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Abstract: Stress-induced alterations vary with the species of plants, the intensity and duration of the
exposure, and stressors availability in nature or soil. Purine catabolism acts as an inherent defensive
mechanism against various abiotic stresses and plays a pivotal role in the stress acclimatisation of
plants. The intermediate metabolite of purine catabolism, allantoin, compensates for soil nitrogen
deficiency due to the low carbon/nitrogen ratio, thereby maintaining nitrogen homeostasis and
supporting plant growth and development. Allantoin accounts for 90% of the total nitrogenous
compound in legumes, while it contributes only 15% in non-leguminous plants. Moreover, studies on
a variety of plant species have reported the differential accumulation of allantoin in response to abiotic
stresses, endowing allantoin as a stress modulator. Allantoin functions as signalling molecule to
stimulate stress-responsive genes (P5CS; pyrroline-5-carboxylase synthase) and ROS (reactive oxygen
species) scavenging enzymes (antioxidant). Moreover, it regulates cross-talk between the abscisic
acid and jasmonic acid pathway, and maintains ion homeostasis by increasing the accumulation
of putrescine and/or spermine, consequently enhancing the tolerance against stress conditions.
Further, key enzymes of purine catabolism (xanthine dehydrogenase and allantoinase) have also been
explored by constructing various knockdown/knockout mutant lines to decipher their impact on
ROS-mediated oxidative injury in plants. Thus, it is established that allantoin serves as a regulatory
signalling metabolite in stress protection, and therefore a lower accumulation of allantoin also reduces
plant stress tolerance mechanisms. This review gives an account of metabolic regulation and the
possible contribution of allantoin as a photo protectant, osmoprotectant, and nitrogen recycler to
reduce abiotic-stress-induced impacts on plants.
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1. Introduction

Environmental stresses are unpredictable, irregular, and ever-changing. Plants are
exposed to several complex environmental variables, including temperature, radiation,
precipitation, humidity, wind, and soil factors. When a plant experiences less/more than
optimum environmental conditions (stress), either through climatic change or human
interference, this ultimately affects its survival [1]. Abiotic-stress-induced injuries result
in stress-specific responses through distinct modes, and irrespective of the type of stress
factor plants elicits a universal response mechanism [2]. Plants can evoke a myriad of
responses (morphological, physiochemical, and molecular) to oscillating environmental
(stress) conditions [3]. In general, stress conditions stimulate the generation of reactive
oxygen species (ROS) such as hydrogen peroxide (H,0,), singlet oxygen (105), hydroxyl
radical (¢OH), superoxide (O,°7) anion, and cytotoxic compounds like methylglyoxal
(MG), which disturbs cellular redox homeostasis [4]. The generation of ROS is unavoidable,
even under optimal conditions. During normal cellular metabolism, plants can produce
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Abstract

Arthritis is a frequent autoimmune disease with undefined etiology and pathogenesis. Scientific community constantly fasci-
nating quercetin (QUR), as it is the best-known flavonoid among others for curative and preventive properties against a wide
range of diseases. Due to its multifaceted activities, the implementation of QUR against various types of arthritis namely,
rheumatoid arthritis (RA), osteoarthritis (OA), gouty arthritis (GA) and psoriotic arthritis (PsA) has greatly increased in
recent years. Many research evidenced that QUR regulates a wide range of pathways for instance NF-kB, MAK, Wnt/p-
catenine, Notch, etc., that are majorly associated with the inflammatory mechanisms. Besides, the bioavailability of QUR
is a major constrain to its therapeutic potential, and drug delivery techniques have experienced significant development to
overcome the problem of its limited application. Hence, this review compiled the cutting-edge experiments on versatile
effects of QUR on inflammatory diseases like RA, OA, GA and PsA, sources and bioavailability, therapeutic challenges,
pharmacokinetics, clinical studies as well as toxicological impacts. The use of QUR in a health context would offer a tearing
and potential therapeutic method, supporting the advancement of public health, particularly, of arthritic patients worldwide.
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Abstract

p-Lactum antibiotics are broad class of antibiotics which kills bacteria by inhibiting the formation of peptidoglycan that con-
stitutes the bacterial cell wall. The resistance that develops in bacteria for antibiotics led the scientific world to think about the
future aspects for modifying the way through which antibiotics are acted on the bacteria and become lethal for them. In this
consequence, the potential of latest marketed antibiotics e.g. Amoxiciline (I), ceftazidim (II) have been evaluated after being
conjugated with quantum dots. The surface of quantum dots has been conjugated with antibiotics by carbodiimide coupling
with the help of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) as conjugating
agent between antibiotic and functionalized quantum dots. The antibacterial properties of QD-conjugated antibiotics have
been determined by disc diffusion assay. The potency of QD-conjugated antibiotics has been estimated by determining their
MIC;, for the selected strain of Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria.
Minimum inhibitory concentration study, minimum bactericidal concentration and growth pattern analysis revealed that QD-
antibiotic conjugates showed slightly more prospective than pure native antibiotics against both Gram-negative (Escherichia
coli) and Gram-positive (Staphylococcus aureus) bacteria.

Keywords f-Lactum antibiotics - QD-antibiotics conjugates - MICs, - Antibacterial Activity

Introduction

Since the invention of penicillin, f-lactam antibiotics have
developed as the most essential spectrum of antibacterial
agents [1, 2]. However, the experimental treatment and
wide utilization of these agents have made the bacteria to
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generate various types of pB-lactamases (f-Lases), which
could prompt the spread of bacterial resistance [3—6]. Thus
clinical viability of p-lactam antibiotics was negotiated.
B-lactam antibiotics resistance has turned out to be a seri-
ous issue that encounters the human health [7-10]. Thus,
progressively more demand has been put on pharmaceuti-
cal investigators and medical researchers to develop new
antibiotics [11]. Some strategies have been accounted for
disabling the bacterial resistance. One was to change the
structure of f-lactam to reduce its sensitivity to the hydrol-
ysis by p-Lases [12]. Another technique was to utilize dou-
ble activity cephems; if bacteria have resistance to one of
them, the other antibacterial agent would destroy them in
another way [13-16]. Vergauwe and coworkers utilized
reagents, for example, 3 clavulanic acid to inactivate the
B-Lases [17]. In all these techniques, reagents added to
conquer the bacterial resistance were organic compounds.
Inorganic components were occasionally utilized as a part
of the antimicrobial industry. Though, it is notable that
inorganic nanomaterials are great antimicrobial agents.
Currently, there were some research work reported, which
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started to investigate the antimicrobial impacts of com-
bination of pf-lactam and inorganic nanomaterials. This
investigation would be invaluable for designing novel anti-
microbial agents.

