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Abstract
Non-communicable diseases (NCDs) are a group of chronic diseases resulted by genetic, epigenetic and environmental 
factors and life style. The main types of NCDs are cardiovascular diseases and cancers. Some of therapeutic treatments for 
NCDs induce severe cytotoxicity to normal cells. New treatments as photodynamic and sonodynamic therapies have been 
proposed trying to improve the cure rate and reduce the side-effects. In these treatments certain drugs as porphyrins precur-
sors associated to metal nanoparticles (MNPs) have become of extreme interest since have high targeting ability and poten-
tiality to destroy tumor tissues. MNPs can induce cell death through various processes, including reactive oxygen species 
(ROS) generation and DNA damage, among others. In this work, we describe synthesis of MNPs by photoreduction with 
aminolevulinic acid (ALA), a protoporphyrin IX precursor. To obtain ALA:MNPs (M = Au or/and Fe), ALA, polyethylene 
glycol, and Tetrachloroauric acid and/or iron powder water solutions were irradiated by Xenon lamp. The UV–vis spectra, 
transmission electron microscopy and zeta potential were measured to characterize nanoparticles. The proposed mechanism 
of nanoparticle formation was described from a physicochemical perspective. The THP-1 macrophages cytotoxicity was 
determined, and photodynamic therapy (PDT) with high power LED at 590 nm for 2 min were performed. The results have 
suggested that the gold/iron nanoparticles interfere in the selectivity of iron transport across the mitochondrial inner mem-
brane and enhance the effectiveness of the PDT acting as important agent for NCDs control.

1  Introduction

Non-communicable diseases (NCDs), mainly cardiovascu-
lar diseases (CDVs) and cancer, are quickly becoming the 
world’s greatest health issue [1]. Shared features of athero-
sclerosis, the main cause of CDVs, and cancer, as oxidative 
stress, inflammation, proliferation and angiogenesis, justify 
similar approaches to diagnosis and therapy [2].

In this context, new treatments as photodynamic therapy 
(PDT) have been proposed trying to improve the cure rate 
and reduce the side-effects of tumor-like diseases [3–5]. In 

PDT, three components are necessary to promote tumor 
destruction: a photosensitizer, light, and oxygen. After exci-
tation of sensitizer by photons, a sequence of internal con-
version, intersystem crossing and electron or energy transfer 
to oxygen molecules present in the medium, culminates with 
the production of reactive oxygen species, which damage 
membranes and organelles, causing cell death [6]. One of 
the most commonly used photosensitizer is 5-aminolevulinic 
acid (ALA), the biological precursor of protoporphyrin IX 
(PpIX) [7]. ALA administration upregulates heme synthesis 
leading to the induction of hemoprotein synthesis. Previous 
studies have demonstrated that ALA selectively accumulates 
in macrophages and foam cells in atherosclerotic plaques 
[8–10]. Extensive studies have been indicated that tumors 
and other proliferating cells tend to exhibit a higher level 
of PpIX than normal cells after ALA incubation [11–13]. 
PpIX was found accumulated in the cytoplasm of THP-1 
macrophages [14].

The gold nanoparticles can act as carriers of ALA 
improving PDT efficiency [15, 16]. Gold nanoparticles 
(AuNPs) are easy to synthesize, possess unique, tunable 
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optical properties, due to the localized surface plasmon 
resonance (SPR) [17, 18], and excellent biocompatibility. 
Can be used also in photothermal ablation and drug delivery 
[17, 19, 20].

The Nanohybrids (NH) are materials that contain mul-
ticomponent or hierarchical structures where two or more 
elements are conjugated [21]. The NH synthesis and use 
present challenges and results in physical and chemical 
modification of nanomaterials.

Size, structure, shape and functionalization of NH gen-
erate novel advantages. For example, nanoscale iron oxide 
possesses paramagnetic characteristics and gold nanopar-
ticles have plasmon resonance properties [22, 23]. The 
incorporation of gold and iron into a nanoparticle structure 
can potentially enhance the optical/plasmonic and magnetic 
properties of the material [24]. The multifunctional NH can 
be used as magnetic resonance imaging (MRI) agents with 
added nanoheating properties, useful for laser irradiated 
drug delivery systems [24]. When exposed to an external 
magnetic field, NH can be transferred purposely to a position 
and may thus act as an effective drug [22, 25].

