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The surface interactions between gold nanoparticles (AuNPs) and lipase from Candida antarctica 
fraction B (CALB) were investigated at macromolecular and colloidal length-scales. In order to 
elucidate the reciprocal effect of the interactions on the individual component’s properties, CALB 
was either added during the synthesis of AuNPs or added to pre-synthesized AuNPs. In both 
cases, it was observed that the AuNPs are spherical and stable and, by fluorescence and circular 
dichroism spectroscopies, changes were observed in the secondary and tertiary structure of CALB, 
that were dependent on the AuNPs concentration. Nevertheless, the catalytic activity of CALB was 
maintained, although at a lower percentage (≥ 80%), thus new bio-functionalities were inserted 
into AuNPs upon interaction with CALB. Using simple and straightforward approaches and 
state-of-the-art techniques important knowledge about CALB/AuNPs bioconjugates was gained, 
thus contributing to the development of new nano-biomaterials and for the safe use of AuNPs in 
biomedical applications.
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Introduction

Although in recent years nanotechnology has been 
successfully applied to the development of new materials 
with unique properties and many potential applications, 
the effects of the interactions between nanoparticles and 
biomolecules, present in the most diverse environments, on 
the properties of both materials remain poorly understood. 
The elucidation of the specific interactions involved in 
the nano-bio interface is fundamental for the safe use of 
nanomaterials, the manufacturing of nano-bioconjugate 
structures, the design of new nanomaterials and the 
evaluation of their biocompatibility or bio adverse effects.1-4 
Thus, an in-depth study on the phenomena that occur at 
the nano-bio interface not only allows the development of 
new methodologies, but also contributes to the expansion 
of possible biological and environmental applications of 
these materials.4

Gold nanoparticles (AuNPs) are of great interest since 
their properties and synthesis control are well-established as 
reported by many researchers.5-7 The surface characteristics, 
plasmonic properties and high biocompatibility are 
properties that justify the increasing number of works 
employing AuNPs in bioapplications.8-10 Furthermore, 
AuNPs are attractive because they can be prepared with 
different morphologies and have their surface modified 
by simple and straightforward methods employing a huge 
variety of biomolecules such as amino acids, peptides, 
proteins, enzymes, deoxyribonucleic acid (DNA) and 
ribonucleic acid (RNA), among others.11-14 Based on these 
reasons and for prospecting new eco-friendly approaches, 
biomolecules have been used as suitable capping agents 
for AuNPs.15-17 Nevertheless, despite the increasing interest 
in this field, few studies are reported in the literature16,18-20 
using enzymes as the interacting molecules for AuNPs. 

Enzymes are remarkable biocatalysts, owing to 
their chemo-, regio- and stereoselectivity, which are 
very attractive for a huge range of applications in 
industry, biotechnology and research.21-28 Lipase from 
Candida antarctica fraction B (CALB) is widely studied 
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and employed since it is an efficient catalyst that can be 
used for both hydrolysis in aqueous media and esterification 
in aquo-restricted media or pure organic solvents.25,29-37 

Different methodologies have been developed in order 
to alter the stability, activity and even the enantioselectivity 
of enzymes.38-43 In this context, the interaction between 
enzymes and AuNPs can trigger changes in enzyme 
conformation, and consequently, changes in their inherent 
properties.18,20,40,44,45 AuNPs are prone to interact with many 
biomolecules because of their surface characteristics, 
however, the effects promoted in the properties of both 
materials remain poorly understood. Therefore, the 
understanding of the correlation between the conformation, 
stability and activity of the enzyme in the presence of 
nanomaterials is fundamental for biotechnological and 
biomedical applications of both materials. 

To the best of our knowledge, despite the several studies 
using lipase-AuNP conjugated materials as biocatalysts, 
biosensors and racemates kinetic resolution,21,46-49 none of 
the studies were focused on the specific interactions at the 
interface of these materials at the molecular and nanoscale 
levels. 

In this work, the interaction between CALB and 
AuNPs was fully investigated, in terms of the impact of 
the interaction on the main properties of both the enzyme 
and the nanomaterial, probed at different length scales 
using state-of-art techniques. The catalytic activity, the 
maintenance of bio-functionalities of the enzyme and the 
morphology and the surface characteristics of the AuNPs 
were evaluated. Therefore, this work could be used as the 
basis for further studies that aim to employ enzymes as 
stabilizing agents for metal nanoparticles or seek to insert 
bio-functionalities in these nanoparticles. In addition, this 
study sheds light into the safe use of AuNPs in biological 
media containing enzymes.

