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ABSTRACT: The growing demand for portable electronics has driven
advancements in micro- and nanoscale technologies. In this regard, plasmonic
nanomaterials are particularly notable for their capacity to manipulate surface
plasmons, enabling applications in super-resolution microscopy, optical
nanosensors, cancer therapy, and high-resolution displays, among other elds.
This work aims to control the size, concentration, density, and shape
anisotropy of gold nanoparticles (AuNPs) while generating plasmonic
platforms in poly(methyl methacrylate) (PMMA) lms, controlling the laser
power and translation speed during the direct laser writing technique. The
nucleation and growth processes of AuNPs in PMMA lms were explained
using the laser-induced plasma classical model. Using a computational method
based on the Mie-Gans approach, we identied nanoparticles with diameters
ranging from 2 to 30 nm, concentrations varying from 0.9 μM to 1.9 mM,
aspect ratio values between 1.1 and 1.5, and density like the bulk gold and
plasmonic microstructures with widths spanning from 5 to 70 μm. Additionally, areas of the lm with the highest nanoparticle
density were mapped using rhodamine B uorescence, which varied according to laser power. The results demonstrate that gold
nanoparticles can be generated with high precision in polymers at a micrometer resolution with high chemical stability, making this
technique versatile and cost-eective compared to traditional methods.
KEYWORDS: laser-controlled growth, plasmonic nanomaterials, Mie-Gans approach, PMMA, high-resolution optical applications

1. INTRODUCTION
Metal nanoparticles have been used in various scientic elds,
contributing to the development of innovative technologies.
These unique features are attributed mainly to their ability to
generate surface plasmons, which nd applications in areas
such as super-resolution microscopy,1−3 optical nanosen-
sors,4−7 cancer therapy,8,9 and high-resolution displays,10−13

among others.14−17 Localized surface plasmons (LSPs) are
collective electron oscillations that occur in the interface
between a metallic nanostructure and a dielectric medium.18,19
In this case, plasmons can be directly excited by unpolarized
light with a wavelength signicantly higher than the
nanostructure size, making them particularly suitable for
sensing and biomedical applications.20−23 However, a sig-
nicant challenge lies in obtaining precise control over the
physicochemical parameters of plasmonic structures, such as
size, shape, and concentration of metal nanoparticles within
organic substrates, limiting their integration in optoelectronic
devices.24−29

Conventional fabrication techniques, such as photolithog-
raphy and electron-beam lithography, oer high precision but
present high costs associated with scaling up production, are

limited to the 2D structure fabrication, and require complex
masking processes.30−36 To overcome these limitations,
alternative methods, such as direct laser writing (DLW),
have been developed to fabricate 2D/3D nano- and micro-
structures in a single step without mechanical contact or
complex environmental controls.37−40 DLW has shown to be a
promising technique for creating metallic nanostructures in
organic and semiconductor substrates.41,42 Also, the DLW has
been employed to fabricate plasmonic microstructure from the
metalloid gold nanocluster as a precursor material, oering a
fast and reliable method.43,44 On the other hand, systematic
studies quantifying the inuence of DLW fabrication
parameters on nanoparticle physicochemical properties are
scarce. This gap restricts the ability to tailor plasmonic

Received: February 10, 2025
Revised: April 4, 2025
Accepted: April 7, 2025
Published: April 11, 2025

Articlewww.acsanm.org

© 2025 The Authors. Published by
American Chemical Society

8294
https://doi.org/10.1021/acsanm.5c00832

ACS Appl. Nano Mater. 2025, 8, 8294−8306

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F
 S

A
O

 P
A

U
L

O
 o

n 
A

pr
il

 2
9,

 2
02

5 
at

 1
4:

58
:2

6 
(U

T
C

).
S

ee
 h

tt
ps

:/
/p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

li
ne

s 
fo

r 
op

ti
on

s 
on

 h
ow

 to
 le

gi
ti

m
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
ti

cl
es

.



materials for specic applications, particularly optoelectronics
and sensing applications.
Poly(methyl methacrylate) (PMMA), a widely used

dielectric polymer, oers an ideal platform for integrating
metal nanoparticles due to its optical transparency, mechanical
robustness, and compatibility with various fabrication
techniques and nonlinear optical systems.45−49 It also shows
signicant potential as a protective coating for perovskite thin
lms, enhancing the performance and durability of optoelec-
tronic devices such as solar cells, lasers, and LEDs.50−54

