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thesis of TiO2 nanoparticles for
therapeutic applications

Shilpy Bhullar, a Navdeep Goyala and Shikha Gupta *b

Nanoparticles (NPs) with sizes ranging from 2 nm to 1 mm find various applications in the field of

theranostics. Moreover, if eco-friendly methods are opted for the synthesis of biocompatible and less

toxic NPs, then that's a huge success. Titanium dioxide nanoparticles (TiO2 NPs) have been vigorously

studied for their use in medical implants, photodynamic therapy, drug delivery, biosensing and as

antimicrobial agents. The present study reports the green-synthesis of TiO2 NPs for the first-time using

extracts of black pepper (Piper nigrum), coriander (Coriandrum sativum) and clove (Syzygium

aromaticum). All three samples of TiO2 NPs were synthesized via a modified sol–gel method under

similar environmental conditions. Similar treatments were given to the samples. The procedure adopted

for the synthesis ensures the use of non-toxic materials, no production of toxic by-products and rapid

synthesis of the TiO2 NPs. The NPs were characterized by X-ray diffraction, high resolution-transmission

electron microscopy, energy dispersive spectroscopy, field emission scanning electron microscopy and

selected area electron diffraction which confirmed the formation, morphology, crystallinity and size of

the TiO2 NPs. These characterizations displayed the similarity index of all three samples. However,

photoluminescence and vibrating sample magnetometer studies highlighted the differences among the

three samples. All three samples of NPs obtained had a size range of 5–20 nm. Further, the findings

showed that different plant extracts result in TiO2 NPs with moderately different characteristics.

Furthermore, the samples were analysed for their drug-encapsulation efficiency using UV-visible

spectrophotometry. Among all three samples, the NPs synthesised using black pepper exhibited the

maximum encapsulation efficiency. The study concludes that the plant's bio-profile is responsible for

bringing about changes in the traits of the resulting nanoparticles. Thus, the extracts from different

plants have the ability to manipulate the properties of the synthesized NPs. These findings can help to

understand the role and importance of the plants in synthesizing NPs for biomedical applications. A

further detailed study in this field can help researchers to understand the influence of the plant's

biochemistry in shaping the NPs.
1 Introduction

Today the world is moving towards adopting eco-friendly
measures for sustainable development. Nanoparticles (NPs)
are now slowly capturing the global market because of their
versatility. But as everything comes with a aw, these NPs also
result in biohazards. During their synthesis, chemicals are used
which oen lead to many toxic by-products. As a remedy to this
bizarre scenario, the green synthesis approach is fascinating to
researchers these days. The green synthesis technique involves
the maximum use of biomass to retrieve the NPs. However, the
term ‘green’ is not restricted to plants alone. Various fungi-
mediated and bacteria-mediated synthesis also come under
ed Study in Physics, Panjab University,