Over the previous decades, nanoparticles with exclu-
sive chemical and physical properties have demonstrated
a growing significance in biological, biomedical, and phar-
maceutical applications. Inorganic nanomaterials have
large surface to volume ratio and pronounced bioactiv-
ity which made them great candidate to displace conven-
tional organic antimicrobial agents that are enormously
irritant and toxic. Currently, various nanoparticles have
been appeared to have antimicrobial activities [18, 19] and
among them the silver nanoparticles have been very much
examined and reported to accrue in the Escherichia coli (E.
coli) membrane to have efficaciously antibacterial effects
[20]. Titanium dioxide (TiO,), Silicon dioxide (Si0,) and
zinc oxide (ZnO) nanoparticles, also demonstrate encour-
aging biocidal properties against both Gram-positive and
Gram-negative bacteria [21]. All these assemblies are
observed to be photosensitive and can create reactive
oxygen species (ROS) under high intensity light at a par-
ticular wavelength. TiO, can be utilized as an important
antibacterial agent although when sunlight is applied as
the excitation source. In contrast with different nanopar-
ticles, quantum dots (QDs) have superior size-dependent
optical properties. They are essentially nanoscale crystals
fabricated from semiconducting materials [22, 23]. QDs
have turned out to be more significant research subjects
in present years [24] because of their exceptional physi-
cal properties including photostability, narrow emission,
and wide excitation range, high photoluminescence and
potential applications in recent biosensors[25], cell imag-
ing [26] and in vivo tracking of living being [27]. QDs can
indicate sizes and numbers of atoms between the molecu-
lar level and bulk solids with a band-gap relying upon
different factors, for example, strength and type of bond
with adjacent atoms. Usually, narrow fluorescent emis-
sion peaks are witnessed for separated atoms. It has been
accounted for that a nanoparticle of roughly 100-10000
atoms indicates distinctive narrow optical line spectra. On
the premise of this data, QDs can be characterized as arti-
ficial atoms [28].

It has been demonstrated that under UV illumination,
QDs produce free radicals, of which the quality and type
are controlled by their center core materials [29]. The high
extent of free radicals is hurtful to microorganisms. The
release of free metal ions from QDs could also be hazard-
ous to microbes. There are only few reports on antimicrobial
activity of QDs can be established [30, 31]. For instance,
Kloepfer et al. demonstrated that cadmium selenium (CdSe)
QDs can prevent bacterial growth [32]. To diminish the
lethality and toxicity of QDs, core/shell structure and core/
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shell materials are commonly utilized. Scientists develope
various types of center/shell QDs CdTe/ZnSe, CdTe/ZnS,
and CdSe/ZnS), ciore/shell/shell QDs (CdTe/CdS/ZnS,
CdSe/CdTe/ZnSe), and condition cordial QDs (CulnSe,
Ag,S,and Si QDs) for different purposes [33—41].

In the present study, CdTe/ZnS core/shell QDs were
selected as one of the most robust and highly fluorescent
QDs which are synthesized through a green way or environ-
ment-friendly way using water as a solvent. The CdTe/ZnS
core/shell QDs can be applied in various biological fields
because the high Cd toxicity of CdTe QDs is supposed to
be reduced by forming a shell of ZnS. In the present study,
CdTe/ZnS core/shell QDs were conjugated with amoxicil-
lin (Amox) and ceftazidime (CZ) and subsequently char-
acterized with spectroscopic and microscopic techniques.
The potency of antibacterial activities of these CdTe/ZnS-
antibiotic conjugates was evaluated against E. coli and S.
aureus which is commonly used as a model in microbiologi-
cal research.

Experimental Section
Materials

Amoxicillin, ceftazidime, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS),
cadmium acetate (CH;COO),Cd), tellurium powder,
sodium borohydride (NaBH,,), zinc acetate (CH;COO),Zn),
thiourea (NH,CSNH,), manganese acetate tetrahydrate
(CH;C0O0),Mn.4H,0), glutathione (GSH), acetone
(CH;COCHj;) and all other chemicals were purchased from
Sigma Aldrich, Bangaluru, India. All the chemicals used were of
analytical grade and millipore water was used in all experiments.

The strains which were employed in this study are the
Gram-negative bacterium E. coli (MTCC 1687) and the
Gram-positive bacterium S. aureus (MTCC 3160), pur-
chased from the Microbial Type Culture Collection, Institute
of Microbial Technology (Chandigarh).

Synthesis of CdTe/ZnS Core/Shell Quantum Dots

Core-shell CdTe/ZnS quantum dots were synthesized by
slight modification of reported method [42]. Briefly, a
NaHTe solution was prepared by dissolving Te powder (1
mM) and NaBH, (4 mM) in 2 mL of nitrogen bubbled mil-
lipore water which was stirred for a few hours at 4 °C. The
Cd** precursor solution was prepared by dissolving GSH
(10 mM) and Cd (CH;COO0), (4.0 mM) in 100 mL millipore
water. Subsequently, the pH was adjusted to 10.5 by adding
0.1 M NaOH followed by the addition of NaHTe solution
into N, saturated Cd** precursor solution. The colour of
the solution immediately changed from colourless to yellow.
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The molar ratio of Cd**: NaHTe: GSH was maintained at
4:1:10. Then, the reaction mixture was heated at 100 °C,
and aliquots of the mixture (0.5 mL) were collected after
every 10 minutes. After desired growth the reaction was
quenched by rapidly cooling down to 0 °C in an ice-bath.
The core nanocrystals were precipitated by adding acetone
(1:1 v/v), followed by centrifugation at 5000 rpm for 2 h.
For ZnS shell coating, a Zn>* precursor solution was pre-
pared by dissolving GSH (0.2 mM) and Zn(CH;COO), (0.1
mM) in 25 mL of Millipore water with adjusting pH to 7.0.
For the synthesis of CdTe/ZnS core/shell QDs, the purified
CdTe nanocrystals (0.025 pmol/L) and thiourea (0.1 mM)
were added to the Zn>* precursor solution, and the pH was
adjusted to 11.0. The molar ratio of Cd**/thiourea (TU)/
GSH in the reaction mixture was 1:1:2. Afterwards, the reac-
tion mixture was kept at 90 °C, and aliquots (0.5 mL) were
collected in a glass vial at a series of different times. Each
reaction was quenched by cooling to 0 °C in an ice bath. The
core/shell QDs were precipitated by adding equal volume of
acetone (1:1 v/v), followed by centrifugation at 4000 rpm for
1.5h. The precipitate was used for further studies.

