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A B S T R A C T

A fast and single-step procedure is reported for the preparation of stable solutions of spherical-shaped silver
nanoparticles (AgNPs) coated with lysozyme (LZ). The preparation of the AgNP@LZ nanocomposites was based
on the reduction of Ag+ with ketyl radicals photo-generated by the UVA-photolysis of the benzoin I-2959. Both
reaction precursors bind to LZ, modifying its superficial charge and conformational structure. The photo-induced
kinetics of formation of the AgNPs as a function of the LZ concentration was monitored in-situ by UV–vis
absorption spectroscopy. The multivariate curve resolution-alternating least square (MCR–ALS) method was
used for the deconvolution of the kinetic curves for each transient species formed before the growth of the final
AgNPs colloids. The Kolmogorov-Johnson-Mehl-Avrami (KJMA) model to describe the formation of the AgNPs
was used, and the respective first-order rate constants for the growth of the AgNPs as a function of the lysozyme
concentration were calculated and the role of the protein capping in the growth kinetics was evaluated. Despite
the protein being partially oxidized by the photo-generated radicals, it was strongly adsorbed onto the silver
surface forming a tight coating shell around the AgNPs of approximately 30–60 protein molecules. As a result of
the partial denaturation and crowded packing, its intrinsic lytic activity was strongly reduced.

1. Introduction

Supramolecular nanocomposites based on silver nanoparticles
(AgNPs) show a current and increasing interest due to their applications
in antibacterial devices [1], molecular and macromolecular sensing [2],
enzyme immobilization [3], and plasmonic applications [4], among
others.

For biological and medical applications, the study of the interac-
tions of metal nanoparticles (MNPs) with proteins is essential, con-
sidering the intrinsic abundance and functionality of proteins in living
tissues [5,6]. The biomacromolecule not only will play a key role in the
stabilization of the MNPs, but also in cell metabolism and biodistribu-
tion of the nanocomposite in living organisms [6].

Some recent reports had described the formation and/or stabiliza-
tion of AgNPs by different proteins [7], including human serum al-
bumin [8–11], trypsin [11], and lysozyme [11–14]. Most of those

studies have been focused on the bimolecular interaction of the protein
with previously prepared MNPs, replacing the initial stabilizer molecule
(e.g. citrate ion) by forming a protein supramolecular structure sur-
rounding the AgNPs [9–11,13,14]. In the case of lysozyme, the protein
has been also used as a photo-reductive agent by fluorescent light ir-
radiation, promoting the reduction of Ag+ to Ag° by oxidation of aro-
matic amino acid residues of the enzyme [13,15]. In this sense, light-
induced processes emerge as a very versatile method for MNPs pre-
paration due to the selective triggering and control of the reaction
under mild conditions, the in situ generation of reducing agents, high
spatial resolution, and low-time consuming [16,17]. However, the
formation of MNPs is a kinetically complex process where several se-
quential nucleation-aggregation steps are occurring before the mature
and stable MNPs are formed [18–20], and to the best our knowledge the
protein effect on the growth kinetics of MNPs has not yet been ex-
tensively studied.
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Thus, in this report, we studied the in situ formation of AgNPs in the
presence of lysozyme (LZ) as a model of biocompatible capping agent
and its effect on the kinetics of formation AgNP@LZ nanocomposites
and their structural properties. A simple “bottom-up” photochemical
method for the preparation of the AgNP@LZ based in the reduction of
Ag+ cations by ketyl radicals generated by photo-cleavage of a water-
soluble benzoin was used [7,9,17]. The kinetic and structural char-
acterizations of the AgNP@LZ were performed by several spectroscopic
and images techniques, combined with computational methods, and the
obtained results indicated the fast formation of stable colloidal solu-
tions of AgNPs coated with partially denatured protein molecules.

2. Materials and methods

2.1. Materials

Silver nitrate (AgNO3), sodium citrate dihydrate (C6H5Na3O7.
2H2O), 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (I-
2959), lysozyme (LZ, from chicken egg white, 58,100 units/mg) were
purchased from Sigma-Aldrich. Ultra-pure water from a MiliQ system
was used. Compressed ultrapure nitrogen (99,99%) was from Indura
S.R.L. (Argentina).

