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In this paper, we report the synthesis of hybrid silver nanostructures (AgNPs) based on an effective mix-
ing of polyols with Polyvinylpyrrolidone (PVP) and Porphyrin molecules, in particular Protoporphyrin IX
(PP). The combination of PVP and PP, which act as co-directing agents and favour the anisotropic growth
of nanostructures, yields to very stable complexes for six months. The resulting hybrid silver nanoparti-
cles have been further characterized by polarization modulation-infrared reflection-adsorption spec-
troscopy (PM-IRRAS), UV-Visible spectroscopy, X-ray diffraction (XRD), transmission electron
microscopy (TEM) and scanning electron microscopy (SEM), revealing that the main role of Porphyrin
molecules in the formation of silver nanostructures.

© 2017 Chinese Research Hospital Association. Production and hosting by Elsevier B.V. on behalf of KeAi.
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This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
Introduction used in the reduction of silver and gold in water or ethylene glycol/

Recently, the development of hybrid metal nanoparticles (NPs)
with organic and biological components has gained enormous
attention than ever before due to the possibility of tailored shape,
size and novel properties.'~* Among others, silver NPs (Ag-NPs) are
commonly used in biomedical devices due to antimicrobial proper-
ties;> ' in solar cells'? and conductive adhesives'> due to electri-
cal conductivity; and in many other technological applications
such as catalysis,'* memory devices,'” and inkjet printing.'® In lit-
erature there are many synthesis processes that have been
reported to prepare Ag-NPs, namely bio-synthesis,'’~! ultrasonic
spray pyrolysis,? laser ablation,>® green synthesis,>* microwave
plasma,?>?% reduction method,?’ colloidal or solvo-thermal syn-
thesis.?®?° One of the most frequently used protective agents in
metal nanoparticles synthesis is poly(N-vinyl-2-pyrrolidone)
(PVP). This water-soluble polymer has been extensively exploited
as protecting agent against agglomeration of metal colloids in the
well-known polyols-based process.”!” In this synthetic procedure,
the alcohol (normally ethylene glycol (EG)) works contemporary as
solvent and as reducing agent of the metal ions. PVP has also been

* Corresponding author at: CNRS, UMR 7244, CSPBAT, Laboratoire de Chimie,
Structures et Propriétés de Biomateriaux et d’Agents Therapeutiques Université
Paris 13, Sorbonne Paris Cité, Bobigny, France.

E-mail address: jolanda.spadavecchia@univ-paris13.fr (J. Spadavecchia).
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water mixtures.'®

In most of the papers about the synthesis of nanoparticles, the
PVP polymer plays the role of stabilizer or protecting agent against
particles sticking and agglomeration, which is still a challenge to
be fixed in most of the synthesis methods proposed for the prepa-
ration of Ag-NPs, mainly due to its light sensitivity. Many surfac-
tants and protecting agents have been used such as poly
ethylene glycol (PEG),'*>"'* Triton X-100,'° citrate,'® water-
soluble bifunctional surfactant.’ Leading works in the synthesis
of AgNPs have focused on the shape control of silver nanocrystals
via different approaches. Wiley et al. >° controlled the shape of sil-
ver nanocrystals by varying reaction condition such as the precur-
sor concentration molar ratio of the surfactant and silver ions. In
the polyols-based process, PVP helps in the control of the shape.
Chou et al. > compared the ability of PVP to stabilize silver colloids
in the presence of NaOH or Na,COs. Liu et al. > also proposed that
the crystal structure shape was related to the capping modes
between PVP with different molecular weights (MWs) and silver
nanocrystals. On the other hand, Protoporphyrin IX (PP) (its struc-
ture is reported in Scheme 1) is a tetrapyrrole macrocycle, pro-
duced in heme biosynthesis of biological systems; which has
attracted considerable attention due to its efficiency in photody-
namic therapy of skin tumors.>®> PP shows 22r electrons and two
propionic groups in the same direction, perpendicular to the
porphyrin plane. Some authors have demonstrates the effect of

