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ABSTRACT: An innovative approach based on photothermal
contrast to enhance analytical sensitivity of enzymatic phenyl-
alanine detection at a solid surface was demonstrated. Gold
nanoparticles in situ produced by the reduced form of nicotinamide
adenine dinucleotide, which is generated by an enzymatic reaction,
exhibit an excellent photothermal effect upon green-light stimuli.
The enzymatic reaction and the nanoparticles process formation
were optically investigated. A sensing range of 10—1000 M with a
detection limit of 3.6 uM for phenylalanine detection were
demonstrated. The testing with blood samples collected from
phenylketonuria patients together with concurrent comparison
through tandem mass spectrometry have confirmed the good
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analytical performances and the robustness and utility of the proposed photothermal-contrast approach for further integration on

clinical devices.
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he ability to rapidly recognize biomolecules in human

fluids enables self-monitoring and improves outcomes.
This opportunity has increased the diffusion of point-of-care
devices able to perform easy and low-cost molecular detection.
In this scenario, the development of an integrated platform for
diagnostic and therapy monitoring has recently increased its
diffusion.' ™ Phenylketonuria (PKU) is the most common
amino acid disorder, caused by impairment of the enzyme
phenylalanine hydroxylase, which converts phenylalanine (Phe)
to tyrosine (Tyr). As a consequence of the enzymatic rest, PKU
patients store high levels of Phe, which become very toxic for the
central nervous system. Phe is an amino acid making up proteins
found in many foods, so PKU patients are forced to follow a
severe diet-therapy to limit the Phe intake. The compliance with
the diet is monitored through the evaluation of Phe levels in
blood. Therefore, the regularly lifelong monitorin§ of the Phe
concentration is crucial for the patient’s well-being.””® Recently
various analytical approaches for the detection of Phe have been
developed. They include a nonenzymatic method based on
recognition of Phe by interaction with specific DNA-aptamers
sequences,” enzymatic approaches mainly based on phenyl-
alanine ammonia lyase enzyme (PAL)'® and on phenylalanine
dehydrogenase enzyme (PDH) assisted by redox or colorimetric
mediators.

Great efforts have been made in the development of
nanostructured materials to improve analytical performance
and enable the integration of assays into miniaturized sensing
devices. In this scenario, optical, electrical, physical, and
photothermal properties of nanostructured materials enable
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their application in biosensing areas,'” biomedicine,"* gene
delivery,'* and lateral flow immunoassay'> as well as photo-
thermal-induced reactions.'® The photothermal effect is the
most intriguing property of plasmonic nanostructures. Upon
irradiation, electrons from the metal nanostructure surface are
excited to the conduction band, generating the localized surface
plasmon resonance band (LSPR). Then, on the time scale of 100
ps to 1 ns, the photoexcited energy is transferred to the metallic
lattice through electron—phonon collisions. This relaxation step
induces thermal dissipation and releases the thermal energy to
the surrounding medium."”

In the photothermal-contrast approach, the energy light
absorbed by materials is converted into heat, which is released to
the surroundings creating a thermal lens recorded by the
thermocamera. This effect could be improved by various
nanostructured materials. Among these, gold nanoparticles,
due to their easy synthesis, high stability, and good
biocompatibility, are the most diffuse nanomaterials used for
photothermal application including the integration on paper-
based biosensors.'® Herein, we report an innovative approach
based on photothermal contrast to improve sensitivity of
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enzymatic reactions through the heat generated by metallic
nanoparticles upon light stimulation.

The amount of heat generated by metallic nanoparticles can
be described by the equation Q = N X C_ X I, where the total
heat generation (Q, Wm®") is the combined contribution of the
metallic nanoparticles amount (N, NPsm™), metallic nano-
particles absorption cross-section (Cabs, m?), and source laser
density (I, Wm?")."”

The enzymatic conversion of Phe through the enzyme
phenylalanine dehydrogenase, followed by the in situ gold
nanoparticle formation, has been selected as a model to assess
the photothermal-contrast performances (Scheme 1).