Experimental

Materials

Tetrachloroauric acid (HAuCl4.3H2O, 30% in dilute 
HCl, 99.9%) and lipase from Candida antarctica fraction B 
(CALB) (L3170) were purchased from Sigma-Aldrich (São 
Paulo, Brazil). Sodium borohydride (NaBH4, ≥ 98%) was 
purchased from Nuclear (São Paulo, Brazil). Tannic acid 
(Sigma-Aldrich, São Paulo, Brazil), sodium carbonate 
(Vetec, São Paulo, Brazil) and sodium citrate (Sigma-
Aldrich, São Paulo, Brazil) were used as received. Milli-Q 
grade water (18.2  MΩ cm, Millipore, USA) was used 
in the preparations for all solutions. Lipase CALB was 
used without previous purification. For the assays, CALB 

extract was diluted in water at concentration of 0.1 wt.%, 
corresponding to 0.42 µmol L-1. The protein concentration 
of CALB 0.1  wt.% in the dispersion was 14  µg mL-1, 
determined by Bradford’s method.50

Synthesis of AuNPs@CALB

The synthesis of citrate-stabilized AuNPs were adapted 
from a method previously described in the literature.51 In a 
typical procedure, the reducing solution was prepared by 
adding 5 µL of 2.5 mmol L-1 tannic acid and 100 µL of 
150 mmol L-1 Na2CO3 to 15 mL of 2.2 mmol L-1 sodium 
citrate fresh solution and kept under magnetic stirring at 
70 °C. Subsequently, 100 µL of 25 mmol L-1 HAuCl4 was 
added to the reaction media, immediately changing the color 
of the dispersion from transparent to purple. The dispersion 
was kept under magnetic stirring at 70 °C for 10  min. 
Finally, a dispersion with concentration of 4.4 × 10-9 mol L-1 
AuNPs was obtained as determined by inductively coupled 
plasma optical emission spectroscopy (ICP OES). To obtain 
AuNPs@CALB, 2 mL of CALB 0.1 wt.% was added to 
2 mL of previously synthesized citrate-stabilized AuNPs 
at 2.6 × 10-9 mol L-1 kept under magnetic stirring at 25 °C 
for 30 min to ensure complete adsorption of CALB on 
the AuNPs surface. The final AuNPs concentration was 
1.3 × 10-9 mol L-1.

Synthesis of SACALB/AuNPs 

The synthesis of SACALB/AuNP was adapted from a 
previous method.52 Into a reaction media containing 1.5 mL 
of 1.74 × 10-4 mol L-1 HAuCl4 and 1.5 mL of water under 
magnetic stirring at 25 °C, 3.72 mL of CALB 0.1 wt.% was 
added. Thereafter, 0.72 mL of the reducing agent ice-cold 
1.0 mmol L-1 NaBH4 was added in one-pot. The color of 
the dispersion changed rapidly from transparent to purple. 
The dispersion was kept under magnetic stirring at 25 °C 
for 30 min to ensure complete reaction. The final AuNPs 
concentration was 1.0 × 10-9 mol L-1, as determined by 
ICP OES.

Characterization techniques

Transmission electron microscopy (TEM)
Transmiss ion  e lec t ron  microscopy (TEM) 

(JEOL  1200EX-II microscope) was performed at an 
acceleration voltage of 120 kV in Electron Microscopy 
Centre (CME‑UFPR). A drop (ca. 3 µL) of the sample was 
placed on lacey carbon-coated grids and embedded in a 
matrix of 1-ethyl-3-methylimidazolium tetra-fluoroborate 
(ionic liquid EMI-BF4) (Sigma-Aldrich, São Paulo, 
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Brazil), the excess was removed with filter paper and 
allowed to air-dry. High resolution TEM (HR-TEM) was 
performed at 200 kV (JEOL 2100 TEM-FEG microscope) 
at the Brazilian Nanotechnology National Laboratory 
(LNNano‑CNPEM). The size and size distribution of the 
nanoparticles were determined using ImageJ software.53

Inductively coupled plasma optical emission spectroscopy 
(ICP OES)

The final concentration of gold was determined 
by ICP  OES (Thermoscientific iCAP 6000 series ICP 
spectrometer). The calculation of AuNPs was determined 
according to a previously described methodology.54 
Firstly, the volume of one nanoparticle was determined 
by the definition V = 4 / 3πR3

 using the radius (R) of 
AuNPs previously determined by TEM. Then, by using 
the density of gold (19300 kg m-3), Avogadro’s number 
(6.022 × 1023 particles) and the concentration (in mg L-1) 
determined by ICP  OES measurements, the molar 
concentration of AuNPs dispersion was obtained. 

UV-Vis spectroscopy 
UV-Vis spectroscopy (UV-Vis Agilent 8453) was used 

to characterize AuNP samples by the surface plasmon 
resonance (SPR) band with a maximum wavelength (λmax) 
at around 510-530 nm in a quartz cuvette of 10 mm of 
optical path. 

Steady-state fluorescence spectroscopy
Tryptophan fluorescence measurements were performed 

in a Cary Eclipse Fluorescence Spectrophotometer (Varian). 
Samples were excited at 295 nm and the emission spectra 
recorded in the range from 305 to 500 nm at 5  nm 
bandwidth for both emission and excitation, using a 
4 × 10 mm (excitation × emission) quartz cuvette of 1 cm 
optical path length. As AuNPs can increase the turbidity 
of CALB dispersions, the f﻿luorescence intensities of every 
spectra were corrected by taking into account the inner filter 
correction using the following equation:55

 	 (1)

where, F and F0 are the corrected and the measured 
fluorescence intensities, respectively; Aex and Aem are the 
measured absorbances acquired at λ of excitation and 
emission, respectively; lex and lem are the optical path lengths 
of the cuvette in cm. In this study, the following values 
were used for the inner filter correction: Aex = 295 nm, 
Aem  = 305-500 nm, lex = 0.2 cm and lem = 0.5 cm. The 
values of fluorescence were obtained by the integration 
of the fluorescence peak area in the range of 320-380 nm.