2.2. Photoreductive synthesis of AgNPs

The reduction of Ag+ was performed by ketyl radicals photo-gen-
erated by UVA-photolysis of the aqueous soluble benzoin I-2959 [17].
Details of the experimental set-up are given in the Supplementary In-
formation file (SI).

2.3. Spectroscopic techniques

The UV–vis absorption and fluorescence spectra were registered
using an OceanOptics USB2000 and Cary Eclipse instrument, respec-
tively. Fluorescence lifetimes were obtained with the Tempro-01 spec-
trofluorometer (Horiba).

Circular dichroism (CD) spectra were registered with a Jasco J-810
spectropolarimeter, using a 0.1 cm path length quartz cell. The Raman
spectra were recorded with a confocal Thermo Scientific DXR Raman

microscope equipped with a high-resolution motorized platen, using
gold-coated sample slides, and a laser power of 10mW at 532 nm.

The attenuated total reflection Fourier-transform infrared (ATR-
FTIR) spectra of dry sample films were obtained with a Jasco FT/IR-
4600 apparatus at room temperature and under air-purged atmosphere
(Parker Balston 75-45).

2.4. Dynamic light scattering measurements

Particle hydrodynamic diameters and zeta potential (ζ) were de-
termined using the Horiba SZ-100 particle size analyser, with a 532 nm
CW laser focused at 173° relative to the detection device. The data were
analyzed with the Horiba NextGen ProyectTM SZ-100 software.

2.5. Transmission electron microscopy (TEM)

The nanoparticles images were obtained with a Jeol 100 CX II TEM.
Dilute sample solutions were evaporated onto a carbon-coated copper
mesh grid. The ImageJTM free software was used to calculate particle
size distribution from the micrographs. Information on mean size and
standard deviation (SD) was calculated from at least four different re-
gions in random fields of view.

2.6. Protein oxidation analysis

The extent of lysozyme oxidation elicited during the photoinduced
formation of AgNPs was assessed by determination of both carbonyl
and peroxide content (see SI). Proteolytic and/or crosslinking effects
were evaluated by polyacrylamide gel electrophoresis in the presence of
sodium dodecyl sulfate (SDS-PAGE), as described in SI.

2.7. Lysozyme lytic activity assay

It was determined by the turbidimetric Micrococcus lysodeikticus
(ATCC 4698) assay [21], as briefly described in SI.

Fig. 1. UV–vis spectral changes produced
during 25min of UVA photolysis of aqueous
solutions at 25 °C containing: A) 0.1 mM
AgNO3, 0.1 mM I-2959 and 1 μM Z. Inset: time-
dependent changes of λmax and fwhm during
UVA-photolysis. B) Control experiments of
mixtures of 0.1mM AgNO3, 0.1 mM I-2959,
and/or 1 μM LZ under the reaction conditions
indicated in the text of the figure.
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3. Results and discussion

3.1. Spectroscopic and structural characterization

Fig. 1A shows the time-resolved UV–vis spectral changes elicited
during the UVA (350 ± 48 nm) photolysis of an aqueous solution
containing 0.1 mM AgNO3, 0.1mM I-2959, and 1 μM LZ under N2-at-
mosphere at room temperature (for details see SI). During irradiation,
the original transparent solution progressively turned yellowish due to
the growth of the typical surface plasmon resonance (SPR) band of
AgNPs with absorption maximum (λmax) at ≈400 nm, which is typical
for the formation of low size spherical shaped AgNPs, e.g. < 20 nm
diameter [7,9,22].

The variation of both λmax and full width half maximum (fwhm)
with the photolysis time showed three slopes changes before the sta-
bilization of the SPR band (inset Fig. 1A), suggesting the formation of
several transient spectroscopic species during the photogeneration of
AgNP@LZ. In all cases, the spectra of the AgNP@LZ solutions did not
show any red-shifted extra band, which rules out the presence of na-
noparticle aggregates [22]. Similar results were obtained using 1mM
citrate as the stabilizer (AgNP@CIT, Figure S2 of SI). However, it may
be noted that stable AgNPs colloidal solutions were obtained at a much
lower concentration of LZ than for CIT (e.g. 102 ≤ [CIT]/[LZ] ≤ 104),
as it was previously reported for AgNPs stabilized with type I collagen
and human serum albumin [7,9]. These results suggest that proteins are
efficient stabilizers of MNPs. However, the AgNP@LZ showed SPR ab-
sorption bands more red-shifted and broader than those of AgNP@CIT
(Table 1). This feature can be associated with the modification of the
local nano-environment sensed by the SPR band due to the tight ad-
sorption of the lysozyme onto the metal surface [12]. A similar result
has also been observed for AgNPs stabilized with HSA [7,9], confirming
the sensing ability of the SPR band of AgNPs of environmental changes
[22].