However, the synthesis of metal nanoparticles within PMMA
matrices with precise control over their physicochemical
properties has not been thoroughly explored, primarily due
to challenges in characterizing nanoparticles embedded in
polymers using transmission electron microscopy (TEM).
Herein, we have addressed these challenges by employing

the DLW technique to fabricate gold nanoparticles (AuNPs)
within PMMA lms containing a metal precursor (tetrachlor-
oauric acid trihydrate (HAuCl4·3H2O), using a continuous-
wave (cw) laser at 405 nm. By systematically varying laser
power and translation speed, we achieve precise control over
the size, shape anisotropy, concentration and density of
AuNPs, enabling the ne-tuning of their plasmonic properties.
The AuNPs physicochemical properties are quantitatively
analyzed using a computational program based on the Mie-
Gans approach.18,19,55 This work demonstrates the feasibility
of DLW as a cost-eective and versatile alternative to
conventional lithography and provides a framework for
designing plasmonic materials with tailored optical responses
for advanced optoelectronic and sensing applications.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(methyl methacrylate) (PMMA), tetrachlor-

oauric acid trihydrate (HAuCl4·3H2O, 393.83 g·mol−1) and rhod-
amine B (479.01 g·mol−1) were purchased from Sigma-Aldrich.
Chloroform (CHCl3, 119.38 g·mol−1) was acquired from Labsynth.
All chemicals were used as received.
2.2. Fabrication of PMMA Films. The rst step involved the

fabrication of PMMA lms. A PMMA solution with a concentration
of 40 mg·mL−1 was prepared by dissolving PMMA in chloroform
under magnetic stirring. Separately, a metal precursor solution with a
concentration of 8 mM was prepared by dissolving tetrachloroauric
acid in chloroform under magnetic stirring. Subsequently, the PMMA
and precursor solutions were mixed in a 1:1 volume ratio using an
ultrasonic bath for 5 min. The lms were then fabricated using the
drop-casting technique, where 400 μL of the nal solution, containing
20 mg·mL−1 of PMMA and 4 mM of precursor, was deposited onto a
1 in. diameter glass substrate on a at surface. Finally, the samples
were dried in a chloroform-rich atmosphere at room temperature for
24 h.

Moreover, the uorescent marker rhodamine B was used to
precisely determine the localization of gold nanoparticles in the
PMMA polymer lms after the microfabrication process. For this
purpose, a 1 mM rhodamine B solution was prepared using
chloroform as solvent. The fabrication of the PMMA microlms
followed the same procedure, with the nal solution being prepared
by mixing 198 μL of the PMMA solution, 198 μL of the precursor
solution, and 4 μL of the rhodamine B solution.
2.3. Direct Laser Writing Technique. The microfabrication of

the lms was conducted using the experimental setup shown in Figure
1. The laser beam was collimated using a telescope before being
directed toward a half-wave plate and a calcite polarizer to regulate the
incident power on the sample without altering its polarization state.

Subsequently, a periscope adjusted the beam height and redirected
it to a custom-built optical microscope. A 400 nm dielectric mirror
guided the beam downward to a 20× microscope objective (NA =

0.6), focusing it onto the sample, which was mounted on a 3D
translation stage controlled by dedicated software. A shutter was
employed to control the laser beam passage onto the sample. The
dielectric mirror simultaneously allowed white light (LED) trans-
mission for sample illumination while blocking any back-reected 405
nm light. A converging lens (10 cm focal length) projected the sample
image onto a CMOS camera positioned at the microscope. All
experiments were performed at room temperature in an air-saturated
environment.

A laboratory-developed software guided the fabrication of
plasmonic platforms at translation speeds of 50 μm·s−1, 75 μm·s−1,
100 μm·s−1, 200 μm·s−1, 400 μm·s−1, and 1000 μm·s−1. Each platform
featured 19 grooves, each 2 mm wide and spaced 100 μm apart. For
each translation speed, platforms were created using laser powers
ranging from 20 mW to 200 mW.

For the PMMA lms containing both rhodamine B and gold
precursor, a 100 μm·s−1 translation speed was used, with laser powers
ranging from 20 mW to 100 mW. In this case, each platform featured
nine microstructures, each 0.3 mm wide and spaced 40 μm apart.

2.4. Optical Absorption Spectroscopy. The optical absorption
spectra were measured using the portable spectrometer with the same
experimental setup illustrated in Figure 1. A lamp emitting from 400
to 1000 nm was positioned below the translation stage. After passing
through the sample, the spectrometer collected the white light beam,
which was connected to software dedicated to real-time absorption
measurements. All recorded data were later analyzed using Python
language. The camera allowed real-time visualization of the sample
area being studied.

The images of the plasmonic platforms were captured using a
camera coupled to a commercial optical microscope. For the PMMA
lms containing only the gold precursor, a 10×/0.25 objective lens
was used, while a 40×/0.65 objective lens was employed for the lms
containing both the precursor and rhodamine B.

