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A R T I C L E I N F O
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A B S T R A C T

Thin films of poly(N-isopropylacrylamide) (PNIPAM) microgels have recently attracted significant attention
as promising candidates for creating switchable interfaces in biomedical and biotechnological applications. In
this study, microgel films are proposed as smart coatings for photoluminescent solid-state radiation detectors
based on lithium fluoride (LiF). Understanding the impact of the solid substrate is crucial for customising
and refining microgel coatings for specific applications. To investigate the effects of surface quality, microgel
size, and particle concentration on the properties of microgel films, PNIPAM microgels were spin-coated
onto LiF crystal surfaces and characterised through wettability measurements, UV-Vis-NIR spectrophotometry,
and Atomic Force Microscopy. This approach enabled effective control over the optical and morphological
properties of the films, paving the way for the development of hybrid and potentially biocompatible radiation
detectors using PNIPAM microgel films.
-

1. Introduction

Thin films of polymeric microgels have attracted significant in-
terest in recent years due to their unique properties and versatile
applications. Microgels, typically composed of cross-linked polymer
networks, are colloidal particles that can swell or shrink in response to
external stimuli such as temperature, pH, or ionic strength [1–3]. When
organised into films, these microgels exhibit unique properties with
applications across different fields thanks to their fascinating optical
and morphological properties [4,5].

In particular, polymeric microgels based on poly(N-isopropylacr-
ylamide) (PNIPAM), are especially attractive for biomedical and biotech
nological applications. PNIPAM microgels are indeed thermoresponsive
particles showing a reversible Volume Phase Transition (VPT) in re-
sponse to temperature changes, specifically around the lower critical
solution temperature of the polymer, approximately of 32 ◦C. As a
esult of this temperature-responsiveness, PNIPAM-based microgels
xhibit a transition from a swollen to a collapsed state across the
PT Temperature (VPTT) that can be harnessed to fabricate smart
aterials with controlled drug release, sensing, and responsive surface
roperties [6,7].

Thin films of PNIPAM microgels have been recently investigated as
romising candidates for fabricating switchable interfaces for different
echnological applications, including sensing [8–10], bio-sensing [11,
2] and tissue engineering [4,13]. In particular, PNIPAM microgel films
ave been proposed as smart substrates to control cell growth and de-
achment via temperature stimuli to minimise the impact of enzymatic
nd chemical treatments usually used for cell detachment [14,15].
oreover, microgel films can be exploited to couple technological

evices with biological systems. Indeed, their ability to easily tune and
dapt on interfaces makes microgels fascinating building blocks for
abricating smart and biocompatible surfaces [16,17].

In this work we present an innovative application of microgel-based
ilms as smart coatings of photoluminescent solid-state radiation detec-
ors widely used for advanced diagnostics of proton beams. Indeed in
he last years many efforts have been spent for simultaneous assessment
f biological response and beam energy deposition parameters with a
igh spatial resolution. The quantitative measurement of ion spatial
istribution and the average dose locally delivered to single cells is
mperative to evaluate the damage induced by ionising radiations on
iological tissues and living organisms. In this framework, Fluorescent
uclear Track Detectors (FNTDs) attracted great interest since they
rovide local information on energy deposition from single protons and
eavy ions.

Recently, FNTDs based on lithium fluoride (LiF) have been pro-
osed as novel passive integrating radiation detectors [18–20]. Lithium
luoride is an alkali halide well known as active laser medium and
s thermoluminescent dosimeter that is sensitive to different ionising
adiations, such as electrons, X-rays, gamma rays, protons and heavy