Fig. 1B shows the UV–vis spectral changes produced under different
reaction conditions. In the absence of UVA radiation, the reaction
mixture did not produce AgNPs. The same happened during the UVA
photolysis of a solution of LZ with AgNO3 but without the radical in-
itiator I-2959, since the protein does not absorb UVA. Hence, it was
confirmed that the formation of the AgNP@LZ was only initiated by the
ketyl radicals produced by the photo-cleavage of the benzoin [17]. On
the other hand, during the UVA-photolysis of I-2959 in the presence of
only AgNO3 the prompt growth of the SPR band of AgNPs at 420 nm
followed by the slower evolution of a band at 700 nm was observed.
This behaviour is characteristic of a nanoparticle aggregation process,
yielding an unstable colloid of greyish colour formed by the massive
precipitation of silver particles [22]. This result confirms that both I-
2959 and their photodegradation products are unable to stabilize the
AgNPs under the used experimental conditions. Thus, the above results
confirm that the enzyme is only acting as a stabilizer of the nascent
AgNPs, but not as a reducing agent of Ag+.

However, the photolysis of I-2959 only in the presence of LZ re-
sulted in the growth of a new absorption band above 300 nm. At the

same time, the intrinsic fluorescence emission band of the protein ob-
tained with excitation at 280 nm decreased with the simultaneous
growth of a new fluorescence band with a maximum at 460 nm (Figure
S3 A of SI). The shape of the fluorescence excitation spectrum mon-
itored at 460 nm was the same as that of the UV–vis spectrum, while the
emission spectrum excited at 360 nm showed a single band with a
maximum at 455 nm (Figure S3B of SI). The same protein fluorescence
pattern was observed in the AgNP@LZ.

These spectral features are corresponding to those for the formation
of kynurenine and/or N-formylkynurenine as side-chain oxidation
products of LZ [23], due to the of peroxyl radical-mediated oxidation of
the indole moiety of Trp residues by adding an extra carbonyl group.
The formation of peroxyl radicals is plausible even in the presence of
oxygen traces by its reaction with the substituted benzoyl radical pro-
duced during the photocleavage of I-2959 [7]. Effectively, after the
UVA-photolysis of I-2959, the carbonyl content of the protein increased
about five- and twenty-times for LZ and AgNP@LZ solutions, respec-
tively (Table S1). However, no formation of protein peroxides and
proteolysis/crosslinking products were observed (Figure S4 of SI). The
latter result suggests that the primary structure of lysozyme was un-
changed even with oxidized tryptophan residues, although secondary
and tertiary structures could be modified after the reaction.

Fig. 2 shows the TEM micrographs confirming the formation of
spherical AgNPs with metal core diameters (dTEM) between 4 and 12 nm
(Table 1). In turn, the DLS measurements yielded larger particle dia-
meter values (dDLS) than those calculated by TEM, in particular for the
AgNP@LZ, due to the larger hydrodynamic size of LZ (i.e.
4.7 ± 2.5 nm as determined by DLS, data not shown). In fact, the
coating thickness of the LZ shell around the AgNPs can be roughly es-
timated as (dDLS – dTEM)/2=5 ± 2 nm; a value similar to the protein
dimensions in solution. The nanoparticle concentration of the AgNP@
LZ solutions was calculated using the dTEM values as described in sec-
tion S3 of SI, and it varied approximately between 2 and 15 nM for the
AgNP@LZ solutions prepared with 0.1 and 10 μM of LZ, respectively.
Thus, by assuming a complete binding of the protein, the number of LZ
molecules bound per AgNP was 53, 67, and 667 for the AgNP@LZ so-
lutions prepared with 0.1, 1.0, and 10 μM of LZ, respectively (Table S2
of SI). However, besides of the full binding assumption, this estimation
did not consider the available surface around the spherical AgNPs and
neither the steric hindrance between neighboring protein molecules
governed by the size of LZ, a prolate ellipsoid of 3× 3×4.5 nm [24].
Hence, we used a simple 3D geometrical model for a more realistic
estimation of the maximum range number of protein molecules that can
be accommodated, considering the spherical metal core in the center of
a geometrical figure, whose vertices represent the center of each protein
unit [8] (Section S3 of SI). As a consequence, it was estimated that up to
a maximum of 60 lysozyme molecules can be accommodated around a
metal core of 6 nm of diameter, a similar number to that calculated
from the concentration ratio between LZ/AgNP in solutions with 1 μM
of protein. Therefore, for a 15 nM AgNP@LZ solution, the total protein
concentration attached to the metal core is approximately 1 μM, sug-
gesting that under the photo-stationary conditions used for the ketyl