Typical synthesis of nanohybrids are based on the co-pre-
cipitation of metal salts or reverse micelle methods [23, 26]. 
Studies have reported on the utilization of physical methods 
for nanohybrids synthesis for example using pulsed laser 
ablation in liquids [26]. Recently green approach using pho-
toreduction has been described in many synthesis procedures 
of nanoparticles [27–29].

In this study, the selected method to synthetize nano-
hybrids was the photoreduction using ALA, polyethylene 
glycol (PEG) and ligth. The synthesized nanohybrids were 
characterized and toxicity was evaluated in macrophage-dif-
ferentiated THP-1 cells. PDT were performed. The obtained 
results can evaluate the applicability of nanohybrids in 
NCDs diagnosis and therapy.

2 � Materials and methods

2.1 � Materials

HAuCl4, polyethylene glycol (PEG) and aminolevulinic acid 
(ALA), were purchased from Sigma Aldrich and iron pow-
der, from Cidepe, Centro Industrial de Ensino e Pesquisa 
Ltda, Brazil. All chemicals were of analytical grade and 
used as received. The water used in the experiments was 
deionized.

2.2 � Synthesis of ALA:Au

First, HAuCl4, ALA and PEG were mixed in deionized 
water. The concentrations of the reagents used are described 
in the Table 1. Then, the solution was exposed to a 300 W 

Cermax Xenon Lamp by 2 min. The lamp was positioned 
10 cm away from the recipient containing the solution, and 
the illuminated region covered exactly the recipient diame-
ter, with a 3.6 W/cm2 estimated intensity. The solution color 
gradually changed from light yellow to purple and finally 
to red.

2.3 � Synthesis of nanohybrids ALA:AuFe

HAuCl4, ALA, PEG and iron powder were mixed in deion-
ized water with the concentrations described in the Table 1. 
The pH of solution was adjusted to 12. Following, the solu-
tion was exposed to Xe lamp. The solution color gradu-
ally changed from light yellow to dark purple. The pH was 
adjusted to ~ 7.0 after illumination.

2.4 � Characterization

A 2600 Shimatzu Japan (UV–Vis) spectrophotometer was 
employed for acquisition of the solution’s optical absorption 
spectra before and after illumination.

JEM 2100 (Jeol) transmission electron microscope 
(TEM), was employed to examine the nanoparticles mor-
phologies. The images were captured by Gatan camera and 
processed by the software Digital Micrograph.

The hydrodynamic size and zeta potential distribution of 
the synthesized nanoparticles were determined using Nano-
ZS90 (Malvern).

Fourier-transform infrared (FT-IR) spectra were recorded 
in the wavenumber range from 400 to 4000 cm−1 using a 

Table 1   Concentration of reagents and time of exposure to light

Solution Reagents Irradiation 
time (min)

ALA + PEG 13.5 mg of ALA
20 mg of Polyethylene glycol 

(PEG)
30 mL

–

ALA + PEG + HAuCl4 13.5 mg of ALA
45 mg of HAuCl4
20 mg of Polyethylene glycol 

(PEG)
30 mL

ALA:Au 13.5 mg of ALA
45 mg of HAuCl4
20 mg of Polyethylene glycol 

(PEG)
30 mL

2
pH ~ 7.2

ALA:AuFe 45 mg of HAuCl4
13.5 mg of iron powder
13.5 mg of ALA
20 mg of PEG
30 mL
pH before illumination ~ 12

2–5
pH ~ 7.4
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Shimatzu IR Prestige-21. In this case, 300 μL of solutions 
were deposited on microscope slides and left in the desicca-
tor by 24 h. The dried material was used for the preparation 
of a KBr pellet for analysis.

2.5 � Cell culture

THP-1 cells have become one of most widely used cell lines 
to investigate the function and regulation of monocytes and 
macrophages in the cardiovascular system [30]. In our case 
THP-1 cells were used to model atherosclerosis in vitro. 
Human monocytic leukemia THP-1 cells (Sigma Aldrich) 
were cultured in RPMI-1640 medium. Cells were seeded at 
5000 cells per well in 96-well plates and incubated at 37 °C 
in a humidified atmosphere of 5% CO2 in 95% air. THP-1 
cells were treated with 75 ng/mL of phorbol myristate ace-
tate (PMA, Sigma-Aldrich Co., St, Louis, MO, USA) for 
48 h to induce differentiation of the cells into macrophages. 
After differentiation, non-attached cells were removed by 
aspiration and the adherent macrophages were washed with 
RPMI-1640 medium three times and then incubated in cell 
culture medium at 37 °C.

