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Abstract - With the increasing mortality attributed to  detection biosensor for beta-lactamase enzyme identification
antibiotic resistance, the development of a rapid and early = has become imperative. The exceptional optical and
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electromagnetic characteristics of gold nanoparticles have
rendered them as a prime candidate for biosensing applications.
This research seeks to establish a foundation for the nanosensor
development by investigating intricate interaction between gold
nanoparticles and the beta-lactamase enzyme, focusing on
functional and conformational dynamics following conjugation.
UV-visible spectroscopy has been employed to examine the
stability of bioconjugates and influence of pH on their
conformational state by observing changes in the localized
surface resonance plasmon band (LSRP). The minor red shift of
the LSPR peak following beta-lactamase conjugation confirms
protein conjugation and indicates the absence of gold
nanoparticle aggregation due to the protein. The fluorescence
quenching of tryptophan residues in beta-lactamase, in the
presence of gold nanoparticles, is utilized to ascertain the
binding of protein onto the surface. Circular dichroism
spectroscopy further provided insight into the structural
integrity of bioconjugate. Intact a-helix and beta-sheet peak in
CD spectra confirmed that the interaction of gold nanoparticle
surface did not cause unfolding or denaturation of protein.
These complementary biophysical measurements, when
combined, create a stable, non-denaturing conjugation system
that produces strong optical signatures while keeping the
structure of B-lactamase intact. This research provides essential
insights into the interaction between beta-lactamase and gold
nanoparticles, facilitating the advancement of sophisticated
nanosensors that may be utilized in early pathogen detection
and the monitoring of antimicrobial resistance.
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1. Introduction

Worldwide deaths due to the inability to treat
diseases with current known antibiotics has brought
inspection of antibiotic resistance to the limelight of
research. According to a survey, deaths due to
antimicrobial resistance have crossed 1.2 million as of
2019, thus bypassing the death counts due to HIV or
malaria [1]. Multiple studies direct towards inefficiency
of current treatments for more than half of the clinical
patients. Rapid dissemination of antibiotic-resistant
bacteria by horizontal gene transfer specifically
carbapenemase resistant ESKAPE pathogen has raised
concerns among all International and National health
agencies, policymakers, and researchers. Over the years
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bacteria have adapted multiple methods to combat
antibiotics such as pump efflux, reduction of drug
permeation across the bacterial membrane, alteration of
target sites and beta-lactamase expression. beta-lactam
drugs being a major arsenal against antimicrobial
resistance plays a major role in the development of
antibiotic resistance in bacteria. [2], [3]. Hydrolysis of
beta-lactam drug is one of the most concerning
mechanisms adapted by bacteria to overcome the effect
of antibiotics. Beta-lactamase genes are plasmid-
encoded, thus rapidly escalating their presence in all the
corners of the world. Their ability to cleave all classes of
beta-lactam drugs including carbapenem, which is
usually the last resort, and the absence of clinically
accepted inhibitors makes the understanding its study
need of the hour[4] The concerning rate of beta-
lactamase spreading across the world directly points at
the urgent need for deep understanding and remedy for
the same. Thus, thorough literature search and
mechanistic study of emergence, activity, spreading and
remedies for more beta-lactamase should be foremost
and noteworthy. Colloidal gold nanoparticles (AuNPs)
have attracted considerable interest in recent years due
to their remarkable characteristics, including size and
shape-dependent  optoelectronic  properties, an
extensive surface-to-volume ratio, minimal toxicity, and
good biocompatibility. Researchers globally have
advanced in regulating its dimensions, morphology, and
functionalization, = alongside  various synthesis
techniques. Distinct characteristics, including surface
plasmon resonance, size-dependent absorption color,
and fluorescence quenching capability, significantly
enhance their extensive utility in diagnostics,
treatments, and imaging.[5] The simplicity of
functionalization and biocompatibility render gold
nanoparticles exceptionally  advantageous for
interaction with biomolecules, including enzymes.
Research on bioconjugate nanoparticles has garnered
significant attention due to their potential uses in
luminescence tagging, imaging, medical diagnostics,
multiplexing, and biosensors. The binding of protein to
the nanoparticle surface may significantly affect its
morphology and functionality. Park [5] examined the
significance of understanding the conformational
changes and unfolding mechanisms of proteins for the
enhancement of nanoparticles' biomedical applications.
Beta-lactamase protein is a major concern and has been
the focus of research, but not much has been done to
study how it interacts with nanoparticles. This limits the
usage of nanoparticle for sensing and therapeutics of



