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1. Introduction

Phthalocyanines (Pcs) have been intensively studied as
prospective compounds for the photodynamic therapy (PDT)
of cancer (Allen et al., 2001; Khoza et al., 2020; Lee et al.,
2020; Li et al., 2018a, 2018b, 2019a, 2019b; Lukyanets, 1999;
Miller et al., 2007, Moeno et al., 2014; Negrimovsky et al.,
2015), near-infrared (NIR) imaging (Lobo et al., 2016;
Pansare et al., 2012), organic-based solar cells (Ghadari
et al., 2020; Ince et al., 2014; Singh et al., 2005; Walter et al.,
2010; Yuen et al., 2012), and organic light-emitting diodes
(Bae et al., 2012; Kao et al., 2006; Wang et al., 2015).

Pc properties can be enhanced through the modification of
peripheral (p) and nonperipheral (np) positions and the central
metal (M) (Fig. 1). In particular, Pcs can be conjugated to nano-
materials such as carbon nanotubes (Pillay and Ozoemena,
2009; Yang et al., 2004), fullerenes (Bottari et al., 2013;
Yoshimoto et al., 2008; Yuen et al., 2012), graphene quantum
dots (GQDs) (Achadu and Nyokong, 2017; Bankole et al.,
2017a; Fomo et al., 2018; Majeed et al., 2019b), nanodiamonds
(Matshitse and Nyokong, 2020), and metal nanoparticles (NPs)
(Ashokkumar et al., 2014; Castro-Latorre et al., 2020; Cheng
et al., 2019; Fashina et al., 2013; Hong et al., 2018; Matlou
et al., 2019; Mpeta et al.,, 2020; Mphuthi et al., 2017;
Zasedatelev et al., 2016) via p, np, or axial ligands.

Self-assembly has also attracted remarkable interest in
nanomedicine due to noteworthy potential in phototheranostic
and PDT applications (Li et al., 2018a, 2019b; Lovell et al.,

&

Fig. 1  Pc structure illustrating the positions of different substi-
tution sites.
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Fig.2  Schematic structures of Ag and Au nanomaterials used to
enhance the photo-physicochemical properties of Pc complexes.

2011; Ma and Zhao, 2015; Zou et al., 2017). This method gen-
erally refers to a self-cyclic arrangement of an organic com-
pound either by encapsulating a biomolecule into the cavity
or by forming a completely new nanohybrid from itself with
the exposed substituents enhancing the solubility. Self-
assembly nanohybrids are stable, and can be well-dispersed
in neutral solvents (Li et al., 2018a). As such, these nanohy-
brids do not suffer from aggregation. Among these
approaches, conjugation to Ag and Au NPs has been exten-
sively employed to improve the photophysical properties of
Pcs through the heavy atom effect, which, in turn, increases
the extent of intersystem crossing (ISC) to the triplet state
and thus improves singlet oxygen generation and nonlinear
optical (NLO) parameters (Nwaji et al., 2017d). Thus, the
above NPs have been widely used in drug delivery imaging,
sensing medicine, preclinical, clinical anti-arthritic, antimicro-
bial, anticancer, antiparasitic, anti-HIV, and other biological
applications (Chen et al., 2010; Hone et al., 2002; Khoza
et al., 2020; Shaw, 1999; Terentyuk et al., 2014; Wieder
et al., 2000).

Free electrons on the surface of metal NPs can be excited by
the electric field of light to create collective free conduction
oscillation modes. This localized surface plasmon resonance
(LSPR) endows metal NPs with certain optical properties such
as light absorption and scattering in a certain wavelength
range (visible to infrared wavelengths in the case of noble
metal NPs) (Kulyk et al., 2019; Majeed, 2020; Teixeira et al.,
2015; Waszkowska et al., 2020). The SPR is known to impact
the fluorescence properties of fluorophores (Kang et al., 2011).
In some instances, at a controlled distance between the fluo-
rophore and the nanoparticle surface, the quenching of fluores-
cence occurs (Swierczewska et al., 2011). The improvement of
fluorescence through metal-enhanced fluorescence phe-
nomenon has also been reported (Garcia Calavia et al.,
2018), with this phenomenon observed in Pcs conjugated to
Au NPs leading to an increased production of singlet oxygen.

For polymer nanofibers formed from phthalocyanines linked
to Au NPs, singlet oxygen quantum yield has been observed
to increase significantly (Tombe et al., 2013b).

Herein, we summarize the methods used to synthesize and
characterize the conjugates of Pcs with Ag and Au NPs, fur-
ther describing the effect of this conjugation on Pc photophys-
ical properties (fluorescence, triplet state formation, singlet
oxygen formation, and NLO parameters).

2. Synthesis and characterization of NPs and their Pc conjugates

2.1. NP synthesis

Since the introduction of the two-phase system by Faraday
(Faraday, 1857), many approaches such as the Turkevich
method (Turkevich et al., 1951) and Brust’s two-phase reduc-
tion method (Brust et al., 1994) have been employed to synthe-
size functionalized NPs with well-controlled morphology and
variable size/shape and thus tunnel their surface plasmon res-
onance (SPR), which affects NP physicochemical properties
(Lee et al., 2008; Widoniak et al., 2005), especially for NPs
with aspect ratios (length/width) of >1 (Nikoobakht and El-
Sayed, 2003). Thermal annealing has also been shown to
afford Au NPs (Jia et al., 2017). Herein, we focus on the meth-
ods used for conjugating Pc complexes to Ag and Au NPs
(Fig. 2) to enhance the photophysical properties of these
complexes.

Nanospheres (NSs): Spherical Au and Ag NPs can be syn-
thesized using different capping agents and surfactants
(Frens, 1973). According to the widely used Brust protocol,
chloroaurate ions are transferred from an aqueous medium
into an organic solvent with the help of phase-transfer agents
(e.g., tetraalkylammonium salts), reduced, and capped by alka-
nethiols/alkylamines (Brust et al., 1994). Tetraoctylammonium
bromide (TOABTr, Fig. 3) is widely used in the synthesis of Au
and Ag NSs as a phase-transfer agent (Brust et al., 1994), while
methoxypolyethylene glycol thiol (MPEG-SH, Fig. 3) is used
as a capping agent in the synthesis of Au NSs by the Frens
method (Frens, 1973), and 4-hexadecylaniline (HDA, Fig. 3)
is commonly used as a stabilizing agent (Osifeko and
Nyokong, 2016).

Nanorods (NRs): During seed-mediated growth — the most
common method of synthesizing NPs of different shapes —
small spherical Au NPs prepared in the seeding step are grown
in the desired shape by controlling the type and concentration
of added reagents (Jana et al., 2001). The most broadly used
surfactant is cetyltrimethylammonium bromide (CTAB,
Fig. 3), as its adsorption at the crystal faces of Au inhibits
growth in the direction perpendicular to the longer axis, thus
supporting growth at the ends of nonspherical particles
(Murphy et al., 2005). Templates such as alumina (Martin
et al., 1999; van der Zande et al., 2000), carbon nanotubes
(Fullam et al., 2000; Govindaraj et al., 2000), micelles (Pileni
et al., 1998), and polycarbonates (Cepak and Martin, 1998)
are widely employed to synthesize Au NRs and nanowires
(NWs) in addition to electrochemical (Yu et al., 1997), photo-
chemical (Esumi et al., 1995), and reduction methods
(Nikoobakht and El-Sayed, 2003). Notably, additives such as
Ag™ ions and cyclohexane strongly favor the formation of
Au NRs/NWs (Hao Ming Chen et al., 2009; Mthethwa and
Nyokong, 2015). Ascorbic acid and HDA are also used to
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Fig. 3  General reagents used in nanomaterial synthesis.
reduce and transfer Au ions to organic media to form Au NRs Bipyramidal branched Au nanocrystals and nanostars (NSts):

through seeded growth (Chandran et al., 2007; Mthethwa and Au bipyramids (BPs) can be synthesized by adding Au seed
Nyokong, 2015; Selvakannan et al., 2002; Zhou et al., 2016). particles to a mixture of HAuCly, ascorbic acid, a capping sur-
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Table 1 Summary of substituents introduced to Pc complexes and the type/size of NPs used for Pc conjugation.

Substituent structure, position, no M NPs Estimated NPs size Stabilizer Ref.
(nm)
HO,
11.68 (TEM) . (Matlou and Nyokong,
Jtetra- .
2_\_@0 (p.tetra-) Zn Ag NS 11.88 (PXRD) OA Ex. cysteamine 2020)
HO,
E}—\_QO (p,mono-) 7Zn
(p.tri-),
HO, Zn
2_\_@0 (p,mono-)
%
o (ptri-),
C >
HO,
Zn
2—\_Q0 (p.mono-)
>
%(P,lri-),
o - Ag NS 11.68 (TEM) TR —— (Matlou et al., 2019)
11.88 (PXRD)
J\ o (pmono-)
h%
S,
O tpri
N
HO 7 Ag NS* - P (Nwahara et al., 2019)
}—@—o (p,mono-) n Au NS* - ¢
4 M
@\ﬁo%(pmm_ ) Zn, Au NS, 15.2 (TEM) TOABr glggbe) and Nyokong,
s InCl Au NT 52.7(TEM) CTAC “yioa
3 Zn
Jtetra- ’
@Q & A (p.tetra) InCl
HO
O%LQO (p.tetra-) TOABr Ex. GSH
> A, L767 (E) (Dube and Nyokong,
Zn 2019b)
Au NT 33.2 (TEM) CTAC Ex.GSH
S,
HO Zn
0>_\_Q0 (p,mono-)
HO,
0>_\_<;>70 ( P,mono-) 7n
po
s Zn 4.51 (PXRD) (Dube et al., 2019¢)
°} Jtetra- ’
@Q & \ (prretras) ma ~ AvNS 78.4 (TEM) IV
o lo
o;scgﬂsfr‘l@—\@ (p,tetra—) A NPb 10
i ° g NP”, (TEM) avadla et -
> InCl Ag NP° 5 (TEM) OA (Magadla et al., 2019)
HO, Zn
}—Qoy(p,tetm-) InCl Ag NT 26 (TEM) Sodium citrate Ex. GSH (Mafukidze et al., 2019)
o
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Table 1 (continued)

Substituent structure, position, no M NPs Estimated NPs size Stabilizer Ref.
(nm)
o—} Zn, Ag NS, 10.5(TEM) OA (Nwaji et al., 2018)
5: ( f 07‘(p,tetra— ) Ga(l, 9.3(PXRD)
7 InCl Au NS 12.4TEM)
10.7(PXRD)
TbOAc, 30
(p.octa-) ErOAc, Au NS Commercial (Dubinina et al., 2018)
SCH,CH3 LuOAc
2 Zn,
( :N/\/o\y (i ftites) gg Au NS 14.9 (TEM) MPEG-SH (Chen et al., 2018)
Ni
= Zn Ag NW 60-200¢ (TEM) PVP (Zhang et al., 2018)
0,
OH
OH
o]
o
O O Zn Ag NS 50 (TEM) CTAB (Zhou et al., 2018)
0
(O
(p,tetra-)
S,
@[ }—Qf&( p.tetra-)
" Zn Au NT 62.3 (TEM) CTAC (Dube et al., 2018a)
S,
Jri-),
gozasyr
HO,
2_\_@0 (p,mono-)
>
HO,
I 175
>
S,
Ly oo
s
m%»“’ Aetra-) 4.51 (PXRD)
e . > et al., 2018¢c
Zn Au NS 78.4 (TEM) CTAB (Dube et al., 2018c)
o
e}
> C/( 0%(p,ba11) AgNS. 761 (PXRD) TOABr Ex. GSH
Ho InCl . . (Nwaji et al., 2017d)
Sodium borohydride -
Au NS 14.77 (PXRD) Ex. GSH
/\/\0)‘9 (p,hexa-),
Hs/\/o\/\o)t“ (p.di-) 2H Ag NS 7.4 (TEM) OA (Oluwole et al., 2017b)
F—ci(pocta-), (np,octa-) ErOAc
EuOAc Au NS 20 & 30 (TEM) Commercial (Kuzmina et al., 2017)
LuOAc

(continued on next page)
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Table 1 (continued)

Substituent structure, position, no M NPs Estimated NPs size  Stabilizer Ref.
(nm)

| o= (p.tetra-)