Circular dichroism (CD) spectroscopy
Circular dichroism (CD) spectroscopy (Jasco J-815 

Spectrometer) was performed ranging from 195 to 260 nm 
with scanning speed of 50 nm min-1, bandwidth of 1 nm, 
data pitch of 0.5 nm, using a quartz cell of 1 mm at 25 °C 
controlled by a Peltier system. All measurements were 
recorded by an average of 10 accumulations and the CD 
spectra were corrected by the water spectrum. The spectra 
were displayed using the molar residue ellipticity (MRE) 
deg cm2 dmol-1 using the following relation:

 	 (2)

where, θ is the ellipticity in degrees, d is the path length of 
the cell in centimeters and C is the concentration of protein 
in g mL-1. MRW is the mean residue weight and is defined 
as MRW = M / (N − 1), where M is the molecular mass in 
Daltons and N is the number of amino acids of the protein. 
For CALB, the value of M is 33.000 g mol-1 and N is 317.56

Size exclusion chromatography (SEC)
Size-exclusion chromatography (SEC) coupled with 

multidetector analyses were performed to determine 
the weight average molar mass 

—
Mw, and polydispersity 

(PD  = 
—
Mw / 

—
Mn, 

—
Mn is the number average molecular 

weight) of the samples, on a Waters model 2410, equipped 
with four columns (Ultrahydrogel 2000, 500, 250 and 120, 
Milford, MA, USA). The columns were serially connected 
to the multi detection system consisting of a Waters 2410 
differential refractometer (RI) detector (Milford, MA, 
USA), and a DSP-F Wyatt Technology multiangle laser light 
scattering (MALLS) detector (Santa Barbara, CA, USA). 
NaNO2 (0.1 mol L-1) containing NaN3 (0.5 g L-1) was used 
as the eluent at a flow rate of 0.6 mL min-1. The sample was 
dispersed in the eluent at a concentration of 2.0 mg mL‑1, 
and filtered (0.45 µm, cellulose acetate filters, Millipore). 

Zeta potential
Zeta potential measurements were obtained (Malvern 

Zetasizer Nano ZS90, using a disposable folded capillary 
cell DTS 1070, Malvern Instruments) by the electrophoretic 
mobility (UE) and converted to the zeta potential value by 
Henry’s equation:

 	 (3)

where, ε is the dielectric constant, ζ is the zeta potential 
(in mV), η is the viscosity and f(ka) is the Henry function, 
which is calculated from the Smoluchowski approximation 
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(f(ka) = 1.5).57 Zeta potential values are the average of five 
measurements. 

Small angle X-ray scattering (SAXS)
Small angle X-ray scattering (SAXS) data were 

collected on the laboratory-based SAXS equipment Xenocs 
XEUSSTM, at the Institute of Physics, University of São 
Paulo. The radiation was generated by a GENIXTM source 
(Cu Kα edge, λ = 1.54 Å) with the beam focused by FOX2DTM 
optics. The beam collimation was performed by two sets of 
scatterless slits (Xenocs 2.0). In the high flux mode, the flux 
was ca. 1 × 108 photons s-1 with a beam size of 1 × 1 mm2. 
The 2D SAXS data were collected with a Dectris PilatusTM 
300k detector. Liquid dispersion samples were filled into 
quartz capillaries with 1.5 mm in diameter. For SAXS 
measurements, the distance from sample to detector was set 
to 0.9 m, giving a q range of 0.11 < q < 0.40 Å-1 where q is 
the reciprocal space-momentum transfer modulus defined 
as q = (4 sinθ) / λ with 2θ the scattering angle and λ as 
the radiation wavelength. Several frames for 1800 s were 
measured in order to check for radiation damage to the 
sample as well as to average and increase the signal‑to‑noise 
ratio. Data treatment were performed using python scripts 
with PyFy libraries for the integration of the 2D data. 

Additional measurements were also taken in the 
Brazilian National Synchrotron Light Source, LNLS, 
Campinas, SP. In this case the used q range was quite similar 
0.11 < q < 0.50 Å-1, being the sample to detector distance 
ca. 1000 mm and the detector was a PILATUS 300K.

The scattered intensity, I(q), for an isotropic system of 
monodisperse spheres in a small angle X-ray scattering 
(SAXS) experiment can be expressed as:58,59

I(q) = knpP(q)S(q)	 (4)

where np is the particle number density and k is a constant 
that depends only on instrumental characteristics, P(q) is 
the particle form factor, whereas S(q) is the interparticle 
structure factor and for non-interacting systems can be 
treated as S(q) ca. 1. 