2542-3649/© 2017 Chinese Research Hospital Association. Production and hosting by Elsevier B.V. on behalf of KeAi.
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Scheme 1. Schematic representation of Protoporphyrin IX (PP).

porphyrins molecules and their assemblies onto silver nanoparti-
cles in surface enhanced Raman scattering.>* In this paper, we pro-
pose an alternative route to the synthesis of hybrid AgNPs, on basis
of the simultaneous presence of the organic substances (i.e. the
polymer PVP and the macromolecule PP) and their combinations.
In particular, PP with three side chains, such as methyl, propionic
acid and vinyl, enhances the stabilization of AgNPs. We have inves-
tigated the role of PP molecules also in the nucleation solution,
with the aim to examine and discuss the possible involvement of
PP molecules in the synthesis process, as surfactant, reducing
and shape-modulating agent. The obtained hybrid Ag-PP, Ag-PVP
and Ag-PP-PVP nanoparticles have been fully characterized by
means of spectroscopic measurements, such as PM-IRRAS, UV-Vis-
ible, X-ray diffraction (XRD), transmission electron microscopy
(TEM) and scanning electron microscopy (SEM), revealing how
the main intrinsic properties of organic molecules influence on
the formation of silver nanostructures, in terms of particles stabil-
ity and biocompatibility.

Experimental
Chemicals

Protoporphyrin IX (PP), sodium borohydride (NaBH,), Silver
nitrate (AgNOs), Poly vinyl pyrrolidone with MW equal to 10.000
(PVP), ethanol, and Milli Q water were used throughout the exper-
iments. All chemicals and reagents were of analytical grade, pur-
chased from Sigma-Aldrich and used without any further
purification.

Synthesis procedure

The synthesis of silver nanoparticles was performed following
the modification of established procedure, in the presence of poly-
mers (PVP) and macromolecules (PP),>® as briefly described in the
following.

Synthesis of Polyvinylpyrrrolidone-silver nanoparticles (Ag-PVP-NPs)

0.067 g of PVP was dissolved in 100 ml ethanol, and then stirred
under 70 °C for 2-3 h. An aqueous solution of AgNO3 (0.007 M,
100 ml) was prepared. 5 ml of PVP solution previously prepared
was added drop wise into 25 ml of AgNOs solution. Then 1 ml of

NaBH, (9.2 x 1073 M) was added to the AgNO5-PVP solution and
the content was stirred thoroughly for 5 min. The colour of mixed
solution changed from dark to yellow due to the reduction of
AgNPs.>® Finally, these aliquots were checked for UV-vis absorp-
tion spectra and TEM to verify the formation of Ag-NPs.

Synthesis of Protoporphyrin-silver nanoparticles (Ag-PP-NPs)

50 ml of PP solution (EtOH/H,0 30:20; 3.0 x 10> M), 50 ml of
aqueous AgNO; solution (3.9 x 1074 M), and 10 ml of NaBH,4
(9.2 x 1073 M) were prepared separately. Ag-PP-NPs were syn-
thetized using the following method: 15 ml of AgNO3; was placed
in the vigorous stirring at room temperature; after this time,
10 ml of PP was added into AgNOs solution under the same condi-
tions. Finally 2.5 ml of NaBH, was added drop wise until change of
colors from dark to purple due to occurred reduction of silver and
consequent formation of PP silver nanoparticles.

Synthesis of Polyvinylpyrrrolidone-Protoporphyrin silver
nanoparticles (Ag-PP-PVPNPs)

PVP-PP coated AgNPs were synthesized followed this proce-
dure: 100 ml of ethanol solution composed by PP and PVP
(4.0 x 107> M), was prepared under stirring conditions for 1h at
room temperature. 10 ml of PVP-PP solution was added drop wise
into 15 ml of AgNOs solution under stirring condition for 10 min.
After this time, 2.5 ml of NaBH4 was added until complete reduc-
tion and formation of Ag-PVP-PP NPs.

UV-vis spectroscopy

All the absorption spectra reported in this work have been
recorded by using a double-beam Varian Cary 500 UV-vis spec-
trophotometer. UV absorption spectra of the solution of silver
nanoparticles (AgNP) and hybrid silver nanoparticles were
recorded in the 400-1000 nm spectral range.