ons, inducing the stable formation of photoluminescent electronic

2 
defects in the material, known as colour centres (CCs) [21,22]. When
excited with blue light, some of these aggregate centres emit a broad
spectrum of visible light consisting of two bands peaked around 670 nm
(F2 centres) and 525 nm (F+3 centres), whose intensities are proportional
to the energy deposited in the material by the ionising radiation. Their
photoluminescence is well known for applications in optically-pumped
tunable lasers [23], broad-band miniaturised light-emitting photonic
devices [24], and passive X-ray imaging detectors [25] with high spatial
resolution. In the last decade, exploitation of the photoluminescence
of these radiation-induced aggregate defects has been proposed for
proton beam advanced diagnostics and dosimetry [26,27], even at
dose values typical of radiotherapy [28]. Exploiting their high spatial
resolution, LiF-based FNTDs allow for the imaging of single charged
particle paths within the material and the exact measurement of the
number of incident ions, their direction and the energy deposited by
each single proton [18]. Coating the FNTD surface with cell layers
recently emerged as a successful strategy aiming at extrapolating single
fluorescent tracks of protons and ions into the attached cell layer with
subcellular accuracy [29,30].

Smart coatings based on PNIPAM microgels have been therefore
proposed to develop hybrid detectors able to combine the high spatial
resolution of LiF-based FNTDs with the PNIPAM biocompatibility to
efficiently couple cell layers with the radiation detector surface. These
detectors aim to directly correlate the information of locally-delivered
radiation dose and the cell response in order to investigate the molec-
ular mechanism of radiobiological response to particle therapy. In this
framework, the influence of the solid substrate on the microgel coatings
is a crucial aspect that significantly affects both the properties and
performances of the resulting coated material. Optimising factors such
as wettability and surface energy, roughness, and chemical composition
can enhance microgel adhesion, thus ensuring a stable and durable
coating [31–34].

In the present manuscript we report a systematic investigation of
PNIPAM microgel films deposited on LiF crystals by combining wetta-
bility measurements, UV-Vis-NIR spectrophotometry and Atomic Force
Microscopy in order to understand the influence of the solid substrate
for tailoring microgel coatings to specific applications. Indeed, the
knowledge of the substrate will help to optimise the coating and to
unlock new possibilities for microgel-coated materials, especially when
used for biomedical devices, sensors, or responsive surfaces.

2. Experimental methods

2.1. Materials

N-isopropylacrylamide (NIPAM), N,N’-methylene-bis-acrylamide
(BIS), potassium persulfate (KPS) (98% purity) were purchased from
Sigma-Aldrich. NIPAM monomer and BIS, used as cross-linker, were
recrystallised from hexane and methanol respectively, dried under
reduced pressure (0.01 mmHg) at room temperature and stored at

◦
20 C. KPS, employed as initiator, and sodium dodecyl sulfate (SDS),
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Table 1
Spin speeds of the first and second steps
of the deposition protocols for thin films of
PNIPAM microgels spin-coated on LiF crystals.

Protocol 𝜔1 (rpm) 𝜔2 (rpm)

1 1500 5000
2 500 5000

employed as surfactant, were used as received. Also all the other
solvents (Sigma Aldrich RP grade) were used as received. Ultrapure
water (resistivity: 18.2 MΩ/cm at 25 ◦C) was obtained with Sarium®
ro Ultrapure water purification Systems, Sartorius Stedim. Dialysis
embrane, SpectraPor® 1, MWCO 6–8 kDa (Spectrum Laboratories,

nc., Piscataway, NJ, USA) was soaked in distilled water for 2 h and
hen thoroughly rinsed before use. LiF crystals, 15 × 15 mm2 and 1 mm
hick, polished on the larger opposite faces, were purchased by MaTecK
Material-Technologie & Kristalle GmbH.