2.6 � Cell viability assay

Cytotoxicity evaluation of nanoparticles was performed 
using MTS assay. The THP-1 cells were incubated with 
ALA (10 μL), ALA:AuNPs (10, 20, 30 and 40 μL) and 
ALA:AuFeNPs (10, 20, 30 and 40 μL) by 24 h in dark. The 
volume in each well in 96-well plate was kept constant by 
addition of RPMI-1640 medium. After 24 h the cells were 
washed several times with phosphate buffered saline (PBS) 
(pH = 7.2–7.6). The ALA-free cells were suspended in 
100 μL media and assayed for viability using the colorimet-
ric MTS assay kit based on the CellTiter 96 Aqueous One 
Solution (Promega, Madison, WI, USA). In this procedure, 

the cells were incubated with fresh medium containing 
MTS reagent for 2 h before measurements at an absorb-
ance of 490 nm. The effect of particles on cell viability was 
expressed as percentage of inhibition of cell growth relative 
to the control. Results were statistically compared (ANOVA 
and Bonferroni post-test) to negative (control cells, NaCl 
0.9%) or positive (latex extract, 0.5 g/L in culture media, 
24 h) controls. In this experiment n = 4 for Latex, NaCl and 
control groups and n = 9 for ALA groups.

2.7 � PDT procedures

The cells followed the protocol described above, and after 
differentiation, macrophages were incubated with culture 
medium ALA:AuNPs (10 μL) and ALA:AuFeNPs (10 μL) 
for 24 h.

The LED, 590 nm, high intensity (MM Optics Brazil) was 
placed below the plate containing cells. The cells groups 
were irradiated separately during 2 min.

After PDT treatment, the cells were washed with PBS and 
were incubated with fresh medium containing MTS reagent 
for 4 h before measurements at 490 nm. In this experiment 
n = 4 for Latex, n = 3 for NaCl, n = 6 for control group and 
n = 12 for ALAAuNPs + PDT and ALA:AuFeNPs + PDT 
groups.

3 � Results

Color of gold colloid is attributed to surface plasmon 
resonance (SPR) arising due to the collective oscillation 
of free conduction electrons induced by an interacting 
electromagnetic field. The color change from pale yellow 
to purple pink color and finally red was observed dur-
ing the illumination by Xenon lamp for 2 min of water 
solutions containing, ALA, HAuCl4, PEG (Fig. 1a). PEG 

Fig. 1   a Aspect of ALA:Au 
and ALA:AuFeNPs solu-
tions. b A magnet was placed 
next to the cuvette containing 
ALA:AuFeNPs solution for 
10 min, evidencing the magneti-
zation of nanoparticles
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is commonly used to functionalize the surface of gold 
nanoparticles (AuNPs) in order to improve their in vivo 
stability. Addition of iron powder in the solution contain-
ing HAuCl4 (pH = 12) promoted changes in the solutions 
colors to blue/dark purple as showed in the Fig. 1a. In the 
Fig. 1b, gold/iron irradiated solution attracted by a mag-
net indicating magnetization.

The Fig. 2 shows the results of the UV–Vis spectra meas-
urements obtained for ALA + PEG, ALA + PEG + HAuCl4, 
ALA:AuNPs and ALA:AuFeNPs described in the Table 1. 
In this figure it is possible to observe the presence of a 
peak around 300 nm due to the presence of auric com-
plexes. The peak around 536 nm for ALA:AuNPs illumi-
nated by 2 min is due to the surface plasmon resonance, 
characteristic of gold nanoparticles. The presence of iron 
in plasmon coupling of gold results in suppression of 
band around 300 nm and a shift of the extinction peak to 
higher wavelengths (548 nm) as the interparticle spacing 
is reduced. Higher the illumination time, smaller is the 
SPR intensity indicating decrease of concentration of gold 
nanoparticles in nanohybrids structure. Apart from the red 
shift of SPR band, Fig. 2 shows a new broad absorption 
band at around 750 nm in ALA:AuFeNPs.

Xenon lamp radiates over a wide spectral range, from 
the ultraviolet to the infrared and solution temperature 
increases with illumination. The photoreduction process 
promotes the reduction of gold ions (Au3+) into metallic 
gold (Au0):

Au
3+ + 3e− → Au

0
, E

◦

red
= 1.40 V.