Scheme 1. Schematic Sensing Strategy

In detail, the first mechanism depicted in Scheme 1 consists of
the specific conversion of phenylalanine to phenylpyruvate,
catalyzed by the enzyme PDH in the presence of a NAD*
cofactor (reaction 1). The neo-formed nicotinamide adenine
dinucleotide (NADH) was spectroscopically confirmed through
the appearance of the absorption band around 340 nm. Next, the
second step involves electron transfer from NADH to Au’* to
produce in situ spherical gold nanoparticles (reaction 2). Both
reactions were spectroscopically monitored in the wavelength
range of 250—1000 nm. In particular, Figure 1A illustrates the
formation of the absorption band at around 340 nm to indicate
the formation of NADH by reaction 1. The Phe concentration
range investigated from 10 to 1000 uM was according to the
European guidelines on phenylketonuria.””*' The absorbance
arises with the increase of the Phe amount (0, 10, 20, 100, 500,

o
PDH : in si i ;
O 0 NAD" O 4 NH," + NADH and 1000 4M). Then, the in situ gold nanoparticle formation by
NH, ’ 37°C/ 30 min 0 reaction 2 was corroborated by the optical absorption changes
reported in Figure 1B where the formation of the intense LSPR
70°C/40 min band centered at 530 nm is evident (Figure 1B). The formation
. . )
FNADH 2AuCl, > 2AUNPs £ 3NADTH3HCL - 5CI of gold nanoparticles (size about 12 + 2 nm) was confirmed by
TEM investigation, as shown in Figure 1C.
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Figure 1. Enzymatic-colorimetric reactions and AuNP characterization: (A) Optical absorption spectra changes for enzymatic reaction 1 in solution
(the appearance of absorption band at around 340 nm indicates the NADH formation). (B) Optical absorption spectra changes for gold nanoparticle
process formation (reaction 2) in solution. (C) Representative TEM image of AuNPs formed by reactions 1 and 2 in solution. (D) Photothermal cycle
for AuNPs upon light irradiation (Phe concentration = 1 mM, Absgs, ,,, = 1.6, laser excitation wavelength = 532 nm, power = 200 mW, volume = 100
uL). Insets represent thermographs of AuNPs before (26.5 °C) and after (65.7 °C) green-light excitation.
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Figure 2. Photothermal experiments for enzymatic-colorimetric reactions at different Phe amounts (0, 10, 20, 100, 500, and 1000 yM): (A)
Representative photograph of aqueous dispersion AuNPs into the photothermal holder. (B) Photothermal effect generated from AuNPs formed in
aqueous dispersion (sample volume 100 yL) at different Phe amount. (C) Representative photographs and (D) thermography of AuNPs formed at
membrane surface at different Phe amount. (E) Photothermal effect generated from AuNPs formed at membrane surface at various Phe amounts.
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Figure 3. Analytical performances comparison for different Phe concentrations (0, 10, 20, 100, 500, and 1000 xM) and selectivity test: (A)
Photothermal-contrast response after 120 s of irradiation time. (B) Optical-contrast response. (C) Optical density response. (D) Specificity (%) of the
photothermal-contrast method versus different biomolecules.

Since AuNPs show an intense LSPR absorption band in the

region of 500—

600 nm, as expected, they exhibit excellent

photothermal conversion upon photoexcitation (laser source

532 nm). Figure 1D reports the temperature changes, monitored
by a thermocamera, for an aqueous dispersion of AuNPs formed
through the reactions in Scheme 1. A net increase of temperature
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of about 40 °C in 300 s was observed during laser stimulus
(heating process). As the laser is switched off, the temperature
decreases, reaching the environment temperature (cooling
process).

Additionally, our findings show an undoubted photothermal
effect dependent on the amount of AuNPs, which is related to
the starting Phe concentration. Figure 2A and B reports the
photothermal effect for AuNPs formed in solution and at the
membrane surface, respectively, using different amounts of Phe
(0, 10, 20, 100, 500, and 1000 M) and according to the
reactions reported in Scheme 1.

In detail, Figure 2A illustrates the aqueous dispersion AuNP
samples on a photothermal glass tube holder (volume 100 uL).
It is evident as the typical gold nanoparticle color becomes more
intense as the Phe quantity increase. Photothermal inves-
tigations shown a negligible increase of temperature (about 2.1
°C) for the reference sample (Phe 0 yM). Whereas a net
increase of photothermal temperature to 5.6, 7.8, 14.9, 24.7, and
38.9 °C was observed as the Phe amount rose from 10, 20, 100,
500, to 1000 uM (Figure 2B).