An interesting function that provides structural 
information about the scattering particles is the well-known 
pair distance distribution function, p(r). In the absence of 
interference effects, a Fourier transform connects P(q); and 

hence I(q), to the p(r) function, which is interpreted as the 
probability of finding a pair of small scattering elements 
inside the scattering particle, this function can be written as:60 

	 (5)

This function also provides information about the 
shape of the scattering particles as well as its maximum 
dimension, Dmax, accounted for a certain r value where p(r) 
tends to zero. For spheres, p(r) is symmetrically shaped 
(bell-like shape) with peak position around the radius of the 
scattering particle.59 Moreover, it is also possible to infer 
about partial scattering due to particle aggregation using 
the p(r), as shown in previous studies.61

Enzymatic activity

Enzymatic activity assays were adapted from a previous 
work.50 The enzymatic hydrolysis of 4-nitrophenyl 
palmitate (pNPP) was monitored by the appearance of 
the product p-nitrophenolate (pNP) (Scheme 1), using a 
UV-Vis Spectrophotometer (Shimadzu UV PC2501). In 
a typical procedure, 0.5 mmol L-1 of pNPP solution was 
prepared in isopropanol. In a 1 cm path length quartz 
cuvette containing 2.6 mL of phosphate buffered saline 
(PBS) (140 mmol L-1 NaCl, 27 mmol L-1 KCl, 10 mmol L-1 
phosphate buffer; pH 7), 0.2 mL of pNPP solution was 
added and homogenized. Then, 0.2 mL of the sample was 
added, and the solution was homogenized once again. The 
hydrolysis product pNP was monitored by the absorbance at 
λ = 405 nm. Data were collected from 20 spectra, ranging 
from λ = 210-500 nm, with 2 nm of data interval and scan 
speed of 480 nm min-1 for 25 min, at 37 °C. The pNP 
concentration was determined by Lambert-Beer law using 
8030 L mol-1 cm-1 as the extinction coefficient.62

Results and Discussion

Morphology, size and stability of SACALB/AuNPs and 
AuNPs@CALB

The main investigated properties, evidencing the 
stability of the particles, were size and size distribution. 

Scheme 1. Enzymatic hydrolysis of 4-nitrophenyl palmitate (pNPP). The product p-nitrophenolate (pNP) was monitored by UV-Vis spectroscopy at 
λ = 405 nm.
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It is worth mentioning that CALB alone was not able to 
reduce AuCl4

− in order to produce nanoparticles under the 
same reaction conditions. However, when using NaBH4 
as the reducing agent for AuCl4

−, CALB exhibited great 
performance as a stabilizing agent (SA) in the formation of 
homogenous and stable AuNPs. The as-prepared bio‑hybrid 
material is referred as SACALB/AuNPs. In addition, it is 
well known that the synthesis of AuNPs in absence of any 
stabilizing agents (by bottom up synthesis approaches) 
leads to nanoparticle aggregation and consequently to the 
loss of AuNPs inherent properties.52 Therefore, CALB 
is a promising capping agent for both controlling the 
size and morphology of AuNPs as well for introducing 
bio‑functionalities to nanomaterials. 

In addition, in order to elucidate the source of 
interaction between CALB and AuNPs, another approach 
adding CALB to a previously synthesized AuNPs was 
designed for comparison. For this, citrate-stabilized AuNPs 
were prepared since it is a well-stablished methodology 
for obtaining stable AuNPs with size and morphology 
control.51,63,64 Moreover, as AuNPs’ properties highly 
depend on their size,65 AuNPs with approximately the same 
size as SACALB/AuNPs were synthesized for effective 
comparison. Then, the bio-hybrid material, referred as 
AuNPs@CALB, was successfully prepared.

UV-Vis spectroscopy was used to monitor the SPR band 
of both materials (Figure 1). The SPR band is sensitive 
to the nanoparticles’ properties, since it is a result of the 
interaction between an incident electromagnetic radiation 
and the gold surface free electrons (outer shell and 
conduction-band). These electrons oscillate collectively 
absorbing energy and thus producing the SPR band that 
depends on the changes of polarization in the electronic 
cloud surrounding AuNPs’ surfaces. Because of this, the 
different sizes, morphology, dispersion media, dielectric 
constant, pH and interaction with other molecules, 
among others, will promote modifications of the charge 
distribution density on AuNPs’ surfaces, and consequently, 
on the collective oscillation of electrons.66,67 Therefore, 
the SPR band is a useful tool to characterize changes on 
AuNPs regarding size, shape, morphology and changes 
on nanoparticle surfaces.66 Citrate-stabilized AuNPs 
presented an absorption maximum (λmax) of 510 nm at 
UV-Vis spectrum. The shift to higher λmax (515 and 524 nm 
for AuNPs@CALB and SACALB/AuNPs, respectively), 
confirmed the adsorption of CALB on AuNPs’ surfaces 
due the changes promoted in the electronic distribution 
on AuNPs’ surfaces. Furthermore, the λmax shift and the 
broader SPR band for SACALB/AuNPs suggested that 
the adsorption of CALB on AuNPs occurred differently 
for AuNP@CALB and SACALB/AuNPs. It is worth 

mentioning that AuNPs@CALB and SACALB/AuNPs were 
also evaluated in phosphate buffer solution at pH 6.8 and 
the corresponding SPR band (maximum absorption and 
shape) was monitored over 24 h to verify the stability of 
the samples. The samples remained stable as presented in 
the Supplementary Information (SI) section (Figure S1).