.2. Microgel synthesis

Two PNIPAM microgels with different size were synthesised via
recipitation polymerisation by varying the SDS amount in the reaction
eed [35]. For the synthesis of large particles, 3.716 g of NIPAM and
.065 g of BIS were solubilised in 230 mL of ultrapure water and
ransferred into a 250 mL four-necked jacketed reactor equipped with
ondenser and mechanical stirrer. The solution was deoxygenated by
urging with nitrogen for 1 h and heated at 70 ◦C. The addition of
.161 g of KPS, dissolved in 10 mL of deoxygenated water, started
he polymerisation, that was stopped after 4 h. For the synthesis of
mall particles, the same procedure and NIPAM/BIS molar ratio was
sed, but SDS (7.82 mM) was also added in the feed of the reaction
o reduce the particles diameter. At the end of the synthesis, both
icrogel dispersion were purified by dialysis with a MWCO 6–8 kDa
embrane against distilled water with frequent changes for two weeks.
hrough gravimetric measurements, the final weight concentration C𝑤
f large and small PNIPAM microgel was determined to be ∼1%. To
repare samples at higher concentrations, a cycle of lyophilisation to
ryness and redispersion in H2O was performed. Samples at different
oncentrations were obtained by dilution from the solution at C𝑤 =
0%.

.3. Preparation of thin films

Thin films of PNIPAM microgels were deposited on LiF crystals
sing a standard spin-coater (Polos SPIN150i/200i infinite). Before
ilm deposition, the LiF crystals underwent thermal treatments at the
emperatures T = 500 ◦C and 700 ◦C for 2 h in a muffle furnace to
mprove their surface quality. 50 μL of aqueous suspensions of PNIPAM
icrogel at three different weight concentrations (C𝑤 = 1%, 3%, 5%)
ere deposited on LiF crystal substrates (at zero rotation) and spin-

oated through a two-step deposition process. Two deposition protocols
ere adopted setting the first step spin speed (𝜔1) at 500 rpm and 1500

pm, while keeping constant the spin speed of the second step (𝜔2) was
ept constant at 5000 rpm (see Table 1). The spin speeds of the two
teps where optimised to obtain thin and homogeneous films.

.4. Proton irradiation

The LiF crystals coated with PNIPAM microgel films were irradiated
erpendicularly with almost monochromatic, collimated proton beams
roduced by the vertical extraction line of the TOP-IMPLART linear
ccelerator under operation and development at ENEA Frascati [36].
he vertical beamline was designed for in vitro radiobiology studies to
llow in air irradiation of cell monolayers placed perpendicularly to
he beam direction. The crystals were irradiated with a single pulse of
rotons of energy E≈1 MeV and total average charge Q = 1 pC.
3 
.5. Characterisation

ynamic light scattering. Dynamic Light Scattering (DLS) measurements
ere performed with an optical setup equipped with a solid-state laser
ith wavelength of 632.8 nm (power of 10 mW) and a single-mode

ollecting fibre at the scattering angle 𝜃 = 90◦. The intensity auto-
orrelation functions 𝑔2(𝑄, 𝑡) = ⟨𝐼(𝑄,0)𝐼(𝑄,𝑡)⟩

⟨𝐼(𝑄,0)⟩2
were therefore calculated

t 𝑄 = (4𝜋n/𝜆) sin(𝜃/2) and fitted through the Kohlrausch-Williams-
Watts expression [37,38] 𝑔2(𝑄, 𝑡) = 1 + 𝑏[𝑒−(𝑡∕𝜏(𝑄))𝛽 ]2, where 𝑏 is the
oherence factor, 𝜏 is an ‘‘effective’’ relaxation time and 𝛽 describes
he deviation from the simple exponential decay (𝛽 = 1), usually found
n monodisperse systems, giving a measure of the relaxation time dis-
ribution due to the intrinsic sample polydispersity. DLS measurements
ere performed in the temperature range T = (20–40) ◦C at low weight

oncentration (C𝑤 = 0.01%) to obtain the hydrodynamic diameters.
ndeed, in the high dilution limit, the particle hydrodynamic diameter
𝐻 can be estimated from relaxation time 𝜏 of the intensity correlation

unctions g2(𝑄, 𝑡), using the Stokes-Einstein relationship:

𝐻 =
𝑘𝐵𝑇
3𝜋𝜂𝐷𝑡

(1)

where k𝐵 is the Boltzman constant, 𝑇 is the sample temperature, D𝑡
is the translational diffusion coefficient from the relation 𝜏 = 1/Q2D𝑡
and 𝜂 is the sample viscosity that can be approximated to that of the
solvent.

