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ABSTRACT: The complex nature and structure of biomolecules
and nanoparticles and their interactions make it challenging to
achieve a deeper understanding of the dynamics at the nano—bio
interface of enzymes and plasmonic nanoparticles subjected to < Molecular Circular

light excitation. In this study, circular dichroism (CD) and Raman | Dynamics  Dichroism
spectroscopic experiments and molecular dynamics (MD) N/
simulations were used to investigate the potential changes at the /JV\[!U\P

nano—bio interface upon plasmoni_c ex_citation. Our data showe_d g Laser Off ‘\ Raman Taeeon gg
that photothermal and thermal heating induced distinct changes in

the secondary structure of a model nanobioconjugate composed of

lipase fromCandida antarcticafraction B (CALB) and gold nanoparticles (AuNPs). The use of a green laser led to a substantial
decrease in the a-helix content of the lipase from 66% to 13% and an increase in the f-sheet content from 5% to 31% compared to
the initial conformation of the nanobioconjugate. In contrast, the differences under similar thermal heating conditions were only
55% and 11%, respectively. This study revealed important differences related to the enzyme secondary structure, enzyme—
nanoparticle interactions, and the stability of the enzyme catalytic triad (Ser105-Asp187-His224), influenced by the instantaneous
local temperature increase generated from photothermal heating compared to the slower rate of thermal heating of the bulk. These
results provide valuable insights into the interactions between biomolecules and plasmonic nanoparticles induced by photothermal
heating, advancing plasmonic biocatalysis and related fields.

B INTRODUCTION although these studies analyzed the interactions between
enzymes and metallic nanoparticles, the changes in their
secondary structure and enzyme—nanoparticle interactions
induced by laser irradiation have largely been underexplored.
However, the impacts of LSPR excitation at the nano—bio
interface need to be further studied. This approach is
fundamental for understanding the transformations in light-
driven reactions at the nanoscale level and providing important
information for the rational design of different LSPR-driven
biocatalytic systems. Furthermore, this information is im-
portant for determining the colloidal stability of these
nanobioconjugates upon laser irradiation to ensure the desired
properties of plasmonic NPs and their optical applications."”

In this work, our goal was to elucidate different aspects of
the enzyme conformation at the nano—bio interface of a
nanobioconjugate upon laser irradiation. Among the main
LSPR outcomes, such as the formation of hot carriers, near-

Understanding the biophysicochemical interactions at the
nano—bio interface between nanoparticles (NPs) and bio-
molecules is a challenging task due to the complex nature of
these interactions,' " as they are dependent on external factors
such as adsorption orientation and medium conditions
(temperature, pH, ionic strength, etc.).>® Notably, these
interactions might impact the functionality and, as a
consequence, biocatalytic response of enzymes in specific
reactions.”'” In that way, understanding the potential changes
in biophysicochemical interactions upon light excitation is of
foremost importance for predicting the effects of light on
enzyme functionality for applications in light-driven reactions
and ensuring the performance of engineered nanobioconju-
gates. In particular, the effects generated from the localized
surface plasmon resonance (LSPR) excitation of plasmonic
NPs can lead to enhanced performance of biocatalysts coupled
to their surface, which has gained significant relevance as a —
novel strategy to improve biocatalysis.”'" This emerging field Received:  October S, 2023 LANGMUIR
of study, recently named plasmonic biocatalysis, explores the Revised:  February 21, 2024
improvement of biocatalytic performance by remote regulation Accepted:  February 23, 2024
of enzyme properties via noninvasive strategies.'' Previous Published: March 7, 2024
studies have shown the effect of laser stimuli on biocatalytic

activity using different enzymes and supports."' ~'® However,
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field enhancement, and heat generation,'® the scope of this
work is to study the photothermal influence on a nonredox
enzymatic system. We performed a detailed study using Raman
and circular dichroism (CD) spectroscopic experiments to
assess nanoparticle-enzyme interactions at the molecular level.
A comparison of the chemical changes resulting from
nonirradiated conditions and bulk temperature changes
resulting from thermal and photothermal heating was
demonstrated and explained. Molecular dynamics (MD)
simulations were carried out to correlate the findings for the
enzyme unfolding obtained by spectroscopic techniques and
the stability of the catalytic triad with an increasing
temperature. To accomplish this goal, we analyzed a role
model system composed of lipase from Candida antarctica
fraction B (CALB) adsorbed on spherical gold nanoparticles
(AuNPs) as a proof-of-concept system. The nanobioconjugate
was excited by a green laser source (4 = 532 nm), which is in
resonance with the excitation wavelength of the AuNPs, with
an LSPR band maximum of approximately 520 nm. A near-
infrared (NIR) (4 = 808 nm) laser source was also applied in
some cases to achieve out-of-resonance conditions. Although
the mechanisms underlying the influence of lasers on the
biocatalysis of these nanobioconjugates were previously
elucidated using AuNPs with different morphologies,'’ a
clear understanding of the interactions between the enzymes
and their interactions with plasmonic NPs under laser
irradiation has not been achieved.'” Thus, herein, we present
significant findings indicating unique conformational changes
in CALB when it interacts with the AuNP surface promoted by
photothermal heating rather than thermal heating.