TEM images confirmed the homogenous size of 

SACALB/AuNPs with an average size of 3.5 ± 0.7 nm 
(Figure 2). It was observed that AuNPs were surrounded by 
the suggested structure of CALB (Figure 2a). By HR‑TEM, 
a thin layer of CALB surrounding the AuNP was observed 
(inset in Figure 2a). In addition, Figure 2b shows the 
CALB dispersion (in the absence of AuNPs) evidencing 
the globular aggregates of the enzyme.

Figure 2c shows the TEM image of citrate-stabilized 
AuNPs with an average size of 4.3 ± 0.7 nm. Figure 2d 
shows AuNPs@CALB, which have the same average size 

Figure 1. SPR band at the UV-Vis spectrum of the citrate-stabilized 
AuNPs, AuNPs@CALB and SACALB/AuNPs, clearly showing the shift 
to higher λmax due to the CALB adsorption on AuNPs surface. The spectra 
were normalized for the comparison of the λmax shifts. 

Figure 2. TEM images of (a) SACALB/AuNPs, the inset image, acquired 
by HR-TEM, clearly shows a layer of CALB on AuNP surface, (b) CALB 
dispersion, (c) citrate-stabilized AuNPs and (d) AuNPs@CALB.
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of the citrate-stabilized AuNPs. Hence, as seen by the TEM 
images, the addition of CALB to the AuNPs did not induce 
nanoparticle’s aggregation. 

In order to get more information regarding the 
nanoparticle’s morphological properties and their 
interaction with CALB, small angle X-ray scattering was 
used. Figure 3 shows the SAXS curves of citrate-stabilized 
AuNPs (a) and AuNPs@CALB (b) of CALB. The inset of 
each figure displays the respective p(r).

As can be seen in Figure 3, the scattering curves in the 
absence and the presence of CALB are quite similar and 
resemble those from small spherical scattering particles 
in solution.52 

A representative p(r) function can be observed in 
the inset of Figure 3a. As one can see, the p(r) function 
is symmetrical (bell-like profile) up to r ca. 6 nm. 
Interestingly, in both cases, the maximum frequencies 
occurs at ca. 3.0‑3.5 nm, in very good agreement with TEM 
micrographics. Noteworthy, the value of Dmax (ca. 12 nm) 
is quite large when compared to the value corresponding 
to the maximum of frequencies (ca. 3.5 nm). Such a fact 
reflects that there is a not neglectable partial particle 
aggregation in the system or even a partial clustering, which 
was not evident in the TEM images. It should be stressed 
that there is a quite important difference in the number of 

nanoparticles probed at the same time when comparing both 
techniques (TEM vs. SAXS). SAXS probes a determined 
scattering volume that contains a much larger number of 
objects when compared to TEM observation. The difference 
in particle concentration can be the explanation for this 
partial aggregation. 

Thus, using two complementary techniques, the citrate-
AuNPs and AuNPs@CALB were considered comparable 
in size and morphology and suited for the comparative 
studies of the physicochemical interactions between AuNPs 
and CALB. 

The interaction between proteins and metallic 
nanoparticles is attributed to the preferential interaction 
of the amino acid residues from proteins onto nanocrystal 
facets.15 It was proposed that this interaction pattern is 
followed by the anchoring, crawling and further binding 
of the biomolecule on the nanocrystals.15,68 As observed by 
TEM images, these interactions do not have impact on the 
AuNP’s size and morphology but induces changes in the 
SPR band. Therefore, to further elucidate the interactions 
and their influence on the physicochemical properties of the 
hybrid materials, the reciprocal effects of the interactions 
on the individual components (AuNPs and CALB) were 
investigated.

Spectroscopic properties of CALB in the samples SACALB/
AuNPs and AuNPs@CALB

The maintenance of the tertiary structure of CALB was 
monitored by the intrinsic tryptophan (Trp) fluorescence 
(Figure 4a). CALB structure has five Trp residues on its 
sequence of 317 amino acids that provide a sensitive tool 
to investigate changes at CALB conformation through the 
interaction with AuNPs.56 CALB exhibited a fluorescence 
maximum at 323 nm that is typical for buried Trp residues 
in enzyme structures.69 Nonetheless, in the presence 
of AuNPs, the Trp fluorescence spectra presented a 
red shift to 349 and 351 nm for AuNPs@CALB and  

SACALB/AuNPs, respectively. The bathochromic shifts 
pointed out that Trp residues are exposed to a more polar 
environment, indicating an interaction between CALB 
and AuNPs.70 Hence, the interaction of CALB with AuNP 
surfaces and during the AuNPs’ growth, caused changes in 
the tertiary structure of CALB or around some of the Trp 
residues of the polypeptide chain. 

As Trp residues are quite hydrophobic, the interaction 
with AuNPs could lead to the exposure of these residues 
to the aqueous media.70 In addition, it is well-known that 
this change in protein conformation might cause their 
unfolding, and consequently, the decrease or even the 
loss of their inherent properties.71 To further elucidate 

Figure 3. Small angle X-ray scattering curves of citrate-AuNPs (a) and 
AuNPs@CALB (b). The black open circles and the solid line represent 
the experimental data points and the theoretical fitting curve, respectively.
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the CALB’s properties and to correlate with the results 
observed by fluorescence, CD spectroscopy was performed 
in order to monitor changes of secondary structure of CALB 
due to AuNP interactions (Figure 4b).