Zn, TOABr Ex. 3-azido-1- (Bankole and Nyokong,
InCl TN SHO(N3D) prop-ylamine 2017b)
T
9.02 (TEM)
0
(p tetra-) 7n Ag NS, 9.84 (PXRD) OA (Nwaji et al., 2017b)
| Au NS 10.5 (TEM) Ex. GSH Sl 2
N 10.9 (PXRD)
NH,
S,
O (i,
Ag NS, gg; EE%I\S/;) (Nwaji and Nyokong,
“°: Zn 16 5 (TEM OA Ex. GSH 2017¢)
0/ o@o (p,mono-) Au NS S )
\ 10.25(DLS)
o
HO- /
(p.tetra-) £
o),, InCl Ag NS 14.1 (PXRD) OA Ex. GSH (Oluwole et al., 2017a)
(np,tetra-)
o]
HO: /
(p,tetra-)
o}/ InOH AgAug 9.0 (TEM) OA Ex. GSH (Dube et al., 2017)

4‘_©fo&(p,tri-) s
Ag NP° Ag 10 (TEM) OA Ex. MPA (Bankole and Nyokong,

© 3 )
$—nw, (pmono-) NP 5 (TEM) 2016a)

o
\
{1
NC.
SO
o
L

Zn Au NR 2.1¢ (TEM) CTAB (Zhou et al., 2016)
(p,tetra-)
HZN\[N:rsy
N (ptetra-) Zn, (Osifeko and Nyokong,
L InCl Au NS 5.35 (TEM) HDA 2016)
ot
o\s/s Zn Au NS 2.0-2.5 (TEM) TOABr (Baldovi et al., 2016)
’&o/\/n\(\/\//\>
!
(p,mono-)
HO,
/> \ < > (p,mono-)
°° O}, Ag NS, 142 (TEM) OA Ex. cysteamine
Zn ) ((2:9100)) (Oluwole et al., 2016)
20.9 (TEM) o

AgAuy OA

11.6 (PXRD)
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Table 1 (continued)

Substituent structure, position, no M NPs Estimated NPs size Stabilizer Ref.
(nm)

HoN ‘ NYSY

AN (p,tetra-) Zn Ag,Auy 9.0 (TEM) OA (Bankole et al., 2016c¢)

NH,

NN
o]
E,ZJ”},J 20 (TEM) PVP/PPD
Zn Ag NF 17 (PXRD) (D’Souza et al., 2015a)
HzN\/\o)a, (p,mono-)
NN
o
NSNS
(np,tri-), 7n
H
HO. N
W/\”/Y I (np,mono-)
o o 0/\,,
~@ S
/T/\/ Y (ptetra) Zn
VAR ono- 40 (TEM) o . , L
QS% (p, Y Zn AgNS 33 (PXRD) Trisodium citrate (D’Souza et al., 2015b)
s— (p.tetra-)
_ Zn Ag NT, 40 (TEM)
Ag NF i PVP PVP/PPD
MSO?(p,mono-) AlCI Au NS 20-80 (TEM) Trisodium citrate & CTAB (Teixeira et al., 2015)
~wSHOLH( p, tetra-) AlCI Au Het. 10.4 (TEM) Go" (M. et al., 2015)
~
(7 (prera) Au NS i(l)d((TTEEl\ﬁ)
NN u > B . .
b\ Zn AuNR 4.7 (TEM) CTAB (Mthethwa et al., 2014)
H,N N d
7.1° (TEM)
SO
(np & p,tetra-) 7a @ /
pep Zn Ag NS 2-7 (TEM) Citric acid (Khoza and Nyokong,
2014)
o]
—4 Jtetra- :
OH(p / Al Au NR' SR (NI CTAB (Ke et al., 2014)
[0}
(p,hexa-),
OH
L . (Dement’eva et al.,
o o Zn Au NS 2,5, 15 (TEM) Trisodium citrate
3_< N\ on 2014)
N (p,mono-)
§—<0 SH
~803Na(p,tetra-) Zn, Au NS 20 (TEM) o . ,
AIOH 75 (AFM) Trisodium citrate (D’Souza et al., 2013)
~~8CH,CH,COOH (p,tetra-) Zn Au NSt 38 (TEM) CTAC
~wSCH,COOH( p, tetra-) Zn
Q—\ (np & p,tetra-)
5—} Zn Au NS 2-5 (TEM) TOABr (Tombe et al., 2013a)

(continued on next page)
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Table 1 (continued)

Substituent structure, position, no M NPs Estimated NPs size  Stabilizer Ref.
(nm)
a{o\/\o/\/o\/\o/\/s“ Zn
(p,mono-)
0\ 0. SY
(p,tetra-)
Zn Au NS 5.0 (TEM) TOABr (Tombe et al., 2013b)
o
[ i),
5.4 (PXRD) Sodium borohydride (Rapulenyane et al.,
OH J
. Zn Ag NS 5.4 (TEM) Ex. GSH 2013)
o 7 ~ (p,mono-)
o
A
( (np,tri-),
s o Zn
I \)\N/ /° (p,mono-)
7
NS S
/T/\/ F(p,letra—),
M, Au NS 5.4 (PXRD) Trisodium citrate (Mthethwa et al., 2012)
S AIOH
T b (p, tetra-)
Q—\ (np, tetra-)
s—} 3-5 (TEM) 3
Zn AuNS 4.5 (AFM) TOABr (Tombe et al., 2012)
5
4—@H (p.1ri-),
F N=
- 5.37 (PXRD)
( 2H Au NS 3.5-4.5 (AFM) TOABr (Nombona et al., 2011a)
PR 5.97-7.87 (TEM)
OH
B A D tetra) Zn
=
O (np,tri-),
o Zn
\JLH/\/SH (p,mono-)
Mso?(nt@”a') AIOH Au NS 22 (AFM) Trisodium citrate (Teixeira et al., 2011)
s ; .
AN ) = d al.,
H S)g(p tetra-) 7n Au NS 4.96 (PXRD) TOAB: (2?)1; I;OH Moeno et al
S S
T/\/ Y (paric),
Ge Au NS 52 (PXRD) TOABr Ex. GSH (Masilela and Nyokong,

(OH),,

2011)
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Table 1 (continued)

Substituent structure, position, no M NPs Estimated NPs size Stabilizer Ref.
(nm)
O OTi,
—{ (p,mono-) Sn(ac),
OH
%—t(p,tri—),
2H Au NS 5.0 (TEM) TOABr (Kotiaho et al., 2010)
o o
&O/\/\OJ\/\SJ\ (npdi-)
HzN—%(p,[gtm_) Au NS, Ag 1.5 (TEM) 4.0 i )
Co NS (TEM) CoPcTa (Lokesh et al., 2009)

Ex.: Ligand exchange. Het.: Heterogeneous shape. *Pc@GQDs-MnO,, °Fe;0,@Ag, ‘Fe;0,4-Ag hybrid, dAspeg:t ratio for nonspherical par-
ticles, *Au-speckled silica NPs, Ag,Se/ZnS-GSH QDs, EDoped into Si NPs, "Growth on graphene oxide (GO), 2.1-, 10.6-, and 28.2-nm silica

shell.

factant such as cetyltrimethylammonium chloride (CTAC,
Fig. 3), and AgNO; (Jana et al., 2002; Kou et al., 2007;
Xiaoshan Kou et al., 2006; Liu and Guyot-Sionnest, 2005).
However, the overgrowth of Au BPs and related penta-
branched particles can afford NSts. A similar method was also
used to synthesize Au BPs by introducing AgNOj; to the reac-
tion and replacing CTAC with CTAB (Wu et al., 2009).

Nanotriangles (NTs): Triangular NPs have attracted much
attention among nanostructures with other shapes, as the
NT SPR bands can be tuned by controlling the particle aspect
ratio (Pastoriza-Santos and Liz-Marzan, 2008). Two main
methods have been utilized for Ag NT synthesis, namely the
chemical reduction of Ag salts and photochemical growth
(Bastys et al., 2006; Jin et al., 2001; Wu et al., 2008). The for-
mer method was used to prepare Ag NTs in high yields from
aqueous solutions of AgNO;, NaBH,4, polyvinylpyrrolidone
(PVP), trisodium citrate (Fig. 3), and H,O, (Syafiuddin
et al., 2017). Au NTs can be capped with CTAC (Chen
et al., 2014).

Nanoflowers (NFs): Amines (e.g., primary amines, amino
acids, and amine-functionalized polymers (Bastys et al.,
2006; Wu et al., 2008; Xia et al., 2009)) have been widely used
in NP synthesis as reducing agents and stabilizers because of
their presence in biological and environmental systems
(Newman and Blanchard, 2006). p-Phenylenediamine (PPD,
Fig. 3) has been used to prepare Au and Ag NPs with different
shapes (Sun, 2010; Sun et al., 2004; Sun et al., 2005). Flower-
like Ag nanostructures can also be synthesized by reducing
AgNOj; with PPD in the presence of PVP at room temperature,
in which case PPD acts as a reducing agent and a soft template
in combination with PVP to induce Ag NF formation
(D’Souza et al., 2015b).

NWs: Among the differently shaped Ag NPs, Ag NWs have
received much attention because of their electrical/optical
applications (Shi et al., 2019) and high mechanical flexibility
attributable to their one-dimensional architecture and high
aspect ratio (Zhang et al., 2017). Ag NWs can be prepared
by UV light irradiation (Choo and Kim, 2017), template
(Liu et al., 2009), solvothermal (Banica et al., 2017), and polyol
(Prabukumar and Bhat, 2018) methods, among which the

polyol method has been used to synthesize Ag NWs in the
presence of PVP as a capping agent by Sun et al. (Knight
et al., 2007; Sun et al., 2003).

Alloys: The LSPR wavelengths of Au and Ag NPs are
approximately equal 530 and 400 nm, respectively, and can
be tuned in this range (400-530 nm) through the formation
of Au-Ag alloy NPs. Oleamine (OA), Fig. 3, is used as a reduc-
ing and stabilizing agent in the synthesis of such alloys, as its
amine group can reduce Au and Ag ions at high temperature
to produce NPs (Liu et al., 2011) with compositions dependent
on the Ag:Au precursor ratio (Bankole et al., 2016¢).

2.2. Conjugation of Pcs to Ag and Au NPs

Different substituents have been introduced into Pc complexes
to make them suitable for conjugation to NPs, as summarized
in Table 1. Two main approaches are available for such conju-
gation, namely (i) self-assembly through direct electrostatic
interaction between the Pc S or N and the NP surface, and
(ii) covalent amide bond formation between carboxylic and
amino groups. In particular, covalent linkages to Pcs can be
established by capping NPs with functionalized agents such
as cysteamine (Oluwole et al., 2016), glutathione (GSH)
(Dube et al., 2017; Mafukidze et al., 2019; Nwaji et al.,
2017b, 2017d; Nwaji and Nyokong, 2017c; Oluwole et al.,
2017a; Rapulenyane et al., 2013), 3-azido-l-propylamine
(Bankole and Nyokong, 2017b), and 3-mercaptopropionic acid
(MPA) (Bankole and Nyokong, 2016a) (Fig. 3).

In the self-assembly approach, ligand exchange takes place
on the NP surface via the direct coordination of Pc S and/or N
to the NP. Both single solvents such as dimethyl sulfoxide
(DMSO) (D’Souza et al., 2015b; Khoza and Nyokong, 2014;
Lokesh et al, 2009), N,N-dimethylformamide (DMF)
(Tombe et al., 2013b), toluene (Nwaji et al., 2017b; Tombe
et al., 2012), tetrahydrofuran (THF) (Nombona et al.,
2011a), CHCl; (Nombona et al.,, 2011a), and water (pH-
adjusted to 9) (Mthethwa et al., 2014), and different solvent
mixtures have been used for Pc-NP mixing, e.g., NPs in
toluene, Pc in 10:1 (v/v) DMF:toluene (Nwaji et al., 2018),
NPs in water, Pc in THF (Zasedatelev et al., 2016), NPs in



8858

S.A. Majeed et al.

@ =nanoconjugate © =unreacted NPs e =unreacted Pcs

00
OK0
020
00

Fig. 4  Principle of size-exclusion chromatography.

THF, Pc in DMSO (Bankole et al., 2016c), and NPs
in water, Pc in DMF (Bankole and Nyokong, 2016a;
Dube et al, 2018a). Lokesh et al. have wused
tetraaminocobaltphthalocyanine (CoPcTa) in a one-step pro-
cess to stabilize Au and Ag NPs and prevent their aggregation
through the four amino groups in the peripheral positions of
this Pc (Lokesh et al., 2009).

