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Abstract 

Photophysical and photochemical studies of anticancer drug-functionalized 
nanoparticles are of enormous significance. Now adays, these nanoconjugates have 
greater application in the field of novel photo-based nanodevices for photocatalysis and 
drug delivery. Moreover, nanoconjugates are anticipated to be excellent revenue of 
assimilating attractive features of molecular as well as bulk regimes. Nanostructured 
materials produce the electronic excited states, or excitons, during light-matter 
interactions. It is interesting to be acquainted with diverse kinds of electrons. 
Furthermore, gaining knowledge about a diverse range of materials is energizing, as it 
allows us to understand the formation of electronically excited states and progress into 
femtosecond and nanosecond time domains. The mechanism of solar energy 
conversion, which is a solely photo-initiated process using ultrafast lasers, as well as 
finding out about new photonic and biphotonic applications, are also important areas of 
now days’ research. Researchers use hundreds of light-absorbing molecules, known as 
chromophores, to harvest sunlight. Chromophores also play an important role in 
directing the excitation energy to nature’s solar cells- proteins, which are called reaction 
centers. 

Keywords: Biophotonic; Excitons; Graphene; Photodynamic Therapy; Quantum Dots 
(Qds); Reactive Oxygen Species (ROS); Solar Energy; Ultrafast Spectroscopy 

Introduction 

Metal oxide nanomaterials have received a lot of attention due to their current and 
potential commercial importance. ZnO, in particular, is an excellent candidate for 
applications in photocatalyst, photodetector, and biomedicine. To date, a number of 
strategies have been employed to improve the photocatalytic operation of ZnO, primarily 
to reduce the recombination of photogenerated electrons and holes. In general, ZnO 
nanoparticles have gotten a lot of attention because they are very sensitive to light, 
strong at high temperatures, cheap, safe, and compatible with living things. This makes 
them a good choice for studying photocatalytic action as well as their important roles in 
biology (Yuan, Hein & Misra, 2010). First, Yuan, Hein and Misra (2010) used ZnO QDs 
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(quantum dots) attached to biodegradable molecules, like chitosan, to deliver drugs 
specifically to tumors. Specifically, they encrusted ZnO QDs with folate-conjugated 
chitosan via electrostatic interaction. The conjugation serves the purpose of loading the 
ZnO QDs with doxorubicin (DOX), a widely used chemotherapy drug, to achieve a 75% 
efficiency in action. Furthermore, Liu et al. (2016) reported a pH-responsive drug 
delivery system based on ZnO NP loaded with the anticancer drug, DOX. Moreover, 
numerous literature reports have demonstrated the enhanced photocatalytic and 
antibacterial activity of noble metal/zinc oxide hybrid nanostructures, indicating their 
immense potential for use in water purification and various pathogenic applications (He 
et al., 2014; Hu et al., 2016; Kumar et al., 2014; Mao et al., 2017). ZnO nanostructured 
substances don't dissolve well in physiological media, but they can dissolve as nontoxic 
ions in acidic media, like the late endosome and lysozome of tumor cells (Wang et al., 
2014; Xiong, 2013; Cho et al., 2011), and they can also dissolve in basic media 
(Abdelmonem et al., 2015). Because of their excellent properties, ZnO NPs have 
become very important as multifunctional nanocarriers that make the release process 
easier (Zhou et al., 2006). Also, ZnO nanoparticles can effectively carry drugs in 
photodynamic therapies (PDT) by stopping a lot of drug buildup at the desired site 
(Zhang et al., 2013). 