CALB chains fold into an α-helix, which is characterized 
by the two negative peaks at 208 and 222 nm in the CD 
spectra.56 Interestingly, despite the distinct spectra 
observed for Trp fluorescence, the CD spectra of  
AuNPs@CALB and CALB are very similar. The signal 
at 222 nm, characteristic of α-helical proteins remained 
unchanged, indicating that an order-disorder (unfolding) 
process72 has not occurred. On the other hand, for  

SACALB/AuNP the intensity of the signals at 208 and 
222  nm were slightly reduced. The decrease in the 
CD ellipticity is associated with CALB aggregation.56 
Although the spectrum kept the same typical profile and 
no new signals were observed for SACALB/AuNPs, the 
result suggests a decrease in CALB α-helix content or a 
partial conversion to a coil structure.73 Therefore, neither  
AuNPs@CALB nor SACALB/AuNP displayed significant 
loss of their secondary structure. When comparing 
both samples, adding CALB to pre-synthesized AuNPs 
(AuNPs@CALB) leads to less influence on CALB 
secondary structure. It is reasonable to infer that since 
CALB was present in all steps during AuNP synthesis to 
build up SACALB/AuNPs, this could have caused changes 
in CALB secondary structure. 

It is worth emphasizing that these findings cannot be 
associated with any reaction between NaBH4 (used for 
AuNP synthesis) and enzyme, since as a weak reducing 
agent, NaBH4 is not able to reduce the functional groups 
of CALB’s structure or damage CALB’s structure in any 
way. Under those same reaction conditions, NaBH4 is 
able to reduce only aldehydes and ketones, not present 

in CALB’s structure.74 Thereupon, the changes in CALB 
conformation are dependent on the selected methodology 
to produce bio-hybrid materials.

Catalytic activity of CALB in the samples SACALB/AuNPs 
and AuNPs@CALB

In order to evaluate whether the structural changes 
suffered by CALB, due to the interaction with AuNP, were 
able to alter the enzyme activity, the enzymatic activity, 
i.e., the hydrolysis of 4-nitrophenyl palmitate (pNPP) 
(Figure 5), were carried out. In the absence of AuNP, 
CALB quickly catalyzes the pNPP hydrolysis, obtaining 
the 4-nitrophenolate (pNP) as product and characterized 
by the yellow color that was recorded at λ = 405 nm in 
a UV‑Vis spectrum (circle symbol, Figure 5). The same 
reaction, in the absence of any catalyst, importantly 
reduced pNPP auto-hydrolysis at the same period (star 
symbol, Figure 5). As expected, based on the outcomes 
obtained from Trp fluorescence and CD spectroscopies,  
AuNPs@CALB and SACALB/AuNP exhibited reduced 
catalytic activity when compared to CALB (triangle and 
square symbol, respectively, Figure 5). The catalytic activity 
of CALB in AuNPs@CALB was slightly higher than in  

SACALB/AuNPs, in agreement with the CD spectra 
findings. Despite the standard deviation (SD) being very 
similar for both samples, the standard error (SE) of the 
average (red bars) showed low variation in relation to 
the SD since SE values provide the uncertainty of the 
measurements around the estimate average.75 Therefore, 
the relation between SD and SE indicates that the 
measurements are accurate, confirming the slight increase 
of the catalytic activity of AuNPs@CALB in relation to 

SACALB/AuNPs.

Figure 4. CALB in the absence (black lines) and presence of AuNPs@CALB (red lines) and SACALB/AuNPs (blue lines) characterized by (a) Trp 
fluorescence and (b) CD spectroscopy. The Trp fluorescence intensity spectra were normalized with respect to the corresponding λmax of the SPR band. 
CD spectra were corrected by subtraction of the blank spectra and displayed in units of MRE.
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The retention of the relative catalytic activity was 
87 and 80% for AuNPs@CALB and SACALB/AuNPs, 
respectively, in comparison to the catalytic activity of 
CALB. Moreover, the amount of the product formed for 
AuNPs@CALB and SACALB/AuNPs were 72 and 70%, 
respectively, higher in comparison to the activity in the 
absence of any catalyst (pNPP auto-hydrolysis). Then, 
by the outcomes from catalytic activity assays, it was 
evidenced that the interactions between CALB and AuNPs 
maintained the catalytic properties of CALB, although at 
a lower percentage.

Therefore, the time course study of the catalytic activity 
reinforced the results from Trp fluorescence and CD. The 
interaction between CALB and AuNPs is evident and led 
to changes in the conformation of CALB; however, with 
no expressive loss of the catalytic activity. In that way, as 
seen by Trp fluorescence, the tertiary structure of CALB 
changed both in AuNPs@CALB and in SACALB/AuNPs, 
and probably in a very similar way, as seen by the very close 
value of the λmax fluorescence shift. However, looking at the 
secondary structure, the alterations of CALB conformation 
in SACALB/AuNPs were more pronounced than in  
AuNPs@CALB, further confirmed by the reduction of the 
catalytic activity of the former.