B EXPERIMENTAL SECTION

Materials. Sodium citrate tribasic dehydrate, tetrachloroauric(III)
acid (HAuCl,), phosphate-buffered saline (PBS) (pH 7.4), and lipase
from Candida antarctica fraction B (CALB) were purchased from
Sigma-Aldrich. The CALB concentration was determined by the
Bradford colorimetric method.”® All chemicals were used as received.
Purified Milli-Q water (Millipore, 18.2 MQ cm) was used in the
preparation of all of the solutions.

AuNP Synthesis. AuNPs were prepared through the typical
Turkevich method,”" in which, for 30 mL of H,0, 900 uL of a 1%
(w/w) solution of sodium citrate in water was heated to boiling on a
heating plate with magnetic stirring, followed by the addition of 300
UL of 25 mmol L™ HAuCl,. The mixture was stirred for 15 min and
allowed to cool to room temperature before being stored in a
refrigerator for subsequent use.

CALB@AUNP Synthesis. The adsorption of CALB on the AuNPs
was performed according to a previously described method."" Briefly,
10 mL of the previously synthesized AuNPs and 10 mL of CALB
solution in PBS at pH 7.4 (0.1 mg mL™") were added to a round-
bottom flask placed at 32 °C for 2 h in a bath on a heat plate.
Subsequently, the mixture was preserved at 4 °C until use. For
analysis, this sample was washed to remove the unadsorbed CALB
and unreacted CALB from the synthesized AuNPs by centrifugation
at 13,000 rpm for 20 min. The supernatant was removed, and the
pellet was redispersed in PBS. This procedure was performed once
since after two rounds of redispersion and centrifugation, we clearly
observed that no CALB was desorbed from the AuNPs by analyzing
the supernatant according to the characteristic protein absorbance
peak at A = 280 nm in the UV—vis spectrum. The final molar
concentration of Au was 0.5 ymol L™, as determined by UV—vis
spectroscopy using the typical signal (4 = 400 nm) corresponding to
the Au concentration.”” The final concentration of CALB in the
bioconjugate CALB@AuNP was 0.8 ymol L™,

TEM Characterization. CALB@AuNPs were characterized via
TEM using a JEOL JEM-1400 PLUS microscope at an acceleration
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voltage of 120 kV. Samples were prepared by drop casting 3 uL of the
sample on lacey carbon-coated copper grids and left to dry.

Laser Apparatus. Experiments involving laser irradiation were
performed by using two different laser sources. The NIR laser used
was at 4 = 808 nm (fiber-coupled laser diode, Lumics LU0808T040),
and the green laser was at 4 = 532 nm (fiber-coupled laser diode, CNI
MGL-FN-532) with adjustable power densities. Both laser sources
illuminated the samples through two lenses, one to collimate and the
other to expand the laser beam adjusted to illuminate a spot of 1 cm?
of the sample in a cuvette. The power density used in the experiments
was 1.4 W/cm?.

Thermal Camera Analysis. Thermal camera analyses were
performed by placing the equipment (FLIRA3S) 1S cm above the
cuvette. The heating and cooling curves were obtained using
ResearchIR software after discounting the blank curves generated
with PBS.

CD Spectroscopy. CD spectroscopy was performed with a Jasco
J-815 spectrometer, ranging from 190 to 260 nm with a scanning
speed of 50 nm min~', a bandwidth of 1 nm, and a data pitch of 0.5
nm. A quartz cuvette with a path length of 1 mm was used, and the
temperature was controlled by a Peltier system whenever the
temperature ramps were applied. The spectra were recorded as an
average of 10 accumulations, and the CD spectra were corrected
against the water blank. Secondary structures were obtained from CD
data analyzed using Dichroweb with the K2D model.*®

Raman Spectroscopy. Raman spectra were acquired using a
Renishaw inVia Reflex fitted with a Peltier cooled CCD camera
(Renishaw, 600 X 400 pixels) coupled to a Leica Microscope
(DM2500M). The spectra were obtained using a 785 nm laser line
focused on the samples by a 20X Leica objective (NA 0.40). All
Raman spectra were acquired through 2 scans with a 20 s
accumulation time.