Conjugation of Antibiotics with CdTe/ZnS Core/Shell
Quantum Dots

One milligram of CdTe/ZnS QDs was dissolved in 10 mL
of 50 mM PBS buffer (pH 7.40). Then 10 mg of NHS and
20 mg of EDC were added to the QD solution, and stirred
for 30 min to activate the carboxylate groups on QDs. Then
various amounts of antibiotics (amoxicillin/ ceftazidime) (1
pg/ml-300 pg/ml) was dissolved in PBS buffer, and added
to the activated QD solution. After reaction overnight, the
antibiotic-conjugated QDs were separated from the solution
by an ultracentrifugation.

Characterization

UV-Visible spectra were recorded by using Thermoscientific
evolution-300spectrophotometer operated at a resolution of
2 nm. Fluorescence spectra were recorded using an Agilent
fluorescence spectrophotometer (G9800AA). The fourier-
transform infrared (FTIR) spectral analysis was performed
within the wave number ranges from 4000-600 cm'were
measured using FTIR spectrometer (DRS-FTIR) set with
deuterated, L-alanine doped triglycine sulfate (DLaTGS)
detector (Model: Nicolet iS10, Thermofisher Scientific
Instrument, Madison,USA). The size of the CdTe/ZnS QDs
were assessed by transmission electron microscopy (TEM)
on a JEOL, JEM-2100F model instrument operated an accel-
erating voltage of 200kV. The samples were prepared by
adding drops of sample solution on carbon-129 coated cop-
per grids and allowed to dry in air. The resulting images

were analyzed by gatan micrograph software. X-Ray diffrac-
tion study has been performed on PANalytical 3 kW X pert
Powder XRD-Multifunctional.

Antibacterial Activity

The antibacterial activities of QD-antibiotics conjugates
were investigated against Gram-negative bacteria Escheri-
chia coli (E. coli) MTCC 1687 and Gram-positive bacte-
ria Staphylococcus aureus (S. aureus) MTCC 3160 by two
methods: well diffusion and broth dilution method. The
strains were cultured in Nutrient agar medium (NAM) plates
in an incubator overnight at 37 °C. A single colony was inoc-
ulated in 20 ml of NAM Broth (TSB) and grown statically
overnight at 37 °C. Then, 100pl of this bacterial suspension
was transferred into 100ml of NAM in a conical flask and
grown in a shaker incubator at 150 rpm at 37 °C.

Well Diffusion Method

The antibacterial activity of QD-antibiotics conjugates were
assessed in vitro against two pathogenic bacterial strains using
well diffusion method. NAM plates were prepared by pour
plate method. For agar well diffusion, 100p1 of the bacterial
suspension was inoculated on semi solidified NAM plates and
spread properly. Small wells about 5 mm diameter of size were
made into semisolid NAM plates. Different dosages (5-150 pg/
ml) of QDs, 50-300pg/ml and 1-30pg/ml of amoxicillin and its
corresponding QD-amox conjugates for E.coli and S. aureus
were added in to each well. Similarly, 5-50pg/ml and 1-30pg/
ml of ceftazidime and its corresponding QD-CZ conjugates
for E.coliand S. aureus QD- were added in to each well. The
plates were placed in a 37 °C incubator for 24 h. Test was done
in triplicate, then inhibitory action of tested samples on the
growth of the bacteria was determined by measuring diameter
of inhibition zone in mm around each well. Streptomycin was
used as a positive control while water is used as negative con-
trol to test the bioactivity of compounds.

Broth Dilution Method

Nutrient broth medium inoculated in different test tubes
plugged with sterile cotton and autoclaved. The 100pl bacte-
rial suspensions were inoculated in two set of test tubes con-
taining different dosages of different dosages (5-150 pg/ml)
of QDs, 50-300 pg/ml and 1-30 pg/ml of amoxicillin and its
corresponding QD-amox conjugates for E.coli and S. aureus.
Similarly, 5-50 pg/ml and 1-30 pg/ml of ceftadizime and its
corresponding QD-CZ conjugates for E.coli and S. aureus
QD- were used. The final volume in the tubes was 10 ml.
The tubes were incubated in a shaker incubator at 100 rpm
at 37 °C for overnight. Growth of inoculums in the test tube
was observed by determining the optical density (OD) at 600
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nm by colorimeter. For standard comparison a control sample
was prepared by a similar method exclusive of QD-antibiotic
conjugates. The experiments were carried out in triplicate to
confirm reproducibility. The percentage of growth inhibition
was calculated using the following formula:

0D, — 0D,

% Growth Inhibition = —
OD,

] x 100 (1)

where OD, and OD, correspond to the optical density of
the control and test sample of nanocomposite, respectively.

Results and Discussion

Spectral Characterization of CdTe/ZnS QDs
and CdTe/ZnS QDs Antibiotic Conjugates

Figure 1 represents usual evolution of both absorption and
fluorescence spectra of GSH-topped CdTe/ZnS QDs synthe-
sized in the aqueous phase. Although successfully synthe-
sizing CdTe QDs with an inclusive range of sizes, current
study emphases on CdTe core with emission maxima at 556
nm and study the evolvement of the optical, electronic and
structural properties as a function of ZnS coating. The size
and concentration of the CdTe core are 3.78 nm and 4.7 x
10® M, respectively, which is determined by utilizing the
empirical formula (Eq. 2): [43]

A = ecl, e = 10043(D)*"?