UV-vis-NIR spectroscopy. Hemispherical optical transmittances of mi-
crogel films on LiF crystals were measured using the UV-Vis-NIR spec-
trophotometer Perkin Elmer Lambda 1050+ equipped with an integrat-
ing sphere. Measurements were performed in the wavelength range 𝜆
= (220–2000) nm at 1 nm resolution and room temperature for thin
films of PNIPAM microgels spin-coated at three weight concentrations
(C𝑤 = 1%, 3%, 5%) on LiF crystals. Data reproducibility was tested for
each sample.

Atomic force microscopy. For the investigation of the morphological
properties of both substrates and films, AFM measurements were per-
formed using the A100 PLUS AFM (A.P.E. Research s.r.l., Area Science
Park, Basovizza (TS), Italy) and a hybrid system made of a commercial
head (SMENA, NT-MDT), home-built electronics and a digital lock-in
amplifier (Zurich HF2LI), both operating in contact and non-contact
mode. All images were taken in non-contact mode, in air ambient con-
ditions, with commercial MikroMasch cantilevers HQ:NSC15 (nominal
force constant from 20 to 80 N/m and resonance frequency from 265 to
410 kHz) and HQ:NSC35 (nominal force constant from 5.4 to 16 N/m
and resonance frequency from 130 to 300 kHz). For topography and
statistical analysis the open source software Gwyddion was used [39].

Contact-angle setup. For investigating the wetting properties of the
substrates used for PNIPAM microgel deposition, a specific in-house
optical setup for contact angle measurements was employed. The setup
consists of a fibre illuminator that backlights the sample through a
diffuser, an adjustable sample holder on which the substrate is placed,
and a portable Dino-Lite AM4515ZT digital microscope [40] connected
to a computer with the dedicated software DinoCapture 2.0. This
setup allows for the visualisation of the magnified droplet image and
facilitates the analysis for contact angle measurements.

Fluorescence microscopy. To visualise the fluorescent tracks induced by
single protons in irradiated LiF crystals, a Nikon Eclipse 80-i fluores-
cence microscope was used, equipped with a mercury lamp, a Nikon
TU Plan Fluor 100× objective (numerical aperture 0.9), and a −30
◦C cooled s-CMOS Andor NEO camera for acquiring 16-bit grayscale
images at 2560 × 2160 pixels. A Chroma ET440/40x excitation filter
was used to select a ≈40 nm wide wavelength range within the broad
absorption band of the CCs and an ET610lp emission filter was used
to spectrally integrate the light emitted from the F2 CCs only (at
wavelengths above 610 nm), to optimise the signal-to-noise ratio in the
images.
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Fig. 1. Hydrodynamic diameters of small and large microgels obtained from DLS
easurements as a function of temperature.

. Results and discussion

Two different PNIPAM microgels were synthesised through radical
recipitation polymerisation following the protocol reported in Ref. [6,
1]. Particles of different sizes were obtained by adding the surfactant
DS in one case and at zero SDS content in the second case. In both
ases a relatively low crosslinker-to-monomer ratio (BIS/NIPAM) of 1.3
ol% was chosen to achieve soft and deformable particles, allowing for

he formation of a densely packed film of nanoparticles with uniform
nd continuous coverage of the substrate.

Particle sizes of both microgel suspensions were investigated through
LS measurements in the high dilution limit (𝐶𝑤 = 0.01%), over a

emperature range from 20 ◦C to 40 ◦C. The temperature behaviour of
he hydrodynamic diameter of the microgel particles is shown in Fig. 1,
here it is clear that microgels of two different sizes are obtained by

hanging the surfactant concentration during the synthesis process. In
articular, microgels with D𝐻 (20 ◦C) = (78 ± 1) nm are obtained by
dding SDS during the synthesis, while larger microgels with D𝐻 (20 ◦C)
(734 ± 61) nm are obtained in the absence of SDS. For both systems,

he transition from the swollen to the shrunken state occurs at about
2 ◦C. For large microgels, the swelling ratio 𝛼, defined as the volume
atio between swollen and shrunken states (𝛼 = 𝑉𝑠𝑤𝑜𝑙𝑙𝑒𝑛∕𝑉𝑠ℎ𝑟𝑢𝑛𝑘𝑒𝑛 =
𝐷𝐻 (20 ◦C)∕𝐷𝐻 (40 ◦C))3) [41], is greater than that for small microgels
𝛼 ≈ 2.2 and 𝛼 ≈ 1.7, respectively), indicating a higher shrinking
apability that can be related to a higher particle softness.