Probing the AuNPs/CALB interactions at macromolecular 
and colloidal length-scales

In order to deeply understand the differences in the 
hybrid material’s properties, zeta potential measurements 
were done to explore the affinity between the enzyme 
and the nanoparticles (Figure 6).76 The zeta potential (ζ) 

determination is a suitable technique for the assessment of 
the colloidal stability which plays a central role in the in 
vivo application of this system.77 The ζ of citrate-stabilized 
AuNPs was −48.4 ± 2.6 mV. This value is indicative of 
the high stability of the particles. The negative charge 
arises from the citrate ions on the AuNPs surface.78 
The ζ of CALB was −5.3 ± 0.1 mV and the values of  
AuNPs@CALB and SACALB/AuNPs were −27.9 ± 1.8 
and −17.5 ± 2.4 mV, respectively. The enhancement of 
the negative character of the bioconjugates surface charge 
demonstrates the increase in the colloidal stability of 
these systems and is a fingerprint of protein adsorption 
leading to a decrease in the overall electrostatic potential. 
These findings are in quite good agreement with SAXS 
measurements, where a higher tendency of aggregation 
was observed when the AuNPs were in the presence of 
CALB (see Figure 3).

Moreover, this behavior indicates the favorable 
interactions between the constituents of the bio-hybrid 
material, mainly through electrostatic interactions. It is 
widely known that the enzymes and metallic nanoparticles’ 
favorable interactions arise from thiolated amino acids.79-81 
With respect to that, CALB has in its structure four 
methionine and six cysteine residues highly favoring 
its interaction with AuNPs.48,52,75,82,83 Besides, the more 
negative zeta potential value for AuNPs@CALB suggests 
superior stability in relation to SACALB/AuNPs, since 
the increase of repulsive forces reduces the tendency of 
colloidal aggregation.77 The zeta potential experiments 
confirmed that CALB adsorption took place on AuNPs 
surfaces for both AuNPs@CALB and SACALB/AuNPs.84 
The adsorption was also confirmed by SDS page (Figure S2, 

Figure 5. Formation of 4-nitrophenolate (pNP), monitored at λ = 405 nm 
by UV-Vis absorption, from the hydrolysis of 4-nitrophenyl palmitate 
(pNPP) in the presence of CALB (circles), AuNPs@CALB (triangles) 
and SACALB/AuNPs (squares). The blank represents the control of pNPP 
auto-hydrolysis (in the absence of any catalyst). The black bars indicate 
the SD and the red bars indicate the SE of the average of 3 measurements.

Figure 6. Zeta potential values (ζ) of CALB, SACALB/AuNPs,  
AuNPs@CALB and citrate-stabilized AuNPs.
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SI section). The characteristic band at 33 KDa of CALB is 
clear, whereas in the presence of AuNPs no protein fraction 
was noticed. It was also observed, that the CALB/AuNPs 
interactions protects CALB against severe denaturation 
(SDS page, SI section). 

In addition, via size exclusion chromatography (SEC, 
Figure 7) it was observed that the retention volume of the 
hybrid materials is lower than the retention volume of 
CALB. This indicates that these materials do not interact 
with the column as efficiently as CALB, indicating their 
higher hydrodynamic volumes. Therefore, the association 
of SEC and SDS-PAGE analyses confirmed that the 
interaction between AuNPs and CALB promotes a complex 
structural arrangement that is higher in size than free 
CALB. 

Finally, associating with CD conclusions, the zeta 
potential confirmed that colloidal aggregation is more likely 
to occur in SACALB/AuNPs than in AuNPs@CALB. In 
addition, taking into account that the theoretical isoelectric 
point (pI) of CALB is 5.856 and that the aqueous media’s 
pH ca. 5.5, instability of CALB is expected in aqueous 
media. This being so, the interaction of CALB and AuNPs 
is a way to increase the enzyme’s stability in water, as in 
AuNP@CALB and SACALB/AuNPs, also maintaining its 
important properties such as catalytic activity.

In order to further analyze the AuNPs@CALB’s 
properties, the effect of crescent AuNP:CALB ratios on the 
spectroscopic properties of CALB was explored. Toward 
this goal, aliquots of citrate-stabilized AuNPs were added 
dropwise into CALB dispersion and further investigated 
by fluorescence spectroscopy.

Upon the addition of AuNPs to the CALB dispersion, 
the Trp fluorescence intensity continuously decreased 

(Figure 8). This pattern relied on the quenching effect 
that can be promoted by the solvent molecules close to 
the Trp residues or by the neighboring groups present 
in protein structure.70 Then, the decrease of fluorescence 
intensity can be associated with the interaction between 
CALB and AuNPs.85 In addition, zeta potential values 
were also determined to confirm the interaction between 
CALB and AuNPs. The values of zeta potential changed 
from approximately −5 to −34 mV with the addition of 
the AuNPs. The increasing of the negativity of the zeta 
potential at each aliquot indicated the adsorption of CALB 
on AuNPs surface, possibly by means of the thiolate amino 
acid residues, and, at the same time, enhancing the colloidal 
stability of the system.82 