Transmission electron microscopy (TEM)

Transmission electron microscopy measurements were per-
formed with a JEOL JEM 1011 microscope operating at an acceler-
ating voltage of 100kV. The TEM graphs were taken after
separating the surfactant from the metal particles by centrifuga-
tion. Typically 1 ml of the sample was centrifuged for 21 min at a
speed of 11,000 rpm. The upper part of the colourless solution
was removed and the solid fraction was re-dispersed in 1 ml of
water. 2 pl of this re-dispersed particle suspension was placed on
a carbon-coated copper grid and dried at room temperature.

Scanning electron microscopy (SEM)

SEM images were obtained using a SEM FEG Hitachi SU-70
scanning electron microscope with a low voltage of 1 kV, and dis-
tance of 1.5-2 mm,; the secondary electron detector “in Lens” was
used. 50 pl of the nanoparticles colloidal solution was deposited
onto a clean gold substrate and dried at room temperature for
the SEM images.

X-rays diffraction (XRD)

The XRD spectra of AgNPs powder samples were recorded by
means of a Siemens D500 diffractometer and a Bruker D8 diffrac-
tometer (France) using Cu Ko radiation (1.5418 A). This analysis
was carried out at 40 kV and 100 mA, the scan step size was set
at 0.0500° and the scan step time was 10 s. Theoretical diffraction
patterns of silver, polymers and macromolecules components were
extrapolated from the literature data for the corresponding crystal
structures.
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Polarization modulation-infrared reflection-adsorption spectroscopy
(PM-IRRAS)

PM-IRRAS spectra were acquired by a Thermo Nexus spectrom-
eter (Les Ulis, France). The external beam was focused on the sam-
ple with a mirror, at an optimal incident angle of 80°. A ZnSe grid
polarizer and a ZnSe photoelastic modulator, modulating the inci-
dent beam between p- and s-polarizations (HINDS Instruments-
Thermo  scientific-France, PEM 90, modulation fre-
quency =37 kHz), were placed prior to the sample. The light
reflected at the sample was then focused onto a nitrogen-cooled
MCT detector. The presented spectra result from the sum of 128
scans recorded with an 8 cm™! resolution.

Results and discussion

Formation and characterization of AgNPs with and without PP
molecules

In the present study, the influence of PP and PVP-PP molecules
in the formation of the silver nanostructures was first investigated
and characterized (Scheme 2). PP molecules were expected to be
involved in the nucleation process and could, thus, influence the
final shape and size of nanoparticles. Sun et al. reported that PVP
could passivate the side surface of the silver nanoparticles, deter-
mining the final shape.*° As described by other authors,' during
the AgNPs formation process, the PVP could be adsorbed on the
(100) facets of silver nanocrystals (see Scheme 3). We expected a
similar effect, in case of PP molecules, on the formation of Ag-PP-
NPs, due to both chemical adsorption and steric hindrance, That
could tune nucleation and growth. It could be hypothesized that
propionic groups, which contemporary stabilized the metallic
nuclei’s particles, firstly reduced Ag* ions. In a second time, the
complete reduction with NaBH, induced the final formation of
nanoparticles with a characteristic shape and size and the conse-
quently change of color of the solution.

When PVP and PP molecules were mixed, during the NPs synthe-
sis, an ionic interaction between their functional groups produced a
complex PVP-PP that was adsorbed onto (1 00) facets of silver seeds,
thus influencing the resulting nanoparticles (Ag-PP-PVP-NPs). The

PP

AgNO3

NaBH,

B

NaBIL

steric competition between PVP and PP, determined by different
MWs, was responsible for preferential dimer complexes and the
aggregation of nanoparticles through the so-called depletion-
flocculation mechanism.