antibacterial resistance associated beta-lactamase
protein. While the interaction of proteins such as lysozyme,
BSA, etc. have been explored, the possibility of interaction
with beta-lactamase protein has not been yet explored.
Considering, SME-1 to be a fastest carbapenemase reported
in the literature, it has been chosen as the representative
candidate for beta-lactamase enzyme. In this study, we aim
to ascertain if beta-lactamase protein may adhere to the
surface of gold nanoparticles. We investigate the
conformational alterations experienced by the protein
upon binding and whether this interaction may induce
any denaturation of the protein.

2. Material and methods

2.1 Chemicals

Hydrogen tetrachloroaurate (III) trihydrate
(HAuCl,:3H,0, 299.9% trace metals basis) and trisodium
citrate dihydrate (NasC¢Hs0,-2H,0, analytical grade)
were purchased from Sigma Aldrich. All chemicals were
used without further purification. Ultrapure deionized
water (resistivity 218.2 MQ-cm) was used in all
experiments.

2.2 Gold
characterisation

Gold nanoparticles were synthesized by a method
initially introduced by Turkevich and further modified
by Frens [7], [8]. In this method, aqueous solution of
HAuCl; (1mM) was heated to 95 °C under constant
stirring. After 10 min, the gold solution was reduced by
the rapid addition of NazCgHs07 (38.8mM). This mixture
was further heated under constant stirring. After the
confirmation of gold nanoparticle synthesis by change of
color to ruby red from yellow, it was further heated for
10 min and cooled to room temperature. The
synthesised gold nanoparticle was refrigerated at 4 °C in
glass vials until further requirement. Agilent Cary 60 UV-
Vis spectroscopy was used to evaluate the absorption
spectrum of as-synthesised gold nanoparticle.[9] The
surface morphology and size synthesized gold
nanoparticles were assessed using a field emission
scanning electron microscope (FESEM, Apreo S LoVac,
Thermo Fischer Scientific) and transmission electron
microscopy (TEM TALOS F200-X).[10] These images
were then evaluated using Image] software for their
size.[11] The hydrodynamic diameter of gold
nanoparticle was determined using Malvern zetasizer.

nanoparticle synthesis and
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2.3 Cloning and purification of SME-1 beta-
lactamase

The SME-1 gene from Serratia marcescens was
cloned and expressed using the pET-28a(+) vector. The
gene sequence for SME-1 was initially retrieved from the
UniProt database, and the cloning was planned as shown
in the Fig. 1a. The cloning was done using restriction
enzymes Ncol and Xhol. The cloned plasmid expressing
the N-terminal 6 histidine-tagged SME-1 protein was
transformed into competent Escherichia coli BL21 (DE3
cells). Their overexpression was optimized using six
different IPTG concentrations (0.1 mM, 0.5 mM, 1 mM)
and temperatures (16°C, 18°C, and 22°C). Protein
expression was performed at 0.5mM IPTG concentration
after achieving an absorbance of 0.6 at 600 nm (0OD600).
After 16 hours of incubation at 18°C, cells were
harvested and resuspended in a pH 7.5 buffer containing
55 mM Tris-HCl and 250 mM NaCl. To prevent
proteolytic activity, a protease inhibitor was added to the
resuspended solution. The resuspended solution was
lysed using a sonicator, which were then centrifuged.
The supernatant was filtered through a 0.45-pm syringe
filter and put onto a Ni-NTA agarose column for affinity
chromatography. The protein was eluted in 55 mM Tris
HCI (pH 7.5) with 250 mM NacCl in steps of 10 mM to 250
mM imidazole. Furthermore, the 250 mM imidazole-
eluted protein was concentrated using a 50 kDa
concentrator. The concentrated protein was placed onto
a Superdex 75 pg column (120 mL capacity) for size
exclusion chromatography utilizing the AKTA start
purification system. The pure protein was further
concentrated, and its purity was determined by SDS-
PAGE. 3D structure of the protein was visualised by using
Pymol 3.1. Secondary structure analysis using circular
dichroism (CD) spectroscopy were carried out in a Jasco
J-1500 spectrometer with a Peltier-effect temperature
controller. Quartz cells with a 0.1 cm path length were
used.

