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A B S T R A C T

Localized surface plasmon resonance (LSPR) of gold nanoparticles has been reported to increase the anti-
microbial effect of the photodynamic therapy. Although silver nanoparticles (AgNPs) are an efficient growth
inhibitor of microorganisms, no studies exploring LSPR of AgNPs to enhance the photodynamic inactivation
(PDI) have been related. In this work, we described the LSPR phenomenon of AgNP sand investigated its in-
teraction with riboflavin, a natural photosensitizer. We evaluated the use of AgNPs coated with pectin (p-AgNP)
in riboflavin (Rb)-mediated PDI of Escherichia coli (Gram- bacteria) and Streptococcus mutans (Gram+bacteria)
using a blue light-emitting diode (λ=455 ± 20 nm) of optical power 200mW. Irradiance was 90mW/cm2 and
radiant exposure varied according to the time exposure. Uptake of Rb and p-AgNP by the cells was evaluated by
measuring the supernatant absorption spectra of the samples. We observed that LSPR of p-AgNPs was able to
enhance the riboflavin photodynamic action on S. mutans but not on E. coli, probably due to the lower uptake of
Rb by E. coli. Taken together, our results provide insights to explore the use of the LPRS promoted by silver
nanostructures to optimize antimicrobial PDI protocols.

1. Introduction

Light-based therapy and diagnosis are essential non-invasive tools
for medical and biomedical applications. The interaction of light with
biological tissue can be prompted with the use of external agents, as
photosensitizers, dyes, scatters, and fluorescent particles [1,2]. In par-
ticular, photodynamic inactivation (PDI) has been extensively used as a
promising antimicrobial approach since it does not promote the selec-
tion of mutant resistant strains [3,4]. PDI explores the light-interaction
with specific photosensitizers (PSs) to induce oxidative stress on mi-
croorganism, leading to cell death via different targets [5,6].

More recently, metallic nanoparticles (NPs) have been also ma-
nipulated on the development of new biomedical sensor [7], contrast
agents [8], and to improve light-based therapies [9–11]. Biomedical
applications of metallic NPs are driven by the interaction of light with
nanostructure that leads to a collective resonance of the conduction
electrons in the metal, known as Localized Surface Plasmon Resonance
(LSPR) effect [12]. At resonance, metallic NPs can scatter light with

remarkable efficiency, enhancing the electric field density close to the
metal surface. The NP material, size, shape and surrounding medium
determine the magnitude and resonance frequency of LSPR effect [13].
Also, the field density boost can be sensed by molecules that are placed
close to the NP, and therefore inducing, for instance, a luminescence
enhancement.

To establish NP LSPR-PS interaction it is required that LSPR fre-
quency and the PS absorption spectrum overlap. Thus, the PS could
perceive the field enhancement close to the NP surface, and a better
excitation of the PS molecule could be promoted [14]. In fact, spherical
AgNPs present a LSPR peak at the blue region of the electromagnetic
spectrum [15] and since some PSs can be excited using blue light, as
porphyrins and riboflavin, singlet oxygen (1O2) generation by PSs could
be enhanced by LSPR of AgNP [16].

Zhang et al. were the first to demonstrate that LSPR may induce
singlet 1O2 generation enhancement by displacing PSs on a non-con-
tinuous silver film [17]. Melo and coworkers also observed metal-en-
hanced singlet oxygen (MEO) generation in riboflavin (Rb) water
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solution with silver-pectin nanoparticles [16]. In that work, pectin, a
complex carbohydrate found in plants primary cell walls, was used to
improve 28.5% MEO generation by Rb.

The use of PDI assisted by LSPR using gold NPs conjugated to dif-
ferent PSs has been described in literature [18–20]. Khan et al. showed
significant reduction of Candida albicans biofilm using PDI mediated by
AuNP-methylene blue conjugate [18]. Other authors suggest that AuNP
could be employed in the photodynamic treatment of cutaneous C. al-
bicans infections [19] or to treat a Crohn’s disease-associated Escherichia
coli [20]. In contrast, AgNP-mediated PDI using LSPR has been little
explored. In Nombona et al. study, authors reported efficient PDI of
Staphylococcus aureus due to Zn phthalocyanine-polylysine conjugated
to gold and silver nanoparticles [21]. In their work, the use of silver
showed to be more effective than gold nanostructures.