3. THEORETICAL FRAMEWORK
The Mie-Gans theory was applied to estimate the nanoparticle
parameters by tting the theoretical model to the ultraviolet-
visible spectroscopy (UV−vis) experimental data.18 The UV−
vis data were collected as described in Section 2.4. Python-
based software was used to apply the Mie-Gans model to the
measured absorption spectra through an iterative curve-tting
procedure based on Nelder−Mead optimization. The

Figure 1. DLW experimental setup for microfabrication of low-cost
plasmonic platforms.
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extinction cross-section in the Mie-Gans model is outlined in
eq 1, where V ab4

3
2= represents the volume of the spheroid

with major and minor semiaxes b and a, respectively, εm(ω)
denotes the dielectric constant dispersion of the surrounding
medium (PMMA), λ is the wavelength of the incident
photons, and ε(ω, R) is the complex dielectric function of
the nanoparticle with an equivalent spherical radius

R R abeq
23= = . The other parameters such as longitudinal

(Pa) and transverse (Pb) depolarization and the eccentricity (e)
can be found in refs 18 and 19.
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The complex dielectric function for metallic nanoparticles
can be calculated according to eq 2, where εIB denotes the
contribution of d-sp interband transitions involving bound
electrons, and the term in brackets accounts for the
contribution of free electrons, as described by the Drude
model. Furthermore, ωP represents the bulk plasma frequency
(rad·s−1), and c2= corresponds to the angular frequency of
the incident light in vacuum (rad·s−1), with λ being the
wavelength and c the speed of light in vacuum.55

R
i R

( , ) ( ) 1
( ( ))IB

P
2

= + [
+

]
(2)

The overall damping frequency of the free electrons is size-
dependent (Γ(R)) and is treated using the phenomenological
approach described by Andalib et al.55 As follows, εIB can be
estimated by subtracting the contribution of the Drude model
from the experimental dielectric function, as shown in eq 3.55
In this analysis, the experimental dielectric data provided by
Yakubovsky et al. was used.56

Figure 2. Optical microscopic images of the plasmonic platforms fabricated using a laser power of 150 mW and translation speeds of (a) 50 μm·s−1,
(c) 75 μm·s−1, (e) 100 μm·s−1, (g) 200 μm·s−1, (i) 400 μm·s−1, and (k) 1000 μm·s−1. In these images, red indicates the formation of AuNPs, while
yellow represents the PMMA lm containing the HAuCl4 precursor. The images were saturated in red to improve the visualization of the
microstructures. Extinction spectra of the fabricated plasmonic platforms for translation speeds of (b) 50 μm·s−1, (d) 75 μm·s−1, (f) 100 μm·s−1,
(h) 200 μm·s−1, (j) 400 μm·s−1, and (l) 1000 μm·s−1. (m) Absorption of the PMMA lm containing the precursor before microfabrication. (n)
Microstructure width (wm, μm) as a function of the laser power (mW) for translation speeds of 50 μm·s−1 (violet squares) and 1000 μm·s−1 (red
circles). (o) Real-time DLW process image for 150 mW and 200 μm·s−1, highlighting the formation of laser-induced plasma.
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Accordingly, an iterative curve-tting procedure utilizing
Nelder−Mead optimization was employed in the numerical
analysis of the measured optical extinction spectra via eqs 1 −
3.18 As the initial input parameter, the nanoparticle size was
estimated using an empirical formula proposed by Haiss et
al.,57 in which the radius (R) is expressed in terms of the
surface plasmon resonance (ASPR) and bulk gold (A450)

absorbance, i.e., in ( )R exp 3 2. 2A
A

1
2

SPR

450
=

ÄÇÅÅÅÅÅÅÅÅ ÉÖÑÑÑÑÑÑÑÑ.
The iterative calculation procedure, which is both fast (takes

less than 1 min) and user-friendly, was executed using Python.
Through the Mie-Gans tting, the major (b) and minor (a)
semiaxes of the nanoparticle were determined. Consequently,
the equivalent sphere radius was calculated as the geometrical
mean of the spheroid semiaxes (R abeq

23= ), and the aspect
ratio (shape anisotropy parameter) was dened as β = b/a.
To calculate the concentration of gold nanoparticles

(AuNPs),18,19 we employed the Beer−Lambert law in the
form AuNP A

L
A

L( )N

SPR SPR

ext
A10

3

ln(10)

[ ] = = , in which [AuNP] repre-

sents the AuNP concentration (M), A is the absorbance
(measured at the SPR band maximum), L is the optical path

length (cm), ε is the molar absorptivity (M−1·cm−1), and NA is
the Avogadro’s constant. In this context, the molar absorptivity
(ε, M−1·cm−1) is converted into the Mie-Gans cross section
(σext, cm2) using a suitable correction factor.18 Subsequently,
the AuNP density (ρ, g·cm−3) was estimated using

19. 3g cm 3 AuNP
AuNP

450

SPR
= · [ ]

[ ] , 1 8 w h e r e [ A uNP ] S P R a n d

[AuNP]450 respectively represent the concentration of gold
nanoparticles calculated at the SPR peak wavelength and 450
nm, and 19.3 g·cm−3 corresponds to the bulk gold density.
More details about the model can be obtained from refs.18,19