UV-vis adsorption and TEM imaging analysis

Fig.1 showed TEM images and UV-vis absorption spectra of the
Ag samples prepared with and without addition of PP in the reac-
tion mixture. Fig. 1 panel A showed the absorption spectra of aque-
ous dispersion solutions of AgNPs was coated by the two mixed
macromolecules. The UV-vis spectrum of PP molecules, as control,
has also been reported for comparison (Fig. 1 panel A-green line).
An intense band at 400 nm was called B-band or Soret band and
four weaker bands, Q bands, at 626 nm (Q I), 574 nm (Q II),
536 nm (Q III) and 504 nm (Q IV), due to m—-n* electronic transi-
tions associated with the pyrrole-porphyrin ring, in agreement
with the optical characteristics of standard PPsare clearly visible.*?
According to the existing literature, the Q-band transition can bor-
row intensity from the Soret-band transition in the so-called PP J-
aggregates.>® The clustering effect of PPs in aqueous solutions has
been extensively investigated: PPmacro-complexes are formed at
large PP concentrations,>* on addition of inorganic salt,>* on varia-
tion of pH,*®> with cationic surfactants,*® or on binding to DNA.>’
Ag-PP-NPs showed UV-vis absorption spectrum (Fig. 1 panel A-
red line) with an intense band at 400 nm, which could be identified
as the Soret band; a broadening band at 447 nm due to a steric
arrangement of PP molecules in silver seeds, corresponding to (Q
I) band, as well as small bands at 540 nm which could be assigned
to the (Q III) band. Variations of the peripheral substituents on the
PP ring could be responsible for minor changes in the intensity and
wave length of the absorption features, while protonation of two of
the inner nitrogen atoms or the insertion of metal atoms in the
macrocycle usually strongly changed the absorption spectrum.
The Soret band was also well evident in case of Ag-PVP NPs
(Fig. 1 panel A-blue line).

The presence of PVP-PP onto AgNPs (Fig. 1 panel A-black line)
determined a broadening of both the Soret and Q bands due to
the Wan der Waals interaction between PP-PVP during the nucle-
ation and growth of particles. Based on previous published work,*®
it was suggested that the propionic acid tails of one PP unit formed

@ NP [ J

Lk ¢ ¢

X
3
Py, )(X x

2

X
S‘x-x'x

Scheme 2. Proposed mechanism of Ag NPs formation in the presence of PVP, PP and PVP-PP.
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Fig. 1. (Panel A): UV-vis absorption spectra of PP molecules as control (green line), AgPP-Nps (red line), Ag-PVP-NPs (blue line) and Ag PP-PVPNPs (black line); (panel B): TEM

images of correspondent nanoparticles.

specific hydrogen bonded pairs with the tails of other PVP units in
an alternate fashion. Typical TEM images of three as-synthesized
products (Fig. 1 panel B), showed nanostructures in the ranges of
20-50 nm of diameter. Ag-PP NPs sizes were around 50 nm and
also clustered together, which determined the broadening of Soret
band at 400 nm. Ag-PVP NPs appeared better separated and more
regular in size around 20 nm, due to the steric arrangement of
the polymer during reduction process. On adding PVP-PP mixed

solutions into the reaction system, some new nanostructure like
small flowers appeared, due to both mixed polymers combination
within the nano-scale range. From imaging analysis, PVP clearly
protected the particles against agglomeration and acted as nucle-
ation controller through electrostatic reactions.'® The use of an
organic polymer could kinetically control the growth rates of var-
ious faces of crystalline structures.!” PP molecule also participated
in the formation of hybrid nanomaterial structures.
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Fig. 2. PM-IRRAS spectra of PP molecules as control (blue line) and Ag NPs coated
with PP (red line), PVP (green line) and PP-PVP (black-line) deposited onto gold
surface.