For covalent linkage through amide bond formation, the
carboxylic group needs to be activated for its reaction with
the amino group. Hydrophobic reagents such as N,N’-dicyclo
hexylcarbodiimide (DCC, Fig. 3) are widely used to activate
—COOH groups in DMF, and the activated carboxylic cou-
pling partner is then reacted with a mixture of the amino part-
ner and 4-dimethylaminopyridine (DMAP, Fig. 3), which acts
as a coupling agent (Dube et al., 2017; Masilela and Nyokong,
2011; Nwaji et al., 2017b, 2017d; Nwaji and Nyokong, 2017c;
Oluwole et al., 2017a, 2016). Hydrophilic reagents such as
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochlo-
ride (EDC, Fig. 3) and 1-hydroxy-2,5-pyrrolidinedione
(NHS, Fig. 3) were also used for the cross-linking of (i) a
carboxyl-functionalized Pc to an amino-functionalized Au
NR@SiO;, hybrid (Ke et al., 2014) and (i) an amino-
functionalized Pc to a carboxyl-functionalized Fe;O4/Ag
hybrid (Bankole and Nyokong, 2016a).

Other methods of linking Pcs to NPs are also known, as
exemplified by the click reaction between alkyne-
functionalized Pcs and azide-derivatized Au NPs (Bankole
and Nyokong, 2017b). The conjugation of pyrrolidinonyl
metal phthalocyanines (PyMPc) to thiolated methoxy-
polyethylene glycol-capped Au NPs (Au NPs-MPEG) was
achieved through a donor-acceptor interaction between the
Pc C=0 groups and the NP surface (Chen et al., 2018). Bal-
dovi et al. synthesized a silica matrix shell through a radical
chain reaction by linking a Pc to silyl- and vinyl-modified
Au NPs using azobisisobutyronitrile (AIBN, Fig. 3) as a

radical initiator (Baldovi et al., 2016). Moreover, electrostatic
attraction is known to occur between negatively charged Pcs
and positively charged Au NPs (D’Souza et al., 2013; Zhou
et al., 2016, 2018). Kuzmina et al. prepared Au NPs sur-
rounded by Pc shells through axial ligand exchange of acetate
on the lanthanide ion with the citrate OH group of the NP sur-
face (Kuzmina et al., 2017).

Nanoconjugate purification can be achieved by addition of
methanol and centrifugation to separate NPs (Bankole and
Nyokong, 2016a; Bankole et al., 2016¢c; Dubinina et al.,
2018; Nwaji et al., 2017b, 2018; Nwaji and Nyokong, 2017c;
Oluwole et al., 2017a, 2016) or by size-exclusion chromatogra-
phy on a Bio-Beeds S-X1 column using different eluents, e.g.,
pH 9 buffer (Mthethwa et al., 2014), DMSO (Mthethwa and
Nyokong, 2015; Mthethwa et al., 2012), toluene (Forteath
et al., 2012; Kotiaho et al., 2010; Sharon Moeno et al., 2011;
Mthethwa et al., 2013; Tombe et al., 2012), DMF (Tombe
et al., 2013b), THF, or CHCI; (Nombona et al., 2011a). Silica
beads modified with poly(N-isopropyl acrylamide) are known
to effectively separate aromatic compounds by employing
water as an eluent (Liu et al., 2012; Mitchell et al., 2001). Dur-
ing this chromatographic separation, the elution order is lar-
gest nanoconjugate — unreacted NPs — unreacted Pcs
(Fig. 4).

2.3. Characterization

2.3.1. UV-Vis spectroscopy

The SPR absorption bands of Au NSs appear in the visible
region and are shifted upon the change of NP shape to non-
spherical. Au NRs feature two (transverse and longitudinal)
characteristic SPR peaks (Huang et al., 2007), as exemplified
by the peaks at 513 and 749 nm observed by Mthethwa
et al. (Mthethwa and Nyokong, 2015). Fig. 5A compares the
UV-Vis spectra of Au NSs and Au NRs with different aspect
ratios (Mthethwa et al., 2014), showing that with increasing
aspect ratio, the absorption maximum shifts to the NIR region
(Mthethwa et al., 2014). In contrast, Au NSts lack a prominent
longitudinal absorption band in their UV—Vis spectra because
of the short branches and the thick body of these NSts. Wu
et al. observed the absorption band of Au NSts centered at
590 nm and featuring a long tail in the NIR region (Fig. 5B)
(Wu et al., 2009), while two SPR bands were observed for
Au BPs by the same authors (Fig. 5B) (Wu et al., 2009), and
one band at 548 nm was detected by Mthethwa et al.
(Mthethwa and Nyokong, 2015).

The SPR absorption bands of Ag NSs were observed in the
range of 400-430 nm (Nwaji et al., 2018), while those of Ag
NWs were observed at 353 and 378 nm (Fig. 5C) (Zhang
et al., 2018). Furthermore, SPR absorption bands at 416 and
452 nm were detected for Ag NSs and Ag NTs, respectively,
whereas two broad peaks were observed for Ag NFs
(Fig. 5D) (D’Souza et al., 2015b).

The SPR bands were found to be affected by the capping
agent used for NP synthesis. For example, when OA was
replaced with a larger capping ligand, GSH, the SPR band
of OA-Au NSs shifted to higher wavelengths (Fig. 5E)
(Nwaji and Nyokong, 2017c), while the SPR band of GSH-
Ag NSs was found to be broad and blue-shifted compared to
that of OA-Ag NSs. This broadening was attributed to the
variation of NP size (Fig. 5F) (Algadi et al., 2014).
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(Mthethwa and Nyokong, 2015). Copyright 2015 Elsevier.

Alloy formation has been achieved by Ag and Au co-
reduction with OA to afford NPs with a plasmon band at
420-485 nm (depending on composition) (Bankole et al.,
2016¢; Chen et al., 2006), which is very close to the SPR absorp-
tions of Ag NSs and Au NSs (Papagiannouli et al., 2015). Dube

et al. observed the SPR peaks of Ag- and Au-rich alloys at 410
and 506 nm, respectively, revealing that alloy doping into Si
NPs induced no significant change in SPR peak position and
thus confirming that AgAu NPs were not exposed and success-
fully embedded within Si NPs (Fig. 5G) (Dube et al., 2017).
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Pc conjugation to GSH-capped Au NSs through covalent
bonding (CB) was reported to result in a red shift of the corre-
sponding SPR from 529 to 532 nm, while a shift from 523 to
539 nm was observed for the self-assembly of Pc to OA-Au
NSs (Fig. 6A) (Nwaji and Nyokong, 2017c). In the case of
Pc conjugation to Ag NSs, both CB through GSH and self-
assembly through OA resulted in a red shift of SPR bands
from 400 to 428 nm and from 407 to 415 nm, respectively
(Fig. 6B) (Nwaji and Nyokong, 2017c). Even though the NP
SPR bands are usually slightly red-shifted upon conjugation
to Pcs, a blue shift was also reported (Fig. 6C and D) (Nwaji
et al., 2018).

The red shifts of SPR were attributed to the increase in NP
size due to m-w interactions between the NPs and dye molecules
(Thomas et al., 2008), while bathochromic SPR shifts were
attributed to the modest aggregation of NPs in hybrids
(Mishra et al., 2010), the very low surface curvature, and large
particle size, which facilitated orbital overlap to afford a stiffer
plasmon surface and induced the damping of electrons of NPs
with high-energy resonance (Fleger and Rosenbluh, 2009;
Thomas et al., 2008).

The Pc Q-band maximum showed either no shift or a slight
red shift upon conjugation, which, in the latter case, was
ascribed to the molecular orientation of Pcs to NPs (Vukovic
et al., 2009). However, when the Pc molecule (1 nm) is satu-
rated with metallic NPs (> 10 nm), the Q-band might disap-
pear. Tebello et al. recorded the disappearance of the Q-
band at molar ratio ranges from 5.2 to 8.5 of downloading
Au NPs or Ag NPs to the complex (Fig. 6E and F) (Nwaji
et al., 2018). The spectra of conjugates usually feature an ele-
vated B-band intensity (Dubinina et al., 2018). A broadening
of the Pc Q-band in the spectra of conjugates was also
observed by the same group and was attributed to the tight
Pc packing on NPs (Kotiaho et al., 2010). These authors also
recorded a blue shift of the Q-band in the presence of Au NSs
and a red shift in the presence of nonspherical Au NPs, sug-
gesting that the orientation of Pc bonding to the surface of
Au NSs was different to that in the case of other NPs because
of the longitudinal dipole moment arrangement of both Pc and
Au NPs (Vukovic et al., 2009) (Fig. 6G) (Mthethwa and
Nyokong, 2015) On the other hand, a blue shift of the Q-
band upon conjugation was reported and attributed to the
involvement of the sulfur groups of the thio-functionalized
Pc in the formation of links to Au NPs (Sharon Moeno
et al., 2011).

2.3.2. Powder X-ray diffraction (PXRD)

PXRD is widely used to study the phase composition and unit
cell dimensions of crystalline materials, e.g., the Debye-
Scherrer equation (Eq. (1)) can be used to determine the sizes
of NPs (Ron Jenkins, 1996):

Ki
d =
Pcosd

(1)

where /A is the wavelength of the X-ray source (1.5404 A), K is
an empirical constant equaling 0.9, f§ is the full width at half-
maximum of the diffraction peak, and 0 is the angular position
of the peak.

The NP to Pc ratio can also be determined from PXRD
data using Eqgs. (1)-(3) (Liu et al., 2007). The average number

of Au atoms (N) in the conjugates can be determined by
assuming a spherical structure as

npD?
N= 2

=8 @
where p is the density of face-centered cubic Au (19.3 g/cm?®)
(Liu et al., 2007), M is the atomic weight of Au, and D is
the average core diameter determined by PXRD.

The initial concentration of NPs (C) can then be calculated
as

_ NTotal

NVN,4

3)

where Ntoia 18 the number of atoms in the initial amount of
Au salt added to the reaction mixture, V' is the volume of
the reaction solution [L], and N4 is Avogadro’s constant.
The NP molar extension coefficient (¢) can be calculated using
Eq. (4) (Liu et al., 2007) and be subsequently used to determine
the NP to Pc ratio.

Ine = klnD + a 4)

where k = 3.32111, o« = 10.80505, and D is the NP core
diameter.

PXRD peaks corresponding to reflections from 111, 200,
220, 311, and 222 planes were attributed to the face-centered
cubic structures of metallic Au and Ag (Fig. 7A) (Nwaji
et al., 2017b). Moreover, D’Souza et al. probed the effect of
Ag NP shape on the corresponding PXRD patterns (Fig. 7B)
(D’Souza et al., 2015b), whereas no such comparison has been
performed for variable-shape Au NPs.

The broad band at 20 = 11-25° was assigned to the amor-
phous form of Pc in the conjugate (Fig. 7C) (Bankole et al.,
2016¢; Mthethwa et al., 2012; Snow et al., 1984). It was
reported that the change in crystallinity degree and interplanar
spacing indicates a new Pc or a new crystal form (Yang et al.,
2004). Thus, the conjugation of NPs with Pcs is usually accom-
panied by a change in peak position and d-spacing as well as
by the emergence of new peaks.

2.3.3. X-ray photoelectron spectroscopy (XPS)

As a highly sensitive method of probing the chemical states of
elements, XPS has been used to investigate the interactions of
Pc groups with the NP surface and confirm the formation of
new bonds (Nwaji et al., 2017b).