4. RESULTS AND DISCUSSION
Figure 2a,c,e,g,i,k show optical microscopy images of the
plasmonic microstructures fabricated via cw-laser direct writing
on PMMA lms containing HAuCl4 as a precursor. The optical
prolometry estimated the PMMA lm thickness at (20 ± 2)
μm. The yellow regions represent the PMMA lm with the
precursor, while the red areas indicate the formation of gold
nanoparticles (AuNPs). These plasmonic microstructures were
created using a laser power of 150 mW and translation speeds
of 50 μm·s−1, 75 μm·s−1, 100 μm·s−1, 200 μm·s−1, 400 μm·s−1,
and 1000 μm·s−1. As observed, the microstructure width (wm)
decreases as the translation speed increases. Lower translation
speeds tend to produce larger widths due to the higher laser
eective uence (Feff = P/(vw0), where P is the laser power, v is

Figure 3. Optical microscopy images of the PMMA lms containing the gold precursor, gold nanoparticles, and rhodamine B for a translation
speed of 100 μm·s−1 and laser powers of (a) 20 mW, (b) 60 mW, and (c) 90 mW. Fluorescence intensity proles were analyzed by a Python
program for the same translation speed and laser powers: (d) 20 mW, (e) 60 mW, and (f) 90 mW. (g) Relative normalized intensity as a function
of the laser power from 20 to 100 mW, with the blue area highlighting the transition to a high-power excitation regime (>63 mW) where most
nanoparticles are concentrated outside the microstructures. (h) Extinction spectra for the center (black line) and edges (red line) of a single
microstructure in the 90 mW sample, along with the extinction spectrum of rhodamine B (blue line) for the same sample.
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the translation speed, and w0 is the beam waist radius), which
increases the formation of free electron density, thus leading to
higher consumption of the HAuCl4 precursor. Consequently,
more AuNPs are generated and higher plasma diusion occurs,
forming larger plasmonic microstructures. In summary, the
HAuCl4 precursor absorbs the photon at 405 nm and generates
heat, which is responsible for triggering the AuNPs formation.
To explain the AuNPs generation in PMMA via cw-laser, we
applied the nite-dierence method to solve the classical
Fourier heat equation and estimate the laser-induced temper-
ature in the PMMA/HAuCl4 lm. The theoretical approach
and the outcomes can be observed in detail in Figure S1 from
the Supporting Information. The laser-induced temperature
(TL) for a laser power of 100 mW and a laser waist radius of 3
μm reaches a very high value, TL = 2700 K (see Figure S1 from
the Supporting Information), which is much higher than the
photothermal degradation temperature of PMMA (Td = 500−
700 K) even though in general the numerical simulation
overestimates the temperature value due to some approx-
imations. Consequently, in this regime, the laser-induced
temperature promotes the scission of the PMMA chain,
releasing volatile fragments such as CO2 and hydrocarbons in
an air-saturable atmosphere.58 These gases form a plume near
the laser focus, which has a very high irradiance of order of
GW·m−2. Thus, the hot gas plume absorbs additional photons
(stepwise multiphoton absorption) and consequently ionizes

to form a “weak” plasma. In this high-temperature regime, the
HAuCl4 precursor decomposes directly in elemental gold
(Au0), HCl and Cl2 or chlorine atoms as side products,
forming the rst gold cluster. Subsequently, with the onset of
the formation of the rst gold clusters, the laser-induced
temperature increases considerably because of their high
photothermal eciency and large absorption cross section as
compared to the HAuCl4 precursor.

59−61 In this context, the
laser-induced temperature can trigger a dense plasma
formation, in which the NPs growth rate is accelerated
through the coalescence of seed clusters, as shown in refs 43
and 44. The laser-induced plasma formation during the DLW
experiments can be visualized in Figure 2o.
Figure 2b,d,f,h,j,l present the extinction spectra of the

fabricated plasmonic microstructures corresponding to the
optical microscopy images shown in Figure 2a,c,e,g,i,k.
Notably, all extinction spectra exhibit a plasmon band around
533 nm, indicating the formation of AuNPs with spheroidal
shape. Moreover, the shape of the SPR spectra without any
shoulder indicates that AuNP aggregates in PMMA lms are
not formed via direct laser writing.62 This outcome is
interesting because it suggests that the PMMA avoids the
aggregation process by acting as a surface ligand around the
NPs analogously to the stabilizing molecules used in the
colloidal synthesis of solution-grown NPs.18