The optimised deposition protocols previously investigated by our
roup for microgel films spin-coated on standard substrates, such as
lass [42], have been implemented for LiF crystal coatings. In this case,
non-trivial interaction between LiF crystals and PNIPAM microgels

merged, primarily due to the delicate balance between hydrophilic
nd hydrophobic nature of the substrate and to the local inhomo-
eneities characterising the crystal surface. Deposition tests on pristine
iF crystals resulted in highly heterogeneous films due to the presence
f residuals and scratches on the crystal surface as a result of the
olishing procedure. Improving the surface quality of the LiF substrates
s imperative to obtain smooth and homogeneous microgel films. More-
ver, for the application of the LiF crystals as FNTDs, the signal-to-noise
atio must be optimised to improve the detection of the photolumines-
ent signal emitted from CCs induced by ionising radiation. To this
im the crystals were thermally treated with an annealing process at
temperature of 500 ◦C and 700 ◦C for 2 h in a muffle furnace

efore microgel film deposition. The effect of thermal treatments on the
ettability properties of LiF crystals were investigated by the in-house

ontact-angle setup. It is indeed well known that microgel adhesion and

lattening on the substrate depend on the balance between adhesion

4 
nergy, particle softness and deposition process. In particular, greater
preading and adhesion of microgels on a solid substrate is expected
t increasing hydrophobicity, since it is driven by shielding of weak
ater-substrate interactions [33,43]. Tailoring the surface energy of

he substrate to match the microgel properties can improve wetting
nd enhance the overall coating performances. To test the surface
ettability, a water droplet of V=10 μL was deposited on the pris-

ine and on the thermally treated LiF crystals surfaces. In Fig. 2 the
esults from the contact-angle measurements before (Fig. 2(a)) and
fter thermal treatments at T = 500 ◦C (Fig. 2(b)) and T = 700 ◦C
Fig. 2(c)) are reported. Values of contact angles between water droplet
nd LiF crystals of 𝜃 = (88 ± 1)◦, 𝜃 = (76 ± 2)◦ and 𝜃 = (75 ± 3)◦
ere respectively obtained. These results suggest a rather hydrophobic
ature of LiF crystals with respect to conventional glass substrates that
an be slightly changed through thermal treatments, representing a new
ontrol parameter for microgel film adhesion and stability.

The effects of thermal treatments on the LiF crystal surface were
nvestigated through AFM measurements. AFM images acquired over a
0× 10 μm2 area for pristine LiF crystals (Fig. 2(d)) and LiF crystals
fter thermal treatment at T = 500 ◦C and T = 700 ◦C (Fig. 2(e) and
f)) confirmed the possibility to efficiently remove residues from the
aterials used to polish the crystal faces and any scratches on the

urface. However, treatments at 500 ◦C did not completely eliminate
esidual contaminants on the LiF crystal surface, while treatments at
00 ◦C yielded the best results. Moreover, thermal treatments were
bserved to slightly increase LiF crystal surface roughness. Root Mean
quare (RMS) roughness values of RMS = (4.1 ± 0.2) nm were found
or pristine LiF crystals, while roughness values of RMS = (5.2 ± 0.1)
m and RMS = (5.8 ± 0.2) nm were found for LiF crystal thermally
reated at T = 500 ◦C and 700 ◦C, respectively.

It is well known that the solid substrate topography, including
ts roughness and porosity, can impact the microgel coating. Finding
he best compromise between surface roughness and uniformity is
herefore crucial. Indeed, rough surfaces may provide additional sites
or microgel adhesion, improving coating stability, while excessively
ough surfaces could lead to uneven coatings, affecting thin film optical
nd mechanical properties.