Molecular Dynamics Calculations. We performed coarse-
grained molecular dynamics simulations of CALB in the presence of
charged spherical NPs using the LAMMPS package.”*** Because we
aimed to characterize the protein structural changes induced by the
adsorption of the NPs, we focused the protein modeling on a
computationally efficient description of the native state. For that
purpose, we represented the CALB using a GO-type protein model
developed by Baumketner et al.*® The folded state is imposed as the
global free-energy minimum in these model types. The rationale
behind such an approach is that the folding landscape follows the
minimum-frustration principle introduced by Wolynes and Onu-
chic.”” Hence, the configurational space close to the native state is
accurately modeled. All attractive interactions (residue—residue,
oppositely charged residue—polymer, and HB interactions) are
represented with a sigmoidal-type potential UATT used in coarse-
grained protein models to represent residue—residue interactions.

As stated in a previous paper, all attractive interactions (residue—
residue and oppositely charged residue-NP interactions) are
represented by a sigmoidal-type potential UATT used in coarse-
grained protein models to represent residue—residue interactions.

1

UATT = T i
1.0 + e*Z.S(rcfr)

The solvent is implicit. On the other hand, all excluded volume
interactions are represented by a Weeks—Chandler—Andersen
potential, which is a Lennard-Jones potential that is shifted to zero
from the distance corresponding to the minimum to infinity. Although
the representation of the electrostatic interaction is not physically
accurate, it still captures the short-range attractions that hold the
protein on to the surfaces of the NPs and cause protein
conformational changes, all at a fraction of the computational cost.
Moreover, we did not observe any point in the coupling of GO
potentials to accurate electrostatic interactions. Our approach left us
with a free parameter, namely, the relative ratio between the residue—
residue and the residue-NP interactions.

Additionally, in a previous report, a numerical protocol was
developed in which the interactions between the different residues
and the surface charges of the NPs were included.”® Hence, we
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Figure 1. (A) TEM image of the as-prepared CALB@AuNPs. (B) Extinction spectrum and LSPR band of CALB@AuNPs, where green and red
bars indicate the wavelength range from the laser sources applied (4 = 532 and 808 nm). (C) Representative temperature monitored by a thermal
camera of a cuvette containing the colloidal dispersion of CALB@AuNPs during irradiation by green and NIR laser at a power density of 1.4 W/

cm? for at least 20 min.

developed a coarse-grained representation of the protein-NP system
based on the one used in our previous study.”” The acceptor and
donor states are determined from the {-potential using the expression
from Ohshima et al.

2 kT
_ 2kt e h[i)

o;
¢ e 2T
1/2
- 1 ) .\ 1 81n[coshcosh(%)]
Kal cos hz(i) (ica)* sin hz(i)
4T 2%T
where & = 80.2 is the relative permittivity of water at room

temperature, 8.85 X 10g,™'> C/Nm? is the permittivity of vacuum, k™

is the Debye length estimated at 0.7 nm under physiological
conditions, ¢ = 1.6 X 107" C is the elementary electric charge, kT
=4.11 X 107" J is the thermal energy, and the { potential is estimated
in the experiments. Here, we determined the protonation state of
CALB using the PropKA software package.

Molecular dynamics calculations were performed by using the
LAMMPS package. From the PDB file obtained from the Protein
Database (code 1TCA), the first calculation of structural stability was
performed. Then, an additional “atom” was added to both the input
and coordinate files to model the presence of the nanoparticle. The
interactions between the different residues and the NP consisted of
sigmoidal interactions, including repulsive and attractive forces,
depending on the electric charge of each surface residue and that of
the NP. The magnitude of the force interaction was studied by using
60 LJ potential strength units. All of the calculations were performed
at constant temperature and pressure, implicit solvent, using a
Langevin thermostat for 1 M steps in a single run under an NVE
integration scheme. The results were analyzed in terms of the mean
square displacement of CALB and the radial distribution function of
the indicated residues. The values of the parameters in the L] units are
temperature (T*), mass, epsilon = 1, time step = 0.002, and sigma =
4. The particles were placed in the center of a cubic box large enough
to avoid periodic boundary condition effects.

B RESULTS AND DISCUSSION

The AuNPs were obtained via Turkevich et al’s method.”!
The particles obtained were spherical and monodispersed in
size with an average diameter of 13 + 2 nm, as observed by
transmission electron microscopy (TEM) images and their
LSPR in the UV—vis spectrum (Figure S1). CALB was
immobilized onto the NP surface via physisorption to allow
close contact between the parts, as previously described.”® The
obtained nanobioconjugate was referred to as CALB@AuNP.
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It is well established that the surface of AuNPs is highly
favorable for protein adsorption, mainly through electrostatic
interactions or covalent bonding via thiol groups.’”*' The
amino groups present in the CALB structure are also favorable
for interacting with the carboxyl groups on the surface of the
AuNPs that remain from citrate-driven reduction and
stabilization. Additionally, the structure of CALB contains 6
cysteine and 4 methionine residues,”” which possess thiolated
groups that thermodynamically preferentially interact with the
AuNP surface.””** Ultimately, CALB and AuNPs are expected
to interact through subsequent anchoring, crawling, and
binding kinetic processes.”"””