tta Sanatan Dharma College, Sector-32C,

upta@ggdsd.ac.in

the Royal Society of Chemistry
the green synthesis procedure. Thus, biomass, in general, is
being extensively utilised for environment-friendly synthesis
techniques. When using plants, the extracts of their roots,
leaves, stems, seeds, owers or fruits, can be used. Organic
polymers are the building blocks of the plants and these include
starch, chitin, cellulose, hemicellulose, lignin and various
resins. Whenever plant extracts are used, the organic polymers
and the biomolecules present in them, are responsible for their
characteristic behaviour. Cellulose is the most abundant
organic polymer and is a polysaccharide present in the primary
cell wall of plants and many forms of algae. Lignocellulose
biopolymers nourish the cell wall of the plants and they consist
of cellulose, hemicellulose and lignin. Lignin constitutes
around 30 percent of the lignocellulose biomass and contains
a large number of phenylpropanoids. It has the potential to
replace petroleum and its depolymerization offers remarkable
possibilities for producing high-quality chemicals.1,2,3 This is
a step towards modern day eco-friendly synthesis procedures.
RSC Adv., 2021, 11, 30343–30352 | 30343
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Plant extracts and plant-based biopolymers are preferred for
making most of the metal and metal oxide NPs because of their
ability to reduce and stabilize the NPs.4 Lignin matrices have been
used in the green-synthesis of gold NPs (Au NPs) and copper oxide
NPs (CuO NPs).5,6 The optimum concentration of lignin resulted in
uniformly dispersive AuNPs. TitaniumdioxideNPs are being chosen
by scientists to be used for various applications all over the globe
because of their versatility. Their global production is going to
increase over a couple of years as these NPs are quite promising
candidates in health and agricultural industries. They have been
manufactured chemically for more than a decade. But now, due to
environmental concerns, researchers are trying to make their
synthesis cleaner and greener. Many scientists have succeeded in
processing plant based TiO2 NPs. Recently, Ahmad et al.7 reported
green-synthesized TiO2 NPs using leaf extract of Mentha arvensis
(Mint) and they showed impressive antifungal and antibacterial
activities against chosen microorganisms. Amanulla et al.8 also
synthesized TiO2 NPs using orange peel extract and the resultingNPs
displayed effective antibacterial properties. Not only plant extracts, in
fact, NPs are being generated viamany fungi and bacterial strains as
well. For instance, Clarence et al.9 manufactured gold NPs using
a fungi strain and they demonstrated various biomedical applica-
tions. The green synthesized NPs are not only eco-friendly, but they
have many utilities also. Sethy et al.10 synthesized TiO2 NPs from
Syzygium cumini (Java Plum) extract and they proved to be efficient
photocatalysts in degrading the toxic lead from water with 75.5%
removal of COD (Chemical Oxygen Demand). These NPs manufac-
tured by a green process result in quite impressive photo-
catalysts.11,12,13 They owe this behaviour to the generation of ROS
(Reactive Oxygen Species) upon UV irradiation.14 ROS are highly
reactive and killer radicals which induce the degradation of whatever
it comes in contact with. Due to thewider band gap, TiO2NPs absorb
UV radiation mostly and produce ROS. However, efforts are being
made to tune the band gap so that they can absorb visible light and
do the same. For the same, different dopings are being performed.
Shen et al.15 devised Ce-doped TiO2 NPs with improved photo-
catalysis than the bare NPs. A suitable mixing or doping can
remarkably enhance the ROS generation among the NPs.16

Till date, many researchers have synthesized the TiO2 NPs
using different plant extracts. However, still there are many
plants which have not been utilized for this purpose. Also, not
much data is available on the green-synthesis of below 10 nm
sized NPs. Our research work revolves around the use of three
different green-extracts in the synthesis of TiO2 NPs and the
majority of the NPs in all the three samples were below 10 nm in
size. According to a study by Ohta et al.,17 the optimal size of NPs
for the drug delivery into the brain via penetrating Blood–Brain–
Barrier (BBB) is 5–6 nm. Sub-5 nm NPs show signicant
advantages in penetrating tumor tissues and minimal Reticulo-
Endothelial System (RES) uptake, especially in the liver and
spleen.18 The smaller the NPs, the more penetrating power they
possess. Fadeel et al.19 synthesised anatase TiO2 NPs having
sizes in the range 13–18 nm using aloe vera leaf extract. They
were loaded with doxorubicin (DOX) exhibiting high encapsu-
lation efficiency. Their studies concluded that TiO2 NPs were as
efficient as liposomes in the drug-delivery system of DOX. Thus,
in order to synthesize NPs with potential theranostic
30344 | RSC Adv., 2021, 11, 30343–30352
applications, we chose Coriander (Coriandrum sativum), Black
pepper (Piper nigrum) and Clove (Syzygium aromaticum) for the
present study. All three are known to have signicant health
benets. Coriander is a herb in the family Apiaceae and belongs
to the parsley family. All its parts are edible but its fresh leaves
and seeds are particularly used in cooking. It is good for
digestion and lowers blood sugar. Black pepper belongs to the
family Piperaceae and is mostly used as a spice for seasoning. It
has anti-inammatory and antioxidant properties. Clove is the
aromatic spice of the family Myrtaceae. It possesses anti-
carcinogenic, antiviral and anti-histamine properties. Linalool
is the main component of coriander along with camphor,
limonene and geraniol. Piperine is the active ingredient of black
pepper. Eugenol, eugenyl acetate and caryophyllene are the
major components of the clove. The present study discusses the
impact of extracts of different plants on the resulting NPs,
however, consideration of different biomass materials for the
same is beyond the scope of the study. The reason behind this
study is to develop less-toxic NPs which can be used for drug
delivery applications with the focus primarily on BBB penetra-
tion. In order to use the NPs for various biomedical applica-
tions, it is necessary for them to be biocompatible and non-
toxic. Moreover, the size of the NPs is quite important in the
therapeutic role they are going to play. The non-toxicity of the
NPs can be assured if they are synthesised following green
methods. Furthermore, there are limitless techniques by which
green synthesis of the NPs can be realised. Researchers around
the globe employ different plants, modes of synthesis, solvents,
precursors, catalysts, reducing agents and extraction tech-
niques to fabricate NPs. However, the signicance of a partic-
ular plant on the resulting NPs can be understood only when
different plants are used to synthesise the same kind of NPs by
keeping all other factors xed. Thus, the major goal of the study
was to realise speedy green-synthesis of smaller-sized TiO2 NPs
below 10 nm using three different plant extracts and to analyse
them on different grounds. To achieve this, similar experi-
mental conditions were provided during the synthesis of all the
three samples. The only variable was the plant extract itself,
which was added during preparation, the rest all the factors
were kept constant. Normally, calcination at higher tempera-
tures evaporates all the volatile compounds present in the
samples. The prior assumption was that upon calcination at
400 �C, almost the entire moisture content, which could be
majorly attributed to the plant extract present in the samples,
would be lost and exact replicas of TiO2 NPs would be obtained
in all the three samples. In contrast, the ndings revealed that
all the three samples belonged to TiO2 NPs which were quite
similar in structural and morphological properties but exhibi-
ted observable differences in optical and magnetic properties.