In order to investigate the effect of thermal treatments on the film
opography, microgel suspensions were spin-coated on pristine and
hermally treated LiF crystals at different concentrations and through
ifferent deposition protocols (Table 1). Fig. 3 reports an example of
FM images acquired over a 10 × 10 μm2 area for large microgel films

at C𝑤 = 3% spin-coated through the deposition protocol n.1 on pristine
LiF crystal and on LiF crystals after thermal treatment at T = 500 ◦C
and T = 700 ◦C, as an example. Thermal treatments allow to obtain
more homogeneous and smoother microgel films with RMS roughness
values decreasing from RMS = (19 ± 5) nm to RMS = (11 ± 3) nm
on pristine and pre-annealed LiF crystals at 700 ◦C, respectively. These
changes are accompanied by a decrease of the microgel height probably
due to surface defect removal upon thermal treatment. To investigate
the role of weight concentration on microgel arrangement on the
surface, thin films of both large and small microgel particles were
obtained by spin-coating the same volume of aqueous suspensions of
PNIPAM microgel at C𝑤 = 1%, 3% and 5% on pre-annealed LiF crystals
through both the double-step deposition protocols. For their application
in photoluminescent solid-state radiation detectors, high-transparency
in the visible spectral region is required, therefore the obtained thin
films were characterised through UV-Vis-NIR spectrophotometry, in the
range of wavelengths between 220 nm and 2000 nm. In Fig. 4 the
hemispherical optical transmittance spectra at room temperature of
the microgel films deposited at different weight concentrations on LiF
crystals thermally treated at T = 500 ◦C, are reported as an example
together with the transmittance spectra of the LiF crystal. UV-Vis-NIR
spectrophotometric measurements confirmed the possibility to obtain
transparent microgel films on LiF crystals in the whole wavelength

range from the ultraviolet to the infrared region. The slightly lower
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Fig. 2. Contact angle measurements on (a) pristine LiF crystals and LiF crystals after thermal treatment at (b) T = 500 ◦C and (c) T = 700 ◦C. AFM images acquired over a
10 × 10 μm2 area for (d) pristine LiF crystals and LiF crystals after thermal treatment at (e) T = 500 ◦C and (f) T = 700 ◦C.
Fig. 3. AFM images acquired over a 10× 10 μm2 area for large microgel films deposited through spin-coating on (a) pristine LiF crystals and LiF crystals after thermal treatment
at (b) T = 500 ◦C and (c) T = 700 ◦C.
transmittance with respect to that of the LiF crystal suggests a refractive
index of microgel films higher than that of the uncoated crystal, that
is one of the most transparent materials in nature with a very low
refractive index n ≈ 1.39 at 640 nm.

UV-Vis-NIR transmittance measurements suggested the possibility
to obtain more uniform and transparent films by increasing weight
concentration as a consequence of the more homogeneous packing of
microgel particles on the substrate. This hypothesis has been corrob-
orated by AFM measurements. In Fig. 5 AFM images acquired over a
10 × 10 μm2 area for large microgels spin-coated on pre-annealed LiF
crystals through a double step protocol with 𝜔1 = 500 rpm/s and 𝜔2 =
5000 rpm/s (deposition protocol n.2) at three different concentrations
(𝐶𝑤 = 1%, 3% and 5%) are reported.

Statistical quantities obtained from their analysis are reported in
Table 2 for films obtained through the spin-coating protocols n.1 and
n.2 (Table 1). From these results we can speculate that the surface
roughness decreases with weight concentrations, while grain number
increases with increasing C𝑤. Moreover, the decrease of the mean grain
size with 𝐶𝑤 can be correlated to the lower interparticle distances
and a more highly-packed structure of highly concentrated films that
5 
Table 2
Statistical quantities obtained from AFM images for thin films of PNIPAM microgels at
C𝑤 = 1%, 3% and 5% deposited through protocol n.1 and n.2.