In fact, a higher electromagnetic field enhancement can be obtained
by LSPR in silver than in gold nanoparticles [22,23]. Therefore, with a
proper PS, silver NPs could enhance PDI action on microorganism.
Moreover, as silver is commonly used in therapeutics because its anti-
microbial activity, the use of AgNPs could be more attractive for bac-
tericidal purpose [24]. Thus, in this work, we describe the LSPR effect
of AgNPs coated with pectin (p-AgNP) and investigate its interaction
with Rb, also known as B2 vitamin, a natural PS. Thereafter, we exploit
the effects of LSPR-mediated PDI on Escherichia coli and Streptococcus
mutans, a Gram- and a Gram+bacterium, respectively.

2. Theoretical development

2.1. Localized surface plasmon resonance

The coupling phenomenon of electromagnetic field of incident light
with conduction electrons of metal nanoparticles, as Au and Ag, is
characterized by a unique extinction spectrum. When the size of noble
metal nanoparticle is much smaller than the light wavelength, a quasi-
static approximation can be used to analyze the NP scattering, ab-
sorption and extinction cross-section. Moreover, light interaction with a
small sphere having sub-wavelength radius, b, can be described by the
polarizability, α, defined as [25]:
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and Im(α) indicates the imaginary component of the polarizability. The
scattering (absorption) cross-section is defined as the ratio of the total
radiant power scattered (absorbed) by a particle, to the radiant power
incident on the particle.

By using Eq. (1), the scattering cross-section of a spherical particle is
given by
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For particles with b < < λ, the efficiency of absorption (propor-
tional to b3) is much higher than scattering efficiency (proportional to

b6). Moreover, for a sphere with volume V, extinction cross-section,
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To determine Csca, Cabs and Cext the complex permittivity of the
spherical particle should be known. Drude model could be explored to
describe the frequency dependence of the particle permittivity.
However, Drude model is limited for high energy (blue and UV) pho-
tons to describe the real and imaginary part of silver permittivity. High
energy photons can induce interband transitions, increasing the
damping effect and enhancing the imaginary part of permittivity [26].

Using the real and imaginary parts of permittivity values for silver
reported by Johnson and Christy [26] and Eq. (4), the extinction
spectrum of 10 nm diameter silver nanospheres was obtained, as shown
in Fig. 1. For spheres with diameter smaller than 10 nm, extinction
spectrum is mainly determined by absorption process. The peak at the
extinction spectrum indicates the establishment of the LSPR condition.

Observe that the extinction cross-section values change with the
modification of the surrounding medium permittivity and a red shift of
the LSPR peak is obtained (358–404 nm) by increasing the medium
refractive index values, from 1.00 (air) to 1.50 (pectin).

LSPR excited in noble metallic NPs such as gold and silver causes
strong local field enhancement at the surface of the nanostructures.
Fig. 2 shows the electric field enhancement close to a 10 nm diameter
AgNP, in a pectin medium, obtained by Finite Element Method (FEM)
within Comsol Multiphysics. FEM also was used to calculate frequency-

Fig. 1. Extinction cross-section calculated using Eq. (4) for a 10 nm diameter Ag
sphere in air (black), water (red) and in pectin (blue).

Fig. 2. The electric field distribution with respect to distance from the Ag na-
nosphere surface in pectin. Inset shows the E-field distribution around the
surface of Ag nanosphere at LSPR wavelength.
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domain scattering electric field exploring a background oscillating field
of arbitrary amplitude (1 Vm−1). The graphic traced the value of |E|
(V/m) versus the distance (nm) from the sphere surface. It is observed
that on the surface the amplitude of the field is maximum. The electric
field (E-field) decreases as the distance from the surface increases. For
distances smaller than 5 nm from the sphere surface, a ∼15-fold en-
hancement is observed. Inset of Fig. 2 depicts the E-field distribution on
silver nanosphere surface.