2 Experimental
2.1 Materials

The materials used are titanium tetraisopropoxide (TTIP), ethanol
and deionized (DI) water. These were purchased from Sigma Aldrich
Pvt. Ltd, Bangalore, India and all the chemicals were used as such
without any further purication. IKA-RCT basic IKAMAG safety
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The plants chosen for the green synthesis of TiO2 NPs in the present study

Black pepper Coriander Clove

Scientic name: Piper nigrum Scientic name: Coriandrum sativum Scientic name: Syzygium aromaticum
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controlmagnetic stirrer byMerck, India was used for the stirring and
heating applications. A muffle furnace by Insif, India was used for
the calcination of the samples. The extracts of black pepper, cori-
ander and clove were chosen for our green synthesis. All three are
well known spices and are easily available. The packets of the whole
black pepper and the whole clove purchased belonged to the Indian
brands Organic Tattva and Pro Nature, respectively. Coriander was
purchased from the spice and vegetable market, Sector-26, Chandi-
garh, India. Aer the purchase they were properly washed with DI
water and naturally air-dried at room temperature to remove dust or
any other contaminants. In addition, Imatinib manufactured by
Cipla, India was also purchased for the encapsulation of the NPs.
More details about the three plants chosen are given in Table 1.

2.2 Green synthesis of TiO2 NPs

The three plant extracts were prepared by adding 20 grams each
of the black pepper, coriander and clove, separately in 100 ml of
DI water. The solution was then heated for 30 minutes at low
ame. Aer that, the solution was ltered out using Whatman lter
paper which resulted in the nal extract. Later, 10 ml of the plant
extract was used for the synthesis. Sol–gel method was the preferred
approach for the synthesis of NPs.20 But instead of using the stan-
dard procedure, we accelerated the sol–gel process by reuxing the
entire solution right from the start. Reux assists in controlling the
particle size. The stoichiometric amount of the precursor (TTIP) was
used along with the plant extract and the mixture was stirred
magnetically for 3 hours under reux. The quantity of the titanium
precursor i.e. TTIP was adjusted to 0.1 molarity. No more than 2 ml
of ethanol was added, not only to bring homogeneity in the solution
but also to speed up the process. All three NPs were prepared
following the same procedure. The very presence of the respective
Fig. 1 The schematic diagram of the complete process involving ‘green

© 2021 The Author(s). Published by the Royal Society of Chemistry
plant's extract resulted in solutions displaying different character-
istic colours. The colours of the nal solution of black pepper,
coriander and clove were dirty black, green and rusty brown
respectively. The three solutions were calcined at 400 �C for two
hours, which is supposed to provide better crystallinity.21 Subse-
quently, all the three samples turned brilliant white showing the
characteristic white colour of TiO2 NPs. Finally, the samples were
named as T1 (coriander), T2 (black pepper) and T3 (clove) (Fig. 1).