It is made up of 9AA-HCl (9-aminoacridine hydrochloride hydrate), which is an organic 
molecule whose spectral properties are very sensitive to its surroundings. Moreover, 
9AA-HCl exists in three different structures depending on the pH of the medium (Scheme 
1) (Mitra et al., 2014). In addition, it acts as one of the important drugs for antibacterial,
mutagenic, and antitumor effects (Zhu et al., 1994). One intriguing biological use of 9AA-
HCl is as an intercalant agent, which means it can mix with DNA (Rehn and Pindur,
1996; Wynn et al., 2017; Graham et al., 2011; Ceron-Carrasco et al., 2017). Latterini
and Tarpani (2011), apply the fluorescent drug for membrane imaging after doping with
silica nanoparticles. Furthermore, conjugation with gold nanoparticles also enhances the
antibacterial activity of 9AA-HCl (Mitra, Chakraborty & Basu, 2014). The literature also
reports that the PP-ZnO nanohybrid demonstrates enhanced photodynamic action to
inhibit E. coli growth (Sardar et al., 2015). During the interaction between PDT drugs
and semiconductor nanoparticles, the development of reactive oxygen species (ROS) is
the foremost factor. ROS oxidizes the organic compound; therefore, ROS generation
may also influence the photocatalytic action of semiconductors (Zhou et al., 2011). The
quick recombination of photogenerating electron-hole pairs, faster than surface redox
reactions, reduces the quantum efficiency of photocatalysis of the semiconductor
(Hoffmann et al., 1995). Therefore, Luo et al. (2012) conjugate the semiconductor
nanoparticles with other molecules or materials to enhance charge separation and
prevent the recombination of the respective electron and hole pairs.
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Scheme 1: The pH-responsive drug 9AA-HCl comes in various forms:(I) neutral; (II) 
protonated; (III) doubly protonated 

Methodology and synthesis of ZnO nanoparticles 

A transmission electron microscope (JEOL-TEM 2100 with an operating voltage of 200 
kV) was used for the purpose of taking TEM images. To find out the crystal structures 
of the samples, an X-ray diffractometer with the model number Seifert 3000P and CuKa 
radiation (λ = 1.54178É) was used. The XPS data was obtained using Omicron 
nanotechnology. Zetasizer Nanosystem, Malvern Instruments Ltd., was used to 
calculate the DLS and zeta potential. A UV-vis spectrophotometer (SHIMADZU) was 
employed to measure the optical absorption spectra at room temperature. The 
fluoromax spectrophotometer of HORIBA JOBIN YVON was used to record the 
respective emission spectra (photoluminescence). Moreover, TCSPC, i.e., time-
correlated single-photon counting measurement, was performed using picosecond 
NANO-LED. Using a previously reported method, ZnO NPs were synthesized (Barman 
et al., 2017). 

Results and Discussion 

Transmission electron microscope i.e., TEM, Fourier transform infrared spectroscopy 
i.e., FTIR and Raman spectroscopy are being used to establish the formation of
nanoparticles as well as nano conjugation.

Zinc oxide nanoparticles 

Figure 1A. depicts the TEM image with the particle size distribution, which depicts a 
monodispersed character with a particle size of ~6 ± 0.5 nm. Figure 1B. illustrates the 
XRD model for NPs. As expected, the XRD data shows that the nanoparticles are exactly 
the same as ZnO in its pure form, with a wurtzite nature configuration and a hexagonal 
crystal phase. Additionally, the XPS spectrum having two structural peaks implies ZnO 
of pure phase (at 1020.5 eV, it signifies Zn2p3/2, and at 1043.9 eV, it signifies Zn2p1/2). 
The UV-Vis spectrum shows evidence of pure ZnO NP, which corresponds to a band 
peak at 334 nm as depicted in Figure 1C. This UV data indicates that there is a restricted 
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size distribution of NP. Moreover, ZnO NP at 557 nm exhibits a strong yellow emission 
(Figure 1C), which is primarily caused by an oxygen vacancy defect in ZnO. Figure 1D. 
displays the TCSPC data for ZnO NP, which depicts defect emission with bi-exponential 
decay kinetics.  

Furthermore, it is calculated from the obtained data that the lifetimes of the faster 
component are 7.69 ns (55%), and the slower component is 42.99 ns (45%), with an 
average lifetime of ~23.74 ns. While the emissions in the visible region are a tranquil 
topic of argument and quite a lot of explanations have been projected, the 
photoluminescence lifetime determines the concentration of defects. This type of 
emission occurs owing to the recombination of a trivial trapped electron in the midst of 
a profoundly trapped hole. In this current scenario, 43.0 ns, which signifies the longer 
lifetime component, happens owing to such recombination in the course of surface 
defects responsible for O2-/O-. The faster lifetime factor of ~7.7 ns originates from the 
band gap correlated with exciton recombination. 