2.3 Bioconjugate synthesis and characterisation
Histidine-tagged SME-E166A was incubated with
citrate stabilized gold nanoparticles to allow their
interaction.[12] To optimize their conjugate condition,
they were incubated in varying molar ratio of gold
nanoparticle to protein. This mixture was incubated for
1 hour under mild stirring to allow coordination
between imidazole group and nanoparticle surface.
Malvern zetasizer was used to evaluate the surface
charge changes on gold nanoparticle with protein
interaction. All the measurements were done at 25 °C.
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Fig. 1: Gold nanoparticle characterization (a) Surface plasmon resonance peak using UV spectroscopy (b) Colloidal solution of
gold nanoparticle (c) SEM micrograph (d) TEM image (e) SPR peak (f) Zeta size analysis

The interaction of protein and gold nanoparticle was
further characterised by using protein’s intrinsic
tryptophan fluorescence property. The bioconjugate
samples were studied using Horibo fluorescence
spectroscopy. The samples were excited at 295 nm and
their emission was recorded for 310-550 nm. UV-Vis
spectroscopy was used to understand the shift in SPR as
discussed before. The change in secondary structures in
protein after nanoparticle conjugation was evaluated
using circular dichroism spectroscopy as well.

3. Result and discussion

3.1 Physicochemical Characterization of
Synthesized Gold Nanoparticles
Fig. 1 illustrates the physicochemical

characterization of the synthesized gold nanoparticles,
employing various techniques to assess their properties.
The color of the colloidal solution showed the
characteristic wine-red color, which suggested synthesis
of non-aggregated gold nanoparticle (Fig. 1a). UV-Vis
absorption spectrum of gold nanoparticle displayed a
distinct absorption peak at 520 nm (Fig. 1b). This agrees
with previous literature, wherein gold nanoparticle of
10-20 nm size shows distinct peak at 518-524 nm.[13]
This intense absorption peak could be attributed to the
electronic oscillation i.e. surface plasmon resonance

101

(SPR). The symmetric SPR peak might be indicative of
monodisperse distribution of gold nanoparticle in the
solution. Fig. 1c and Fig. 1d presents morphological
analysis of gold nanoparticles synthesized via the
Turkevich method. The SEM micrograph reveals a
uniform dispersion of gold nanoparticles between 12-16
nm size with minimal agglomeration. Additionally, the
size of the spherical gold nanoparticles was averaged to
be 13 nm. (Fig. 1le) The relatively narrow size
distribution highlights the effectiveness of citric acid as
reducing agent and stabilizing agent. Fig. 1f depicts the

particle size distribution curve obtained through
dynamic light scattering (DLS), indicating moderate
polydispersity with a PDI of 0.272 and a hydrodynamic
size of 38.3 nm (Fig. 1f). The higher hydrodynamic size is
contributed by metal core, citrated capping and solvent
shell. The presence of small peak at smaller size, indicate
sub-population of smaller particles. The surface charge
measurement, as assessed by DLS, was -32.6 mV,
reflecting their stability in colloidal state.