Moreover, XPS has been used to study the expected atomic
compositions and the corresponding binding energies (Dube
et al., 2017). For instance, this technique was employed to con-
firm the coating of Ag,Au, alloys with Si NPs by comparing
the atomic composition of this alloy with that of alloy-Si
NPs. As a result, a significant decrease in the contents of Ag,
Au, and C accompanied by an increase in O content were
observed for alloy—Si NPs (Fig. 8A) (Dube et al., 2017), which
was attributed to the grafting of the Ag.Au, alloy into the
pores of Si NPs (Dube et al., 2017). Similarly, the X-ray pho-
toelectron spectra of Ag.Au, showed peaks at 368.0 eV (Ag
3d) and 82.6 eV (Au 4f), and a higher metal mole ratio was
recorded for the metal-rich alloy (Bankole et al., 2016c). The
additional peak at 455 eV in the nanoconjugate spectrum
was assigned to In metal in the Pc complex, confirming suc-
cessful conjugation (Oluwole et al., 2017a). In the spectra of
ZnPc and its conjugates, Zn 2p peaks were positioned at
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Fig. 7 PXRD patterns of (A) Ag NSs, Au NSs, and their nanoconjugates. Reproduced with permission from ref. (Nwaji et al., 2017b).
Copyright 2017 Royal Society of Chemistry; (B) (a) Ag NSs, (b) Ag NFs, and (¢) Ag NTs. Reproduced with permission from ref. (D’Souza
et al., 2015b). Copyright 2015 Elsevier; (C) Ag.Au, alloys and their nanoconjugates. Reproduced with permission from ref. (Bankole

et al., 2016¢). Copyright 2016 Elsevier.

~1022 eV (Zn 2p;p) and 1046 eV (Zn 2p,;) (Bankole and
Nyokong, 2016a).

The formation of amide-type covalent linkages was con-
firmed by the shift of N—C, N—H, and N—C—0O N s sub-
peaks (from 395.8, 397.7, and 400.0 eV, respectively, to
396.5, 398.8, and 399.2 eV, respectively) and the intensity gain
of the N—C=0 peak upon going from GSH-Au NSs to Pc-
CB-Au NSs (Fig. 8B) (Nwaji and Nyokong, 2017c). Concomi-
tantly, the N—H peak (due to amide bond formation) lost
intensity, while the N—C peak (due to the increasing amount
of carbon from Pcs) gained intensity (Nwaji and Nyokong,
2017¢).

Similarly, the formation of covalent bonds between the pri-
mary amine groups of GSH-functionalized NPs and Pc car-
boxylic groups was confirmed by appearance of an
additional —HN—C=0 amide sub-peak at 401.94 eV in the
N 1s deconvoluted spectrum of the hybrid (Fig. 8C) and the
by a decrease in the peak intensity of —N—H compared to that
of —N—C (Fig. 8C) (Oluwole et al., 2017a).

The N 1s spectrum of an amine-functionalized complex
described in ref. (Nwaji et al., 2017b) showed N—C and
N—H peaks at 396.1 and 397.5 eV, respectively, while two sets
of N 1s doublets (at 397.7 and 400.8 ¢V) were observed in the
spectrum of the corresponding Au nanoconjugate after surface
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(Mthethwa et al., 2014). Copyright 2014 Elsevier.
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Fig. 8 (continued)

assembly (Fig. 8D) (Nwaji et al., 2017b). Similar behavior was
observed for the corresponding Ag nanoconjugates, in which
case the two sets of doublets appeared at 397.3 and 399.7 eV

(Fig. 8E) (Nwaji et al., 2017b), indicating the presence of
amino nitrogen in two different environments characterized
by the formation or non-formation of N—Au and N—Ag
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Fig. 9 TEM images of (A) (a) Ag NSs, (b) Ag NFs, and (c) Ag NTs. Reprinted with permission from ref. (D’Souza et al., 2015b).
Copyright 2015 Elsevier. (B) TEM images showing a slight increase in NP size upon the conjugation of OA-Ag NSs and GSH-Au NSs to
Pc. Reproduced with permission from ref. (Nwaji and Nyokong, 2017c). Copyright 2017 Elsevier, Images of (C) Au NSs bearing different
capping agents and Pcs: (a) TOABr-Au NSs, (b) azide-functionalized Au NSs, (¢) ZnPc-Au NSs, and (d) InPc-Au NSs. Reproduced with
permission from ref. (Bankole et al., 2017b). Copyright 2017 Elsevier; (D) Ag.Au,, alloy NPs and their nanoconjugates. Reproduced with
permission from ref. (Bankole et al., 2016¢). Copyright 2016 Elsevier; (E) Pc-GSS. Reproduced with permission from ref. (Dube et al.,
2018c). Copyright 2018 John Wiley and Sons. (F) TEM images showing the smaller increase in the size of nonspherical Au NPs compared
to that observed for Au NSs: (a) Pc-Au NSs, Pc-Au NRs with aspect ratios of (b) 2.0, (c) 4.7, and (d) 7.1. Reproduced with permission
from ref. (Mthethwa et al., 2014). Copyright 2014 Elsevier. (G) TEM images of (a) Au NSs, (b) Au NRs, and (c) Au BPs: (i) Au NPs, (ii)
Au NP conjugates. Reproduced with permission from ref. (Mthethwa and Nyokong, 2015). Copyright 2015 Elsevier. (H) Effect of silica
shell thickness ((a) 2.1, (b) 6.2, (c) 10.6, (d) 14.7, (e) 18.9, and (f) 28.2 nm) on the aggregation of Au NRs@SiO,. Reproduced with
permission from ref. (Ke et al., 2014). Copyright 2014 SpringerOpen. (I) Au NSs covered by a Pc shell (a and b) and the corresponding
bare Au NSs (c and d). Reproduced with permission from ref. (Dubinina et al., 2018). Copyright 2018 Elsevier.
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Fig. 9 (continued)

bonds of complex amino “arms.” The set with the higher bind-
ing energy was attributed to unbound nitrogen.

The peaks of N—C, N—H, and N—C=—O0 units in GSH-Au
NSs were observed at 396.3, 397.8, and 400.2 eV, respectively
(Fig. 8D) (Nwaji et al., 2017b), and the establishment of a Pc-
NP linkage resulted in a significant intensity gain and position
shift of the amide bond signal. The intensity increase was
ascribed to the conversion of the COOH groups of GSH-
functionalized NPs to amide bonds and the resulting decrease
in bond polarizability.

The probable attachment centers of the thio-amine—functio
nalized Pc synthesized in ref. (Bankole et al., 2016c) were elu-
cidated by investigation of deconvoluted N 1s and S 2p spectra
(Fig. 8F and 8G) (Bankole et al., 2016c). Specifically, the N 1s
spectrum of Pc was deconvoluted into two peaks at 399.13 and
400.97 eV corresponding to N—C (Pc ring) and —NH, (unpro-
tonated amine) units, respectively (Fig. 8F) (Bankole et al.,
2016c¢), while the N 1s core-level spectra of Pc-Ag;Au; showed
two peaks at 399.61 and 401.09 eV, corresponding to
N—C and —NH units, respectively. Similarly, the deconvo-
luted N 1s spectrum of Pc-AgzAu; featured N—C and —NH
peaks at 400.01 and 401.20 eV, respectively. The
high-binding-energy N 1s peaks observed in the spectra of
hybrids at ~401 eV were attributed to protonated amine/amide
species and thus indicated the successful conjugation of Pc to
the alloy (Das et al., 2012; Lim et al., 2010; Ramanathan
et al., 2005).

The S 2p spectra of Pc and the corresponding alloy conju-
gates featured two doublets, one at 161.7-163.39 ¢V, and the

other at 165.01-167.22 eV (Fig. 8G) (Bankole et al., 2016c).
In the case of Pc-Ag;Aus, these signals were shifted to
162.08 and 163.38 eV, respectively, while a shift to 161.95
and 163.25 eV, respectively, was observed for Pc-AgsAu,. Sig-
nals at ~162 and 163 eV were assigned to thiolated species
immobilized and physisorbed on bimetallic NPs in the alloy
hybrid, respectively (Castner et al., 1996; Weidner et al.,
2008; Zharnikov et al., 2000), while the peaks of other
unbound thiols observed at higher binding energies
(> 164 eV) were attributed to the S—C bonds of the Pc ring
(Yam et al., 2002, 2001).

The self-assembly of Pc synthesized in ref. (Mthethwa et al.,
2014) and Ag NSs or Au NSs to form hybrids was manifested
by the disappearance of the Pc C—NH, peak in the N 1s spec-
trum of the hybrid (Fig. 8H(ii)) (Mthethwa et al., 2014). In the
case of sulfur coordination, deconvoluted S 2p spectra are
known to exhibit doublet peaks due to spin-orbit coupling
(Lim et al., 2010). Notably, upon conjugation, the doublet
peaks at 161.4 and 162.3 eV (S 2ps)») and at 163.4 and 164.7
(S 2pij2) in the spectrum of Pc (Castner et al., 1996) (Fig. 81
(1)) (Mthethwa et al., 2014) disappeared (S 2p35,) and shifted
to higher binding energies of 165.7 and 166.4 eV, respectively
(S 2pyj») (Fig. 8I(ii)) (Mthethwa et al., 2014).

2.3.4. Transmission electron microscopy (TEM)

TEM, during which an electron beam is passed through a spec-
imen to form an image, is widely used to study NP morphol-
ogy and size distribution, as exemplified by data obtained for
Ag NPs (Fig. 9A) (D’Souza et al., 2015b).
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(A) TEM histograms and (B) DLS micrographs depicting the average size distributions of Ag NP and its corresponding

nanoconjugate. Reproduced with permission from ref. (Matlou and Nyokong, 2020). Copyright 2020 Elsevier.

The number of Au or Ag atoms per particle (N,) can be
determined from the average size measured by TEM as
(Alvarez et al., 1997)

N, = (59 nm~®)(z/6)(DMS)’, (5)

where DMS is the mean diameter of particles determined by
TEM, and x is an index referring to the metal of the NP.

As Ag NPs are smaller than Au NPs with the same number
of atoms and thus feature a higher surface to volume ratio,
more Pc molecules can be loaded into the surface of the former
NPs (Nwaji et al., 2018).

Generally, a slight increase in size was observed upon the
conjugation of NPs to Pcs, which was attributed to m-n stack-
ing between Pc molecules to form H-aggregates (Fig. 9B) (J.
et al., 1989; Nwaji and Nyokong, 2017c).

Surface modification of TOABr-Au NSs with 3-azido-1-
propylamine was shown to induce agglomeration and increase
the average NP size (Fig. 3) because of the concomitant reduc-
tion in interparticle distance (Fig. 9C and 9D) (Ashjari et al.,
2015; Bankole and Nyokong, 2017b; Bankole et al., 2016c).
Moreover, extensive NP aggregation was observed after conju-
gation to Pcs because of the formation of larger single or
twinned crystals due to interactions between the neighboring
nanocrystals and m-m interactions between Pc complexes
(Fig. 9C(C) and 9C(D)) (Ashjari et al., 2015; J. et al., 1989;
Moon et al., 2010). The same aggregation was also noticed
in the case of alloy nanoconjugates (Fig. 9D) (Bankole et al.,
2016c) and Pcs conjugated to a silica core speckled with irreg-

ular Au nanodomains (Au-speckled silica, GSS) (Fig. 9E)
(Dube et al., 2019c¢, 2018c). The increase in NP size due to con-
jugation increased in the order of Au BPs < Au NRs < Au
NSs (Fig. 9F and 9G) (Mthethwa et al., 2014; Mthethwa
and Nyokong, 2015). In this case, upon conjugation (which
was accompanied by a certain extent of aggregation), the aver-
age aspect ratio of Au BPs (2.5) and Au NRs (3.2) slightly
increased to 2.9 and 3.7, respectively. On the other hand, Ke
et al. reported that the silica shells around Au NRs act as
spacer layer between the NPs and inhibit their aggregation
(Fig. 9H) (Ke et al., 2014).

Nonetheless, axial ligand exchange at the lanthanide metal
center was suggested to be a probable route of hybrid forma-
tion, which explained the formation of a Pc shell on Au NSs
(Fig. 9I) (Dubinina et al., 2018). The growth of these shells
was attributed to m-m stacking interactions between Pc mole-
cules (Dubinina et al., 2018).

2.3.5. Dynamic light scattering (DLS)

In DLS technique, a monochromatic beam is directed to
nanoparticles, and the light scattered at a certain angle is
detected, giving information about the physical characteristics
of the sample (Carvalho et al., 2018). It was reported that the
sizes recorded by DLS are larger than those recorded by TEM
(Cheng et al., 2019; Dube et al., 2019c; Matlou et al., 2019;
Nwahara et al., 2019; Nwaji and Nyokong, 2017c; Ray
et al., 2015) because the particles are measured in solution in
DLS while they are measured in solid state in TEM.