D=9.8127x 1074 — (1.7147 x 10—3),12 +(1.0064)4 — (194.84)
2

Here A is the absorbance of the first excitonic absorption peak
for CdTe QDs, ¢ is the molar concentration (mol/L) of the CdTe
QDs, 1 is the path length (cm) of the radiation beam, D is the

35 500
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400 —
@ 2.5+ 3
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diameter of the QDs, € is the molar absorptivity of CdTe QDs
and A (nm) is the wavelength of the first excitonic absorption
peak of the CdTe QDs. Heating the solution containing glu-
tathione, Zn>* and core CdTe QDs results in gradual red shift in
the absorption and fluorescence spectra (Fig 1a), which infers that
aZnS shell is gradually developing in situ on the CdTe core. With
the refluxing, the excitonic absorption peak of QDs shifts toward
longer wavelength from 565 nm to 620 nm as the QDs grow
to bigger size. This phenomenon is observed due to quantum
confinement effect. The corresponding fluorescence emission
wavelengths and QY's of the CdTe/ZnS NCs are 585 nm 40%,
600 nm 48 %, 610 nm 42 %, 620 nm 39 %, and 635 nm 36 %,
respectively. After the 15 min of refluxing, the best fluorescence
QY (48 %) of the CdTe/ZnS QDs achieved is 1.4 times greater
than that of the CdTe core QDs. At the same time, the diameter of
the core—shell QDs rises to 4.7 nm (core CdTe = 3.8 nm), which
displays that the thickness of ZnS shell is around 0.9 nm. After
30 min. of refluxing, the fluorescence wavelength increases with
decrease in the QY of CdTe/ZnS to 42 %. Further refluxing to 50
min, the increasing rate fluorescence wavelength diminishes with
the decrease in the QY to 39 %. Lastly, after 90 min. of reflux-
ing, the fluorescence emission wavelength of the QDs shifts up
to 635 nm, however the QY reduced to just 36 %. These results
show that during refluxing, the QDs are grown to their final size,
as well as the fluorescence emission of the core—shell CdTe/ZnS
QDs can be tuned in color with the refluxing time.

As appeared in the Fig. 1a, the absorption band shifts
towards longer wavelength with increase in the fluorescence
intensity as the ZnS shell grows. The increased intensity is due
to the in situ formation of ZnS shell causing in the considerable
decrease in the surface deformities of core CdTe QDs and the
dropping down of confinement energy of exciton after coat-
ing core QDs with greater band gap shells [43-49]. Interfacial
strain play an essential role which emerges from the extensive
lattice mismatch between the ZnS shell and CdTe core (cross
section parameters for ZnS ¢ = 6.257 A and for CdTe ¢ =

141 ' ' ' ". CdTelzns
3 /N CdTeizns-Amox | 500
1.2 /% - cdTeizns-cz —_
3 { {400 3
c 1.04 g 3
3 {300 >
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Fig. 1 Absorption and corresponding fluorescence spectra of CdTe and CdTe/ZnS QDs with refluxing time Absorption and corresponding FL.
spectra of CdTe/ZnS QDs and CdTe/ZnSamox and CdTe/ZnS CZ conjugates
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Fig.2 Variation of FWHM (a) and Quantum Yield (b) of CdTe/ZnS QDs with refluxing time

6.477 10\) [50]. On the other hand, it can be found in Figs. la
and 2 that the sizes of QDs grow in aqueous phase accom-
plished by the fluorescence full width at half most extreme
(FWHM) decreasing. FWHM of the fluorescence emission
peak rapidly changes from 86 nm to 76 nm during refluxing for
15-90 min. The narrow FWHM of the fluorescence emission
peak reveals the narrow size distribution, which is a proficient
way to explore the size focusing. Furthermore, the conjugation
of CdTe/ZnS with Amox and CZ also monitored with absorp-
tion and fluorescence spectral measurements (Fig. 1b). The
absorption and corresponding fluorescence spectra of amox
and CZ CdTe/ZnS conjugates shifts towards longer wavelength
with considerable decrease in intensity suggest the conjugation
of CdTe/ZnS QDs with amox and CZ.

T B T o T
——CdTe

——CdTel/ZnS 3
—— CdTe/ZnS-Amoxicillin
—— CdTelZnS-Ceftadizime

220

Intensity (a.u.)

10 - 2.0 : 3.0 . 4I0 . 5I0 . 6'0 . 70
2 Theta (20)

Fig.3 XRD of CdTe/ZnS QDs and CdTe/ZnS -Amox and CdTe/ZnS
CZ conjugate

The powder XRD diffractogram for the CdTe, CdTe/
ZnS, CdTe/ZnS-Amox and CdTe/ZnS CZ conjugates are
depicted in Fig. 3. The typical zinc blend planes of 111,
220, and 311 positioned at 24.40°, 41.60°, and 47.90° for
CdTe and at 24.94°, 41.72°, and 48.76" for CdTe/ZnS in
the range of 10-70° have been observed. The position
of the diffraction peaks of CdTe cores is well matched
with those of the bulk CdTe cubic structure (JCPDSNO.
15-0770) [42]. After formation of ZnS shell on CdTe core,
diffraction peak position shifted to greater angles towards
the positions of bulk ZnS cubic structure (JCPDS NO.
05-0566) [42], which is confirmed the formation of CdTe/
ZnS. Furthermore, the diffraction peaks of CdTe/ZnS
Amox and CdTe/ZnS CZ conjugates also appears to be at
24.94°,41.72°, and 48.76°, but the peaks at 24.95° shows
a small splitting. The splitting of peaks might be due to
slight loss in crystalline structure at 111 planes due to
conjugation. The TEM and HRTEM images in Fig. 4 show
that the CdTe/ZnS NCs possess a good dispersed crystal-
line structure, and have an average diameter of about 4.7
nm, consistent with the results calculated from the absorp-
tion spectrum. The structural characterizations show a