2.3 Drug-encapsulation efficiency

The encapsulation of T1, T2 and T3 was realised by following the
procedure mentioned elsewhere19 with minor modications. Three
sets of drug-NPs solutions were prepared. A xed quantity of the
drug was added to 30 ml DI water in a beaker followed by the
addition of 500 mg of the respective NPs. The beakers were tightly
sealed and stirred for two days at 37 �C. Then the solutions were
centrifuged and the supernatants of all the three solutions were
collected and later measured for their absorbances, recorded at
254 nm using UV-visible double beam spectrophotometer. The
concentration of Imatinib was calculated from the previously built
standard calibration curve of the same in DI water. The encapsu-
lation efficiency (%) was calculated from the following equation:

Encapsulation efficiency (%) ¼ (initial amount of drug � amount

of drug present in the supernatant/initial amount of drug) � 100

2.4 Characterization

The NPs were characterized for their physical, morphological
andmagnetic properties. X-ray diffraction (XRD) was performed
-synthesis’ of TiO2 NPs.

RSC Adv., 2021, 11, 30343–30352 | 30345
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by Panalytical X'Pert Pro which is equipped with x'Celerator
solid-state detector manufactured by Panalytical, Netherlands.
For XRD, the powdered sample was rmly spread onto the glass
slide which was carefully placed onto the sample stage. Field
Enhanced Scanning Electron Microscopy (FESEM) was per-
formed by FEG Scanning Electron Microscope Hitachi SU8010
series by Hitachi High-Technologies Corporation, Japan. The
sample preparation for FESEM involves adding the sample onto
the carbon tape followed by sputter coating with gold and then
using it for imaging purposes. Both characterizations were done at
the Sophisticated Analytical Instrumentation Facility (SAIF), Panjab
University, Chandigarh, India. High Resolution Transmission Elec-
tron Microscopy (HR-TEM), Selected Area Electron Diffraction
(SAED) and Energy Dispersive Spectroscopy (EDS) were carried out
using Jeol 2100 Plus, Japan. Here, the sample was dispersed in
ethanol and ultrasonicated for an hour. A single drop of the NPs
solution was then carefully placed onto the copper mesh. The grid
was air-dried at room temperature and aer 30 minutes, was used
for imaging. These characterizations were performed at CIL, Panjab
University, Chandigarh, India. Photoluminescence was carried out
at INST, Mohali, Punjab, India using the FS5 Spectrouorometer
manufactured by Edinburgh Instruments, United Kingdom by
rmly placing the powdered sample onto the sample holder in the
apparatus. The Vibrating Sample Magnetometer (VSM) instrument
used in the study was designed by MicroSense, United States of
America. The samples were analysed at room temperature (300 K).
They were rmly placed and gently tapped to form a thin layer on
the sample holder. The apparatus was provided by the Department
of Physics, Himachal Pradesh University, India. The Centrikon T-42
K by Kontron Instruments, United Kingdom was used for centrifu-
gation at 10 000 rpm. UV-VIS-NIR Spectrophotometer - Lambda 750
from Perkin Elmer, United States of America was used to measure
the UV-visible absorption spectra.
Fig. 2 XRD of the three samples synthesized using three different plant