3.2 Characterization of SME beta-Lactamase

SME, a common beta-lactamase from Serratia
marcescens, was chosen because it has classical
carbapenemase activity and can showcase a range of
catalytic capabilities. Using the Ncol and Xhol restriction
enzymes, the SME gene was cloned into the pET-28a (+)



vector (Fig. 2a). The vector map shows elements such as
origin of replication, multiple cloning site, antibiotic
resistance marker among many other. 3D structure of
SME-1 protein was investigated by extracting from RCSB
PDB (1DY6). The 3D structure of SME-1 enzyme revealed
characteristic beta-lactamase fold af3fa, wherein -
sheets are flanked by a-helices as shown in (Fig. 2b). SME
protein was purified by two-step purification process,
Ni-NTA agarose followed by size exclusion
chromatography.[14] The purified proteins were
analyzed using gel electrophoresis, which revealed
protein bands at approximately 28 kDa. (Fig. 2c and Fig.
2d) The size exclusion chromatogram displayed a highly
intense singular peak at 65 mL corresponding to SME
protein, which was collected for subsequent
characterization. (Fig. 2e) The presence of a single peak
indicated presence of protein in monomeric and
homogenous state. The protein's secondary structure
was assessed by circular dichroism spectroscopy. (Fig.
2f) The CD spectrum indicates that the SME beta-
lactamase possesses a distinct secondary structure,
predominantly characterized by a combination of alpha-
helices and beta-sheets. These features are comparable
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to the components observed in model structure.
Furthermore, the melting temperature (T,,) of SME was
determined using CD spectroscopy to evaluate its
thermal stability.[15] Figure 2g shows that the T,, of SME
is about 55°C. This is the temperature at which fifty
percent of the protein undergoes unfolding. The
sigmoidal unfolding profile shows that the native state is
well-folded and goes through a clear transition instead of
slowly coming together. This makes the folding of SME-1
even more likely to be correct.

3.3 Evaluation of Bioconjugate Under Variable
Conditions

The SPR peak spectra were utilized to evaluate the
in-situ conditions of bioconjugate formation at each pH
level (3, 6,7, 8, 11) examined in this investigation. A shift
in the SPR peak signifies alterations
in the chemical environment surrounding gold
nanoparticles, hence allowing its assessment to
correspond with protein interactions. Fig. 3a illustrates
that citric acid-capped gold nanoparticles have a surface
plasmon resonance peak at 540 nm, while the protein
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Fig. 2: SME protein biophysical and biochemical characterization (a) Plasmid Map (b) 3D structure of SME PDB ID — 1DY6 (c) 1%
agarose gel (d) Gel electrophoresis of purified protein (e) Gel electrophoresis of purified protein (f) Size exclusion chromatogram (g)
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only had baseline absorption in UV region. The presence
of protein alters both the peak's broadness and its
position.[16] The red shift, indicative of protein
desorption or aggregation, suggests that an acidic media
is unsuitable for bioconjugation. At elevated pH levels,
the SPR peak exhibits a minor red shift accompanied by

emission wavelength (about 350nm) was nearly same in
all cases (fig. 3c), fluorescence intensity decreased as
with increasing GNP concentration which could be
ascribed to gold nanoparticle quenching. The degree to
which protein was conjugated with gold could be used to
directly correlate to the degree at which fluorescence
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Fig. 3: Nanoparticle and protein bioconjugate characterization (a) pH study using UV-Vis spectra (b) SPR peak analysis at varying
ratio of nanoparticle and protein (c) Zeta potential analysis (d) Tryptophan fluorescence analysis (e) Circular dichroism spectra of
protein and bioconjugate

considerable broadening. Consequently, a pH range of 7-
8 may be deemed optimal for the enhanced stability of
the bioconjugate. Further using the same UV-Vis spectral
approach, the optimum np to protein ratio was studied.
Up until 1:1000 ratio of np to protein, the SPR peak
doesn’t show significant shift. (Fig. 3b) But further
increase shows shifting and broadening of SPR peak
indicating aggregation of gold nanoparticle. This suggest
that bioconjugates are not stable at higher concentration
ratios.

3.4 Fluorescence Quenching Analysis

Quenching of tryptophan fluorescence in presence
of gold nanoparticle was investigated to better
understand the interaction and quenching mechanism of
bioconjugate interaction.[17] While the maximum
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intensity was reduced.[18] This confirms the interaction
of nanoparticle to the protein residues.