With the reduction to Au0, there is the formation of gold 
clusters. The presence of ALA and PEG suppresses the 
agglomeration of gold particles stabilizing the colloidal 
suspension and cover the nanoparticles.

The photoreduction process in the solution containing 
HAuCl4, PEG and iron powder promoted an irreversible 
inter-particle coupling accompanied by a red-shift in the 
spectrum of AuNPs, as well as broadening and decrease in 
the intensity of SPR band.

Iron occurs in the divalent or ferrous form and the tri-
valent or ferric form. Iron in aqueous solution is subject 
to hydrolysis producing the iron hydroxides, especially the 
ferric form that have very low solubility. Under oxidizing 
conditions (ph ~ 12), practically all the iron is precipitated 
as ferric hydroxide.

Iron nanoparticles (Fe3O4) are stabilized by ALA and 
PEG.

Figure 3 shows the FTIR spectra in the region of 4000 
to 400  cm−1 obtained from dried films of PEGylated 
ALA:AuNPs and ALA:AuFeNPs. The PEG spectrum shows 
characteristic bands of specific functional groups, such as 
the bands appearing at 2881 cm−1 assigned to the –CH group 
and the band at 1103 cm−1 assigned to the –C–O–C group 
[31]. A characteristic peak at about 3428 cm−1 represent-
ing vibration N–H of PEG was evident in the spectra of 
ALA:AuNPs and ALA:AuFeNPs. For ALA, 1716 cm−1 
band can be associated to C=O group. A very small band 
was observed around 592 cm−1 and can be assigned to 
the Fe–O stretching vibration for the iron nanoparticles. 

3Fe(OH)2 → Fe3O4 + H2 + 2H2O

Fig. 2   Uv–Vis spectra of pre-
pared solutions: ALA + PEG, 
ALA + PEG + HAuCl4 and 
ALA + PEG + HAuCl4 + iron 
powder without illumina-
tion; ALA + PEG + HAuCl4 
(ALA:Au) and 
ALA + PEG + HAuCl4 + iron 
powder (ALA:AuFe) 
irradiated by 2 min and 
ALA + PEG + HAuCl4 + iron 
powder (ALA:AuFe) irradiated 
by 5 min
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Intensities reduction were observed for ALA:AuFeNPs 
bands 1420 and 772 cm−1. These peaks are attributed to the 
asymmetric and symmetric vibration of the COO– chelat-
ing bidentate interaction between ALA and Fe atoms on the 
surface of the particles.

Figure 4a shows the spherical shape of the ALA:AuNPs 
by the images of transmission electron microscopy. The 
spheres present sizes ranging from 15 to 30 nm. Figure 4b 
shows ALA:AuFeNPs with spheres of around 22 ± 8 nm 
(AuNPs) surrounded by smaller spheres of around 8 ± 3 nm 
(FeNPs), in chain-like structure [32].

Fig. 3   FTIR spectra of PEG-
gylated ALA:AuNPs and 
ALA:AuFeNPs solutions
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Fig. 4   Transmission electron 
microscopy of solutions: a 
ALA:AuNps (2 min Xe) and b 
ALA:AuFeNPs (2 min Xe)

Table 2   Measured Zeta Potential for ALA:AuNPs and 
ALA:AuFeNPs nanoparticles

Solutions Size (nm) Zeta potential (mV)

ALA:AuNPs pH 7.2 22 ± 8 nm − 23.1 ± 1.0
ALA:AuFeNPs pH 7.3 22 ± 8 nm and 

8 ± 3 nm
− 29.0 ± 0.8
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The stability of ALA:AuNPs and ALA:AuFeNPs was 
estimated by Zeta Potential measurements (Table 2), and 
the values were close to − 30 mV, confirming good stability 
of the nanohybrids.

The cell toxicity of ALA:AuNPs and ALA:AuFeNPs 
to THP-1 macrophages is shown in Fig. 5a, b respectively. 
The MTS assay showed that the ALA:AuNPs nanoparticles 
does not have significant cell toxicity up to 10 μM (Fig. 5a). 
ALA:AuFeNPs is ~ 7 times more toxic than ALA:AuNPs 
(Fig. 5b).

M1 macrophages promote formation of complicated and 
unstable atherosclerotic plaques by maintaining proinflam-
matory microenvironment. The reduction of macrophages 
from plaques represents a new strategy for the atherosclero-
sis treatment [33, 34]. Similarly targeting tumor-associated 
macrophages (TAMs) is a promising therapeutic strategy for 
cancer patients [3].