Fig.4 TEM image of CdTe (a) and CdTe/ZnS QDs (b) Inset: His-
togram of CdTe and CdTe/ZnS QDs and HRTEM showing inter-
planer distance
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Fig.5 FTIR spectra of (a) free Amox and Amox-CdTe/ZnS conjugate (b) CZ and CZ-CdTe/ZnS conjugates

continuous growth of the crystallographic planes without
a distinct boundary at the core-shell interface. Energy-
dispersive X-ray spectroscopy (EDS) was also used to
examine the composition of CdTe/CdS/ZnS (Fig. S1).
Zn and S were both clearly visible in the EDS pattern,

and the atomic ratio of S:Zn:Cd:Te was determined to be
1.38:1:1.64: 2.84. The FTIR spectrum of CdTe/ZnS antibi-
otics conjugates and free antibiotics (amox and CZ) reveals
the conjugation of CdTe/ZnS with antibiotics as evident
in the FTIR spectrum (Fig. 5) Curve 2 (Fig. 5a) represent

Tablg 1 List of some Of the . S. No. Quantum Dot Nanaomaterial Bacterial Strain Reference
previously reported antibacterial
activity studies of Quantum dots 1 CdTe QDs Escherichia coli [51]
and corresponding bacterial CdS/Ag2S QDs Escherichia coli, (52]
strain Pseudomonas aeruginosa,
Staphylococcus aureus
2 CdTe—Rocephin Escherichia coli [53]
QD complex
3 Thioglycolic acid Staphylococcus aureus [54]
(TGA) and
mercapto-acetohydrazide
(TGH)
lysine-capped
4
5 Ciprofloxacin-Carbon dot conjugate Escherichia coli, [55]
Pseudomonas aeruginosa,
Staphylococcus aureus
Bacillus subtilis
6 CdTe/ZnS-Amoxicilline Escherichia coli, Current study

And Ceftadzime

Staphylococcus aureus
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Table 2 MICs,values of pure antibiotics and antibiotics CdTe/ZnS
conjugates for E.coli and S. aureus

Tested Sample MIC;, (ug/ml)

E.coli S. aureus
CdTe/ZnS > 700 > 600
Amox 140+2.5 4.8+0.5
Amox-CdTe/ZnS 102 1.5 3.0+0.8
Ccz 12.5 +0.5 4.6+0.8
CZ-CdTe/ZnS 9.5+0.5 3.6+0.5

the free amox which show characteristic absorption bands
of cephalosporin compounds, such as 3660-3250 cm™!
(N-H group axial deformation), 1750-1725 cm'and 1540
cm'l(carboxylic acid function C=0 stretching), 1475-1600
cm-1 (aromatic ring C=C axial deformation), 1350-1300
cm™ (C-N axial deformation) and 1680-1630 cm™ (amide
group C=0 axial deformation). Curve 3 (Fig. 5a) amox-
CdTe/ZnS conjugates which shows quite characteristics
changes in their amide stretching vibration such as split-
ting of 1680 cm™! (amide group C=0 axial deformation)
bands which suggest the formation of conjugates through
amide bond formation. Similarly, Curve 2 (Fig. 5b) rep-
resent the free CZ which show broad absorption bands
of N-H group axial deformation at 3660-3250 cm™!, 1748
cm’! (carboxylic acid function C=0 stretching), 1480 cm™!
(aromatic ring C=C axial deformation), 1382 cm’! (C-N
axial deformation) and 1678 cm™ (amide group C=0 axial
deformation). The stretching band at 1678 cm!splits in to
two peaks suggested the formation of new amide bond as
well as the conjugation of CdTe/ZnS QDs with CZ.

Antibacterial Activity Tests

To evaluate the antibacterial efficacy of CdTe/ZnS antibi-
otics conjugates, the activity were tested at different con-
centrations against E.coli and S. aureus. The micro dilution
method was employed to evaluate their antibacterial activity

and minimum inhibitory concentration (MICs). The evalua-
tion included also the different concentrations of bare CdTe/
ZnS, pure antibiotics and CdTe/ZnS-antibiotic conjugates
to compare and analyze the antibacterial behavior contrib-
uted from each component of the conjugates. Moreover,
the current study has been compared with that of previous
reports and best of our literature survey we found that no
such attempts have been made till now (Table 1)

Tables 2, 3 and 4 summarizes the percentage inhibi-
tion and MICs, values of bare CdTe/ZnS, pure antibiot-
ics (Amox, CZ) and CdTe/ZnS-antibiotic conjugates, to
inhibit both bacterial strains. The obtained data show that
the percentage inhibition of bacterial growth increases
with increasing concentration of CdTe/ZnS, Amox, CZ,
and its conjugates. The percentage inhibition of Amox-
CdTe/ZnS conjugates (50, 100, 150, 200 and 300pg/ml)
against E.coli is found to be 32.06, 49.94, 69.01, 85.69 and
94.63% which is greater than the percentage inhibition of
free Amox which shows 20.14, 40.40, 61.85, 79.73 and
89.27 % after 6h treatment at 37 °C (Fig. 6a). Similarly,
the percentage inhibition of Amox-CdTe/ZnS conjugates
(1, 3, 5, 10 and 20 pg/ml) against S. aureusis found to be
33.25, 51.13, 71.39, 85.31 and 95.01 % which is greater
than the percentage inhibition of free Amox Table (2 and
3) (Fig. 6¢). Similar trends were observed for CZ-CdTe/
ZnS conjugates and pure CZ against both the bacterial
strain (Fig. 6b, d ) (Tables 5 and 6). Furthermore, the
MICs, of 102.0 and 3.0 ug/mL of Amox-CdTe/ZnS con-
jugates and 9.5 and 3.6 ug/mL of CZ-CdTe/ZnS conjugates
are required to kill 50 % of E. coli and S. aureus bacteria,
respectively (Table 2). On the other hand, the MICj, cor-
responding to bare CdTe/ZnS, CZ and Amox were found
to be above the Amox-CdTe/ZnS and CZ-CdTe/ZnS con-
jugates for E. coli and S. aureus bacteria (i.e., 700 pg/ml
and 500 pg/ml for CdTe/ZnS, 140 pg/mL and 4.8 ug/ml for
Amox, 12.5 pg/ml and 4.8 pg/ml for CZ). It is clear that
there is a significant enhancement and a strong antibacte-
rial activity associated with CdTe/ZnS-antibiotic conju-
gates, as compared to bare CdTe/ZnS and pure antibiotics.

Table 3 Inhibition percentage of Amox, Amox-QD conjugates after 6 h treatment.