The morphology and size of the synthesized AuNPs were
maintained after CALB adsorption (Figure 1A). In addition,
no particle aggregation was observed, which confirmed the
preservation of the colloidal stability and characteristics of the
AuNPs after the formation of the nanobioconjugate. Moreover,
further colloidal stability and protein corona formation
analyses of CALB@AuNPs were performed in a previous
study by our group.”® We herein applied and compared green
and NIR (1 = 532 and 808 nm, respectively) laser irradiation
of the CALB@AuNP colloidal suspension. Figure 1B shows
the LSPR band of AuNPs in the extinction spectra alongside
the representation of the wavelength range of the green (green
bar) and NIR (red bar) laser sources employed in the study.
By using a thermal camera positioned close to the reaction
vessel, we were able to monitor the temperature increase
throughout the media resulting from laser irradiation. Both
laser sources were applied at the same power density (1.4 W/
cm?) for 20 min to the colloidal suspension of CALB@AuNPs
at the same concentration in a quartz cuvette. Interestingly, we
clearly observed a temperature increase in the colloidal media
when the media were illuminated by both lasers, followed by
exponential decay when the lasers were turned off (Figure 1C).
On the one hand, upon irradiation with the NIR laser source,
which is out of resonance with the LSPR of CALB@AuNPs,
and a temperature increase (AT) of only 13 °C was observed.
On the other hand, upon irradiation with the green laser
source, which is in resonance with the LSPR, and the AT was
approximately 32 °C. Although thermal camera analysis is only
capable of assessing the bulk temperature of a colloidal
dispersion and is unable to reach the nanoscale on the NP
surface, this is a reliable indication that the laser source at 532
nm generates a much stronger local heating effect on the
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surroundings of the AuNPs.*® This enhancement is attributed
mainly to the photothermal heating generated from LSPR-
matching excitation. The CALB@AuNPs were stable (non-
aggregation or precipitation) after laser irradiation under both
conditions, as observed from the UV—vis spectra and TEM
images in Figure S2. These findings suggest that photothermal
heating resulting in a temperature increase in bulk media up to
30 °C did not destabilize the colloidal dispersion in terms of
nonaggregation or precipitation of the NPs and indicate that
the ability of the NPs to detach enzymes from the AuNP
surface was insufficient, as the colloidal system remains stable.
If this was not the case, then we would most likely observe
broadening of the LSPR in the UV—vis spectrum and
aggregates of AuNPs in the TEM images presented in Figure
S2. Furthermore, a previous study'' showed that free CALB
did not respond to light irradiation unless it was in contact
with the surface of the AuNPs, which acted as a nanosource of
heat®” for the CALB structure.

However, when we examined the secondary structure of the
enzyme by CD spectroscopy, changes in the spectra of the
CALB@AuNPs were noted after excitation by green and NIR
lasers in comparison to those under nonirradiated conditions
(dark), as shown in Figure 2A. Both laser irradiation
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Figure 2. (A) CD spectra of the nanobioconjugate CALB@AuNPs
upon nonirradiated conditions (dark) and after exposition to green
and NIR lasers, both at a power density of 1.4 W/cm? for 20 min. (B)
CD signal at A = 222 nm as a function of temperature (20—95 °C) for
free CALB (black dots) and CALB@AuNP (red dots). The
temperature was controlled by an external thermal bath attached to
the CD spectrophotometer in a closed system.