The field decays rapidly from the surface of the NP and vice versa.
Therefore, for an efficient MEO, controlling the distance between the PS
molecule and the NP can be an important issue. On a solution base
platform, PS-NP distance can be established by the electrostatic inter-
action, by the relative concentration of PS and NPs, or by introducing a
shell on the metallic NP surface.

3. Experimental development

3.1. Material and methods

Streptococcus mutans (ATCC 25,175) and Escherichia coli (ATCC
33,694) were cultured in brain heart infusion (BHI) broth at 37 °C,
under a 5% CO2 atmosphere for 48 h and 20 h, and used at exponential
phase of growth. Cells were harvested by swab and further suspended in
either distilled water or 0.9% saline solution. Suspensions of 107 colony
forming units per milliliter (CFU/ml) were standardized setting the
optical density of 0.15 at 540 nm (Spectrophotometer SP220,
Biospectro, Brazil) with subsequent dilution at 1:10.

Nanoparticles consisted of silver nanospheres involved by a layer of
pectin that were prepared according to Melo et al. [16]. Briefly, one-ml
of pectin solution 0.5% w/v (CP Kelco brand, type Genu 105) and 3ml
of 10−3 M AgNO3 solution (Sigma-Aldrich, Milwaukee, MI) were added
to 25ml of distilled water. The mixture was heated under stirring and at
80 °C was added 1ml of sodium citrate 0.1 M (Sigma-Aldrich, Mil-
waukee, MI). The system was maintained heated (80 °C–100 °C) for
30min until the formation of a yellowish colloidal suspension. In this
way, we obtained 8.3×1012AgNP/ml of 13 ± 4 nm diameter sphere.
A stock solution of 133.3μg/ml Rb (Sigma-Aldrich, Milwaukee, MI) was
prepared in distilled water.

For PDI assays, bacteria cells were incubated with p-AgNP, ribo-
flavin (Rb) or p-AgNP plus riboflavin (p-AgNP+Rb) solutions for
10min at room temperature in the dark. Nanoparticles were used at a
concentration of 2.49×1012 p-AgNP/ml and Rb at 40 μg/ml.

An aliquot of 150 μl was collected from each group, placed on a
plate of 96 wells and irradiated with a blue light emitting diode (LED)
at λ=455 ± 20 nm (MMOptics, São Carlos, Brazil). The irradiation
parameters were fluence rate of 90mW/cm2, exposure time of 2, 4, and
6min and optical power of 200mW. All samples used had the same
volume. The tip of the LED was placed perpendicular to the wells and
irradiation was uniformly performed. Five groups of samples were
evaluated: I) Control, no irradiation, Rb or p-AgNP; II) L, LED illumi-
nation in absence of p-AgNP or Rb for 6min; III) NP, p-AgNP with and
without illumination; IV) PS, Rb with and without illumination; V)
NP+PS, p-AgNP and Rb with and without illumination.

After treatment, twenty-μl of the suspension were collected and
serially diluted in 180 μl of phosphate-buffered saline (PBS) until di-
lution of 10−5 times the original concentration. Ten-μL of each dilution
were streaked on BHI plates in triplicate with the aid of a multichannel
pipette. Plates were then incubated during 24 h at 37 °C to obtain CFU/
ml values. Microbiological assays were performed in three different
days.