PM-IRRAS spectroscopy analysis

PM-IRRAS spectroscopy was used to analyse the interaction
between the AgNPs with PVP, PP and their mixed polymeric sys-
tems (Fig. 2). In general, the interactions of such hydrophilic
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groups, as the band positions of C=0 and C—OH stretching vibra-
tions as well as bending vibrations of C—O—H groups can be used
to investigate their local interactions onto silver nanoparticles.>® A
characteristic PM-IRRAS spectrum of PP (Fig. 2 blue-line), as con-
trol, showed a band near 1600 cm™! that could be interpreted as
C—C vibration of the phenyl substituents.’®*! The predominant
signals could be attributed to the carbonyl-stretching mode of
the protonated heme propionates.*> The v (C=0) mode from PP
was centered at 1683 cm™! indicating the absence of the metal
center due to the symmetry of the porphyrin ring.*° The peaks at
1570/1562 cm™!, was assigned to the antisymmetric/symmetric v
(COO™) vibration. The signal at 1410cm™', also included ring
vibrations. The v (C=0) vibrational mode of the protonated and
the signals for the deprotonated form were only visible as a smaller
shoulder.

The chemical interaction of PP onto silver nanostructure (Ag-
PP-NPs) generated the red-line PM-IRRAS spectrum in Fig. 2. The
signals, at 1392/1396 cm™! (C—N vibration) were evident. The
amide I band at 1650 cm~! included signals from v (C=0) vibra-
tion. The amide II band, observable between 1570 and 1540 cm™!
included contributions from the coupled C—N/N—H vibration.
The separated strong line at 1731-1733 cm™~'was related to the
carbonyl group stretching of porphyrin dendrimers. In the spectra
of Ag-PVP-NPs (Fig. 2 green line) strong peak at 1250 cm~! was due
to C—H deformation vibration. The absorption peaks located at

Ag-PP-PVPNPs

(111)

Ag-PVP
Ag-PVP+PP
Ag-PP
(300)
(220) (311)
IN\~= I\~

20 30

40 50 60 70 80
20 (degree)

Fig. 3. (Panel A): SEM micrograph of Ag NPs synthetized in the presence of PP, PVP and PP-PVP respectively; (panel B): XRD diffraction patterns of the synthesised silver
nanoparticles in the presence of PVP as protecting agent using PP and the mixed of them.
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around 1649/1745 cm™!, which was ascribed to the stretching
vibration of C=0, and was slightly dependent on the coordination
between Ag" ions and carbonyl oxygen, due to preferential adsorp-
tion of PVP on the (100) facets of silver nanocrystals. PP-PVP-
AgNPs PM-IRRAS spectrum displayed a strong peak at 1396 cm™!
and a small band at 1434 cm™! due to C—N vibrations and C—0
deformation (Fig. 2 black line). A split from 1253 to 1237 cm™'was
due to the steric arrangement between propionic group of PP and
C=0 group of PVP during reduction from Ag" to Ag°® in the final
nanoparticles.

SEM microscopy and X-ray diffraction analysis

Fig.3 (panel A) reports SEM images of silver nanoparticles
obtained with PP and PVP respectively. Ag-PVP NPs revealed a
mixed morphology between short nanorods and spherical
nanoparticles, whereas in Ag-PP NPs and Ag-PP-PVP NPs prevailed
a clustered structure that recalled those of carbon nanohorns. Any-
way, by comparing the three SEM images, it was clear that the
presence of PP, and the ionic interaction PP-PVP onto AgNPs,
strongly influenced the effective final conformation. The forma-
tions of hybrid AgNPs were characterized by X-ray diffraction
(XRD) pattern (Fig.3, panel B) that reported intense peaks corre-
sponding to the (111), (200), (220), and (311) diffraction peaks
of AgNPs, conformal to the face centred cubic crystal (fcc) struc-
ture (Joint Committee for Powder Diffraction Standards (JCPDS),
File No. 4-0783) of highly pure Ag.

Conclusion

In summary, we present a simple polymeric route to prepare
hybrid AgNPs by using PVP, PP and a mix of the two polymers as
stabilizing and protecting agents. UV-vis and Infrared spec-
troscopy clearly demonstrate that the obtained particles are hybrid
in nature and the organic molecules present their characteristic
fingerprints. This method is an innovative approach for controlling
nanomaterials size and forming new nanostructures. Furthermore,
the size and shape of AgNPs decorated by polymeric surfaces can
be simply tuned by mixing the polymers in proper ratios. We
believe that these polymeric NPs could have great potential bioan-
alytical applications, and this technique can be extended for drug
formulation and biosensing.
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