Tested Sample Inhibition Percentage

E.coli S. aureus E.coli S. aureus

MTCC1687 MTCC 3180 MTCC1687 MTCC 3180

Amox (ug/ml) Amox-QD Amox (ug/ml) Amox-QD Amox Amox-QD Amox Amox-QD
(ng/ml) (ng/ml)

50 50 1 1 20.14+1.93 32.06+1.83 27.29+1.97 33.25+1.82

100 100 40.40+1.84 49.94+1.89 42.78+2.33 51.13+2.16

150 150 5 61.85+2.23 69.01+2.13 64.24+1.91 71.39+1.85

200 200 10 10 79.73+1.94 85.69+1.69 80.12+1.74 85.31+1.78

300 300 20 20 89.27+1.86 94.63+1.79 90.70+1.96 95.01+1.91
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Table4 Inhibition p ercentage Tested Sample Inhibition Percentage

of CZ, CZ-QD conjugates after

6 h treatment. E.coli S. aureus E.coli S. aureus
MTCC1687 MTCC 3180 MTCC1687 MTCC 3180
CZ (ug/ml) CZ-QD CZ (ug/ml) CZ-QD CZ CZ-QD CzZ CZ-QD

(ng/ml) (ng/ml)

5 5 2491+2.13 36.82+2.22 15.37+1.85 22.52+1.98
10 10 48.15+1.84 52.32+1.87 39.21+1.54 43.98+1.86
15 15 64.97+2.23 76.73£2.12 55.89+2.11 64.24+1.92
20 20 10 10 85.08+1.94 89.46+1.69 73.77+1.74 77.35+2.41
30 30 20 20 93.82+1.86 96.30+1.81 89.27+1.96 95.23+1.92

The antimicrobial effectiveness of CdTe/ZnS-Amox and
CdTe/ZnS-CZ conjugates, dose-dependent growth kinet-
ics curves of E.coli and S. aureus were used to assess the
relative rate and extent of antibacterial activity of CdTe/
ZnS-Amox and CdTe/ZnS-CZ conjugates. Figure 7 display
the growth profiles of E.coli treated with various concen-
trations of pure antibiotics and CdTe/ZnS-antibiotic conju-
gates. Figure 7a, b shows a strong inhibition of E.coli and

Bl Amox
100 - -Am:x-CdTe-‘ZnS
c 8o} (3a)
°
=
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L
-
— 40
X
20
0
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100 "Il Amox-CdTe/ZnS
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[ 80t
=)
]
o] 60
= o
-
—a 40
o~
20
0

5 10 15 20
Concentration (pg/ml)

S. aureus when treated with Amox and CZ. The interaction
between CdTe/ZnS-antibiotics conjugates (Amox and CZ)
and E.coli was stronger than pure antibiotics (Amox and
CZ), and the inhibition was significantly high (Fig. 7a, b).
The lowest concentration of 50 ug/mL of Amox exerts a
delay of 4 h in the growth rate of E.coli and 5ug/mL of CZ
exerts a delay of 6 h in the growth rate of E.coli. On the other
hand, CdTe/ZnS-antibiotic conjugates displayed a slightly
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Fig. 6 Inhibition percentage profile of Amox, Amox-CdTe/ZnS CZ and CZ-CdTe/ZnS conjugates against E.coli and S.aureus
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Table 5 Inhibition zone of Amox, Amox-QD conjugates after 24 h treatment

Tested Sample Inhibition Zone (mm)
E.coli S. aureus E.coli S. aureus
MTCC1687 MTCC 3180 MTCC1687 MTCC 3180
Amox (ug/ml) Amox-QD Amox (ug/ml) Amox-QD Amox Amox-QD Amox Amox-QD
(ng/ml) (ug/ml)
50 50 14.0£1.93 18.0+1.93 13.0£1.93 18.0+1.93
100 100 3 25.0+£1.93 29.0+£1.93 20.0+£1.93 24.0+1.93
150 150 5 30.0+£1.93 34.0+1.93 26.0+£1.93 29.0+1.93
200 200 10 10 36.0+1.93 44.0+1.93 32.0+1.93 35.0+1.93
300 300 20 20 45.0+1.93 56.0+1.93 35.0+1.93 41.0+1.93
Table 6 Inh.ibition zone of CZ, Tested Sample Inhibition Zone (mm)
CZ-QD conjugates after 24 h
treatment. E.coli S. aureus E.coli S. aureus
MTCC1687 MTCC 3180 MTCC1687 MTCC 3180
CZ (ug/ml) CZ-QD CZ (pg/ml) CZ-QD CZ CZ-QD CZ CZ-QD
(ng/ml) (ng/ml)
5 5 1 1 16.0+£1.93 17.0+£1.93 15.0+1.93 18.0+1.93
10 10 3 3 23.0+1.93 28.0+1.93 21.0+1.93 24.0+1.93
15 15 5 5 27.0+£1.93 32.0+1.93 26.0+1.93 29.0+1.93
20 20 10 10 31.041.93 37.0+1.93 31.0+1.93 35.0+1.93
30 30 20 20 41.0+£1.93  46.0+1.93 38.0+1.93 43.0+1.93

strong antibacterial behavior at lower concentrations than
pure antibiotics. Similar bacterial population growth kinet-
ics experiments have been carried out for pure antibiotics
and QD-antibiotic conjugates with S. aureus (Fig. 7a, b).
Similar to the E.coli, pure Amox and CZ displayed strong
antibacterial activity against S. aureus, where the bacterial
growth rate becomes slower when increasing the antibiotic

[CZ], (ng/ml)
1.0 20 15 10 5 0 0.0
. [ T T T ;
0.8}
S 0.6}
[m] L
O o4t
02[(@)
| —=— Amox
—e— QD-Amox
0.01 1.0

0 50 100 150 200 250 300
[Amox], (ng/ml)

(Amox and CZ) concentrations. Nonetheless, an increase in
the antibacterial effect of CdTe/ZnS-antibiotic conjugates
was observed.