To evaluate the Rb and p-AgNP uptake by the cells, E. coli and S.
mutans were cultured in brain heart infusion (BHI) agar at 37 °C, under
a 5% CO2 atmosphere for 24 h. Cells were harvested by swab and fur-
ther suspended in distilled water. Suspensions of 107 CFU/ml were
standardized setting the optical density of 0.15 at 540 nm
(Spectrophotometer SP220, Biospectro, Brazil). After that, bacterial

suspensions were incubated for 10min with p-AgNP, Rb and p-AgNP
+Rb at final concentrations of 2.49×1012 p-AgNP/ml and 40 μg/ml
Rb, respectively. Under these conditions, no bacterial killing was ob-
served. Bacterial cells were centrifuged (4000 g) and 200 μl of the su-
pernatant was placed in wells of a 96 well microtiter plate. The cell
suspension alone was also used to establish the blank. Absorbance
spectra of the samples were obtained in triplicate with a spectro-
photometer (SpectraMAX, GeminiEM, Molecular Devices, USA).
Unpaired Student’s t test was used on the evaluation of the experi-
mental results.

4. Results

Fig. 3 shows that Rb photosensitizer absorption spectrum and the p-
AgNP LSPR peak are superposed, indicating that both Rb and p-AgNP
could be excited simultaneously by a blue light. Fig. 3 also depicts that
the LSPR peak of the p-AgNP is centered at 412 nm, close to value ex-
pected from the theoretical value displayed in Fig. 1.

The presence of pectin shell on the nanoparticle surface induces a
red shift (4 nm) of the LSPR peak wavelength, as discussed by de Melo
et al. [16]. The LSPR wavelength shift prompted by the adhesion of an
adsorption layer on a nanoparticle surface can be described by Camp-
bell’s model [27]. By exploring Campbell’s model and the electric field
decay length value (2.34 nm), obtained from Fig. 2, the pectin shell
thickness was estimated to be about 1 nm.

The inset of Fig. 3 shows the TEM of the silver nanoparticles. On
imaging the p-AgNP, the high energy of the electronic beam from the
TEM destroys the pectin coating, limiting the identification of the na-
nostructure organic shell.

Fig. 4(a) and (b) display, respectively, the survival fraction of S.
mutans and E. coli cells upon treatments. Our results showed that in-
cubation of S. mutans or E. coli with Rb or p-AgNP alone or p-AgNP and
Rb combined, with no illumination, did not cause any cytotoxic effect
(P > 0.05). Fig. 4 also shows that LED irradiation alone or the com-
bination of p-AgNP and LED irradiation did not significantly affect the
viability of both bacteria (P > 0.05), indicating that photothermal
process was not present.

Illuminating the samples, PDI was observed for the
Gram+bacteria. The higher the fluence applied, the higher anti-
microbial effect was observed with PDI and PDI associated to p-AgNP.
Rb-mediated PDI showed less than 1 log reduction (77.5%) of the viable
cells after 6min of irradiation, whereas the association of p-AgNP to
Rb-mediated PDI caused up to 3 log reduction (99.2%) of the bacterial
burden (Fig. 4a).

Therefore, p-AgNP was able to enhance the PDI action on S. mutans

Fig. 3. UV–vis absorbance of colloidal solutions of p-AgNP (continuous line)
and of a riboflavin solution (dotted line). Inset: TEM image of p-AgNP (scale
bar, 20 nm).
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but no on E. coli (Gram- bacteria)(Fig. 4b). In fact, no statistically sig-
nificant decrease in bacterial viability was detected for E. coli.