8868 S.A. Majeed et al.

—
(2)
S

Number of elements

100 150 200 250
Size (nm)

1.3 z.7 3.5 a5 sA
Particle size (nm)

(b) (d)

2000
1500
1000

500

40 nevDiv

Numberof particles

0 2 4 6 s 10 12 14 16
Particle size (nm)

Fig. 11 (A) AFM images of Au NSs: (a) 2D and (b) 3D (height profile), and the corresponding size distribution (c). Reproduced with
permission from ref. (D’Souza et al., 2013). Copyright 2013 Royal Society of Chemistry. (B) AFM images of (a) a thin film, (b) Au NPs,
and (c) hybrid particles, featuring an “island-type” texture. Reproduced with permission from ref. (Dubinina et al., 2018). Copyright 2018
Elsevier. (C) Surface topographies and sizes of (a) TOABr-Au NSs and (b) the corresponding nanoconjugates. (c) and (d) the histograms
of the nanoparticles and nanoconjugates, respectively. Reproduced with permission from ref. (Tombe et al., 2012). Copyright 2012
Elsevier.
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Fig. 12 FT-IR spectra representing (A) amide bond formation between an amine-functionalized Pc and GSH-functionalized NPs.

Reproduced with permission from ref. (Nwaji et al., 2017b). Copyright 2017 Royal Society of Chemistry; (B) amide bond formation
between a carboxy-functionalized Pc and GSH-functionalized NPs. Reproduced with permission from ref. (Oluwole et al., 2017a).
Copyright 2017 Elsevier, (C) the self-assembly of a Pc-NP conjugate through sulfur. Reproduced with permission from ref. (Dubinina

et al., 2018). Copyright 2018 Elsevier.

Matlou et al. reported bigger sizes of Ag NPS and the
nanoconjugates measured by DLS compared to TEM results,
Fig. 10 (Matlou and Nyokong, 2020). The variance in sizes
was attributed to the interference of the dispersant into the
hydrodynamic diameter of the particles in DLS measurements
which skew to larger particles.

2.3.6. Atomic force microscopy (AFM)

AFM is a very-high-resolution type of scanning probe micro-
scopy that provides the possibilities of (i) force measurement,
(ii) manipulation, and (iii) imaging, and is used to obtain 3D
representations (topographies) of the sample surface and esti-
mate NP size (Fig. [1A) (D’Souza et al., 2013).

A higher-order island-type texture observed by AFM for
some Pc-Au NP hybrids was ascribed to the aggregation of
Pcs around the Au core (Fig. 11B) (Dubinina et al., 2018)
and was also observed for films deposited from dilute solutions
(D’Souza et al., 2013; Dubinina et al., 2012; Wang et al., 2010).

The conjugation of Au NSs with Pcs was found to change
surface topography (Fig. 11C(A) vs. 11C(B)) (Tombe et al.,
2012), increase the average NP size, and elevate average rough-
ness (R,) by facilitating aggregation.

2.3.7. Fourier transform infrared (FT-IR) spectroscopy

FT-IR spectroscopy is used to confirm the conjugation of Pcs
to NPs through amide bond formation (Bankole and
Nyokong, 2016a; Dube and Nyokong, 2019a). In this case,
the two primary amine stretches in the spectra of amine-
functionalized Pcs are replaced by a sharp single vibration
band in the spectra of the corresponding nanoconjugates,
which indicates the conversion of primary amine moieties into
amide units upon bonding to carboxy-functionalized NPs
(Fig. 12A) (Nwaji et al., 2017b). Moreover, the increased
intensity and broadening observed between 3432 and
3500 cm™! upon nanohybrid formation was shown to reflect
the overlap of the nanoconjugate NH, peak with the COOH
stretch of GSH-Au NSs (Fig. 12A) (Nwaji et al., 2017b). Sim-
ilarly, in the case of a carboxy-functionalized Pc, the C—0
band at 1719 cm™! was replaced by new bands of the amide
moiety at 3241 and 1577 cm™! upon conjugation (Fig. 12B)
(Oluwole et al., 2017a).

The disappearance of the S—H band in the Pc-NP conju-
gate spectrum was also used to confirm the self-assembly of
Pc and NPs through sulfur and suggested the formation of
metal-sulfur bonds (Fig. 12C) (Oluwole et al., 2017b).
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3. Photo-physicochemical properties

3.1. Background of Pc photophysical studies

Photophysical processes have been widely reported for Pc
complexes because of their high molar absorptivity in the vis-
ible region (Stillman and Thomson, 1974), with the origin of
these processes illustrated by the Perrin-Jablonski diagram
(Fig. 13).

UV-visible absorption and emission spectroscopy involve
the excitation of an electron from the ground state to an
excited sate. Transitions with no change in spin (AS = 0), such
as singlet-singlet and triplet-triplet ones, are allowed, whereas
singlet-triplet transitions are forbidden, as they result in a spin
change. Singlet and triplet states are represented by S, and T,
respectively. The lifetime of a state is defined as the average
time the excited molecule spends in this state prior to deactiva-
tion to afford another state (Berberan-Santos, 2013).

3.2. Fluorescence studies

3.2.1. Background

Similarly to UV-visible absorption spectroscopy, fluorescence
spectroscopies also involve the excitation of an electron from a
low-energy occupied orbital (ground state) to a higher-energy
unoccupied orbital (excited sate) and relaxation (emission)
which is reverse process. A transition which occurs with no
change in spin and maintains spin pairing affords a singlet
excited state, represented by S, with S, being the lowest-
energy excited singlet state. A transition involving a spin
change gives rise to unpaired spins and affords a triplet (T)
excited state, with T, being the lowest-energy triplet state.
The selection rule for a radiative transition is AS = 0, i.e.,
singlet-singlet and triplet-triplet transitions are allowed, while
singlet-triplet ones (AS # 0) are forbidden.

In the case of fluorescence, electrons in the excited singlet
state lose energy, i.e., are transferred to lower-energy states
and ultimately to the ground state via a mechanism called

Absorption
Vibration
Relaxation

Fluorescence

Photosensitizer

internal conversion (IC) (Albani, 2008). In the case of phos-
phorescence, electrons in the singlet state undergo ISC, and
the spins are aligned in the same direction to afford a triplet
state (Berberan-Santos, 2013). Vibrational relaxation of elec-
trons is also likely to occur via collision and rotation before
the return to the ground state (Sy). Moreover, IC provides
yet another way of returning to lower energy levels
(Berberan-Santos, 2013).

3.2.2. Determination of the fluorescence quantum yield of Pc
complexes
For Pc complexes, fluorescence quantum yield (®@g) is mostly

determined by the comparative method (Fery-Forgues and
Lavabre, 1999; Maree et al., 2002):

F,.A,.n?
F..A;.n?

O = Op, (6)
where F; and F, are the areas under the fluorescence emission
curves of the sample and the reference, respectively; As and A,
are the absorbances of the sample and standard at the excita-
tion wavelength, respectively; and ng and n, are the refractive
indices of solvents used for the sample and the reference,
respectively. Unsubstituted ZnPc is commonly employed as a
reference (@ = 0.20 in DMSO (Ogunsipe et al., 2004), 0.17
in DMF (Ogunsipe et al., 2003), 0.25 in THF (Saka et al.,
2011), and 0.07 in toluene (Ogunsipe et al., 2003)).

William’s comparative method provides another way to
determine fluorescence quantum yield (Williams et al., 1983)
using the absorbance and emission spectra of the reference
and the sample measured at different concentrations. The inte-
grated fluorescence intensities are plotted vs. the absorbance of
the reference and the sample, and @ is calculated according to
Eq. (7) (Topal et al., 2014), where subscripts r and s designate
the reference and the sample, respectively, Grad is the plot gra-
dient, and 7 is the solvent refractive index.

Grad,.n*
‘ )

=Qp ——7—
Grad,.n?

(DFS

T-T transition

110,

Phosphorescence
A =1270-1275 nm

3
30,
Oxygen

Fig. 13  Perrin-Jablonski diagram of Pc photosensitizer and singlet oxygen generation.
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@y can also be determined from the ratio of the number of
photons emitted to the number of photons absorbed upon
direct excitation (de Mello et al., 1997) using Eq. (8) (Suzuki
et al., 2009):

_Ey—E,

Op =24
B S, — Sg

®)

where E5 and Eg are the integrated intensities of solvent
(blank) and sample emission peaks, respectively, while Sa
and Sy are the integrated intensities of solvent and sample
scattering peaks, respectively. Such measurements are com-
monly performed using an integrating sphere coated by polyte-
trafluoroethylene (Majeed et al., 2019a, 2019b).

3.2.3. Effect of Ag and Au NPs on the fluorescence properties

In general, Pcs form face-to-face-oriented H-aggregates (non-
fluorescent) but can sometimes form side-by-side-oriented J-
aggregates (fluorescent) (Kadish et al., 2003), the fluorescence
behavior of which is affected by factors such as NP size and
NP-Pc distance (Swierczewska et al., 2011).

Changes in both fluorescence quantum yields and fluores-
cence lifetimes of Pcs upon conjugation to Ag and Au NPs
(Nwaji et al., 2018) were attributed to the interaction between
the free electrons of the metallic surface and the fluorophore
when the latter is excited in the presence of nearby metallic
NPs, which changes the electric field around the molecule
and affects fluorescence behavior (Geddes and Lakowicz,
2002). Thus, depending on the geometry or distance between
the metal and the Pc molecule, the fluorescence quantum yield
and lifetime increase or decrease.

Accordingly, fluorescence quenching after the conjugation
of Pcs to Ag and Au NPs has been recorded and ascribed to
the close packing of Pcs on the NP surface. Additionally, the
heavy atom effect of Au and Ag NPs promotes ISC and con-
tributes to the reduction in fluorescence quantum yield and
lifetime (Bankole and Nyokong, 2017b; Bankole et al.,
2016c; Chen et al., 2018; Dube and Nyokong, 2019a, 2019b;
Dube et al., 2019¢c; Khoza and Nyokong, 2014; Mafukidze
et al., 2019; Nwaji et al., 2018; Nwaji and Nyokong, 2017c;
Oluwole et al., 2017a, 2016).

The fluorescence quantum yields of covalently linked
nanoconjugates were observed to be lower than those of con-
jugates produced via the surface assembly of Pcs and Ag
NSs/Au NSs, which was attributed to aggregation and fluores-
cence quenching due to the higher number of Pc molecules
loaded via the covalent approach (Nwaji et al., 2017b). A sim-
ilar trend of fluorescence quenching was recorded when Pcs
were covalently bonded to GSH-capped Au NSs and Au
NTs (Dube and Nyokong, 2019b). However, when Pcs were
conjugated through surface assembly, the Pc-Au NS hybrids
featured lower @ values than the corresponding Pc-Au NT
hybrids (Dube and Nyokong, 2019a), which was attributed
to the smaller size of Au NSs and, hence, their larger extent
of fluorescence quenching (Xue et al., 2013). In addition, more
Pc molecules could be loaded on Au NSs than on Au NTs,
which resulted in more pronounced aggregation in the former
case (Dube and Nyokong, 2019a). Asymmetric Pc complexes
also display lower &g values than symmetric ones, which sug-
gests that asymmetric structures can enhance ISC to the triplet
state (Dube et al., 2018a). No clear change in fluorescence
quantum yields was observed upon Pc conjugation to Ag

NTs and Ag NFs (D’Souza et al., 2015b), and the red shift
observed in the excitation spectra of Ag nanoconjugates for
the corresponding absorption indicated a change in nuclear
configuration upon excitation or different Pc packing on Ag
NSs (Khoza and Nyokong, 2014). Nonetheless, fluorophore
quenching is not always due to conjugation. Despite the fact
that Pc fluorescence quantum yields are known to decrease
in the presence of Ag and Au NPs (Kotiaho et al., 2010), this
quenching competes with the promotional effect of surface
plasmon coupling (Mthethwa and Nyokong, 2015). Thus, the
quenching efficiency is also related to NP shape, e.g., Au
NRs and Au BPs, which have a higher number of coordinated
Pc molecules per NP, showed a smaller quenching efficiency
than Au NSs with a lower number of coordinated Pc mole-
cules. The field around the excited complex is affected by the
edges around nonspherical NPs and is therefore inhomoge-
neous, in contrast to the homogenous field created in the pres-
ence of spherical NPs (Mthethwa and Nyokong, 2015).