Protocol 𝐶𝑤 RMS roughness Grain Mean grain size
number (nm) number (nm)

1 1% 20 ± 3 532 386 ± 4
1 3% 16 ± 4 684 352 ± 11
1 5% 3.3 ± 0.4 721 337 ± 7
2 1% 19 ± 7 564 318 ± 5
2 3% 14 ± 5 637 312 ± 7
2 5% 4 ± 1 666 284 ± 5

guarantees a higher coverage degree of the solid surface. The investi-
gation of the concentration-dependent morphological properties allows
to identify concentrations 𝐶𝑤 = 3% and 𝐶𝑤 = 5% as the most suitable
ones for LiF crystal coatings. However, mechanical and morphological
properties of microgel films are expected to depend on the particle
size as a result of their intra-particle structure and of inter-particle
interactions.

To explore the role of microgel size on film topography, aqueous
suspensions of large and small microgels were spin-coated on LiF



V. Nigro et al. Colloids and Surfaces A: Physicochemical and Engineering Aspects 702 (2024) 135105 
Fig. 4. Optical transmittance spectra of (a) large and (b) small PNIPAM microgel films of weight concentration 𝐶𝑤 = 1%, 3%, 5% spin-coated on LiF crystals after thermal
treatments at T = 500 ◦C, compared with the transmittance spectrum of the bare LiF crystal.
Fig. 5. AFM images acquired over a 10 × 10 μm2 area for large microgel films spin-coated on LiF crystals after thermal treatment at T = 500 ◦C at (a) 𝐶𝑤 = 1%, (b) 𝐶𝑤 = 3%
and (c) 𝐶𝑤 = 5%.
Fig. 6. AFM images acquired over a 10 × 10 μm2 area for (a) large and (b) small microgel films at 𝐶𝑤 = 5% spin-coated on LiF crystals pre-annealed at T = 500 ◦C.
crystals treated at T = 500 ◦C and 700 ◦C through the same deposition
protocols. Fig. 6 shows a comparison between AFM images acquired
over a 10 × 10 μm2 area for large and small PNIPAM microgel films at
concentration 𝐶𝑤 = 5% deposited on a LiF crystal previously annealed
at T = 500 ◦C, as an example. Large PNIPAM microgels (Fig. 6(a)) form
films with a homogeneous and regular structure on the LiF crystals,
arranging into a compact close-packed structure equivalent to that
observed on glass substrate [42]. In this case large microgel particles
have heights of the order of tens of nanometers indicating a high com-
pression of the microgel on the solid surface and thus demonstrating
6 
their extreme softness and deformability at this low cross-linker concen-
tration. Their softness offers the possibility to obtain very thin films up
to a few tens of nanometers in monolayer configurations, an imperative
requirement for their application as coating layer of photoluminescent
solid-state detectors. A completely different behaviour is observed in
small PNIPAM microgel films (Fig. 6(b)), as microgels with diameters
of the order of a few tens of nanometers tend to interpenetrate, forming
films where individual particles lose their spherical shape and are no
longer distinguishable. At the same time their interpenetration yields
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Fig. 7. Fluorescent images over a 167 × 167 μm2 area of proton traces with a nominal energy of 3 MeV (single pulse with Q = 1 pC/pulse) in LiF crystals thermally treated at
T = 700 ◦C and coated with large microgel films of (a) 𝐶𝑤 = 3% and (b) 𝐶𝑤 = 5%, and small microgel films of (c) 𝐶𝑤 = 3% and (d) 𝐶𝑤 = 5%.
to flat and continuous films with a high coverage degree of the solid
substrate.

This systematic investigation of the optical and morphological prop-
erties of microgel films spin-coated on LiF crystals has allowed to define
the ideal protocols for their integration on the LiF-based detectors. The
double-step protocol with 𝜔1 = 1500 rpm and 𝜔2 = 5000 rpm was
selected to deposit large and small microgel films at the two ideal
concentrations (𝐶𝑤 = 3% and 𝐶𝑤 = 5%) on LiF crystals previously
subjected to thermal treatment for 2 h at 700 ◦C, aiming to remove
deep scratches and reduce the background photoluminescence signal.