Figure 9 shows the Trp fluorescence bathochromic shift 
upon AuNP addition. The Trp fluorescence λmax increased 
according to the increase of AuNP concentration (CAuNPs). 
The λmax = 323 nm for CAuNPs = 0 changed to 340 nm 
at CAuNPs = 2.2 nmol L-1 (maximum concentration). The 
magnitude of the Trp fluorescence λmax shift is related 
to neighboring molecules such as solvent molecules or 
other molecules surrounding the Trp residues exposed to 
the media.70 Therefore, the presence of AuNPs promoted 
changes of CALB conformation leading to the exposition 
of Trp residues to the media. Yet, the exposition of Trp 
residues is dependent on the AuNP concentration, since 
at CAuNPs = 1.6 nmol L-1 (pink line) these changes became 
even more expressive. 

Both, fluorescence intensity and Trp λmax, are very 
sensitive to conformational changes of CALB.69 The 
decrease of the emitted fluorescence intensity without 
red shift in the λmax can be interpreted as an interaction 
between CALB and AuNP, without significant changes in 
the Trp’ surroundings polarity,82 despite such a proximity 

Figure 7. SEC chromatogram of CALB, AuNPs@CALB and SACALB/AuNP  
in phosphate buffer at pH 7, clearly showing the lower retention volume 
of CALB when in the presence of AuNPs.

Figure 8. Changes of fluorescence intensity (black circles) and zeta 
potential values (red circles) upon increasing the AuNPs content on CALB 
dispersion, initially at 0.42 µmol L-1. The fluorescence intensities of each 
spectra were corrected by the inner filter effect.
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being evidenced by fluorescence quenching. Conversely, 
changes in both the intensity and Trp λmax indicate 
important interactions that induce changes in protein 
conformation.86,87 Therefore, in the systems analysed in this 
study, it was confirmed that the interaction between CALB 
and AuNPs took place at all concentrations of AuNPs; 
with significant conformational changes, dependent on the 
AuNP:CALB ratio. It should be stressed that all inner filter 
effects regarding the AuNP absorption were corrected, as 
described in the Experimental section. 

Finally, the CALB spectral center of mass (<λ>) was 
calculated in order to define the degree of protein unfolding 
with increasing AuNP content. The <λ> is defined by the 
following weighted average equation:88

 	 (6)

where, Fi is the fluorescence intensity at λi. The <λ> 
shift was significantly more expressive at higher CAuNPs 
(Figure  10). Therefore, this means that CALB tertiary 
structure was partially unfolded at all CAuNPs, this effect 
being more pronounced with increasing CAuNPs. 

In addition, for the sake of comparison, the <λ> of 
AuNPs@CALB was also determined. It can be observed 
(red star, Figure 10) that, in this sample, CALB is partially 
unfolded at this stage. This result can be associated with the 
Trp λmax fluorescence shift observed in Figure 4a.

Conclusions

In this study, it was demonstrated that CALB can be 
used as a good stabilizing agent for AuNPs, maintaining 
its catalytic activity, a key property. In the opposite way, 

AuNPs also play a role in the stabilization of CALB 
in aqueous media. Thus, long-term stable bio-hybrid 
materials, composed of AuNPs and CALB, can be obtained. 

Changes in CALB conformational characteristics, 
as probed by fluorescence and CD spectroscopies, 
revealed different interaction patterns when comparing  

SACALB/AuNPs and AuNPs@CALB. The latter exhibits 
less conformational changes of CALB secondary structure, 
as observed by CD spectroscopy and further confirmed 
by the relative catalytic activity. Interestingly, the Trp 
fluorescence properties of CALB are dependent on the AuNPs 
concentration. In addition, zeta potential measurements 
confirmed the higher colloidal stability of AuNPs@CALB. 

The in-depth physicochemical investigation presented 
herein is very useful for future investigations employing 
enzymes for the stabilization of metallic nanoparticles 
since bio-functionalities can be inserted into these 
particles. Likewise, this study contributes to further 
biocatalysis studies using metallic nanoparticles for enzyme 
stabilization shedding light on important, but still under-
researched, synthetic transformations. The maintenance 
of the enzymatic activity of both AuNPs@CALB and 

SACALB/AuNPs demonstrates the potential of these 
catalytic systems for further application including organic 
transformations (e.g., kinetic resolution of racemates 
for which CALB is largely employed). For this, studies 
involving organic solvent mainly apolar ones must be 
performed in order to confirm the maintenance of the key 
properties under non-aqueous conditions.

Finally, the presented results contribute to the 
development of safer strategies to apply AuNPs in 
biological media containing enzymes, since the elucidation 
of the interactions that are taking place at the nano-bio 
interface provides the basis for the development of new 
materials with desired biological performance.

Figure 9. Normalized Trp fluorescence bathochromic shifts as a function 
of the increasing AuNPs content from CAuNPs = 0 to 2.2 nmol L-1 on CALB 
dispersion initially at 0.42 µmol L-1.

Figure 10. Spectral center of mass (<λ>) as a function of the increasing 
AuNPs content on CALB dispersion initially at 0.42 µmol L-1. The red 
star represents <λ> for the sample AuNPs@CALB.
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