Pc-Au NR conjugates were found to feature fluorescence
quantum yields slightly higher than those of nonconjugated
Pcs in pH 9 buffer + Triton X-100, as the reduced aggregation
and modified local field around the fluorescent molecule in the
former case resulted in excitation occurring at a larger distance
(Chen et al., 2018; Lakowicz, 2005). Moreover, fluorescence
quantum yields slightly increased with increasing aspect ratio
(Mthethwa et al., 2014), as polarization along NR length
exceeds that of NSs (Ming et al., 2011). The ability of aggre-
gates to convert electronic excitation energy to vibrational
energy decreases fluorescence quantum yield (Lacey and
Phillips, 2002).

The fluorescence of a CoPc complex (Lokesh et al., 2009)
was not quenched upon conjugation with Au NSs, whereas
quenching was observed upon conjugation with Ag NSs, which
was ascribed to NP size differences. Moreover, Au NPs stabi-
lized by thiol-derivatized Pcs did not quench fluorescence
(Hone et al., 2002). The capping agent used for NP synthesis
also affects the fluorescence spectra of Pc-NP conjugates.
For example, TOABr was found to encourage ISC and
decrease fluorescence intensity because of the presence of Br
(Hone et al., 2002) and was suggested to promote the Pc-to-
Au NP energy transfer and thus decrease the fluorescence life-
time of free Pc molecules (Camerin et al., 2010). Some studies
revealed that thiol or amino derivatives of Pcs can stabilize Au
NPs, in which case Pc fluorescence is not quenched (Hone
et al., 2002; Lokesh et al., 2009).

Metal-enhanced fluorescence (MEF) has also been studied
for NP-Pc systems, e.g., the increase in fluorescence intensity
and decrease in fluorescence lifetime recorded in the presence
of Au NPs were enhanced upon the addition of a Au NP@GO
solution (M. et al, 2015). Teixeira et al. designed
polyelectrolyte-modified Au NPs for the plasmonic enhance-
ment of fluorescence emission from a Pc dye (Teixeira et al.,
2015) and observed approximately three-orders-of-magnitude
emission enhancements for an optimum number of 13—15 poly-
electrolyte bilayers, which was attributed to hot spot formation
via Au NP clustering during the layer-by-layer polyelectrolyte
deposition. Ke et al. reported the MEF of a tetra-substituted
carboxyl aluminum Pc conjugated to silica-coated Au NRs
(Au NRs@SiO,) with a core-shell structure. At a separation
distance of 10.6 nm, the fluorescence enhancement factor chan-
ged from 7 to 2.1 as the thickness of the silica shell changed
from 2.1 to 28.6 nm (Ke et al., 2014).
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Fig. 14  Energy transfer from Pc to triplet oxygen (°0,) to generate singlet oxygen ('0,).

Fluorescence lifetime (tg) refers to the average time that a
molecule stays in its excited state before fluorescing, is posi-
tively correlated to @g (Nwaji et al., 2017b; Tombe et al.,
2013a), and is affected by the shape and size of the metal NP.
For example, spherical and nonspherical NPs exhibit large dif-
ferences in 7, which is attributed to the induction of multipolar
excitation by excited anisotropic NPs (D’Souza et al., 2013).

The general lowering of Pc 1 upon conjugation to NPs was
ascribed to the close packing of Pc molecules on the NP sur-
face (Chen et al., 2018). The g decay curve showed monoex-
ponential behavior with a single excited state lifetime, while
bi-exponential curves were observed for some conjugates, in
which case the two lifetimes were attributed to the different
orientations and packing of Pc molecules on the NP surface
(Bankole and Nyokong, 2017b; D’Souza et al., 2013;
D’Souza et al., 2015b; Dube et al., 2018a, 2019¢, 2017; Dube
and Nyokong, 2019a, 2019b; Forteath et al.,, 2012;
Mthethwa et al., 2012, 2013; Nwaji et al., 2017b; Oluwole
et al., 2017a; Tombe et al., 2013a, 2012) or the presence of free
Pcs in addition to conjugated Pc molecules (Mthethwa et al.,
2012). However, biexponential decay was also detected for
nonconjugated Pcs and ascribed to the quenching of monomer
fluorescence by the formation of a nonfluorescent aggregated
form (Lacey and Phillips, 2002). The fact that only one lifetime
was obtained for a Pc and its conjugates with nonspherical
NPs was attributed to the higher surface area of these NPs
compared to that of spherical ones and the decreased stacking
in the former case (Mthethwa and Nyokong, 2015).

3.3. Triplet and singlet oxygen generation

3.3.1. Background

Singlet oxygen ('0,) is a highly reactive form of reactive oxy-
gen species that interacts with most biomolecules such as
lipids, proteins, and DNA/RNA with a preference for
electron-rich regions, which results in a certain selectivity (Li
et al., 2016). As singlet oxygen is generated when energy is
transferred from the triplet state of a photosensitizer to the
ground state of molecular oxygen (Fig. 14), Pcs are promising
photocatalysts for green chemistry (Fernandez et al., 2016)
that can be used to photodegrade pollutants (e.g., pesticides,

petroleum hydrocarbons, phenols, plasticizers, chlorinated
biphenyls, and detergents) in water (Ali et al., 2012). Pcs have
also been used to develop antibacterial/antiviral biomolecular
degradation methods and cancer PDT (Alpugan et al., 2019).

3.3.2. Determination of singlet oxygen and triplet oxygen
quantum yields of Pc complexes

The singlet oxygen quantum yield (@) can be measured by
optical, chemical, and calorimetric methods. In particular,
optical determination can be performed by two main methods.

(1) Indirect measurements are based on the use of chemical
quenchers (Shinohara et al., 2006) in a literature-
described experimental setup (Brannon and Magde,
1980; Seotsanyana-Mokhosi et al., 2001). The sample
containing a singlet oxygen quencher, e.g. 1,3-
diphenylisobenzofuran (DPBF) in organic solvents or
anthracene-9,10-bis-methylmalonate (ADMA) in aque-
ous media (Fig. 15), is irradiated in the Q-band region
of the photosensitizer. @, is determined by the relative
method using unsubstituted ZnPc as a reference (Eq. (9)):

(I)As = (I)A,— LA .abs (9)

where ®,, is the singlet oxygen quantum yield of the reference
(@o = 0.67 in DMSO (Kuznetsova et al., 2000), 0.56 in DMF
(Spiller et al., 1998), 0.58 in toluene (Ogunsipe et al., 2003),
0.53 in THF (Saka et al., 2011), and 0.61 in pyridine)
(Ogunsipe et al., 2004); Rs and R, are the photobleaching rates
in the presence of the sample and the reference, respectively;
and I, and I, are the light absorption efficiencies of the sam-

abs abs

ple and the reference, respectively.

(2) The direct method relies on the monitoring of 'O phos-
phorescence at 1270-1280 nm and the direct optical
detection of NIR 'O, luminescence. The phosphores-
cence of singlet molecular oxygen in the NIR region at
1276 nm generated by the Pc sample is compared with
that generated by the reference ZnPc, and @, is then cal-
culated as (Losev et al., 1988)
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where @5, and @4, are the quantum yields of the sample and
reference, respectively; ng and n, are the refractive indices of
solvents used for sample and reference measurements, respec-
tively; A and A, are the absorbances of the sample and the ref-
erence, respectively; and Iy and /. are the integrated areas
under the emission spectra of the sample and the reference,
respectively.

A comparative method using ZnPc as a reference
(@1 = 0.68 in DMSO) (Kossanyi and Chahraoui, 2000) was
employed for the calculation of triplet quantum yield (&t)
according to Eq. (11) (Tran Thi et al., 1989):

By = O, LT (11)

where AA7 and AA’ are the changes in the triplet state absor-
bance of the sample and the reference, respectively; 7 and &/
are the triplet state molar extinction coefficients for the sample
and the reference, respectively; and ¢7 is the triplet quantum
yield for the reference. er and ¢} are determined from the
molar extinction coefficients of the respective ground singlet
states (es and &f), the changes in absorbance of these states
(AAs and AAY), and changes in the triplet state absorbance
(AA7 and AA%), in accordance with Egs. (12) and (13):

AA
ST:EZSTA:, (12)
LA
by = & AA’T (13)
S

3.3.3. Effect of Ag and Au NPs on triplet and singlet oxygen
generation

Triplet state formation and fluorescence are competing pro-
cesses. Pc conjugation to metallic NPs enhances ISC and hence
increases triplet and singlet oxygen quantum yields. The num-
ber of Pc molecules loaded on the NP surface is positively cor-
related with the triplet quantum yield (Nwaji and Nyokong,
2017c).

An increase in triplet quantum yield is expected to decrease
the triplet lifetime, as was observed for Pc complexes conju-
gated to Ag NPs. However, an opposite trend was observed
when the same complexes were conjugated to Au NPs follow-

HO o

HO \ / OH

ADMA

Structures of singlet oxygen quenchers.

ing the same strategy (Nwaji and Nyokong, 2017c), which was
attributed to the protective effect of larger (compared to Ag
NPs) Au NPs (Idowu et al., 2008).

The effects of NP shape on Pc photophysical properties
have been extensively investigated. When Au NSs and Au
NRs with three different aspect ratios (2.0, 4.7, and 7.1) were
conjugated to ZnPc (Mthethwa et al., 2014), both NSs and
NRs with the smallest aspect ratio (2.0) afforded the same
@, of 0.23, although the number of Pc molecules loaded per
NP equaled 27 and 49, respectively. In the case of higher-
aspect-ratio NRs (4.7 and 7.1), the above number increased
to 111 and 243, respectively, which induced a slight increase
in the @5 of Pc-Au NRs (7.1) to 0.29 (Mthethwa et al.,
2014). Higher values of &1 and &, were recorded for Au NS
conjugates (more loaded Pc molecules) than for Au NT ones
(less loaded Pc molecules) (Dube and Nyokong, 2019a).

Al-Pc complexes are characterized by low values of @, due
the small size of Al atoms. However, when these complexes are
conjugated to Au NPs, @, increases. Mthethwa et al. conju-
gated Pcs to Au NSs, Au NRs, and Au BPs, showing that
the asymmetric shape of these NPs resulted in a slight increase
in the @, of the corresponding conjugates compared to that
observed for conjugates of symmetrical Au NSs (Mthethwa
and Nyokong, 2015).

According to D’Souza et al., who studied the effects of Ag
NSs, Ag NFs, and Ag NTs, the increase of & is correlated to
Pc loading, decreasing in the order of Ag NSs (7 Pcs/
NP) > Ag NFs (4) > Ag NTs (3). All conjugates showed
an increased triplet lifetime due to the protective effect of tetra-
substituted Pc on Ag NPs. No clear trend was observed for the
monosubstituted complex (D’Souza et al., 2015b).

The @4 of Pc was reported to increase upon conjugation to
Fe;0,@Ag core-shell NPs (but not in case of the Ag-Fe;Oy
hybrid) because of the screening effect of magnetic NPs that
possibly inhibited the interaction of the excited triplet state
of the conjugates with the ground state of molecular oxygen
(Magadla et al, 2019). The hybrid of a carboxy-
functionalized asymmetric ZnPc complex with cysteine-
functionalized Ag NPs showed a larger increase in @t and
@, than the hybrid of the corresponding complex with
amino-functionalized magnetic NPs (Matlou et al., 2019).

Conjugation to bimetallic alloys can increase @, and the
extent of this increase was found to be positively correlated
with Au content (Bankole et al., 2016¢; Dube et al., 2017).
Moreover, the choice of a suitable capping agent may also
enhance the physical properties of Pcs, e.g., the presence of
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bromide from TOABr was shown to promote the ISC of NPs
(Hone et al., 2002) and facilitate energy transfer from the tri-
plet state of the photosensitizer to molecular oxygen (Tombe
et al., 2012). On the other hand, a decrease in @, was observed
when Pc was conjugated to a metal alloy capped with GSH
(Dube et al., 2017), which was attributed to the screening effect
of the correspondingly capped NPs that prevented the interac-
tion between the excited triplet state of nanoconjugates and the
ground state of molecular oxygen (Chadwick et al., 2016; Yin
et al., 2015). Interestingly, the doping of this alloy onto Si NPs
before Pc linking improved the @, of Pc from 0.37 to 0.49. In
this case, the porous silica acted as a hydrophobic molecule
carrier and possibly protected the Pc from the degradation
(Nguyen, 2012). Notably, Ke et al. synthesized Au NR@SiO,-
Pc conjugates with silica shell thicknesses of 2.1, 10.6, and
28.2 nm, showing that the silica shell can increase @4, which
was maximal for a shell thickness of 28.2 nm (Ke et al.,
2014). Conjugation of Pc to Ag NPs-GSH resulted in
decreased @1, whereas an increase in @1 was recorded when
the same complex was conjugated to core-shell Ag,Se/ZnS-
GSH QDs, which was attributed to the larger NP size (and
hence, the larger number of heavy atoms) in the latter case.
Both nanoconjugates showed lower triplet lifetimes than Pc
alone (Oluwole et al., 2017a). The coupling of GSH-capped
GQDs, Au NPs, and Ag NPs to MnO, was shown to promote
singlet oxygen generation in water (Nwahara et al., 2019).