Figure 1: Zinc oxide nanoparticles (A) TEM image; (B) XRD pattern; (C) absorption and 
emission spectra; and (D) time-resolved decay curve (Source: Baarman et al., 2017) 

Zinc oxide nanoconjugates 

Small and consistently sized particles are of significant necessity to modulate physico-
chemical properties, together with luminescence and drug-loading ability. The TEM 
image of nanohybrid is depicted in Figure 2. The consistencies of nearly spherical 
nanocrystals are confirmed.  
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Figure 2 : ZnO-9AA-HCl nanoconjugate: Transmission electron micrograph. 
(Source : Mitra et al., 2018) 

Fourier transform infrared (FTIR) technique was used for studying the conjugation 
among the drug and the NP. The binding is a very essential factor for biological 
application. The FTIR spectra (Figure 3) having distinctive peak at 3337 cm-1of drug 
molecule corresponds toward the amine group (-NH2) stretching frequency (Mitra et al., 
2014). However, subsequent to conjugation along with the NP, the stretching frequency 
which is responsible for of the -NH2 moiety of the bare drug molecule is altered as well 
as broadened. The IR data signifies the fact that the covalent bonding is responsible for 
stretching frequency shifting. The covalent bond is formed between the -NH2 (amine 
group) of the drug molecule and ZnO NP (Sardar et al., 2015). Moreover, owing to the 
conjugation, the surface hydroxyl groups of the ZnO (Liu et al., 2014, Tu et al., 2011) 
are affected (3370-3400 cm-1 and 1630-1635 cm-1). This diminution in the intensity as 
well as shifting of the band position signifies the presence of hydrogen bonding 
interaction between nanoprticle and drug molecule (Das et al., 2017, Zhang et al. 2015). 

Figure 3: FTIR spectra of (i) NP, (ii) Drug molecule, and (iii) conjugate 
(Source: Mitra et al., 2018) 
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The changes in the vibrational mode of ZnO NP after conjugation were investigated 
using a Raman spectroscopic study at room temperature. The results are illustrated in 
Figure 4. After excitation at 532 nm, due to high fluorescence, the Raman spectrum of 
9AA-HCl does not illustrate any peak in the wave number range of 300–600 cm-1. On 
the other hand, from the space group theory, it is well known that A1 + 2E2 + E1 are the 
Raman active vibrational modes of the ZnO structure. It is evident from the figure that 
the Raman spectrum of ZnO NP exhibits four vibration peaks at 328 cm-1, 378 cm-1, 438 
cm-1 and 577 cm-1, which signifies the presence of a wurtzite structure (Zhang et al.,
2003). The strong characteristic peak at 438 cm-1can be consigned to the nonpolar
optical phonon E2 mode of ZnO NP at high frequency, which is associated with oxygen
deficiency, whereas the peaks at 378 cm-1 and 577 cm-1 correspond to the polar
transverse A1 and longitudinal E1 optical phonon modes, respectively. The peak at 332
cm-1 is attributed to the E2high-E2low mode. The most important thing is that the E2 mode
characteristic band, which is linked to flaws in ZnO NP, changes a lot after conjugation.
This change implies that the passivation of the NPs surface states upon binding with the
drug molecule. However, the presence of other characteristic bands indicates good
wurtzite structure retention during interaction.