Figure 4. Optical prolometry results for the fabricated plasmonic microstructures: (a) 2D map of the surface topography, (b) cross-sectional
prole, and (c) depth distribution histogram of the microstructure, showing the statistical distribution of measured depths. SEM images of the
plasmonic platform: (d) overview of the entire plasmonic platform, (e) high-magnication image of a single microstructure, and (f) elemental
mapping of gold (Au) distribution along a microstructure.
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Figure 2m shows the absorption spectrum of the polymer
lm containing the precursor before microfabrication, with a
band centered at 320 nm related to the AuCl4− ion. The arrow
in Figure 2m indicates the laser excitation wavelength,
emphasizing the one-photon absorption-induced process
related to the precursor absorption. Lastly, Figure 2n illustrates
the microstructure width (μm) as a function of laser power
(mW) for translation speeds of 50 μm·s−1 and 1000 μm·s−1,
with similar behavior observed for other translation speeds.
Our results demonstrate that the plasmonic microstructure
width can be experimentally controlled within the range of 5 to
70 μm by adjusting only the laser power and translation speed.
Furthermore, reducing the plasmonic microstructure width to
approximately 1 μm is possible by reducing the precursor
concentration dispersed in the polymer matrix and changing
the microscope objective.
To determine whether the nanoparticles were generated

within the microstructure or expelled outward, we performed a
uorescence microscopy analysis by doping the PMMA lms
with rhodamine B. Figure 3 presents the uorescence
microscopy images (a, b, c) and the pixel intensity (d, e, f)
corresponding to the uorescence of rhodamine B for a
translation speed of 100 μm·s−1 and laser powers of 20 mW, 60
mW, and 90 mW. In Figure 3a,d, for a laser power of 20 mW,
strong uorescence is observed outside the plasmonic
microstructure, with minimal uorescence inside, indicating
that AuNPs were generated within the microstructure.
Interestingly, for 60 mW (Figure 3b,e), the uorescence

intensity increased within microstructure regions and de-
creased in the areas between them, with a red-edge zone along
the microstructures. This is likely due to the spread of
nanoparticles from the microstructure with increasing laser
power. In Figure 3c,f, for 90 mW, the uorescence peaks in the
microstructure regions reached their maximum, suggesting a
lower concentration of AuNPs in these areas, further
supporting the nanoparticle spread eect at higher laser
powers. To verify the spread eect, we measured the extinction
spectra for the irradiated region of a single microstructure and
its nonirradiated red-edge zones in the 90 mW sample, as
shown in Figure 3h. In both cases, the peak observed around
530−550 nm corresponds to the LSPR of the AuNPs.
However, the LSPR intensity is higher in the edge zone (red
line), indicating a greater concentration of AuNPs outside the
microstructure due to the spread eect, corroborating the
uorescence microscopy measurements. To distinguish the
emission of rhodamine B (Rh.B), its extinction spectrum is
presented as a blue line, exhibiting a peak around 510 nm.
To better understand the spread eect, Figure 3g shows the

normalized relative intensity (maximum uorescence intensity
inside the microstructures (Ii) minus the maximum intensity
(Io) between them divided by uorescence intensity inside the
microstructures, i.e., IR = ((Ii− Io)/Ii)) as a function of the
laser power, ranging from 20 mW to 100 mW, for a translation
speed of 100 μm·s−1. A transition behavior is visible from the
low-power regime (highlighted in blue) to the high-power
regime (white region) as the concentration of AuNPs increases

Figure 5. (a) Theoretical ts (black lines) to the experimental absorption spectra (red dots) for dierent laser powers, with a precursor
concentration of 4 mM and a translation speed of 50 μm·s−1; (b) range-normalized root mean square error (RMSE) for each laser power; (c)
range-normalized deviation (δ) for each wavelength.
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outside the microstructures by raising the laser power. A
tipping point occurs around 63 mW, above which more
nanoparticles are found outside the microstructures due to the
spread eect induced by higher laser powers.
An optical prolometry analysis was performed to gain a

more comprehensive understanding of the plasmonic micro-
structures microfabricated, as depicted in Figure 4. Figure 4a
illustrates a surface topographic map of plasmonic micro-
structures fabricated using laser power of 100 mW and
translation speed of 200 μm·s−1, where the color scale
represents variations in topography (z-axis). The blue color
in the colormap corresponds to the groove regions of the
sample, eectively highlighting the areas where the laser was
focused. The groove depth depends on the laser power.
Furthermore, Figure 4b shows the cross-sectional prole

along the y-axis, indicating the groove depth and shape in the
geometry of the microstructures and enhancing the overall
understanding of their structural characteristics. Figure 4c
presents a histogram depicting the groove depth distribution of
the microstructures, illustrating the frequency of dierent
depth values. The Gaussian t (red curve) emphasizes the
average groove depth and its low dispersion, i.e., Lz = (10.9 ±
0.3) μm. Such groove depth depends on the laser irradiance.
Figure 4d provides a Scanning Electron Microscopy (SEM)
image of the entire plasmonic platform, which is composed of
19 individual microstructures. Each microstructure has a length
of 2 mm, and the microstructures are spaced 100 μm apart.
This wide-scale view oers insight into the overall arrangement
and spatial conguration of the fabricated plasmonic micro-
structures. Figure 4e shows a high-magnication image of a
single microstructure, which complements the surface analysis
previously conducted through prolometry. This zoomed-in
view highlights distinct grooves within the microstructure,
which are most likely a result of the laser irradiation process.
Lastly, Figure 4f presents the elemental mapping (energy