3.3.4. Photothermal conversion efficiency

It is noteworthy to mention that PDT has a drawback of keep-
ing the patients in dark during and after treatment to avoid
any photosensitive reaction with their healthy tissues (Li
et al., 2018b). On the other hand, photothermal therapy
(PTT) is an oxygen-independent mechanism which was found
to be effective in treatment of hypoxic tumors (Zheng et al.,
2021). In PTT, heat is generated when a near-infrared (NIR)
light is applied to a PTT agent through non-radiative relax-
ation pathways (Jung et al., 2018). This mechanism cannot
be induced by sunlight or bright indoor light like in the case
of PDT. And, therefore, the application of Pcs as PTT agents
have been investigated by inhibiting or reducing fluorescence
process and intersystem crossing through synthesis of aggre-
gated Pcs and/or using a paramagnetic metal (Du et al.,
2017; He et al., 2020; Li et al., 2017; Lim et al., 2012; Wu
et al., 2020). Plasmonic nanomaterials like Au and Ag NPs
have also been known as PTT agents (Kim et al., 2019) owing
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Fig. 16 Illustration of different optical responses of materials.

to their strong absorption and scattering in the NIR region
(Shibu et al., 2013). Since PTT was found to enhance the blood
flow in tumor tissues, thereby improving the oxygen level in
the tumor microenvironment (Zhang et al., 2019; Zheng
et al., 2021; Zhou et al., 2019), conjugation of Au and Ag
NPs to Pcs is expected to afford hybrids with combined
PDT and PTT capabilities (Dube et al., 2018b; Nombona
et al., 2011b; Oluwole et al., 2016).

3.4. Nonlinear optical limiting

3.4.1. Background

Laser light finds diverse applications (e.g., CD players, scan-
ners, laser pointers, spectroscopic studies, optical sensors,
astronomy, and military). However, highly intense laser light
can destroy optical sensors and skin tissues and cause blind-
ness. When light hits an object, it can be absorbed, transmit-
ted, reflected, refracted, or scattered, as illustrated in Fig. 16.

Since the birth of the laser in the 1960s, materials with NLO
properties have been intensively investigated, finding use in
higher harmonic frequency generation, frequency mixing,
self-focusing electro-optic modulation (Dalton et al., 1999),
optical parametric oscillators (Donaldson and Tang, 1984),
photo refractivity (Kippelen et al., 1998), terahertz generators
(Brahadeeswaran et al., 2006), etc. Optical limiters are materi-
als that transmit light of low intensity (e.g., ambient light)
while absorbing harmful high-intensity light (e.g., laser radia-
tion). Such materials were discovered by J. Kerr, who noticed
that the electric field can change the refractive indices of
organic liquids and glasses (Crova, 1879; Kerr, 1875).
Although NLO activity was observed for inorganic crystals
such as LiNbOs, the use of these materials was limited either
by their low NLO responses (as in the case of semiconductors)
or the difficulty of processing into thin films and incorporation
into micro-optoelectronic devices (as in the case of ferroelectric
crystals) (Saleh and Teich, 2001; Zyss, 1994). By the mid-
1980s, organic materials with NLO properties were discovered
and attracted increased attention due to their comparatively
low fabrication cost, fast response time, and large nonlinear
susceptibility (Chemla and Zyss, 1987, Nalwa and Miyata,
1997).

3.4.1.1. Definition of an optical limiter. An optical limiter (OL)
is a substance which displays a decrease in transmittance with
increasing fluence or light intensity. An ideal optical limiter
shows a fluence output linearly dependent on energy input
below a certain threshold value and exhibits a constant fluence
output above this threshold to protect the optical sensors
(Fig. 17).

Good NLO materials should be highly soluble, feature a
high linear transmission and a large nonlinear absorption,
and exhibit a high damage threshold (Calvete et al., 2004), with
fullerenes (Tutt and Kost, 1992), porphyrins (Calvete et al.,
2004; Chen et al., 2005; Senge et al., 2007), carbon nanotubes
(Senge et al., 2007), NPs, metal NWs (Han et al., 2011), and
Pcs (Calvete et al., 2004; Chen et al., 2005) found to be good
candidates. Specifically, Pcs with an 18 m-electron system have
been considered as promising NLO materials because of their
large optical nonlinearities, ultrafast response times, and ease
of processing (McKeown, 1998; Nalwa and Miyata, 1997).
The optoelectronic properties of Pcs can be controlled by the
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Fig. 17 Schematic representation of the ideal behavior for a
passive optical limiter.

chemical modifications of the axial ligand, peripheral and non-
peripheral substituents, and the central metal atom
(O’Flaherty et al., 2003). The incorporation of heavy metal
atoms was shown to increase the population of Pc excited
states via ISC and thus lead to a large absorption cross-
section of the excited state (Auger et al., 2003). Optical limiting
with Pcs has been first reported for a chloroaluminum phthalo-
cyanine (Coulter et al., 1989) and has since then been described
for many other Pc complexes, e.g., tBuy-PcInCl, rBusPcln(p-
TMP) (Shirk et al., 2000), and PbPc¢(B-CP),4 (Shirk et al., 1993).

3.4.1.2. Z-scan technique used to study NLO properties. Several
characterization techniques are available for measuring third-
order optical nonlinearities, e.g., degenerate four-wave mixing,
nearly degenerate three-wave mixing, optical Kerr effect,
ellipse rotation, interferometric methods, two-beam coupling,
beam self-bending, and third harmonic generation, all of which
are potentially sensitive yet complicated. Among these tech-
niques, the Z-scan method offers simplicity and sensitivity in
measuring the third-order optical nonlinearity and allows
one to compute the contributions of nonlinear absorption
and nonlinear refraction toward this nonlinearity. The basics
of the Z-scan technique have been presented by Sheik-Bahae
et al. (Sheik-Bahae et al., 1989, 1990).

The Z-scan method relies on the principle of moving the
sample through the focus of a tightly focused Gaussian laser
beam, the intensity of which changes as the sample is moved.
When the sample is far from the focus and the incident inten-
sity is low, the transmission is close to unity. However, when
the sample approaches the focus (Z = 0), the measured trans-
mittance either increases to form a peak (saturable absorption,
SA) or decreases to form a valley (reverse saturable absorp-
tion, RSA) (Fig. 18).

3.4.1.3. SA and RSA. Upon receiving energy, an NLO material
undergoes transitions that can be explained in terms of the
five-level diagram shown in Fig. 19. When interacting with
laser radiation in the presence of strong electromagnetic fields,
the highly conjugated Pc structure promotes preferable polar-
izability and fast charge distribution (Bilgin et al., 2007). Pcs
are optical limiters of the RSA type (Venkatram et al.,

e ——————
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Fig. 18 Representative open-aperture Z-scans of SA and RSA
materials.

2008), with the corresponding mechanism involving a sequen-
tial two-photon absorption of the ground state (Sy) to afford a
higher excited state (S;), which can further absorb photons to
afford higher-lying excited states (S,). Pcs can absorb intense
light, undergoing ISC to produce an excited triplet (T;) state
from the S; state upon their relaxation back to the ground
state. At this point, irradiation with intense light would result
in triplet-triplet absorption (T; — T,). Large J, and 05 as well
as a long excited state lifetime are required for the largest non-
linear absorption, which makes Pcs excellent optical limiters
(Fitzgerald et al., 2015; Zhang et al., 2014).

With increasing laser intensity, if the excited states show
saturation due to their long lifetimes, the transmission exhibits
SA behavior, whereas RSA behavior is observed if the excited
state has a stronger absorption than the ground state (Srinivas
et al., 2001). Materials showing RSA become more opaque as
the incident optical intensity increases (Fig. 20) because of the
enhanced absorption of the excited state, multi-photon absorp-
tion, or both (Srinivas et al., 2003). Such materials can be used
for the protection of eyes and sensitive devices from intense
radiation, also finding applications in passive mode locking
and optical pulse shaping/processing (Harter et al., 1984;
Tutt and Boggess, 1993). Conversely, SA materials, which
become more transparent as the incident optical intensity
increases (Fig. 20), are widely used in short-pulse lasers as cru-
cial passive mode-locking or Q-switching elements (Wang
et al., 2005). Notably, many materials simultaneously exhibit
more than one nonlinear absorption process at different laser
energies (Srinivas et al., 2003).
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Sor S1, S, = ground, first and second singlet excites states, respectively.
é,, 8,, 85 =ground, singlet and triplet excited cross sections, respectively.

ISC = intersystem crossing.

T, and T, = lower and higher energy triplet state, respectively.

Fig. 19
NLO materials.

SA
Material becomes more transparent
“Saturable Absorber” D

' ' l ..... _Linear Transmission
RSA ™

Power or Energy Input

Transmittance
E @

Material becomes more opaque
“Optical Limiter”

Fig. 20
materials.

Illustration of the difference between RSA and SA

3.4.2. Calculation of NLO parameters

Open aperture Z-scan measurements are performed according
to the method described by Sheik-Bahae et al. (Sheik-Bahae
et al., 1989, 1990; Sheik-Bahae and Stryland, 1998):

1 /°° >
T(z) =——— In[l +g,(z)e " |dt 14
0= e |+ e (14)
where
_ BrlooLeyr
9,(2) = Tz/z% (15)
and
1 —el=eh)
Lo — R 1
off " (16)

Illustration of the five-level process used to describe the interaction of light with a molecule in terms of electronic transitions in

L and Iy, are the path length and the on-focus peak input
irradiance, respectively; o and fg are the linear and effective
nonlinear absorption coefficients, respectively; and Ly, z,
and z, are the effective path length, translation distance of
the sample relative to the focal point of the Z-scan instrument,
and the Rayleigh length, respectively. The Rayleigh length is
defined as mwj/), where w, is the beam waist at the focus
(Z = 0), defined as the distance from the beam center to the
point where the intensity decreases to 1/e? of its on-axis value,
and / is the wavelength of the laser beam. A numerical form of
Eq. (14) is employed to fit experimental data (Sheik-Bahae
et al., 1989, 1990; Sheik-Bahae and Stryland, 1998).
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The imaginary component of third-order susceptibility (Im
[¥]) depends on the speed of the nonlinear absorption
response and is related to S as (Kadish et al., 2003)

2 1 o
Im[®] = % (18)

where &y, 1, and ¢ are the permittivity of free space, the linear
refractive index, and the speed of light in vacuum, respectively.

Second-order hyperpolarizabilities (y), related to the inter-
action between the incident photons and the permanent dipole
moment of dyes, can be calculated as (Chen et al., 2005;
Kadish et al., 2003)

Im[y?)]

:meOINA (19)

Y

where N4 is Avogadro’s constant, Cy,, is the concentration of
the active chromophore, and f'is the Lorentz local field factor,

defined as f'= ("73—”)
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3.4.3. Effect of Ag and Au NPs

The extended delocalized n-system of Pcs makes them promis-
ing NLO materials. For example, Pc complexes show low lin-
ear absorption at 532 nm and absorption cross-sections of the
excited state that exceed those of the ground state. In recent
years, many approaches have been used to conjugate Pc com-
plexes to metallic (e.g., Ag and Au) NPs exhibiting SPR for
enhancing Pc OL properties. SPR in Ag and Au NPs is an emi-
nent spectroscopic feature that gives rise to absorption due to
the oscillation of free electrons in the metal conduction band
(Jain et al., 2006). When the surface geometry of metallic
NPs is modified, the electric filed density on the surface is
shifted to afford an NLO response (Nwaji et al., 2018).
Enhanced NLO responses are generally observed for Pc com-
plexes conjugated to Au and Ag NPs because of the heavy
atom effect, which is known to increase the triplet state popu-
lation (Nwaji et al., 2017d). However, the performance of Ag
NPs was found to be inferior to that of Au NPs, as the SPR
band of the former is not resonant with 532 nm (Nwaji
et al., 2017a), while that of the latter (530 nm) is in complete
resonance with the wavelength used in Z-scan measurements.
Thus, Au NPs are a better candidate for NLO property
enhancement than Ag NPs (Nwaji et al., 2017b, 2017d;
Nwaji and Nyokong, 2017c¢).