Table 1
UV–vis spectral parameters and size properties of AgNPs, obtained by UVA-photolysis of aqueous solutions of 0.1 mM AgNO3 and 0.1 mM I-2959 in presence of
lysozyme or citrate as stabilizer agent. All measurements were carried out at 25 °C by triplicate and error bars corresponded to the ± SD of the mean value measured.

[Lysozyme]
(μM)

λmax

(nm)
fwhm
(nm)

dTEM
(nm)

dDLS
(nm)

ζ
(mV)

0.1 412 ± 2 86 ± 3 12 ± 6 5 ± 2/16 ± 4/116 ± 60 +77 ± 11
0.5 406 ± 1 76 ± 2
1.0 406 ± 1 70 ± 1 6 ± 1 19 ± 4 +55 ± 3
2.5 407 ± 1 68 ± 1
5.0 406 ± 1 70 ± 2
10.0 408 ± 1 73 ± 2 6 ± 2 13 ± 4 +60 ± 1
1mM citrate 391 ± 1 60 ± 1 4 ± 1 6 ± 2 −25 ± 2
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radical production, the coating efficiency of the AgNPs by LZ saturates
at around 1 μM LZ. This result agrees with the constant values of λmax

and fwhm of the SPR band for AgNP@LZ formed with protein solutions
in the concentration range between 1 and 10 μM (Table 1).

3.2. Growth mechanism for the formation of AgNP@LZ

In order to get a deeper information about the growth mechanism of
the AgNPs, the UV–vis spectral evolution of the SPR band was analysed
between 350–550 nm by multivariate curve resolution–alternating least
square (MCR–ALS) method [25,26]. Fig. 3A shows a set of kinetic
profiles for the relative absorbance (At/A∞) of the four species com-
ponents (named 1 to 4) obtained with the MCR-ALS analysis for
AgNP@LZ prepared with 5 μM LZ solution. The selection of at least four
components in the MCR-ALS analysis was based on the number of linear
regions observed in the plots of λmax and fwhm vs. photolysis time
(inset of Fig. 1A) and the obtention of optimum statistical results, e.g.
lack of fit (LOF) and variance R 2 (Tables S4 and S5 of SI).

A Gaussian shape kinetic behaviour was observed for species called
1 to 3, indicating their transient nature, since the decay of each species
is coupled with the formation of the following one. Instead, the species
4 showed a sigmoidal-like kinetic profile, suggesting that it may be
considered as the final AgNPs. The inset of Fig. 3A shows the associated
normalized UV–vis spectrum to each species, confirming the blue-
shifting and narrowing of the SPR band as the process progressed from
the species 1 to 4. Similar kinetic profiles were obtained in all cases
(Figure S5 of SI).

The sum of the individual At/A∞ values for species 1 to 4 (grey
rhomboid curve) represents the kinetic profile of the global process,
with a sigmoidal shape typical of an aggregation-nucleation growth
process [19,20,27]. Thus, our results can fit with a formation me-
chanism composed of at least three transient nucleation steps previous
to the last aggregative growth step to yield the final species 4, Scheme
1.

Among the several mechanisms that describe the growth of MNPs
[20], the Kolmogorov-Johnson-Mehl-Avrami (KJMA) model has been
suitable for the modeling of the growth kinetics of MNPs solutions with
different capping agents [19,27]. The KJMA model describes the par-
ticle growth by the sigmoidal-like Eq. (1), where kg is the first-order
rate constant of particle growth and n is the Avrami exponent, which
theoretical value lies between 1 and 4 depending on the nucleation

Fig. 2. TEM image (top) and particle diameter distribution by DLS measurements (bottom) for AgNPs prepared in presence of a) 1 mM citrate, and lysozyme b) 0.1
μM and c) 10 μM.