dispersion spectroscopy) of the gold distribution across the
microstructure. This image conrms the uniform presence of
gold throughout the entire sample, supporting the eectiveness
of the lm fabrication method.
After successfully fabricating the plasmonic microstructures,

a deeper analysis of the physicochemical properties of the
AuNPs generated within them is required. This analysis is
crucial because the optoelectronic features of plasmonic
microstructures are highly dependent on the intrinsic proper-
ties of the in situ laser-induced AuNPs, such as nanoparticle
size, concentration, density, and shape anisotropy. In previous
studies,18,19,55 we have shown that a computational approach
based on the Mie-Gans model successfully describes the
physicochemical properties of gold and silver nanoparticles,
which were corroborated by TEM and energy-dispersive
spectroscopy measurements. A very similar model was also
used in ref 55 with great success in describing the growth
kinetics of AuNPs synthesized via a seed-mediated chemical
route. In this context, Figure 5a presents the extinction spectra
of the PMMA thin lms containing AuNPs, which were
fabricated using a translation speed of 50 μm·s−1, combined
with dierent laser powers, and a precursor concentration of 4
mM. The red circles represent the experimental data, while the
solid black lines correspond to the Mie-Gans theoretical tting
curves.18 It is worth mentioning that the plasmon band for
AuNPs in PMMA is red-shifted around 13 nm compared to
that in water for the same AuNP size (see Figure S2a from the
Supporting Information). This shift is expected because the
plasmon resonance condition should satisfy the relation
Re{ε(ω, R)} = −2εm(ω), being the dielectric constant of
PMMA (εm = n2= 2.25, where n is the refractive index)
considerably higher than that of water (εm = n2= 1.77), which
is taken into consideration in our model (refractive index
dispersion). Figure S2b conrms that the redshift is solely due

Figure 6. Physicochemical parameters describing the synthesis of AuNPs in plasmonic microstructures fabricated via direct laser writing with a 50
μm·s−1 translation speed and dierent laser powers (25−200 mW): (a) concentration of the precursor anion tetrachloroaurate (AuCl4−), (b)
concentration of the generated neutral gold atoms (Au0), (c) major (red circles) and minor (black circles) semiaxes of the spheroidal AuNPs, (d)
concentration, (e) aspect ratio (β), and (f) density of the synthesized AuNPs as functions of the laser power. The solid lines in panels (a) and (b)
are only an eyeguide.
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to the environmental medium eect and not the size of the
AuNPs.
All samples exhibited a localized surface plasmon resonance

(LSPR) band centered around 533 nm, characteristic of
spheroidal gold nanoparticles.18,63,64 The absorption at 450 nm
is attributed to the d-sp interband transition in bulk gold, an
interesting parameter for describing the properties of colloidal
AuNPs.57 To assess the accuracy of the theoretical ts of the
extinction coecient curves, we calculated the range-
n o r m a l i z e d R o o t M e a n S q u a r e E r r o r

RMSE
A A

A A

( )

( )
n i

n i i1
exp theo

2

theo
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theo
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max and Atheo
min are the

maximum and minimum values of the theoretical extinction
coecient, respectively. The RMSE for each extinction
coecient curve obtained with dierent laser powers is
shown in Figure 5b. Additionally, we calculated the range-

normalized deviation ( ) 100
A A

A A

( ) ( )

( )
exp theo

theo
max

theo
min= [ ]| |

. This param-

eter represents the deviation between experimental data and
theoretical ts at each wavelength, as shown in Figure 5c.
These metrics demonstrate the high reliability of the numerical
tting model, with a condence interval of approximately
95%.55 Therefore, this model accurately reproduces all
measured extinction spectra, allowing us to extract information
about the colloidal AuNPs synthesized within the plasmonic
microstructures. For instance, Figure 6 illustrates various
physicochemical parameters estimated from the Mie-Gans-
based theoretical framework described in Section 3: the
consumption of HAuCl4 precursor (Figure 6a), the formation
of Au0 (neutral gold) atoms (Figure 6b), the major and minor
semiaxes of the gold nanoparticles (Figure 6c), their
concentration (Figure 6d), shape anisotropy (Figure 6e), and
density (Figure 6f) as functions of the laser power during the
fabrication of the plasmonic microstructure via direct laser
writing using a 50 μm·s−1 translation speed.