Reports have shown that ALA-conjugated gold allows 
selective and efficient destruction of cells in the ALA-PDT 

[35, 36]. To verify if the presence of iron nanoparticles 
could improve the efficiency of the ALA-mediated PDT, 
macrophages were incubated with ALA:AuNPs and 
ALA:AuFeNPs for 24 h and after this time, the macrophages 
were irradiated with LED at 590 nm by 2 min. The toxicity 
of cells after PDT treatment was measured using MTS assay 
and the results are shown in the Fig. 6a, b. Treatment with 
ALA:AuFeNPs + PDT increased the level of cytotoxicity 
observed in macrophages in almost 50%, compared with the 
ALA:AuNPs + PDT treatment group. No cytotoxicity was 
observed with cells in the presence of PDT and absence of 
nanoparticles [37].

We believe that the ALA:AuNPs and ALA:AuFeNPs 
are internalized by the macrophages, and these nanoparti-
cles bypass the natural regulation that heme exerts on ALA 
synthesis, which leads to increased production of PpIX. 
We therefore propose that the presence of iron nanopar-
ticles interfere in the selectivity of iron transport across 
the mitochondrial inner membrane, which culminate in 

Fig. 5   MTS assay for 
THP-1 macrophages cells 
after incubation by 24 h 
with a) ALA:AuNPs and b) 
ALA:AuFe. The values of 10 to 
40 μL correspond to the volume 
of NPs added to each well con-
taining cells. The final volume 
in each well was kept constant 
adding serum free RPMI-1640. 
****P < 0.0001 statistically sig-
nificant difference from control

AL
A
10

AL
A :
Au

10

AL
A :
Au

20

AL
A :

Au
30

AL
A :

Au
40 CC Na

Cl
Lá
tex

AL
A
10

AL
A :
Au

10

AL
A :
Au
Fe
10

AL
A :
Au
Fe
20

AL
A :

Au
Fe

30

AL
A :

Au
Fe

40 CC Na
Cl

La
tex

0

50

100

C
el
lv

ia
bi
lit
y
(%

)

* * * *

* * * *

* * * * * * * * * * * *

(a)

0

50

100

C
el
lv

ia
bi
lit
y
(%

)

****

****

**** ****

(b)

Journal of Materials Science: Materials in Electronics (2019) 30:16789–16797 16794



	

1 3

the decrease of the efficacy of ferrochelatase to convert 
excessively produced PpIX to heme [38]. So, the accumu-
lation of PpIX increases in the case of ALA:AuFeNPs and 
improves PDT efficacy.

In this paper it was focused on the strategies for the 
fabrication of multifunctional nanostructures, combining 
either the magnetic or the plasmonic properties. Indeed, 
these nanohybrids can generate heat under an external 
magnetic field, making them useful for magnetic hyper-
thermal therapy [5]. Besides, they can be transported close 
to a specific target for magnetically assisted drug delivery 

and potentially MRI agent allowing the combination of 
imaging and therapy in the same nanoparticle.

4 � Conclusions

We have synthesized PEGylated ALA:AuFe nanohybrids 
in aqueous medium by photoreduction method using 
aminolevulinic acid as reducing, stabilizing and capping 
agent, rendering the whole procedure cost-effective and 
environment friendly. With this photoreduction method, 
the gold-iron nanohybrid is constructed in one-step, in 
only 5 min. ALA is an endogenous compound and for 
this reason nontoxic and light irradiation acts as reducing 
agent. The presence of ALA in the ALA:AuFe nanohy-
brids composition guaranties delivery to the macrophages. 
The use of iron powder provides a simple and cost-effec-
tive alternative. The stable synthesized nanohybrids have 
gold particles surrounded by iron nanoparticles in chain-
like structure. MTS assay showed that nanohybrids are 
more toxic than ALA:AuNPs nanoparticles. Treatment 
with ALA:AuFeNPs + PDT increased the level of cyto-
toxicity observed in macrophages in almost 50%, com-
pared with the ALA:AuNPs + PDT treatment group. The 
obtained results indicated that nanohybrids ALA:AuFeNPs 
offer a new modality for selective and efficient destruc-
tion of macrophages and can be a powerful weapon to 
diagnosis and therapy of non-communicable diseases as 
cardiovascular diseases and cancer.
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