30346 | RSC Adv., 2021, 11, 30343–30352
3 Results and discussion

The XRD data in Fig. 2 indicates that we have successfully
synthesized anatase TiO2 NPs with the characteristic peak at
25.45� corresponding to the plane (101). The peaks at 38.19�,
48.15�, 54.3�, 54.96� and 62.76� correspond to (004), (200), (105),
(211) and (204) respectively. The obtained XRD plots for all the
three types of NPs match exactly with the JCPDS no.: 21–1272.
Lal et al.22 synthesized TiO2 NPs calcined at different calcination
temperatures. Their XRD plot obtained for TiO2 NPs calcined at
400 �C is exactly similar to ours. Moreover, since the nanoparticles
were calcined at 400 �C (which is considered to be lower in
comparison to high calcination temperatures like 1100 �C to
1500 �C) and lower temperature favours anatase phase, this totally
justies our observation. Jalawkhan et al.23 also produced anatase-
phase TiO2 NPs aer the one-hour heat treatment at 400 �C.
Pushpamalini et al.24 also synthesized anatase-phase TiO2 NPs and
their XRD pattern is quite similar to what we have obtained. With
this, we conclude that all the three varieties of TiO2 NPs synthesized
using different plant extracts are exactly similar in their crystallinity
and phase. Furthermore, their sizes calculated by Debye–Scherrer's
formula are also quite similar.25 The sizes of T1, T2 and T3 are
5.72 nm, 5.57 nm and 6.59 nm respectively. With this, we also
conclude that anatase phase and lower calcination temperature
result in small crystallite sizes as reported in our previous study.26

Photoluminescence (PL) (emission/excitation) spectrums
were obtained for all the three samples. The emission spectra
were obtained aer excitation at particular wavelengths. For the
emission spectrum, the range of wavelengths was 400–800 nm.
In the case of sample T1 as shown in Fig. 3(a), for lex ¼ 400 nm,
the emission spectrum was obtained having peak at lem,max ¼
559.50 nm and for lex ¼ 384 nm, the emission peak was ob-
tained at lem,max ¼ 546.57 nm. For the excitation spectra,
extracts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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corresponding to lem,max ¼ 550 nm, the maximum intensity was
observed at l ¼ 437.85 nm. The excitation peak corresponding
to lem,max ¼ 460 nm, the maximum intensity was achieved at
l�400 nm. Corresponding to lem,max ¼ 410 nm, the highest
peak in the excitation spectrum was obtained at l ¼ 384.03 nm.
Fig. 3 (a) PL (emission/excitation) diagram for sample T1. (b) PL
(emission/excitation) diagram for sample T2. (c) PL (emission/excita-
tion) diagram for sample T3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
In the case of sample T2 as shown in Fig. 3(b), for lex ¼ 400 nm,
the emission spectrum was obtained at lem,max ¼ 441.12 nm
and for lex ¼ 384 nm, the emission peak was obtained at lem,max

¼ 441.12 nm. Keeping the lem,max¼ 550 nm xed, the excitation
spectrum showed the highest peak at l ¼ 402.67 nm and for
lem,max ¼ 460 nm, the maximum intensity was observed at l ¼
461.45 nm. In the case of sample T3 as shown in Fig. 3(c), for lex
¼ 400 nm, the emission spectrum was observed showing peak
at lem,max ¼ 539.8 nm whereas, for lex ¼ 384 nm, the emission
peak was at lem,max ¼ 440.39 nm. Corresponding to lem,max ¼
460 nm, the excitation spectrum showed the maximum inten-
sity at l ¼ 400 nm and owing to lem,max ¼ 550 nm, the highest
peak in the excitation spectrum was observed at l ¼ 461.95 nm.
Thus, in order to summarize, for lex ¼ 400 nm, the relation
between the lem,max of all the three samples is: T1 > T3 > T2 and
for lex ¼ 384 nm, the relation is: T1 > T2 > T3 (however, the
difference in the values for T2 and T3 is quite small). Similarly,
some observable differences can be seen in the excitation
spectra as well. Fig. 4 shows the chromaticity coordinates
plotted on the CIE 1931 diagram of the PL emission spectrum
for the three samples owing to the excitation at 400 nm. The
chromaticity index of T1, T2 and T3 are (0.36,0.43), (0.20,0.20)
and (0.33,0.38) respectively. For T1 and T3, the colour zones are
quite near in the yellowish zone whereas for sample T2, the
colour coordinates are found in the bluish zone. Jagannath
Panda et al.27 synthesized TiO2 NPs hydrothermally and heated
them at 500 �C. Since the whole procedure of synthesis was
different, a different PL emission spectrum was obtained for the
excitation at 479 nm. Joshi et al.28 synthesized anatase TiO2 NPs
which were annealed at 500 �C. The size of the NPs was�10 nm,
which clearly depicts that smaller sized crystallites were
produced. In their report, the colour coordinates of the
annealed NPs were found in the orange colour zone. Here, the
PL and the chromaticity diagram displayed different nature of
all the three samples whereas according to the XRD data, all
three were seemingly alike.