Figure 6a illustrates that progressively higher laser powers
lead to an increasingly pronounced consumption of the
HAuCl4 precursor because the laser-generated plasma density
becomes greater, forming more neutral gold atoms and
consequently more clusters. This process contributes to the
nucleation and growth of AuNPs. Indeed, the formation of
AuNPs via DLW is driven by PMMA photothermal
degradation followed by laser-induced plasma, initiating the
PMMA chain scission.65 As mentioned, these photophysical
events generate zerovalent Au atoms, which then aggregate
into nuclei and subsequently grow. Notably, it is worth
mentioning that this growth process ceases immediately after
laser irradiation, unlike the traditional AuNP formation in
solution, where growth via incorporation of neutral gold atoms
continues even without excitation until the remaining metal
precursor molecules are completely depleted. Therefore, this
synthesis method is more controllable in a PMMA polymer
matrix than in a solution containing suitable chemical
precursors.
Figures 6c,d show the major (red dots) and minor (black

dots) semiaxes (characteristic particle sizes for the spheroidal
shape) and the concentration of AuNPs, respectively. Initially,
nanoparticles with very small sizes are generated at high
concentrations (1.9 mM) due to the low laser power and the
resulting small Au0 atom density within the PMMA matrix. As
the laser power increases, the AuNPs grow while their
concentration decreases rapidly up to a laser power of 110
mW. Beyond this point, the AuNP size stabilizes, the growth
curve reaches an almost constant level, while the nanoparticle
concentration increases (inset of Figure 6d) because the AuCl4−
precursor anion remains available for further consumption, as
indicated in Figure 6a.
Finally, Figure 6e,f present the shape anisotropy parameter

(aspect ratio of the spheroidal nanoparticle) and the density of
AuNPs generated via the DLW technique, respectively.

Figure 7. Physicochemical parameters describing the synthesis of AuNPs in plasmonic microstructures fabricated via direct laser writing with a 100
mW laser power and translation speed ranging from 25 to 300 μm·s−1: (a) concentration of the precursor anion tetrachloroaurate (AuCl4−), (b)
concentration of the generated neutral gold atoms (Au0), (c) major (red circles) and minor (black circles) semiaxes of the spheroidal AuNPs, (d)
concentration, (e) aspect ratio (β), and (f) density of the synthesized AuNPs as functions of the laser power. The solid lines in panels (a) and (b)
are only an eyeguide.
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Initially, due to the low density of free electrons induced by the
low laser uence, ultrasmall AuNPs with large surface area are
produced. Consequently, AuNPs with approximately spherical
shapes are produced, i.e., low anisotropy (β ∼ 1.2).55

In this scenario, the number of laser-generated Au0 atoms is
very small, which prevents the growth stage from proceeding
after nucleation due to the lack of Au0 atoms available in the
irradiated PMMA lm. Consequently, this process aects the
structural quality of AuNPs, resulting in higher nanoparticle
density. As the laser power increases, more Au0 atoms are
generated, allowing the growth stage to proceed, thus
increasing the size of the AuNPs. This also leads to a rise in
anisotropy due to the larger concentration of available Au0
atoms or even due to the coalescence of seed clusters.66,67 As a
result, there is a reduction in AuNP density, approaching the
bulk gold value (19.3 g·cm−3) due to the improved structural
quality of the nanoparticles. These analyses can be similarly
applied to AuNP samples in PMMA plasmonic platforms
fabricated with dierent translation speeds.
Similar analyses were then conducted on AuNP samples

synthesized in a PMMA lm with the laser power xed at 100
mW and the translation speed varying from 25 μm·s−1 to 300
μm·s−1, as illustrated in Figure 7. Figure 7a shows the
consumption of HAuCl4 precursor as a function of the
translation speed, while Figure 7b displays the corresponding
formation of Au0 atoms. In contrast to the eects of laser

power exhibited in Figure 6a,b, lower translation speeds result
in increased precursor consumption due to the higher laser
eective uence, which enhances electron generation and,
consequently, the formation of Au0 atoms and their subsequent
agglomeration into nuclei and AuNPs. Figure 7c depicts the
major and minor semiaxes of the AuNPs, and Figure 7d shows
their concentration. Notably, there is a maximum AuNP size
and a corresponding minimum AuNP concentration at a
translation speed between 75 and 100 μm·s−1. As the
translation speed increases beyond this point, there is a
reduction in the AuNPs size and an increase in their
concentration because of the short time of laser interaction
with the sample. Such interaction time can be calculated as tint
= 2w0/v.
The shape anisotropy factor (particle aspect ratio) is shown

in Figure 7e, where it is evident that there is no signicant
change in its value for translation speeds above 100 μm·s−1.
However, the anisotropy decreases for speeds below 100 μm·
s−1. The described behavior change is likely due to the laser-
induced particle fragmentation process68 for translation speeds
greater than ∼75 μm·s−1 combined with high laser power (100
mW, very high uence laser), which is corroborated by the
observed AuNP size reduction (see Figure 7c) accompanied by
the AuNP concentration increase (see Figure 7d). Such
reshaping/fragmentation process can be explained because
once larger AuNPs are generated the laser-induced temper-

Figure 8. (a) Colormap for the equivalent spherical radius (Req; nm) as a function of laser power (P; mW) and translation speed (v; μm·s−1); (b)
Req as a function of laser power (P) for gold nanoparticles synthesized using a translation speed of 50 μm·s−1; (c) nal nanoparticle concentration
([NP], black squares; μM) and maximum Req (red circles; nm) as functions of translation speed (v; μm·s−1), where the inserted lines serve as visual
guides to highlight the trends observed in the samples.
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ature increases dramatically, triggering these eects. In
particular, the laser-induced temperature is directly propor-
tional to the absorbed laser power (Pabs) that depends on the
extinction cross-section (σext), the latter of which scales with
the cube of the NP radius (T ∞ Pabs ∝ σext ∝ Req