The obtained samples were irradiated under the same conditions
with a single pulse of proton beam ≈1 MeV energy and a charge of
Q = 1 pC/pulse and fluence 𝛷 = 4.1 ± 0.1)×106 protons/cm2. Fig. 7
shows images of the nuclear fluorescent tracks stored in LiF crystals
coated with PNIPAM microgels and recorded at the fluorescence optical
microscope equipped with a dedicated emission filter collecting the
red luminescence at wavelengths above 610 nm, corresponding to the
emission of the F2 CCs. Using this filter, the fluorescent background
is minimised since it is mainly due to a fluorescence signal in the
green range of the visible spectrum, yielding to an increase of the
signal-to-noise ratio and allowing to visualise the fluorescent nuclear
tracks stored in all the LiF crystals coated with large (Fig. 7(a, b)) and
small (Fig. 7(d, e)) PNIPAM microgel films at 𝐶𝑤 = 3% and 𝐶𝑤 = 5%.
These results can be qualitatively correlated to the high hemispherical
optical transmittances of the microgel films in the visible spectral range
(Fig. 7(c) and (f)). Interestingly, the UV–Vis transmittance spectra of
films of large microgels at 𝐶𝑤 = 3% and small microgels at 𝐶𝑤 = 5%
showed the presence of interference fringes. This behaviour confirms
the high uniformity of the microgel coatings on a large area and a good
quality of the interface between microgel film and crystal surface that is
improved by thermal treatments at 700 ◦C. Moreover, from the shape of
the optical transmittances we can suppose a film thickness of hundreds
of nanometers that can be controlled by concentration and microgel
size and a not negligible difference between refractive indexes of the
film and the substrate.

These results suggest that crystals subjected to thermal treatments
at 700 ◦C offer a residual-free surface on which thin and uniform
PNIPAM microgel films can be grown without significantly attenuating
the photoluminescence intensity emitted by colour centres formed in
7 
LiF. However, the balance between microgel size, weight concentra-
tion and film thickness are additional control parameters for reducing
background fluorescence affecting the signal-to-noise ratio.

4. Conclusions

PNIPAM microgels of two different sizes were obtained by adding
different amounts of sodium dodecyl sulfate (SDS) during the syn-
thesis procedure, as confirmed by DLS measurements. Microgel thin
films were therefore obtained by spin-coating both large and small
microgel suspensions at different weight concentrations on pristine and
thermally-treated lithium fluoride crystals to explore the impact of the
substrate on the optical and morphological properties of microgel films.
Thermal treatments at temperature of 700 ◦C allowed to obtain high
quality surfaces by efficiently removing any residues and scratches
on the crystal surface that could affect the microgel coatings. To
explore the impact of surface quality, microgel size and particle con-
centration on the microgel film properties, a systematic investigation
was performed by combining wettability measurements, UV-Vis-NIR
spectroscopy and Atomic Force Microscopy. By following a double-step
spin-coating deposition protocol, uniform and smooth thin films with
high transparency in the whole wavelength range from the visible to the
near-infrared region were obtained. In particular, the hemispherical op-
tical transmittance spectra confirmed the formation of thin and uniform
films with low refractive index on such non-conventional substrates,
thus unlocking new possibilities for microgel-coated materials. The
obtained results demonstrate the possibility of exploiting PNIPAM mi-
crogel films to develop hybrid and potentially biocompatible detectors
able to combine the high spatial resolution of LiF-based fluorescent
nuclear track detectors with the PNIPAM versatility. Moreover, the first
FNTDs irradiation tests confirmed the feasibility of using the obtained
fluorescent nuclear track detectors for irradiations with proton energies
of the order of few MeV and a fluence of the order of 106 protons/cm2,
ideal conditions for radiobiology experiments with low-energy proton
beams on cell cultures.
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