3.5 Zeta potential analysis

The zeta potential was employed to monitor the
change in surface charge after protein conjugation to the
nanoparticle surface as it can provide insights into the
stability of bioconjugate.[19] At 1:0 ratio, the gold
nanoparticle seems to have a surface charge of
approximately -35 mV, which could be attributed to the
citrate group used as capping agent. (fig. 5d) With
increasing protein concentration, zeta potential
increases towards positive charge. This indicates
interaction of positively charged residues with the
nanoparticle surface. At higher concentration ratio (of
above 1:1000) there is no further change in the surface



charge as no further absorption of protein occurs. After
1:100 nanoparticle to protein ration, the zeta potential
increase to more positive value >-10 mV, suggesting
instability. Thus, zeta potential study corroborates with
UV-Vis study, indicating instability at higher ratio.

3.6 Structural Integrity Assessment

Circular spectroscopy was used to assess whether
beta-lactamase was able to retain its native structure
after conjugation. As discussed earlier also, spectrum in
fig. 5e illustrates the inherent structure of the protein.
The peak at 195-200 nm shows the existence of beta-
sheet or random coil structures, whereas the dip at 210-
220 nm signifies o-helical content. The lack of a
significant shift in the ellipticity peak and a decrease in
intensity indicate the presence of intact beta-lactamase
protein following nanoparticle conjugation. The spectral
study indicate that the protein doesn’t undergo much
conformational alteration upon bioconjugation.

4. Conclusion

The increasing prevalence of antibiotic resistance
resulting in fatalities has brought beta-lactamase to the
forefront. These beta-lactam hydrolyzing proteins have
been in the limelight of research, since the recognition of
AMR as global threat by UNESCO. The increasing
prevalence of newly found beta-lactamase mutations has
once more elicited worries among researchers and
health officials. These new mutations pose a threat for
the development of suitable countermeasures. With the
advent of nanotechnology, many nanoparticles are
utilized for the detection and theranostics of diseases.
Among these gold nanoparticles stand out owing to its
remarkable properties such as surface plasmon
resonance, size-based properties and ease of synthesis.
Their long history in biosensing gives them a strong
methodological base. Their size-dependent physics and
simple surface chemistry make them easy to customize.
Their bright, tuneable surface-plasmon resonance turns
tiny molecular events into clear optical signatures. In this
study, we have sought to comprehend the interaction
between gold nanoparticles and the beta-lactamase
protein, delving into the molecular mechanism
underpinning their conjugation. This toolkit was made to
answer three main questions: does the enzyme stick to
the particle, does the particle report that binding
accurately, and does binding keep the enzyme's native
fold?

Gold nanoparticles, 13 nm in size were assessed and
appear to interact with beta-lactamase protein at a pH of
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6-7, with no alteration to its secondary structure.
Fluorescence spectroscopy shows that intrinsic
tryptophan emission, which is a close, distance-
dependent indicator that the protein is getting close to
and sticking to the nanoparticle surface, is clearly
quenched when incubated with AuNPs. Surface-charge
measurements back up this close relationship by
showing that there is a stable interfacial complex instead
of a short interaction. Importantly, circular dichroism
spectra show that canonical a-helical and 3-sheet signals
are still there after conjugation. This strongly suggests
that denaturation or unfolding did not happen in our
case. While this study could serve as a foundation for the
advancement of sensors utilizing gold nanoparticles,
further kinetic study needs to be evaluated to
understand the functional changes upon bioconjugate
formation. In in-vivo condition serum protein may also
bind to gold nanoparticle surface and thus hinder the
binding of beta-lactamase with gold nanoparticle. At the
same time, salts may vary the pH and biological fluids
may present different physiological environment, which
may not be suitable for bioconjugate stability. Thus,
since these experiments were performed in controlled
environment, the extent at which bioconjugates are
affected in presence of other protein, salts and biological
fluids must be explored. We also need to investigate how
the size, shape, and functionalization of AuNPs affect
sensitivity and specificity, how to make surface
chemistries work better for repeatable conjugation
densities, and how to test stability in complex biological
matrices. This research offers a critical instrument in the
fight against antibiotic resistance by utilizing the
distinctive properties of AuNPs to develop innovative
solutions for the detection and monitoring of beta-
lactamase activity.
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