3 ).69

Therefore, small increases in NP radius cause a large increase
in laser-induced temperature. Figure 7f shows the density of
the nanoparticles, which exhibit minimal variations. The
average value is 19.7 ± 0.5 g·cm−3, indicating the production
of high-quality AuNPs.
Figure 7a,b show that the consumption of HAuCl4 precursor

and the formation of Au0 atoms follow a sigmoidal behavior as
a function of translation speed or interaction time (Figure S3
from the Supporting Information) (tint from 0.02 s (v = 300
μm·s−1) to 0.24 s (v = 25 μm·s−1)). This sigmoidal behavior
suggests that the AuNPs growth in PMMA may be described
by a rapid autocatalytic growth stage.70 As observed in Figure
S3, the growth rate is very high, i.e., the growth stage
practically nishes at around 100 ms, which corroborates with
the dense plasma formation after the generation of the rst
gold clusters.
Figure 8a presents a colormap for the equivalent-sphere

radius R abeq
23= (geometrical average of the spheroidal

AuNP semiaxes a and b) as a function of laser power (P; mW)
and translation speed (v; μm·s−1). The colormap was
generated through a curve tting procedure using a sigmoidal
function implemented via Python, as represented by the solid
line in Figure 8b. Moreover, we applied the interpolation
method to obtain information about the Req values
corresponding to additional translation speeds inserted
between 50 μm·s−1 and 1000 μm·s−1 to generate a smoothed
colormap. Figure 8b illustrates Req as a function of laser power
P for a xed speed of 50 μm·s−1, revealing a clear sigmoidal
behavior that remains consistent across all translation speeds.
According to this model, spheroidal AuNPs with equivalent
spherical diameters ranging from 2 to approximately 30 nm can
be synthesized by adjusting laser power and speed.
Interestingly, our data present optimal translation speed (100
μm·s−1) and laser power (100 mW) for AuNP micro-
fabrication in PMMA lms, facilitating the production of
gold nanoparticles within a broad size range (Req = 1 to 15
nm). Contrary to expectations, larger AuNPs were not
observed at lower translation speeds (e.g., 50 μm·s−1); instead,
a reduction in particle size was noted at speeds below 100 μm·
s−1, as shown in Figure 8c, which compares the maximum Req
values (red circles) corresponding to dierent translation
speeds (v). As mentioned, this reduction is likely attributed to
laser-induced particle reshaping/fragmentation,68 which is
promoted by the prolonged duration of laser-induced plasma
at lower translation speeds.
This hypothesis is further supported by the nal nano-

particle concentration data ([NP], black squares) compiled in
Figure 8c, which exhibit a trend opposite to that observed for
the Req vs v curve, that is, [NP] rises substantially for v < 100
μm·s−1 (see the gray lled area in Figure 8c comparing the
evolution of the nanoparticle size and concentration for low
translation speeds). When particle fragmentation occurs, an
increase in AuNP concentration is expected, which is
consistent with the observed results.

5. CONCLUSIONS
We experimentally controlled the physicochemical properties
of AuNPs synthesized within PMMA lms containing
tetrachloroauric acid using direct laser writing. By modulating
only the laser power and translation speed, we achieved precise
fabrication of AuNPs with tunable sizes ranging from 2 to 30
nm, shape anisotropy factors (aspect ratio) between ∼1.1 and
1.5, and concentrations spanning from 0.9 μM to 1.9 mM.
These particles exhibited densities comparable to bulk gold,
forming plasmonic microstructures with dimensions from 5 to
70 μm. Furthermore, rhodamine B uorescence mapping
revealed a tendency for nanoparticles to spread outside the
microstructures at high laser powers, with a critical tipping
point identied at approximately 63 mW, above which AuNP
concentration increased signicantly beyond the patterned
regions. This approach demonstrates the ability to synthesize
size-tunable AuNPs in PMMA plasmonic platforms with
micrometer-scale precision by simply adjusting laser parame-
ters without requiring additional control over temperature,
pressure, atmosphere, or prefabrication masks. The technique
oers a versatile, cost-eective alternative to conventional
methods. Additionally, integrating UV−vis spectroscopy with a
Mie-Gans-based computational framework enabled ecient
quantitative analyses of the nanoparticles, highlighting its
utility for characterizing nanostructures generated in polymers.
Our ndings provided new insights into the interplay between
laser parameters and nanoparticle generation, advancing the
eld of nanomaterials science and engineering. This work
paves the way for innovative applications in nanoscale research
and opens up opportunities for cost-eective, high-resolution
nanopatterning.
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