Fig. 5 demonstrates the FESEM images of all the NPs ob-
tained from the three samples to be nearly spherical in size. As
smaller nanoparticles are more prone to agglomeration, thus,
the agglomerates can be easily seen. The images clearly depict
the small particle sizes. These results conrmed the anatase
Fig. 4 A combined chromaticity diagram (CIE 1931) for all the three
samples T1, T2 and T3 upon the excitation at 400 nm.

RSC Adv., 2021, 11, 30343–30352 | 30347
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Fig. 5 FESEM images of sample (a) T1 (b) T2 (c) T3.

Fig. 6 HR-TEM images of the samples (a) T1 (b) T2 (c) T3 for the estimation of inter-planar spacing. The three insets in each image show the
magnified region chosen for the study, FFT and Inverse FFT plots obtained upon analysis.
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phase of the TiO2 NPs obtained, indicating smaller crystalline
size at 400 �C.

In Fig. 6, the HR-TEM images showed the lattice fringes
which conrm the presence of poly-crystalline structure.
Furthermore, agglomeration was found in all the samples.
Interplanar-spacing (d) has been calculated to be approximately
equal to 0.36 nm, 0.38 nm and 0.35 nm for T1, T2 and T3
respectively. The histograms in Fig. 7(a)–(c) depict the average
particle size distribution in the three samples respectively. In
nutshell, the size varies from roughly 5 nm to 20 nm for all the
synthesized NPs. Moreover, the SAED images also conrmed
the anatase phase of the resulting NPs. For T1 as shown in
Fig. 8(a), a ring pattern was obtained. A perfect dotted pattern
was observed for T2 as depicted in Fig. 8(b) whereas the rings
were quite blurred and diffusive in case of T3 (Fig. 8(c)).
Fig. 7 Histograms showing the average particle size distribution in the s

30348 | RSC Adv., 2021, 11, 30343–30352
Fig. 9 (a)–(c) reveal EDX studies which clearly conrmed the
presence of Ti and O in all the three samples. The presence of Zr
and C peaks is due to the experimental setup. However, a very
little presence of Al in case of black pepper could be due to the
fact that black pepper is usually adulterated with aluminium.

Fig. 10(a)–(c) show the raw VSM plots of the three samples.
Zhao et al.29 manufactured TiO2 NPs using tetra-n-butyl titanate
as precursor and annealed them at different temperatures. For
annealing at 450 �C, they obtained anatase phase of the NPs.
The M–H curve plotted by them for the same at room temper-
ature displayed the diamagnetic nature of TiO2 NPs. However,
their study indicated that heat treatments given at different
temperatures and even the VSM study conducted at different
temperatures can signicantly alter the magnetic properties of
the NPs. The raw M–H curves obtained clearly depicted strong
ample (a) T1 (b) T2 (c) T3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SAED patterns of the sample (a) T1 (b) T2 (c) T3.

Fig. 9 EDX plot for the sample (a) T1 (b) T2 (c) T3.
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diamagnetic behaviour with very weak ferromagnetism at lower
elds of the resulting nanoparticles. The hysteresis loop ob-
tained in the central portion is purely due to the sample itself as
the contribution of the sample holder without any sample has
already been considered. We don't suspect these results to be
produced erroneously because proper care was taken to protect
the sample from contamination. Moreover, the magnetometer
itself was not found to be contaminated with any ferromagnetic
debris. As all the three samples resulted in TiO2 NPs, there was
no change in the general magnetic behaviour displayed by
them. However, sample T2 showed slightly more profound
ferromagnetic behaviour than the other two samples. This
Fig. 10 The raw VSM plots (emu vs. Oe) obtained at room temperature