Fig. 5a exhibits the supernatant absorption spectra of S. mutans and
E. coli. As shown in Fig. 5a, the microorganisms absorb UV light
(λ < 370 nm). After incubating the bacteria cells with p-AgNP, a peak
at 412 nm was observed on the supernatant spectra (S. mutans+ p-
AgNP and E. coli + p-AgNP), indicating the presence of the metallic
nanoparticle in the supernatant. Fig. 5a also shows the supernatant
absorption spectra after incubating the microorganism with Rb (S.
mutans+ Rb and E. coli + Rb). Similar to Fig. 3, the peaks at ∼445 nm
and 360 nm are due to the presence of the PS in the supernatant solu-
tion. In Fig. 5b, the supernatant absorption spectra after incubating the
bacteria cells with p-AgNp and Rb (S. mutans+ p-AgNp+Rb and E.
coli + p-AgNp+Rb) are shown. The bacterial absorbance was sub-
tracted in Fig. 5b. Due to the low concentration of nanoparticle, the
supernatant spectra, in Fig. 5b, are mainly determined by the Riboflavin
absorption properties. Regardless the evaluated groups (Rb, p-AgNP or
Rb+ p-AgNP), absorbance peaks for S. mutans samples are always
significantly lower compared to values obtained from the E. coli sam-
ples (Table 1), i.e., uptake of Rb and p-AgNP by S. mutans in any case is
higher than by E. coli (p > 0.05). In fact, Rb and p-AgNP uptake values
were also estimated, as shown in Table 1. The uptake values were ob-
tained by calculating the number of PS molecules and p-AgNP in the
supernatant, and subtracting it from the original amount of Rb (40 μg/
ml) and nanoparticles (2.49× 1012 p-AgNP/ml) used on the micro-
organism samples. The number of PS molecules and p-AgNP in the
supernatant is determined by:

⎜ ⎟⎛
⎝

= ⎞
⎠

−
−N

A
ε l

N V
.Rb or p AgNp

Rb or p AgNP
av

( )

(5)

where A is the absorbance of Rb or p-AgNP obtained from Fig. 5a, ε is
the molar extinction coefficient, l is the pathlength, NAv is the Avoga-
dro’s number, and V is the work volume. The Rb molar extinction
coefficient, at λ=445 nm, is ∼12,500M−1 cm−1, while the p-AgNP
extinction coefficient value used was ∼10−10 M−1 cm−1, estimated
from Fig. 1.

5. Discussion

Metallic nanoparticles have already been manipulated to improve
PDI outcome, mainly AuNP [18–20]. On the other hand, LPRS of AgNP
to enhance PDI has been little investigated [21].

In this study, we used Rb as photosensitizer because its absorption
band matches the absorbance of AgNPs (see Fig. 3). Besides, a plethora

Fig. 4. Mean values ± SD of the survival fraction of S. mutans (a) and E. coli (b)
control and treatment groups. On the x-axis, the numbers from 0 to 6 indicate
the irradiation time (in minutes). * represents statistically significant differ-
ences compared to control (p < 0.05).

Fig. 5. Mean supernatant absorbance of S. mutans and E. coli (a) alone, with p-
AgNP and with Rb; (b) with p-AgNP+Rb. In (b), the bacterial absorbance was
subtracted from the spectra.

Table 1
Mean values ± standard deviation of the absorption spectra peak and uptake
values of the p-AgNp, Rb and Rb+p-AgNP for S. mutans and E. coli. The
bacteria absorbance values were subtracted from the presented results.

Absorbance Uptake (molecule/cell; NP/
cell)

S. mutans E. coli S. mutans E. coli

p-AgNP* 0.054 ± 0.001 0.084 ± 0.001 8.2× 105 8.1× 105

Rb* 0.210 ± 0.001 0.288 ± 0.002 3.4× 109 2.5× 109

Rb+p-
AgNP*

0.175 ± 0.002 0.275 ± 0.004 – –

* indicates statistically significant differences between S. mutans and E. coli.
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of literature reports efficient bacterial killing following Rb-mediated
PDI [28–30]. Rb is able to yield about 50% of 1O2 upon irradiation [31]
and enhanced singlet oxygen generation in Rb aqueous solution with p-
AgNP has been reported [16].

On metal enhanced oxygen singlet generation, the metallic NP-PS
distance is a relevant factor. Thus, particle charge, structure and con-
centration may play an important rule on LSPR assisted PDI. In a so-
lution, electrostatic interaction can aggregate NP and PS, with the same
charge signal, leading to resonance energy transfer (RET) that can re-
duce the production of 1O2. For compounds with opposite charges, RET
can be avoided by controlling the NP–PS distance with the solution
compounds concentration. RET effect can also be prevented by using
core-shell metallic nanostructure, in which a dielectric shell limits the
NP–PS distance. In particular, the presence of a pectin layer on the NP
surface can avoid RET, improving the activation of the PS.