To demonstrate the AuNP photothermal effect at the solid
surface and to assess the photothermal-contrast efficiency, both
reactions 1 and 2 were performed at the nitrocellulose surface
using different Phe concentrations, as described in the
experimental section. The purple-colored membrane clearly
indicates the effectiveness of the in situ AuNP process formation
(Figure 2C).

The photothermal-contrast testing was performed by
irradiating the membrane surface with a green-light source
(laser 532 nm, power 0.2W) and capturing the thermographs of
the membrane after each 20 s (Figure 2D). Similarly, to the
previous test, a slight increase of temperature (about 4.8 °C) for
the reference sample (Phe 0 M) was observed, whereas the
temperature increases to 11.2, 22.8, 35.9, 42.2, and 46.7 °C as
the Phe amount increases from 10, 20, 100, 500 to 1000 uM, as
depicted in Figure 2E. These data confirm that the photothermal
effect generated by AuNPs is quantitatively related to the
starting Phe concentration as well this effect can be easily and
efficiently monitored at a solid surface by a standard
thermocamera.

An interesting comparison between the proposed photo-
thermal-contrast approach with optical contrast” and the
standard optical-density approach was performed.

The photothermal-contrast approach showed a nonlinear
response” for the detection of Phe concentration from 10 to
1000 1M at a solid surface (Figure 3A). The limit of detection
(LoD) calculated as 3 X 6, cgrounds (Where Gy,ciground = 1.2 is the
standard deviation of background) was about 3.6 #M, and the
limit of quantification (LoQ) calculated as 9 X Gpaciground Was
about 10.8 #M. Similarly, a nonlinear response was observed for
the same samples investigated by the optical-contrast mode
(Figure 3B). In this case, lower LoD (39.6 4M; Gy,ciground = 13-2)
and LoQ (118 uM) were observed. While as expected, the
spectroscopically standard optical-density method showed a
linear response for a Phe concentration range of 10—1000 M in
solution (Y = 0.0015 + X0.001; R* = 0.9907) with a LoD of
about 0.1 M and LoQ_of about 0.9 uM (Figure 3C). These
comparison data indicate that the proposed photothermal-
contrast approach is a suitable analytical method for the
detection and quantification of Phe in PKU disease, where the
Phe amounts are acceptable in the range of 50—360 and are
abnormal for values above 360 uM.”*' Moreover, this method
based on photothermal measurement at the membrane surface is

very versatile and could be integrated in a miniaturized and
portable device. Contrarily, although the standard optical-
density method has very high sensitivity in terms of LoD and
LoQ, it is too hard to integrate in a miniaturized device. While
the optical-contrast approach can be easily integrated in a paper-
based device, the analytical performances are not enough to be
used for the Phe monitoring in PKU disease.

Moreover, the capability of the assay to selectively
discriminate between Phe versus other molecules such as
arginine, tyrosine at a concentration of 200 #M, and glucose at a
concentration of 5 mM was investigated. The data reported in
Figure 3D confirm the high specificity of the proposed assay for
the recognition of Phe. Our results show excellent sensitivity and
good specificity performances for Phe recognition at a solid
surface using a photothermal-contrast approach, according to
the literature data.'®

The higher performance of the photothermal-contrast
approach, with respect to the optical contrast, is related to the
high photothermal signal-to-noise ratio value. In the photo-
thermal method, the signal-to-noise ratio could be improved by
different approaches such as a better thermal isolation from the
surface and enhancing the absorption cross section of materials
as demonstrated by single molecule detection reported in
literature.* Contrarily, surface roughness, slight variations in the
refraction index of the sample, and a small absorption cross
section decrease the signal-to-noise ratio for the optical-contrast
approach.

In order to assess the capability of the proposed photo-
thermal-contrast assay to measure the Phe concentration in
human specimens, a vertical flow system (VFS) was designed
and prepared. The VFS is composed of (1) a blood filter
membrane (diameter 8 mm) for plasma filtration, (2) an
enzymatic layer composed by agarose 0.4% with all reagents
embedded for enzymatic reaction 1, and (3) a photothermal
contrast nitrocellulose membrane containing all reagents for
AuNP formation (reaction 2) (Figure 4A). These components
are housed on a cylindrical holder for easy handling.