© 2021 The Author(s). Published by the Royal Society of Chemistry
behaviour can be further enhanced by modifying the syn-
thesised NPs with a magnetic material. Tables 2–4 show the
Hysteresis loop parameters of T1, T2 and T3 respectively. Fig. 11
has been obtained by plotting the VSM data aer subtracting
the diamagnetic contribution thereby resulting solely in ferro-
magnetic contribution.30 We can see from the plot that the weak
ferromagnetic behaviour of T1 and T3 are almost similar and
overlapping whereas T2 shows slightly more ferromagnetic
character. In order to use the NPs for targeted drug delivery,
their ferromagnetic character can be of great help. The future of
these NPs relies on coating them with a magnetic material so as
to achieve magnetically-guided drug delivery to the target. With
(300 K) for the sample (a) T1 (b) T2 (c) T3.
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Table 2 Hysteresis loop parameters of sample T1

Hysteresis loop Upward part Downward part Average

Parameter ‘denition’

Hysteresis parameters

Hc Oe �14994.000 �14993.000 �0.500 Coercive eld: eld at which M//H changes sign
Mr emu �53.331 � 10�6 54.548 � 10�6 53.940 � 10�6 Remanent magnetization: M at H ¼ 0
S 0.058 0.060 0.059 Squareness: Mr/Ms

S* 1.046 1.044 1.045 1-(Mr/Hc) (1/slope at Hc)
Ms emu 914.080 � 10�6 �913.721 � 10�6 913.900 � 10�6 Saturation magnetization: maximum M measured

Table 3 Hysteresis loop parameters of sample T2

Hysteresis loop Upward part Downward part Average

Parameter ‘denition’

Hysteresis parameters

Hc Oe �14994.000 �14994.000 0.000 Coercive eld: eld at which M//H changes sign
Mr emu �135.937 � 10�6 123.787 � 10�6 129.862 � 10�6 Remanent magnetization: M at H ¼ 0
S 0.153 0.139 0.146 Squareness: Mr/Ms

S* 1.089 1.095 1.092 1 � (Mr/Hc) (1/slope at Hc)
Ms emu 887.521 � 10�6 �892.409 � 10�6 889.965 � 10�6 Saturation magnetization: maximum M measured

Table 4 Hysteresis loop parameters of sample T3

Hysteresis loop Upward part Downward part Average

Parameter ‘denition’

Hysteresis parameters

Hc Oe �14994.000 �14994.000 0.000 Coercive eld: eld at which M//H changes sign
Mr emu �61.505 � 10�6 54.439 � 10�6 57.972 � 10�6 Remanent magnetization: M at H ¼ 0
S 0.055 0.049 0.052 Squareness: Mr/Ms

S* 1.038 1.043 1.041 1 � (Mr/Hc) (1/slope at Hc)
Ms emu 1.109 � 10�3 �1.115 � 10�3 1.112 � 10�3 Saturation magnetization: maximum M measured
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the encapsulation of these TiO2 NPs with a magnetic material,
their ferromagnetic behaviour would be signicantly improved.
This would further enhance the response of these NPs to the
applied magnetic eld which would be benecial to achieve
targeted drug delivery via NPs.
Fig. 11 Hysteresis loop (M–H curve) of the samples T1, T2 and T3.

30350 | RSC Adv., 2021, 11, 30343–30352
In the present study we have also estimated the encapsula-
tion efficiency of T1, T2 and T3 using the method and formula
already mentioned above in Section 2.3. The encapsulation
efficiency (%) of T1, T2 and T3 was calculated to be 40.3%, 45%
and 42.7% respectively. However, this can be signicantly
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05588g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 4
:4

2:
32

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
improved by several modications such as addition of capping
or surface agents or by further enhancing the porosity of the
nanoparticles. One can also consider studying different plants
containing different biomolecules with respect to the drug to be
loaded. Moreover, further characterizations and analysis on the
same are beyond the scope of this study.