conditions (4 = 532 and 808 nm) led to modifications in
the region around 4 = 222 nm compared to the CALB@AuNP
sample before any treatment (dark condition). Major
modifications were observed after green laser irradiation. The
alterations in the CD spectra are mainly related to the changes
in the secondary structure of the enzyme, which are usually a
result of disturbances induced by the surrounding environment
or upon interactions.”® According to the analysis of the CD
data, the percentage of a-helix domains decreased significantly
after exposure to NIR (14%) and green (13%) laser irradiation
compared to that in the nonirradiated condition (66%).
Additionally, the percentages of f-sheet (5%) and random coil
(29%) domains under nonirradiated conditions increased
under NIR (29% and $7%) and green (31% and S56%)
irradiation, respectively (Figure S3). The alterations in the CD
spectra suggest that the increase in the temperature in the
dispersion medium was a result of the excitation of the AuNPs
promoted by either green or NIR lasers, which, in turn,
influenced the distortions of the CALB conformation
conjugated at the AuNP surface. Indeed, the decrease in the
signal at 4 = 222 nm typically relies on the loss of secondary
structure in terms of the a-helix content present in the overall
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protein structure.” In this way, to correlate the CALB
conformation changes with photothermal heating from LSPR
excitation of the AuNPs, we analyzed the conformational
changes in the nanobioconjugate CALB@AuNPs under
increasing temperatures and compared them to the free
CALB behavior. Figure 2B shows the CD curves of %loss in
ellipticity at 222 nm (65, ,n) following a sigmoid pattern
carried out from 20 to 95 °C. For CALB@AuNPs, the
secondary structure of the enzyme remained stable, with no
significant alterations in the signal up to 45 °C. Subsequently, a
continuous decrease in the a-helix structure was observed at
higher temperatures, particularly from S0 to 60 °C,
corresponding to a decrease of almost 25% in the original
content. Based on the CD data analyses, the proportions of a-
helix, f-sheet, and random coil domains remained stable up to
50 °C, with 61%, 6%, and 33%, respectively. There were slight
changes up to 65 °C, with 54% a-helixes, 14% f-sheets, and
32% random coils. However, the proportion of domains
underwent a significant change at higher temperatures with a
100% p-sheet structure at 95 °C, which confirmed substantial
denaturation from the original enzyme conformation (Figure
S4A). In contrast, free CALB showed a more intense loss of a-
helix content as the temperature increased, including a
prominent decrease in the range of 50—60 °C, for which
nearly 60% of the material was lost at 60 °C. Typically, the
temperature range of approximately 50—60 °C is related to the
denaturation of free CALB, and at higher temperatures, the
enzyme structure is distorted until the complete loss of the
original conformation occurs, which might explain the
continuous change in the 222 nm signal in the CD spectra
even at temperatures higher than its denaturation temper-
ature.”® Indeed, in accordance with the findings from CD data
analyses, free CALB presents 99% of its typical a-helix
structure at a temperature of 20 °C. However, as the
temperature increased, the number of a-helix domains
decreased and the number of f-sheet and random coil
structures also increased. From the temperature of 60 °C,
the conformation of the free CALB was dramatically changed
(59% a-helix, 8% p-sheet, and 34% random coil), resulting in
the complete loss of its original structure, and likewise for
CALB@AuNP at a temperature of 95 °C, the free CALB
achieved 100% of 3-sheet domains (Figure S4B). Furthermore,
our data show that CALB is more thermally stable when
adsorbed on the AuNP surface, as was the case for the
nanobioconjugates, in agreement with what has been
previously reported for different enzymes immobilized onto
metallic and nonmetallic nanoparticles.*"

Interestingly, we observed a reduction in the a-helix content
(green line in Figure 2A) soon after exposure to green laser
excitation (in resonance with the LSPR of AuNPs), which
achieved a temperature of $7 °C (Figure 1C). This
temperature is comparable to the temperature range of the
enzyme denaturation observed in the CD experiments (50—60
°C; Figure 2B). However, although the highest temperature of
green laser irradiation is within the temperature range of CALB
denaturation, the impact on the enzyme conformation seems
to be different when the enzyme is heated by thermal or
photothermal heating. The raw CD spectrum of CALB@
AuNPs obtained by thermal heating during the CD temper-
ature ramp assay (Figure SSA) decreased less in intensity as
the photothermal temperature increased, as indicated by the
signal at 4 = 222 nm. This can be a result of a slower rate
increase in temperature from thermal heating in comparison to
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the rapid and instantaneous local increase in the temperature
gradient §enerated from photothermal heating by laser
excitation.”” The local temperature generated from the heating
and the dissipation capacity of AuNPs in the surroundings
should be a determining factor in the thermal stability of the
enzyme conformation located close to the surface.'” Previous
studies that depicted LSPR-driven effects on metallic nano-
particles suggested that there was a significant local increase in
the temperature on the surface of the nanoparticle that
underwent a photothermal heating process. For instance, in the
case of AuNDPs, a 61-nanoparticle cluster showed an increase of
95 °C, not considering any convection effects.*> This LSPR-
generated heat decays radially, attenuated by the solvent that
surrounds the nanoparticle, and averaging it to a bulk final
temperature. Even though this effect leads to an increase in the
bulk temperature, the locally generated heat is harsher to the
surrounding environment of the NP than the overall increase
in the bulk temperature. Thus, according to the results of our
CD analyses, we noted important differences in the enzyme
conformation when the enzymes were heated by the
photothermal effect upon LSPR excitation of AuNPs and
when they were heated thermally from an external source. In
addition, as the AuNP surface provided a more resilient system
to temperature changes than did the free CALB (Figure SSB),
we demonstrated that the colloidal stability of the nano-
bioconjugate was mostly maintained to ensure its conforma-
tional properties during laser stimulation.