The amount of Phe in filtered plasma was measured through
the photothermal effect generated by AuNps produced by
reactions 1 and 2 at the membrane surface. A small volume of Au
seeds was used to improve the nanoparticle formation as
detailed in the Supporting Information. The temperature
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Figure 4. Photothermal-contrast experiments with human samples: (A)
Schematics of vertical flow system. (B) Photothermal-contrast readout
setup, (C) Representative thermographs of membrane for photo-
thermal-contrast experiments on VFS.

https://doi.org/10.1021/acsanm.3c02651
ACS Appl. Nano Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c02651/suppl_file/an3c02651_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c02651?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c02651?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c02651?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c02651?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c02651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

recorded at the membrane surface by the thermocamera was
related to the Phe amount in a blood sample (Figure 4B).

Human blood samples were used for the experiments. In
particular, two samples were collected from PKU patients
(PKU1 and PKU2) and a sample from the healthy control
(HC1). For comparison, the Phe amount was measured by a
tandem-MS technique obtaining for PKU1 a Phe concentration
value of 148 uM, for PKU2 a Phe concentration value 916 uM,
and an HC1 concentration value of 38 M. Each experiment was
replicated three times (Figure S1).

In detail, an amount of fresh whole blood (volume 20 L) was
placed on a blood filter, and after 3 min of filtration, a volume of
approximately 12 uL of a plasma sample was collected by an
enzymatic layer. The filter was removed, and the VFS was
incubated at 37 °C for 30 min and 70 °C for 50 min (Figure S2).
Then, thermographs were captured during green-light irradi-
ation (laser $32 nm, power 200 mW). The temperatures
recorded after 120 s of irradiation were 38.6 °C for the reference
HCI, 57.1 °C for the PKU1 sample, and 67.8 °C for the PKU2
sample (Figure 4C). The environment temperature recorded
was about 22 °C. The Phe concentrations for the investigated
samples were calculated by interpolation with the curve reported
in Figure 3A. In particular, a Phe concentration of 20 + 5 uM
was obtained for HC1 (38 uM), a Phe concentration of 157 + 15
uM for PKU1 (148 uM), and a Phe concentration of 946 + 50
UM for PKU2 (916 uM). These data well corroborate with the
Phe concentration values obtained by tandem-MS techniques.
Combining the high specificity of the enzyme recognition with
the excellent sensitivity of the photothermal contrast ap-
h,”>** an unprecedent and innovative enzymatic-photo-
thermal assay for phenylalanine detection at a solid surface was
developed. Supported by the commercially available equipment,
properly designed and produced for photothermal-contrast
measurements,”* further research activities will be focused on
the development of a biosensor system based on the proposed
approach.

In conclusion, a novel photothermal-contrast method based
on in situ gold nanoparticle formation at the membrane surface
was demonstrated. The enzymatic reaction and nanoparticles
process formation were optically investigated. Photothermal
properties and the nanosized dimension for gold nanoparticles
were confirmed. Successful recognition of Phe in blood samples
from PKU patients was proven, together with the integration of
the assay on miniaturized vertical flow systems. With further
modifications of the method, such as light source and
nanoparticle shape and size as well membrane substrate,
additional improvement in performance as a larger dynamic
range and higher sensitivity can be expected. This approach
properly integrated in a miniaturized system could enable the
self-monitoring of Phe reducing cost and time analysis. Thus, we
can conclude that the proposed photothermal contrast assay
based on in situ AuNP formation is a promising detection mode
for improving the development of a portable and cost-effective
biosensing system.
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VES = Vertical flow system

B ADDITIONAL NOTES

“In optical contrast, the reflectance signals at the surface level are
measured by a LED/photodetector system. The optical-contrast
signal is the difference in light intensity (absorption, emisssion,
reflectance) between the image and the background.

®The nonlinear fitting equation is Y = Y, + A% (Y, = 38.8 +
3.5,A=—319 + 3.5, and R, = —0.038 = 0.008).
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