With this, we can infer that as all these three samples differ
only in the aspect of the plant extract, the plant's bio-prole can
be effectively responsible for this peculiar observation. This
further can be associated with the property of the biomolecules
present in the plant's protein or DNA.31 In fact, among all the
three samples, it was the sample T2 prepared from black pepper
which outshone the other two in the results of PL, EDX, SAED
and VSM. In a similar study, TiO2 NPs synthesised using four
different plant extracts were analysed. The different physical
and morphological features were justied on the basis of the
usage of different plant extracts. The NPs were calcined at
400 �C and thus all the four samples were of anatase phase with
their sizes ranging between 6.7 to 8.3 nm. This observation
clearly matches ours. Moreover, the samples were characterised
for FTIR but no signicant difference was observed in the FTIR
spectra obtained. One of the samples fabricated using Moringa
oleifera exhibited the maximum photocatalytic efficiency. The
results were concluded by stating that Moringa oleifera had
a greater inuence on the NPs so obtained. However, no further
explanation regarding this behaviour was provided.24 Jain et al.32

synthesised silver NPs (AgNPs) using tulsi leaf extract and
quercetin as the separate reducing agents. Quercetin is the
primary biomolecule present in tulsi and thus the ndings
revealed that almost similar observations were made in the NPs
synthesised using tulsi extract and quercetin separately. This
indicates that the quercetin present in tulsi is majorly respon-
sible for the synthesis of AgNPs. Moreover, increasing the
concentration of plant extract in the silver nitrate solution
increased the particle size. When compared to our work, the
same quantity of all the three plant extracts were used and
therefore, TiO2 NPs of almost similar size were obtained. Ogu-
nyemi et al.33 synthesised zinc oxide NPs (ZnO NPs) using
similar concentration of extracts of chamomile ower, olive leaf
and red tomato fruit respectively. All the three were detected
with the presence of different chemical compounds and as
a consequence, different antibacterial activities. However, it is
not only the extracts of different plants, but the extracts from
different parts of the plant also lead to different properties of
the resulting NPs. For example, Nguyen et al.34 biogenically
synthesised magnesium oxide NPs (MgO NPs) by using the
ower, bark and leaf extracts of Tecoma stans (L.) one by one in
order to make three samples. The results unveiled the
supremacy of chemical compounds and functional groups on
the surface of NPs. The MgO NPs synthesised using the ower
extract outperformed the other two samples in an effective
uptake capacity of different dyes. This was attributed to the
presence of antioxidant-rich compounds especially present in
the owers. Thus, there is a lot of evidence available which
strengthens the dependence of the properties of green-
synthesised NPs on their respective plant extracts.
© 2021 The Author(s). Published by the Royal Society of Chemistry
4 Conclusion

We have successfully synthesized eco-friendly TiO2 NPs from
plant extracts of black pepper, coriander and clove. The
maximum percentage of the synthesized NPs was below 10 nm
in size. Although the experimental conditions for the synthesis
of all the three samples were the same, yet different plant
extracts brought out different results. Among all the three
samples, TiO2 NPs synthesized using plant extract of Piper nig-
rum (black pepper) showed strikingly different characteristics
than the other two. The samples synthesized by the extract of
Coriandrum sativum (coriander) and Syzygium aromaticum
(clove) exhibited only minor differences in their studied
parameters. With this, we conclude that even though all the
three extracts are resulting in TiO2 NPs, yet they are bringing
about observable changes in the properties of the resulting NPs.
The reason behind this can be associated with the different
biomolecules associated with each of these chosen plants. This
is a very generalized nding and can be applied to other metal
and metal oxide NPs too. Moreover, all the three samples
showed signicant drug-encapsulation efficiency which can be
further improved with certain modications. Thus, these tiny
green NPs can be signicantly utilized as nanomedicine and in
other drug-delivery applications. The scope of this study
involves further research on the very aspect of the plant's
molecular chemistry and their impact on the features of the
synthesised NPs. This can create a new dimension for the
budding researchers to chalk out their ideas for research.
Fourier Transform Infrared Spectroscopy (FTIR) studies and
other detailed elemental analysis can be conducted to gauge the
impact of plants in shaping the NPs.
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