Thus, we subsequently performed a detailed molecular-level
study using Raman spectroscopy to evaluate the modifications
in the chemical interactions between the CALB molecule and
the AuNP surface that took place under green laser irradiation,
which is in resonance with the LSPR excitation. The detailed
main modifications to the Raman spectra of CALB and
CALB@AuNPs are summarized in Table S1. We began by
comparing the Raman spectra of free CALB and CALB@
AuNP without laser irradiation to elucidate the major
interactions between the components (Figure 3). Our focus
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Figure 3. Raman spectra of CALB upon adsorption onto AuNPs. Free
CALB (blue) and CALB@AuNP (red) in the wavenumber regions of
1800—600 cm™" (A) and 600—200 cm™" (B).

was on the vibrational bands of amino acids to understand the
conformational rearrangements of peptides and proteins.***
Typically, in the 1800—800 cm™" spectral region, the Raman
fingerprints correspond to various vibrational bands related to
the amide functional groups. These include amide 1 (~1650
cm™'), amide II (~1550 cm™), and amide III (a-helix at
~1320 cm™’, and f-sheet at ~1240 cm™). Additionally, the
vibrational bands observed at 940 and 960 cm™ can also be
assigned to the a-helix structure.” In the regions at 1647—
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1642 cm™' and 1360—1318 cm ™/, the differences in the signal
profiles indicated primary changes of the vibrational modes for
both amide I and amide III, respectively. This provided
important information into the secondary structure of
enzymes,”” suggesting that the presence of AuNPs induced
features of -sheet structure, as indicated by the signal at 1242
cm™..** This result is closely related to the CD data analysis,
which showed that at room temperature (20 °C), free CALB
has 0% f-sheet domains (along with 99% a-helices and 1%
random coils). However, when CALB is adsorbed on the
AuNP surface, forming CALB@AuNP, the proportion
increases to up to 6% f-sheet domains (along with 61% a-
helices and 33% random coils). There were changes in the
vibrational bands, which indicated that AuNPs were adsorbed
through interactions with these groups. The shift in Raman
band from a sharp signal at 1647 cm™' to a relatively weaker
signal at 1642 cm™, along with broad signals detected at
1629—1512 cm™', suggests variations in the secondary
structure of CALB, which may be associated with molecular
reorientation.”” In the presence of AuNPs, the Raman signals
at 1604 and 1526 cm™' are evident in all the spectra. The
Raman signal found at 1604 cm™" is usually attributed to the
amino acid residues Tyr and Phe,*® while the signal at 1526
ecm™! is associated with the amide II vibrational mode.”" The
amide II mode is related to the vibrational modes v(CN),
S5(NH), and v(CC), which are tough to detect.”® Furthermore,
the signal at 1465 cm™" attributed to the §(CH,) mode was
observed in both spectra.

The amide III vibrational mode is complex to be assigned as
the NH band is associated with multiple modes in the region at
1200—1400 cm™'. However, it is important to note that the
attribution of vibrational frequencies for secondary structures
can be more distinct than that for amides I and II in the
spectral range. In this context, the Raman band at 1242 cm™
was attributed to the f-sheet structure with a distinct
separation from the amide III mode, which corresponds to
the a-helix conformation at 1317 and 960 cm™'.*® Notably, in
the CALB@AuNP spectrum, the strong band at 1030 cm™!
can be assigned to the Phe vg, vibrational mode, which is
commonly observed in the Raman spectrum of Phe. Thus, this
can indicate that Phe is adsorbed on AuNPs.>®> The Raman
band observed at 1003 cm™ in the CALB@AuNP spectrum
was found to be shifted to 998 cm™}, indicating a significant
interaction between Phe residues and AuNPs. This is because
the Raman band at around 1002—1005 cm™" is a characteristic
ring mode of phenylalanine.’’ Interestingly, the Raman
spectrum of the CALB@AuNPs also exhibited a distinguished
band at 734 cm™', which was not present in the spectrum of
free CALB. This notable enhancement in the B, symmetry
(~730 cm™) in the Raman spectrum of CALB@AuNP
indicates a direct interaction between the 7-electrons of the
aromatic Phe ring and the metal surface, confirming that a
strong Phe-Au interaction took place in the CALB@AuNP
nanobioconjugate.>® Finally, the signal at 232 cm™" is a typical
Raman band for metal-N stretching vibrations, demonstrating
that interactions with the N-terminal groups of amino acids
can occur. This signal has also been associated with the
adsorption of peptides on AuNPs.”* Hence, based on Raman
analyses, it has been revealed that in the CALB@AuNP
nanobioconjugate: (i) the AuNPs adsorbed in a manner
oriented by N-terminal groups present in the amino acids and
because of the Phe-Au interaction and (ii) the secondary
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structure of CALB undergoes changes upon adsorption/
interaction with AuNPs, even prior to any light stimulus.
Subsequently, after a detailed Raman analysis of the CALB@
AuNP interactions, we analyzed the effects of green laser
irradiation on these interactions (Figure 4). The effect of
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Figure 4. Raman spectra of as-prepared CALB@AuNP (black), after
green laser irradiation (A = 532 nm, 1.4 W/cm?) for 20 min (blue),
and after thermal heating (external temperature) at 55 °C for 20 min
(red). Spectra are recorded in the 1800—600 cm™" (A) and 400—200
cm™! (B) regions.