The Z-scan profile of Au NPs shows SA at low irradiance,
while a complete shift to RSA is observed at higher irradiance,
as has also been reported for other metal NPs (Bankole and
Nyokong, 2017b; De Boni et al., 2008; Gao et al., 2003;
Gurudas et al., 2008; Lee et al., 2009; Nwaji and Nyokong,
2017¢; Oluwole et al., 2017a). When parameters such as laser
input intensity and particle size/shape (e.g., Au/Ag core-shell
NPs (Anija et al., 2003), Au-Ag alloy nanoclusters (Philip
et al., 2000), and Au NRs (Elim et al., 2006)) were changed,
the SA behavior of these NPs at moderate input intensities
was assigned to ground-state plasmon bleaching due to intra-
band electron excitation. In contrast, RSA behavior at higher
input intensities was assigned to the transient absorption of
free carriers and/or the photoejection of electrons, in addition
to two-photon absorption and nonlinear scattering (Philip
et al., 2000). The conjugation of materials with RSA behavior
(e.g., Pcs) to materials showing SA behavior (e.g., Au NPs) at
low irradiance can produce promising optical limiting proper-
ties that can be used in technological applications such as laser
pulse narrowing, optical switching, and optical pulse compres-
sion (Bankole and Nyokong, 2016b). Upon the conjugation of
Pcs to metallic NPs, the minimum transmittance in the RSA
dip dropped further, which indicated an enhancement of the
nonlinear response (Bankole and Nyokong, 2017b; Nwaji
and Nyokong, 2017¢; Oluwole et al., 2017a, 2017b). However,
conjugation of Au NPs to lanthanide (III) complexes of 3-
(ethylthio)phenyl-substituted Pcs only weakly affected Z-scan
curve intensity and position, as the decrease in Pc concentra-
tion in the hybrid led to a decrease in nonlinear response
(Dubinina et al., 2018).

The properties of Pc-NP conjugates are affected by the type
of link between Pcs and NPs, in particular, Pcs exerted a
greater influence when they were covalently linked to NPs,
while a weaker influence was observed for conjugates prepared
via surface assembly and featuring M—N bonding (Nwaji
et al., 2017b). However, the latter nanoconjugates showed a
more pronounced RSA behavior with lower minimum trans-

mittance values that the former conjugates when surface
assembly was achieved through M—S bonding (Nwaji and
Nyokong, 2017c). Thus, NLO property enhancement was
found to decrease in the order of
M—S > M—amide > M—N bonds. Moreover, Au NS-Pc fea-
turing an azide link (i.e., containing a triazole ring) featured a
larger enhancement (Bankole and Nyokong, 2017b) than the
corresponding conjugate featuring an amide linkage to the
same Pc (Bankole and Nyokong, 2016b). The annealing pro-
cess was also found to remarkably alter the optical and
structure-dependent of metallophthalocyanine thin film
(Zawadzka et al., 2014, 2013), with an increase in the values
of optical parameters observed for those with liquid crystal
and DNA-CTMA (Derkowska et al., 2007). This process has
been found to result in the formation of formation of nanos-
tructures (Zawadzka et al., 2015), with their polarizing effect
indicating the potential applicability in nonlinear optics
(Zawadzka et al., 2018). It has also been proposed that copper
phthalocyanine nanocrystals exhibiting the surface plasmon
resonance-like behavior may be applicable in nonlinear optical
devices (Zongo et al., 2015).

NP shape was found to affect NLO properties and, hence,
the NLO responses of Pcs. Papagiannouli et al. probed the
NLO properties of bimetallic NPs, observing SA and RSA
behavior at different input intensities, e.g., Au- and Ag-rich
bimetallic nano-alloys switched to RSA at ~83 and
220 MW cm 2, respectively (Papagiannouli et al., 2015). The
above authors also found that the OL performance of Au-
rich alloy NPs was red shifted compared to that of pure Au
NPs, which led to enhanced third-order susceptibility of the
former NPs (Papagiannouli et al., 2015). The OL properties
of zinc diaminopyrimidin-2-ylthio Pc were enhanced in the
presence of Ag.Au, alloy NPs (Bankole et al., 2016c). The lar-
ger enhancement recorded for Pc-Ag;Aus than for Pc-Ag;Au,
was attributed to the higher Au content of the former conju-
gate, in line with the results of Papagiannouli et al. (Bankole
et al., 2016¢).

The conjugation of a low-symmetry Zn Pc to Fe;O4/Ag
core-shell NPs enhanced NLO behavior more than the conju-
gation of this Pc to a Fe;O04-Ag hybrid, which was attributed
to the tensile effect exerted by the Fe;O4 core on the Ag shell
due to the variations in the corresponding lattice parameters
(Liu and Yang, 2014). Moreover, the coverage of the paramag-
netic surface of Fe;04 with a diamagnetic Ag shell resulted in
NLO property deterioration (Bankole and Nyokong, 2016a).

OL parameters. Beam waist (wg) was revealed to slightly
change upon conjugation because of pulse fluctuation. Inter-
band transitions and hot electron formation in metallic NPs
were found to result in light scattering due to the proximity
of the optical response to the SPR band (Elim et al., 2006;
Philip et al., 2000). The slight increase in waist radius was
attributed to the presence of aggregates in hybrids or to local-
ized plasma creation due to the SPR of metallic NPs, which led
to light scattering (Nwaji et al., 2018).

Petr, Which describes nonlinearity strength, significantly
increased upon conjugation (Bankole and Nyokong, 2017b;
Oluwole et al., 2017a, 2017b). As Im[}¥] and y are directly
related to Segr (Egs. (15) and (16)), nanoconjugates with higher
Bere displayed higher Im[y®] and 7y values (Bankole and
Nyokong, 2017b; Oluwole et al., 2017a, 2017b).

The limiting threshold (/;,,) is defined as “‘the input fluence
at which the transmittance is 50% of the linear transmittance”
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Fig. 21  General OL parameters of a good limiter in nonlinear
applications.

(Nwaji et al., 2018) and can be determined from the plot of
transmittance against input fluence. Low values of /;,, repre-
sent good nonlinear optical absorbers well suited for sensor
protection. Notably, nanoconjugates of Au NPs and Ag NPs
featured lower /;,, than the corresponding free Pcs (Bankole
and Nyokong, 2017b; Nwaji and Nyokong, 2017c; Nwaji
et al., 2017d). Inorganic and organic complexes also exhibit
the optical limiting process at the focal plane of the lens
(Iliopoulos et al., 2010; Konstantinos Iliopoulos et al., 2012;
Kulyk et al., 2016a, 2016b). The general OL parameters
required for a good limiter are summarized in Fig. 21.

4. Conclusion and future perspectives

Attempts to enhance the photophysical properties of Pc com-
plexes have largely focused on conjugation to Ag and Au NPs
of different shapes and sizes, as exemplified by Au NSs, NRs,
BPs, and NSts, and Ag NSs, NWS, NTs, and NFs. Conjugation
of Pcs to variable-composition Ag-Au alloys has also been
employed. Two main conjugation methods have been used,
namely self-assembly through direct coordination of S and/or
N to the metal surface and amide bond formation between Pcs
and functionalized NP capping agents such as cysteamine,
GSH, 3-azido-1-propylamine, and MPA. Other routes of conju-
gation include the click reaction between alkyne-functionalized
Pcs and azide-functionalized Au NPs, donor-acceptor interac-
tions, radical chain reactions, axial ligand exchange, and electro-
static attraction. Characterization of NPs and their conjugates
by UV-Vis spectroscopy showed both red and blue shifts of
NP SPR bands upon conjugation, depending on the NP shape
and conjugation conditions. The Pc Q-band also showed vari-
able behavior upon conjugation, i.e., blue, red, or no shift.
Moreover, this band was reported to disappear when Pcs were
saturated with NPs. NP size and the NP to Pc ratio were evalu-
ated by PXRD, while XPS was used to compare the elemental
compositions of NPs and their conjugates as well as to probe

links based on amide bond formation and/or self-assembly.
The morphology and size distribution of bare NPs and their
conjugates were studied by TEM, and the slight change in NP
size after conjugation was attributed to factors such as aggrega-
tion and the presence of a shell around NPs. AFM revealed that
some nanoconjugates deposited on thin films feature an island-
type texture, additionally showing the different surface topogra-
phies of conjugated NPs and demonstrating that conjugation
increases NP size. Finally, FT-IR spectroscopy was used to con-
firm amide bond formation between the amine and carboxylic
groups of functionalized Pcs and capped NPs as well as to con-
firm self-assembly-based linking based on the disappearance of
the S—H vibration.

A higher extent of fluorescence quantum yield quenching
was recorded for covalently linked nanoconjugates than for
self-assembled ones, which was ascribed to the higher aggrega-
tion of the former conjugates due to their higher loading of Pc
molecules. Au NP shape was shown to affect the degree of flu-
orescence quenching, with Pc-Au NS conjugates featuring
more pronounced quenching than conjugates of Au NTs, Au
NRs, and Au BPs. Au NRs were shown to enhance hybrid flu-
orescence in pH 9 buffer and hence, metal-enhanced fluores-
cence was investigated. Fluorescence quantum yields were
also affected by the nature of the functionalized capping
agents. A general lowering of conjugate fluorescence lifetime
was observed, and a bi-exponential decay curve was detected
for some conjugates of nonspherical NPs. Increases in triplet
quantum yields and decreases in triplet lifetimes were detected
for Pcs conjugated to Ag NPs rather than for those conjugated
to Au NPs. Singlet oxygen quantum yields showed a larger
enhancement when Pcs were conjugated to higher-aspect-
ratio NPs, and the extent of this enhancement was in the order
of Au NRs ~ Au BPs > Au NSs > Au NTs. The triplet quan-
tum vyields of nanoconjugates were in the order of Ag
NSs > Ag NFs > Ag NTs. Alloy- and other metal-based
NPs were also described. Asymmetric Pcs were found to
enhance intersystem crossing to the triplet state and thus
quench fluorescence. Pcs are known to be good optical lim-
iters, effectively absorbing high-intensity laser light. This
behavior was improved in the presence of Au NPs more than
in the presence of Ag NPs, as the SPR absorption of Au NPs
was in complete resonance with the wavelength used in Z-scan
measurements, unlike in the case of Ag NPs. Moreover, conju-
gation of RSA-type Pcs to SA-type (at low laser intensity) Au
NPs can produce promising optical limiting properties for
diverse applications. Finally, the effects of NP shape and con-
jugation approach on NLO responses were discussed.

The future perspectives can be summarized as follows:

(1) With aggregation affecting optical parameters of some
nanoconjugates due to m—m stacking of Pcs, we opine
that conjugation of Pc molecules with with high-
surface-area nanomaterials such as metal-organic frame-
works, covalent organic frameworks, graphene layers,
and carbon nanotubes may enhance the photo-
physicochemical and nonlinear optical properties.

(2) Self-assembly is known to be highly effective in terms of
therapeutic applications. When such nanostructures are
conjugated to Ag NPs and Au NPs, it is expected that
the new nanohybrids may exhibit enhanced photochem-
ical properties for PDT and PTT applications.
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(3) This review is expected to facilitate the fabrication of
novel (alternative) sensors for several areas of analytical
chemistry, e.g., fluorescence spectroscopy, electrochem-
istry, Raman spectroscopy, and inductively coupled
plasma mass spectrometry (ICP-MS). However, precau-
tions concerning conjugation routes need to be consid-
ered. The fabrication of stable sensors capable of
resisting strong acids and bases used for analyte
adsorption-desorption remains a challenge, which,
hopefully, can be overcome through the use of cova-
lently linked hybrids.

(4) The incorporation of functionalized Pcs into sol-gel
composites is expected to produce a new generation of
stable sorbents that can be used for coating fibers and
capillaries to extract analytes by different methods of
solid-phase microextraction hyphenated with chromato-
graphic techniques such as high-performance liquid
chromatography and gas chromatography.
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