Furthermore, we used the well diffusion method to evalu-
ate the ability of QDs-antibiotic conjugate to inhibit the for-
mation of bacterial biofilms (Figs. 8 and 9). Tables 5 and 6
summarizes the diameter of the inhibition zones exhibited by

[CZ], (ng/ml)
2 1 1
1.0 0 .5 '0 5 . 0 0.0
- 410.2
. 10.4 O
O
o
- 10.6
" —=— Amox . 0.8
[ —— QD-Amox
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[Amox], (ng/ml)

Fig.7 Bacterial growth inhibition curve of (E.coli and S. aureus) at different concentration of pure antibiotics and its corresponding QD-conjugates
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Fig. 9 Inhibition Zone profile of Amox, Amox-CdTe/ZnS, CZ and CZ CdTe/ZnS conjugates against E.coli (a-c) and S. aureus (b-d)

the diffusion of bare QDs, pure antibiotics and QD-antibiotic
conjugates. The diameter of inhibition zone by Amox-CdTe/
ZnS conjugates (50, 100, 150, 200 and 300 pg/ml) against
E.coli is found to be 18.0,29.0, 34.0, 44.0 and 56.0 mm
which is greater than the diameter of inhibition zone created
by free Amox which shows 14.0, 25.0,30.0, 36.0 and 45.0
mm after 24 h treatment at 37 °C. Similarly, the inhibition
zone produced by Amox-CdTe/ZnS conjugates (1, 3, 5, 10
and 20 pg/ml) against S. aureus is found to be 18.0, 24.0,
29.0, 35.0 and 41.0 mm which is greater than the inhibition
zone produced by free Amox (Tables 5 and 6). Similar trends
were observed for CZ-CdTe/ZnS conjugates and pure CZ
against both the bacterial strain. In contrast, bare CdTe/ZnS
exhibited very low inhibition against both bacterial strains
while antibiotics showed quite strong inhibition for both the

bacterial strain. Moreover, the Amox-CdTe/ZnS and CZ-
CdTe/ZnS conjugates displayed greater inhibition than the
pure antibiotics.

The observed antibacterial efficacy of Amox-CdTe/ZnS
and CZ-CdTe/ZnS conjugates can be explained on the basis
of earlier studies. We proposed that f-Lactam antibiotics
exhibit bactericidal properties by disrupting the formation
of bacterial cell walls through covalent binding to crucial
penicillin-binding proteins (PBPs). These enzymes are
responsible for the final stages of peptidoglycan cross-
linking in both Gram-negative and Gram-positive bacteria.
Furthermore, The QDs insert into the cell membrane to
cause membrane stress; and heavy metal ions are released
into the cells to decline the gene expression of superox-
ide dismutase (SOD) [51]. In addition, the QD-antibiotic
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Fig. 10 Mechanism of antibacterial activity

conjugates attach to nuclear material and interfere with pro-
tein synthesis or nucleic acid replication (Fig 10) [52]. The
synergistic effect of a CdTe/ZnS-antibiotic conjugates can
contribute to the superior antibacterial efficacy of CdTe/
ZnS-Amox and CdTe-CZ conjugates compared to that of
bare CdTe/ZnS quantum dots and antibiotic.

Conclusions

The CdTe/ZnS core shell quantum dots with high quantum
yield up to 48% were successfully synthesized. Furthermore,
the GSH functionalized CdTe/ZnS core shell QDs was suc-
cessfully conjugated with amoxicillin and ceftazidime to
form QDs-antibiotics conjugates. The Amox-CdTe/ZnS
and CZ-CdTe/ZnS conjugates showed enhanced antibac-
terial activity against E.coli and S. aureus bacteria, which
are used as Gram-negative and Gram-positive model bac-
teria, respectively. The results showed that the conjugation
of CdTe/ZnS QDs with Amox and CZ antibiotics fosters a
small synergistic effect and reduces the concentrations of
antibiotics required to inhibit both bacterial strains. This
research can provide helpful insights to the development of
new kind of antimicrobial agents.
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Abstract

Medicinal applications of Plumbago zeylanica and its metabolites on various diseases and low viability and inconsistent
germination of its seeds are the reasons behind the loss of its genetic diversity. Hence, an efficient protocol for the short-
term storage of P. zeylanica synthetic seeds, which is an overexploited medicinally valuable plant, was developed. Initially,
in vitro culture was performed from nodal explants to develop synthetic seeds from its proliferated shoots. Murashige and
Skoog (MS) medium augmented with 0.5 mg L~! 6-benzylaminopurine (BAP) resulted in the best morphogenetic response.
Thereafter, the developed synseeds were stored for 2 wk at a temperature of 10 or 25°C in different conditions and further
evaluated for regeneration. Higher re-growth rate (80%) and the identical morphogenetic response were recorded for the P.
zeylanica synthetic seeds, which were stored at a temperature of 10°C in dark condition after its storage period. As per the
available literature, this is the first report pertaining to in vitro low-temperature storage of synthetic seeds of P. zeylanica

and can further be utilized for the conservation of elite clones for the study of medicinally potent species.

Keywords Cold storage - Encapsulation - In vitro conservation - Micropropagation - Synseed

Introduction

Plumbago zeylanica L. is an herbaceous species generally
known as Chitrak, which is widely distributed across the
subtropics of the world, more particularly southern and cen-
tral India (Jain et al. 2018; Santra and Ghosh 2023). Previ-
ous reports have shown its medicinal and pharmacological
impacts on hemorrhoids, rheumatism, and skin diseases,
and it exhibited anti-cancer, anti-microbial, central nerv-
ous system stimulatory, and hepato-protective properties
due to the presence of an important bioactive—plumbagin
(Edwin et al. 2009; Sharma and Agrawal 2018; Zheng et al.
2023). These impacts cause an increase in market demand
for the targeted species, resulting in constant overexploita-
tion, which ultimately results in the loss of future genetic

P4 Ravishankar Chauhan
ravil8bt@gmail.com

Department of Botany, Pandit Ravishankar Tripathi
Government College, Bhaiyathan, Surajpur 497231, India

School of Studies in Biotechnology, Pt. Ravishankar Shukla
University, Raipur 492010, India

Published onling: 11 March 2024

diversity (Mittal et al. 2010; Pandey et al. 2023). P. zey-
lanica propagation through seeds is not reliable due to low
viability and inconsistent germination (Chaplot et al. 2006).
Hence, in order to preserve P. zeylanica, an efficient in vitro
conservation strategy is needed.