heating at 55 °C for 20 min under nonirradiated conditions
was analyzed to determine the effect of temperature on the
photothermal heating. It is interesting to note that the Raman
intensity decreased considerably across the spectrum after
thermal heating (red spectrum). Moreover, the regions
attributed to amide I and amide III (regions at approximately
1600 and 1500 cm™, respectively) responded differently to
each of the conditions analyzed. Significative changes in the
secondary structure were noticed due to the a-helix structure
vibrational attribution, as seen in the Raman bands (region
around 924 and 969 cm™'), which is attributed to the
vibrations of v(C—C—N). These differences suggest that
compared with those of the as-prepared CALB@AuNDPs, the
conformational changes and interactions respond differently
upon photothermal heating or thermal heating. We made
interesting observations when comparing the Raman signals to
the CD data. CALB@AuNPs in the dark had a secondary
structure composed of 66% a-helix, 5% p-sheet, and 29%
random coil domains. However, when we heated the sample to
S5 °C by external thermal heating, we observed proportions of
55% a-helixes, 11% f-sheets, and 34% random coils. After
exposure to green laser irradiation, we observed a more drastic
alteration, detecting 13% a-helix, 31% p-sheet, and 56%
random coil domains. These results indicated that green laser
irradiation generated more significant distortions in the CALB
structure at the nanobioconjugate CALB@AuNP than at a
similar temperature using external thermal heating. Further-
more, these results indicate that either LSPR effects may
contribute via other mechanisms beyond temperature effects or
that the local temperature produced by photothermal heating
through LSPR excitation at the AuNP surface can uniquely
promote conformational changes in the CALB. Therefore,
from the Raman data, we can confirm the important alterations
in the amide I and amide III (a-helix and S-sheet, respectively)
modes due to the CALB adsorption on AuNPs and subsequent
photothermal treatments. The temperature ramp analysis of
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the CD indicated that the 60% a-helix domains in the CALB@
AuNPs remained unchanged up to 50 °C. This suggests that
the CALB structure’s a-helix domains may be better preserved
when adsorbed onto AuNPs, even upon environmental
changes.

To gain further insight into the effect of the temperature
increase driven by the LSPR stimulus, we conducted molecular
dynamics (MD) simulations to determine the unfolding of free
CALB and CALB@AuNPs via CD and Raman analyses. Free
CALB (PDB: 1TCA) in solution at different arbitrary
temperatures (T*, in L] units) was analyzed through coarse-
grained molecular dynamics simulations using a large-scale
atomic/molecular massively parallel simulator (LAMMPS)
following a previously developed procedure to account for the
electric and H-bond interactions between the NPs and the
adsorbing protein.””>> To evaluate the enzymatic conforma-
tional changes in both the free and AuNP-adsorbed conditions
at different temperatures, we followed the evolution of the
root-mean-square displacement (RMSD) and the radial
distribution function of the overall structure of the enzyme.
Additionally, during the time course, the catalytic triad of
CALB, which is composed of the residues Ser105-Asp187-
His224, was monitored to determine the conformation at
which the activity decreases as a function of the enzyme
denaturation.

Figure SA and Figure SB show the time evolutions of free
CALB and CALB@AuNP, respectively. The CALB structure
remained mostly unchanged at temperatures below T* = 4,
regardless of whether it was free or interacting with the AuNPs.
However, temperatures above T* = 5 caused significant shifts

RMSD (A)

RMSD (A)

400 600

Time (Frames)

RMSD (A)

[~
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Figure S. (Top) RMSD of free CALB (A) and CALB@AuNP (B)
upon different arbitrary temperatures (ranging from 1 to 10 in LJ
units). In panel (C), the RMSD of the catalytic triad is only upon
absorption at different temperatures. (Left) The black arrows in the
figures point out the curve corresponding to the RMSD at T = S.
(Right) Snapshots of the enzyme absorbed onto the surface (in green,
the catalytic triad) at (D) T* = 4, (E) T* = 5, and (F) T* = 6.
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in RMSD, which indicates that the CALB structure denatured
independently of the presence of AuNPs. At this temperature,
CALB@AuNPs experienced a greater displacement in RMSD
than free CALB. The fluctuations in the RMSD at T* = 4 were
small, but they suggest that the enzyme is close to the
unfolding temperature. This reproduces the folded—unfolded
transition at lower temperatures than when adsorbed on the
AuNPs, as also observed experimentally for CALB@AuNPs
with CD (Figure 2B). In this context, the results obtained from
the MD simulations showed a similar tendency to be observed
for experimental temperatures <50 °C and >50 °C.

