lysogeny broth (LB), and the suspension was incubated overnight in an
orbital shaker at 37 °C. The next day, bacterial suspension was diluted in
sterile PBS to obtain 108 colony-forming units (CFU) mL~". Then, 500 uL
of bacterial suspension was added to the samples and heated to 30 °C.
Afterward, materials were exposed to NIR irradiation for 15 min. The laser
power was set at 4.5 W cm~2. The bacterial suspension was used as a
positive control. For analyzing samples without irradiation, they were in-
cubated at RT for 15 min. Next, 500 pL of sterile PBS was added to each
well, and bacteria suspension was mixed; then, 100 L of the solution was
transferred to the 96-well plate and serially diluted and then plated on
LB agar plates, which were incubated overnight at 37 °C. All the samples
were tested in triplicates and with three technical repetitions. The bacte-
rial survival was analyzed by counting the bacterial colonies. The plating
technique limited the highest inactivation degree. It was detected at 3 log
units of CFU mL™7, allowing the detection of a survival rate of >0.1%.

For the qualitative study, the bacteria suspensions after contact with the
materials were diluted 10 times, and 100 uL of this solution was spread
evenly on representative LB agar plates. Plates were incubated overnight
at 37 °C, and representative photos were captured the following day.

Statistical Analysis:  The tests were performed at least in n > 3 repeti-
tions. All data were presented as mean =+ standard deviation (SD).
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