Fig. 3. A) Kinetic profiles of the four component species obtained by MCR-ALS
analysis of the time-resolved UV–vis spectra during the photo-reductive gen-
eration of AgNPs in the presence of 5 μM LZ at 25 °C. Inset: Normalized ab-
sorbance spectrum of each kinetic species. B) Growth rate constant (kg) and
Avrami’s exponent (n) values together with the respective ± SD values cal-
culated by the fitting of the kinetic curves using Eq. (1) (KJMA model).

Scheme 1. Sequential nucleation-aggregative growth model for the reductive
synthesis of AgNPs by UVA-photolysis of I-2959 as source of ketyl radicals (R%).
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mechanism and the dimensionality of the particle growth [28].

= −
∞

A
A

k t1 exp( )t
g

n
(1)

Satisfactory fittings of the global growth process of AgNPs were
obtained, as indicated by the solid grey line in Fig. 3A and the fitted
data values are reported in Table S3 of SI. Fig. 3B compares n and kg
values for the global growth of the different preparations of AgNPs, and
they were quite independent on the nature of the stabilizer, e.g. CIT or
LZ, and also insensitive to the variation of the protein concentration.
This can be the result of the convolution of the steps for nucleation
(Gaussian curves) and growth (sigmoidal curve) processes [27], com-
pensating rate differences between individual steps and yielding
average values of both n and kg. Similar values applying the KJMA
model were also obtained for the thermal synthesis of AgNPs at 130 °C
[19] and AuNPs at 180 °C [27], confirming that the KJMA-model is
appropriate to describe the formation of MNPs by both thermal and
photochemical radical-mediated processes.

The splitting of kinetic profiles of each species obtained by the
chemometric MCR-ALS method allowed the fitting with Eq. (1) of the
sigmoidal growth of the final species 4, and their respective n and kg
values are presented in Fig. 3B (orange symbols and bars). An average
value of n=3.5 ± 0.7 was obtained, accordingly with the expected
theoretical value n = 4 for a spherical growth of the particle with a
constant nucleation rate [28]. Now, the calculated kg for the formation
of species 4 was one-order of magnitude larger by using CIT than LZ as
the stabilizer (Fig. 3B), indicating a kinetic-driven difference given by
the nature of the stabilizer. According to Scheme 1, the step from
species 3 to 4 represents the coalescence process of the final crystal
seeds produced in the previous nucleation steps. For MNPs, this coa-
lescence step is suddenly produced when a critical concentration of
crystal seeds is reached [18,20,29,30]. Thus, the larger kg value for the
formation of AgNP@CIT than AgNP@LZ can be related with the minor
energy barrier for the coalescence of the nanoparticle capped with ci-
trate (only stabilized by electrostatic repulsion, ξ=−25 mV) than with
LZ (stabilized by both electrostatic repulsion, ξ = +55 mV, and steric
effects) [20,29].

For the transient species, 1, 2, and 3 the fitting with the Gaussian
Eq. (2) allowed the calculation of the nucleation time tn at the curve
maximum, the time-window of nucleation Δtn, and the total curve area
A [19,20,27].

= ⎡
⎣⎢

− − ⎤
⎦⎥∞

A
A

A
Δt π

t τ
Δt2

exp 2 ( )t

n

n

n

2

2 (2)

Table S3 of SI shows that both tn and Δtn values for the transient
species 1 to 3 for AgNP@LZ were reduced with the increment of en-
zyme concentration, indicating that the transient nucleation steps are
controlled by the protein. In the case of the AgNP@CIT, the subsequent
nucleation steps were accelerated as the process goes forward probably
driven by mild electrostatic repulsions.

3.3. Effects on the structure and lytic activity of lysozyme

The large molar excess used for the precursor reactants I-2959 and
Ag+ compared with the amount of LZ used as the stabilizing agent can
affect both the structure and functionality of the protein. The interac-
tion of both reactants with the protein was evaluated by the fluores-
cence quenching of LZ by Ag+ and I-2959 (Fig. 4). The intrinsic
fluorescence of LZ is mainly due to the solvent-exposed Trp62 and
Trp108 residues, both on each side of the active site [33]. The fluor-
escence intensity values were corrected by primary and secondary inner
filter effects and the protein fluorescence lifetimes were fitted with a
three-exponential decay function. The average lifetime values were
calculated using the fractional fluorescence contribution of each com-
ponent [31], and in the absence of quenchers τ0= 1.68 ± 0.06 ns was

obtained. In the quenching by Ag+, the slope of the F0/F data was
larger than that for τ0/τ (Fig. 4A), indicating the existence of a com-
bined static-dynamic fluorescence quenching mechanism [31]. There-
fore, in order to separate the static and dynamic quenching compo-
nents, the quenching data was re-plotted with Eq. (3) assuming the
formation of a 1:1 ground state complex between the Trp residues and
Ag+ with an association constant Ka [31].