The data presented in Figure S6 reinforced the tendency of
denaturation that was observed earlier. This is in agreement
with the coarse-grained simulation and the CD temperature
curve at 222 nm (Figure 2B).* It should be noted that both
CD signal decreases observed experimentally coincided with
the numerical results for structural changes estimated via the
RMSD as the temperature increased. Although these data sets
can only be associated indirectly, both data from the CD
temperature curve and RMSD tendencies showed a sigmoidal-
type curve profile as a function of temperature increase. This is
indicative that the CALB structure is stable at low temper-
atures and desaturates at higher temperatures. It is important
to notice that 10 different numerical experiments were
performed with different initial dispositions of the enzyme to
calculate an average final RMSD. The standard deviations
supported that our estimations for single numerical experiment
runs were satisfactory. The comparison also showed that the
simulation temperature scale was consistent with the
experimental temperature scale. In particular, we determined
that the unfolding temperature in the simulation was T* = §,
corresponding to an experimental temperature of T = 55 °C.
Again, this indirect comparison is intended to show that there
is a correlation between the observed deformation of the
overall structure of the enzyme and the CD signal in both the
presence and absence of the NP.

Figure SC illustrates the catalytic triad Ser105-Asp187-
His224 present in the CALB structure on the surface of
AuNPs, represented at different arbitrary temperatures. This
representation shows that while the enzyme is completely
unfolded for T* > S, the triad indicates high stability and
proximity to the NP. Interestingly, the catalytic moiety of
CALB remained close to the NP when at low temperatures, as
evidenced by the close-to-zero RMSD for T* < 6 in Figure
$7.°° However, the RMSD showed greater displacement at T*
= 6 and above, which can be indicative of conformational loss
with separation among the residues developed over time. This
result may suggest that the stability of the triad subdomain is
greater than the rest of the enzyme’s structure. In Figure S8,
the distances between the triad residues were noticed for free
CALB and CALB@AuNPs. At higher temperatures, a broader
distribution of radial distances was observed, until the
temperature where the denaturation occurred and the residues
were too far apart was reached to evaluate the distance.

A change in the conformation of the enzyme following a
temperature increase can be understood as a slight variation in
the RMSD, which results in a greater exposure of the catalytic
triad to the media. The data reported here can be explained
through three main facts occurring simultaneously: (i) CALB
is stable either in the presence or absence of NPs at
temperatures below 50 °C, (ii) the catalytic triad remains
stable, and (iii) the catalytic triad continued close to the
surface of AuNPs, within the same temperature range. It is
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worth noting that our simulation did not account for
temperature gradients that irradiation might create. In
summary, MD data indicate that the catalytic triad Ser105-
Asp187-His224 is stable and exposed upon local heat and on
adsorbed on the AuNPs.

B CONCLUSIONS

In conclusion, the colloidal stability and molecular phys-
icochemical interactions upon adsorption, thermal, and
photothermal heating promoted by LSPR excitation under
green (in resonance) and NIR (out of resonance) laser stimuli
between a model enzyme (CALB) and AuNPs were
determined by converging analyses of CD, Raman, and MD
simulations. Important differences were found in the enzyme
secondary structure in terms of a-helix content and
denaturation of the structure because of either the adsorption
of CALB onto AuNPs or the thermal heat source. Even though
the system was exposed to a similar temperature, the
instantaneous increase in the local temperature gradient
generated from photothermal heating by in-resonance laser
irradiation played a significant role in the original secondary
structure of CALB rather than thermal heating. These data
indicate that LSPR excitation at the AuNP surface can uniquely
promote conformational changes in the CALB and may even
contribute through other plasmonic mechanisms beyond the
temperature enhancement. Raman analysis revealed that the
signals for the amide I and III (a-helix and S-sheet) modes
were significantly induced upon CALB adsorption on AuNPs
and subsequent photothermal treatment. MD calculations
suggested the consequent exposure of the highly stable
catalytic triad Ser105-Asp187-His224 to the heat generated
by LSPR. Since the simulations accounted for temperature
effects only, further work is needed to address the impact of
CALB conformational changes resulting from the rapid
increase in temperature on the kinetics of CALB@AuNP
enzyme-catalyzed reactions upon green laser excitation.
However, our results suggest that the dynamic effect of the
CALB structure is governed mainly by photothermal heating
rather than thermal heating. The findings highlighted from this
study introduce fundamental concepts about the effect of laser
stimuli on interactions at the nano—bio interface, which
provides important information for the advancement of studies
using the potential of LSPR to remotely control enzyme
properties. We envision that these findings will be highly
valuable for plasmonic biocatalysis studies and other remote-
controlled systems for manipulating protein properties for
improved performance and biomedical applications.
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