Figure 4: Raman spectra of ZnO NP (black) and conjugates (Red) 
(Source: Mitra et al., 2018) 

Steady state and Time resolved spectroscopic studies of ZnO-9AA-HCl system 

Furthermore, visible spectroscopy helps characterize the nanoconjugate's creation. This 
therapeutic drug, having two pKa values (-2.0 and 10.0), can exist in three different forms 
(Schuldiner et al., 1972). In concentrated strong acid (at pH < -2.0), the dominant form 
of the photodynamic drug is the doubly protonated form, while having -2.0 < pH < 10.0, 
the protonated form, i.e., 9AAH+, exists. In pH > 10.0, the neutral form prevails through 
the deprotonation of the protonated form (II) and maintains equilibrium among its amino 
acids and iminotautomers (Murza et al., 2000). Figure 5 displays the UV-vis absorption 
spectra of only nanoparticles, drug molecules, and the conjugated form, ZnO-9AA-HCl. 
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At 345 nm, the ZnO NPs show evidence of a threshold band gap of 3.59 eV. However, 
the drug molecule has the highest absorbance at 400 nm. Note that the spectra of the 
nanoconjugate show no discernible peak of the drug molecule. The reason for this 
spectral nature is due to the extremely low concentration of 9AA-HCl and the significant 
scattering of the ZnO NPs. Moreover, the conjugate's UV-vis peak exhibits a slight shift 
towards the blue region, compared to the nanoparticle's 338 nm (3.67 eV). Therefore, it 
is reasonable to conclude that nanohybrids are formed more willingly than only physical 
absorption due to the interaction between the drug's NP and amine moiety. 

Figure 5: a) ZnO NP, b) 9AA-HCl, and c) ZnO-9AA-HCl; UV-Vis absorption spectra of only 
nanoparticles (Source: Mitra et al., 2018) 

The Literature Survey revealed an excited state interaction between NP and carbon dot 
(Barman et al., 2017). Researchers using emission quenching and laser flash photolysis 
found that light can move electrons between NPs of different sizes and methyl viologen 
(Mitra et al., 2017). NPs, known for their oxygen vacancies, give rise to green emission 
in the visible region (Vietmeyer et al., 2007).  

Figure 6(A) portrays suv-visible emission of NP, which is responsible for the surface 
states. The drug's presence tailors the surface of NPs, eliminating the possibility of 
energy transfer due to the lack of specific spectral overlap between NPs and drugs. 
Therefore, in the visible region, the emission quenching is exclusively due to photo- 
induced electron transfer. 
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Figure 6: (A) PL spectra (a) NPs and (b) nanoconjugate; (B) PL spectra (a) NPs and (b) 
nanoconjugate (Source : Mitra et al., 2018) 

Figure 6 (B) demonstrates the fact that the emission of drug molecules is quenched as 
well as blue-shifted due to their attachment to NP. Upon conjugation with ZnO NP, the 
drug molecule's PL spectrum nearly blends into its neutral form. This result indicates 
that the neutral form of the drug molecule prevails, which might be due to donating the 
H+ to the ZnO NP (through hydrogen bonding) after binding with ZnO NP. These modes 
of binding are well corroborated with the results obtained from FTIR studies, as pointed 
out in the previous segment. 

In order to confirm the occurrence of electron transfer interactions between NP and drug 
molecules, a time-resolved fluorescence spectroscopic study was performed. To 
conduct the experiment for the lifetime measurements, 9AA-HCl was excited at a 
wavelength of 371 nm, and the respective emission was monitored at 455 nm. Pant et 
al. (1986) previously reported the nearly equal lifetimes of the singly protonated and 
neutral forms. As a result, lifetime measurements are unlikely to identify the species that 
will prevail during the interaction. There is a single exponential decay in the drug 
molecule's fluorescence that lasts for 12.89 ns (Figure 7); however, there is a bi-
exponential decay in the bioconjugate. The presence of a faster component (0.65 ns 
with a contribution of 78%) and a slower component (12.87 ns with a contribution of 
22%) signify the curve's bi-exponential nature. The slower component, i.e., 12.87 ns, is 
reliable with the excited-state lifetime of the drug molecule. However, the faster 
component may be due to the electron migration time from the drug molecule to the NP, 
as suggested by Kathiravan et al. (2009). In this way, the drug molecule adds a second 
pathway, specifically by connecting 9AA-HCl to ZnO NPs electronically. In addition, the 
decrease in average lifetime (from 12.89 ns to 3.34 ns) may be linked to the 
photoinduced electron transfer (PET) from the lowest unoccupied molecular orbital 
(LUMO) of the drug molecule to the conduction band of the semiconductor through a 
nonradiative pathway. The apparent non-radiative rate constant (knr) is determined by 
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comparing the lifetimes of 9AA-HCl in the absence (τo) and in the presence (τ) of ZnO 
NP, using the following equation: 