× = +F
F

τ
τ

K1 [Q]a
0

0 (3)

The Ka= 8150 ± 120 M−1 was obtained by linear fitting of the
fluorescence data with Eq. (3) (Figure S6 of SI), similar to Ka= 6500
M−1 calculated for the formation of the 1:1 complex between the free
amino acid Trp and Ag+ [32]. The binding of Ag+ to the protein was
also evidenced by the increases of the ζ-potential value from
+16 ± 1mV to +23 ± 3mV of a 10 μM LZ solution after the addi-
tion of 110 μM Ag+.

On the other hand, the fluorescence lifetime of the protein de-
creased to a constant value of 0.33 ns after the addition of I-2959
(Fig. 4B). This behavior can be associated with a static quenching
process with some conformational change of the protein due to the tight
binding of I-2959 modifying the nanoenvironment of the emitting Trp
residues. Thus, the F0/F was fitted with Eq. (3) considering τ0/τ=1,
and an apparent binding constant of Ka= 2.9×105 M−1 was obtained.
Hence, the strong protein fluorescence quenching effect observed by
adding either I-2959 or Ag+ suggests that the active site of LZ can be
affected.

In order to confirm if the presence of the precursor reactants induces
conformational changes in the protein, attenuated total reflectance
Fourier-transform infrared spectroscopy (ATR-FTIR) measurements

Fig. 4. Stern-Volmer plots for the steady-state (F0/F) and dynamic (τ0/τ)
quenching of the intrinsic fluorescence of 10 μM lysozyme by: A) AgNO3, and B)
I-2959. In all cases excitation was performed at 295 nm and emission collected
at 340 nm. Experiments were done by duplicate at 25 °C, and the error bar
represents the mean absolute deviation of each average value.
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were performed (Fig. 5A). Conformational protein can produce changes
of shape and relative intensities of the typical Amide I (1700-
1600 cm−1) and Amide II (1625–1500 cm−1), which are attributed to
the stretching vibration modes of the C]O group of the peptide
linkage, and the combination of NeH bending and CeN stretching,
respectively [33]. The bandwidth of the Amide I band was increased
about 12 cm−1 in the presence of I-2959, indicating an increase in the
amount of the β-sheet structure. On the other hand, the addition of
AgNO3 increased the band ratio Amide II/Amide I as a result of the loss
of α-helix structure [33]. Finally, the effect of both I-2959 and AgNO3

on the ATR-FTIR spectrum of LZ was almost complementary, con-
firming that the protein was partially denatured previously to the in situ
preparation of the AgNP@LZ.

Fig. 5B compares the Raman spectra of 10 μM LZ with that of
AgNP@LZ prepared with a 10 μM LZ solution. For AgNP@LZ, a ten-
times larger signal was observed due to the Surface Enhancement
Raman Scattering (SERS) effect together with the appearance of a sharp
band at 237 cm−1 (inset of Fig. 5B) due to the Ag–N vibrational mode
[12,34]. The latter result is a clear fingerprint of the adsorption of LZ
onto the metal surface through the N-atoms of the protein residues. The
broadening and shifting of the Amide I band (1700-1600 cm−1 [12]) in
the spectrum of AgNP@LZ, are indicative of strong intermolecular hy-
drogen bond interactions due to the denaturation of LZ [33]. Moreover,
the depletion of the band at 805 cm−1 corresponds to the disruption of
hydrogen bonding between the Trp residues and other residues of the
peptide backbone, that together with the enhancement of the vibra-
tional modes at 664 cm−1 associated with the C–S bond of cysteine
residues also indicate conformational changes in the adsorbed protein
[34].