Our results showed that Rb-mediated PDI was successful for
Gram+bacteria and further bacterial killing was observed combining
LPRS of AgNPs while no significant inactivation was noticed for the
Gram- bacterium. This finding was unexpected since it is known that
AgNPs demonstrate a bactericidal potential [32–34]. AgNP toxicity
arises from silver ions released, which affect DNA replication and ATP
production or damage cell membranes [35], and is more pronounced in
Gram- than Gram+bacteria [33]. Also, Pallavicini et al. showed that
p-AgNPs had a high antibacterial activity on Staphylococcus epidermidis
and E. coli [36]. The 24 h minimal inhibitory concentration (MIC) of p-
AgNPs against E. coli was found to be 31.25 μM, and against S. epi-
dermidis the MIC value was 500 μM [36].

Our study was specially designed using a low concentration of p-
AgNP (∼4 nM) to avoid photothermal effects and to reduce the in-
trinsic cytotoxicity of the metallic nanostructure, and therefore better
identify the MEO action on the bacterial cells. Moreover, the super-
natant absorbance values (Table 1) indicate that E. coli and S. mutants
considerably absorbed the metallic nanoparticles. Therefore no sig-
nificant difference on the NP uptake values was observed. However,
PDI enhancement was only observed for Gram+bacteria. This finding
matches that reported by Nakonieczna et al., who evaluated the action
of 5.5 nm AgNPs and the MIC was 6.74× 1012 particles/ml with no
significant influence on mammalian cell viability with and without il-
lumination. In their work, PDI rendered S. aureus (Gram+) more sus-
ceptible besides being synergistic to AgNPs [9].

On the other hand, literature reports that Gram+ are more sus-
ceptible than Gram- bacteria following PDI, due to the organization of
the microorganism outer membrane structures [6,37]. The cell wall of
Gram+bacteria contains a thick porous layer of peptidoglycan sur-
rounded by proteins and lipoteichoic acid that allows PS to access
through it whilst the cell wall of Gram- bacteria comprises a thin layer
of peptidoglycan contiguous to the inner cytoplasmic membrane and an
outer membrane with phospholipids and lipopolysaccharides. This
outer membrane serves as an obstacle, limiting the PS permeation and
binding [38]. Thus, we can also assume that Rb, a neutral PS, was not
effective to penetrate the E. coli cell wall so that PDI was not able to kill
the bacterial cells.

We suggest that the oxidative stress produced by Rb-mediated PDI
assisted by LPRS of p-AgNPs was more efficient to damage S. mutans
because the higher PS uptake, which lead to a higher bacterial burden
reduction [39–41]. Although the molar concentration of p-AgNP in this
work is much lower than MIC reported by Pallaviciniand coworkers
[36], it was enough to allow metal enhanced-PDI for the Gram+bac-
teria. [35].

Silver cytotoxicity on microorganisms makes AgNPs highly attrac-
tive for bactericidal purpose. The use of AgNPs on microorganism
control can be expanded exploiting LSPR. Field enhancement around
metallic nanoparticles can induce a better excitation of PS molecules
and therefore improve the production of highly reactive oxygen species
to kill cells. For that, the PS absorption spectrum should overlap the NP
plasmon peak. Moreover, the field enhancement around metallic NP

may extent up to 10 nm away from the NP surface. Therefore, for an
efficient MEO, the PS molecule should remain close to the NP.

Here we evaluated the use of p-AgNP in Rb-mediated PDI on E. coli
and S. mutans, a Gram- and a Gram+bacterium, respectively. We de-
monstrated enhancement of PDI assisted by LSPR of p-AgNP on S.
mutans but not on E. coli. Our results provide insights to understand the
LPRS phenomenon and exploit it to optimize metallic NP-mediated PDI
protocols.
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