𝑘𝑘𝑛𝑛𝑛𝑛 =  1
<𝜏𝜏>

− 1
<𝜏𝜏0>

 (1) 

The rate of the electron transfer process from the excited state of the drug molecule to 
the conduction band of the ZnO NP is estimated to be 1.54×109 s-1 when considering 
only the faster component. The obtained knr value may indicate that the electron transfer 
process is an ultrafast phenomenon, and it is quite similar to the values reported in the 
literature (Kathiravan et al., 2009). So, having ZnO NPs around could help the PET 
between the excited state of 9AA-HCl and the semiconductor surface, which would 
make the photocatalytic and biological actions better. 

Figure 7: TCSPC curves of (a) the drug molecule and (b) the conjugates Ex-371 nm and Em-
455 nm (Source: Mitra et al., 2018) 

Table 1: Time-resolved decay parameters of only the drug and the composite, measured at 455 
nm under a 371 nm excitation wavelength  

Source: Mitra et al. (2018) 

Several experiments have mimicked a natural light harvesting scheme using self-
assembled molecules, specifically DNA-conjugated systems and supra-molecular 
organization of conjugated molecules (fluorophores, dendrimers, organogels, etc.). 
Adding a fluorophore to a confined matrix is another way to make a light-harvesting 
device. This gives the molecular arrangement more stability, functionality, and freedom 
from clumping together. However, the fabrication of light harvesting devices using both 
donor-acceptor-incorporated host materials encounters several limitations. Firstly, 
aggregation-based emission quenching may be possible inside the microchannel. 
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Secondly, it is sometimes necessary for both the donor and acceptor molecules to have 
similar molecular structures. To avoid such inconveniences, a distinct arrangement of 
donor-acceptor moieties can be plausible. For this purpose, dye-doped organic-polymer 
fluorescent nanoparticles may be appropriate as an acceptor system. Furthermore, in 
the search for a light-absorbing substance, it is currently well established that inorganic 
nanocrystals, or quantum dots (QDs), are extremely valuable for enhancing the light 
harvesting process due to their ability to absorb light over a broad spectral window. 
Particularly, the efficient absorption of visible light by variable-sized quantum dots with 
tunable band gap energies has established considerable concentration for resourceful 
solar light energy harvesting systems. To the best of our knowledge, we have not 
thoroughly studied the rotational relaxation of photoactive molecules inside the polymer 
nanoparticle, despite it being a suitable means of probing the microenvironment of these 
nanoparticles. A time-resolved anisotropy study is critical to understanding the source 
of the dye's rotational relaxation activities inside the polymer nanosphere. The 
encapsulation of the dye in polymer nanoparticles will constrain its rotational motion. 
Reorientation times, coupled to the wobbling motion and lateral diffusion of the dye in 
the nanoparticles, adequately explain the anisotropy decay of the dye molecule in the 
polymer nanoparticles. 

Conclusion 

Nowadays, the designing of artificial light harvesting systems using nanomaterials is a 
challenging task. A thorough understanding of photo physical properties and the carrier 
relaxation dynamics of photo excited nanocrystals (NCs) is of key importance for both 
basic research and technological applications. The photo physical properties of 
semiconductor NCs are considerably different from those of bulk materials as of 
quantum confinement effect and an enhanced surface-to-volume ratio. The meticulous 
understanding of the carrier relaxation dynamics is necessary for the reason that it 
dictates the general efficiency in diverse optoelectronics, photovoltaic, photo catalysis, 
light-harvesting as well as sensing applications. 
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