The loss of native structure for LZ in AgNP@LZ was also evidenced
by the circular dichroism spectral changes (Figure S7 of SI) since the
ellipticity changes reflected the loss of the predominant α-helix

structure of the native protein, concomitant with the increment of β-
sheet conformation for the adsorbed protein [35]. Hence, the LZ is
partially denatured forming the capping shell of the AgNP@LZ nano-
particles.

Due to the intrinsic antimicrobial activity of native LZ by the en-
zymatic hydrolysis of the peptidoglycan layer that surrounds the cell
membrane, the capability of AgNP@LZ nanocomposites to cleavage the
glycosidic bond in the alternating β-linked (1–4) copolymer of the N-
acetyl-D-muramic acid was tested, by measuring the reduction of the
optical density of the cell suspensions of Micrococcus lysodeikticus [21].
Fig. 6A shows the decreases of the optical density (OD) at 540 nm eli-
cited by native LZ and AgNP@LZ at different protein concentrations.
The kinetic curves were fitted with a second-order law regarding LZ
[21], Eq. (4), and the pseudo first-order rate constant kobs= k2[LZ] was
calculated. For the native LZ a linear relationship of kobs vs. [LZ] was
obtained (Fig. 6B), supporting the second-order kinetic modelling, and
the lytic activity rate constant k2= 1.9×105 M−1 min−1 was ob-
tained.

= +
−

+∞
∞OD OD

OD OD
k t1t

t

obs
( ) ( )

( ) ( )

(4)

Only the AgNP@LZ nanocomposites prepared with 5 μM and 10 μM

Fig. 5. A) Attenuated total reflection Fourier-transform infrared spectra of 10
μM lysozyme (black solid) under different mixture conditions with: (blue short-
dashed) 0.1 mM I-2959; (red dotted) 0.1 mM Ag+; and (green dashed) 0.1mM
I-2959 and 0.1 mM Ag+. Three set of spectral measurements were averaged and
smoothed (20 points) to minimize spectral noise. B) Raman spectra of 10 μM LZ
(blue dashed) and AgNP@LZ solutions (red solid), the latter prepared from a 10
μM protein solution.

Fig. 6. A) Lytic kinetics of incubated cell suspensions of Micrococcus lyso-
deikticus at 25 °C monitored by the optical density (OD) at 540 nm in the pre-
sence of: (■) 2 μM LZ, (●) 10 μM LZ, (□) AgNP@LZ (2 μM), and (○) AgNP@LZ
(10 μM). Solid lines represent the second-order fitting with Eq. (4). B) Variation
of pseudo-first order rate constant (kobs) vs. native lysozyme concentration.
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LZ solutions showed measurable lytic activity, with kobs values of
0.040min−1 and 0.058min−1, respectively. By assuming the same lytic
rate constant k2 for the nanocomposites than for the native LZ, the ef-
fective concentration of lytic active sites in each AgNP@LZ solution was
211 nM and 305 nM, respectively. Considering that the concentration of
AgNP@LZ was estimated at 15 nM, it can be speculated that between 14
and 20 protein molecules per AgNP@LZ retained its lytic activity.

4. Conclusions

The “bottom-up” method of reduction of Ag+ by ketyl radicals
photo-generated with the benzoin I-2959 [17] in the presence of lyso-
zyme as stabilizer was evaluated, obtaining highly-stable AgNP@LZ
colloids of spherical shape. The evolution of the SPR band of the na-
nocomposites was analysed by the multivariate curve resolution-alter-
nating least square (MCR–ALS) method [26], allowing the separation of
up to three-transient species before the final AgNPs were formed. The
KJMA-model of aggregation-nucleation [19] was successfully used to
characterize the role of the protein in the nucleation and growth of the
AgNPs. Both the radical precursor I-2959 and Ag+ tightly bind to the
LZ, inducing a partial conformational change of the protein. The photo-
cleavage of I-2959 to yield ketyl and benzoyl radicals also increases the
carbonyl content of the protein with the formation of fluorescent oxi-
dation products, such as side-chain kynurenine.

Hence, the nascent AgNPs are strongly coated with partially dena-
tured LZ, driven by intense surface and hydrophobic forces, resulting in
a large loss of the lytic activity of the enzyme. It is interesting to note
that in the case of AgNP@LZ prepared by mixing native LZ with pre-
formed AgNPs, the adsorbed protein was almost not denaturalized
[11,13,14]. Thus, the properties of the protein coating around the
MNPs can be tuned depending on the preparation method.
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