In comparison to field-grown plants, in vitro regenerated
cultures required limited care for their conservation over
time (Alzubi et al. 2019; Sota et al. 2023). However, tis-
sue culture—grown plants need successive subcultures that
are economically not feasible and may induce off-types
via somaclonal variations (Quraishi et al. 2017). There are
several efficient techniques to preserve elite germplasm of
clonally propagated plants. Among them, the slow-growth
conservation technique allows the conservation of plant
materials for short to long periods of time (Reed et al.
2011) in a small area and at a low cost by slowing down
the plant’s physiological metabolism (Deepa and Thomas
2020; Lacerda ef al. 2021). Production of synseeds is also
one of the chief approaches for conservation and transporta-
tion with high germination and bears immense potential as
a substitute for true seed (Jain et al. 2018). It can be defined
as the artificial encapsulation of totipotent cells or tissues,
which can grow under both in vivo and in vitro conditions

@ Springer § 145
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ABSTRACT: Rheumatoid arthritis (RA) is a chronic symmetrical systemic disorder that not
only affects joints but also other organs such as heart, lungs, kidney, and liver. Approximately
there is 0.5%—1% of the total population affected by RA. RA pathogenesis still remains unclear
due to which its appropriate treatment is a challenge. Further, multitudes of factors have been
reported to affect its progression i.e. genetic factor, environmental factor, immune factor, and
oxidative factor. Therapeutic approaches available for the treatment of RA include NSAIDs,
DMARD:s, enzymatic, hormonal, and gene therapies. But most of them provide the symptomatic
relief without treating the core of the disease. This makes it obligatory to explore and reach the
molecular targets for cure and long-term relief from RA. Herein, we attempt to provide extensive
overlay of the new targets for RA treatment such as signaling pathways, proteins, and receptors
affecting the progression of the disease and its severity. Precise modification in these targets such
as suppressing the notch signaling pathway, SIRT 3 protein, Sphingosine-1-phosphate receptor
and stimulating the neuronal signals particularly efferent vagus nerve and SIRT 1 protein may of-
fer long term relief and potentially diminish the chronicity. To target or alter the novel molecules
and signaling pathway a specific delivery system is required such as liposome, nanoparticles and
micelles and many more. Present review paper discusses in detail about novel targets and delivery
systems for treating RA.

KEY WORDS: rheumatoid arthritis, causative factor, notch signaling, sirtuin, sphingosine-
1-phosphate, neuronal signals, delivery system

I. INTRODUCTION

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disorder that systemati-
cally affects the whole body. RA chronicity is manifested as destruction of cartilage lin-
ing by synovial capsule, the formation of pannus, morning stiffness, and intolerable pain
particularly in cold conditions.' Globally, around 1% of the total world population suffer
from RA.? The incidence of RA in women is two to three-times higher than men. At any
age, RA can occur but it generally occurs at the age of 40—60 years in women while in
men it is 60 years.> Along with these, 40% of RA patients suffer from extra-articular
symptoms such as glomerulonephritis, atherosclerosis, and small vascular vacuities.
This deteriorates the quality of patient life both socially and economically which results
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Abstract

The food insecurity due to a vertical increase in the global population urgently demands substantial advancements in the
agricultural sector and to identify sustainable affordable sources of nutrition, particularly proteins. Single-cell protein (SCP)
has been revealed as the dried biomass of microorganisms such as algae, yeast, and bacteria cultivated in a controlled envi-
ronment. Production of SCP is a promising alternative to conventional protein sources like soy and meat, due to quicker
production, minimal land requirement, and flexibility to various climatic conditions. In addition to protein production, it
also contributes to waste management by converting it into food and feed for both human and animal consumption. This
article provides an overview of SCP production, including its benefits, safety, acceptability, and cost, as well as limitations
that constrains its maximum use. Furthermore, this review criticizes the downstream processing of SCP, encompassing cell
wall disruption, removal of nucleic acid, harvesting of biomass, drying, packaging, storage, and transportation. The potential
applications of SCP, such as in food and feed as well as in the production of bioplastics, emulsifiers, and as flavoring agents

for baked food, soup, and salad, are also discussed.

Keywords Microbial protein - Microorganisms - Fermentation - Downstream processing - Food source - Green protein

Introduction

The global population is predicted to increase to nine billion
by 2050. In light of the present pattern of food consump-
tion, we may probably require 1250 million tonnes of dairy
and meat products per year to fulfill the demand of animal-
derived proteins (Verstraete et al. 2016). In the future,
requirement of additional proteins cannot be fulfilled with
the existing food production strategies such as agriculture.
However, the proteins are quite essential for cellular and
metabolic activities and serves as a source of nitrogen for
animals and humans to form their functional and structural
components for survival. In recent decades, protein-calorie
malnutrition (PCM) has been reported to affect children,
resulting in poor mental growth and weak immunity (Junaid
et al. 2020). The nutritional value of proteins depends on
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their constituent amino acids. Due to their inability to be
synthesized by the cells, animal populations typically require
essential amino acids (EAAs) from external food sources
to achieve their daily demand (Junaid et al. 2020). Pro-
teins derived from different fruits, vegetables, and typical
grains are often out of reach of the average person; there-
fore, microbial protein can be an alternate source of food
for economically deprived population worldwide. Hence,
this is high time to concentrate on deriving alternate, inno-
vative, affordable, and unconventional protein sources to
satisfy the nutritional requirements of the growing popula-
tion. In regard, single-cell proteins (SCPs), cultured meat,
plant-based new proteins, macroalgae, seaweed, and insects
are some of the examples of sources of alternate proteins.
Production of SCP is one of such potential approaches.
Single-cell protein mainly consists of a dried mass of
microorganisms with high protein content, carbohydrates,
lipids, minerals, and vitamins. The term SCP was coined by
Carol L. Wilson in 1966 to define microbial biomass prod-
ucts (Suman et al. 2015). It can be total biomass or proteins
isolated from pure culture or a mixed culture of microbial
populations such as bacteria, algae, and fungi. The SCP has
countless significant advantages over other protein sources:
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Abstract

Key message Nanoparticle pretreatment improved the health of aged Cajanus cajan seeds viz., regulation of redox
status, gene expression, and restoration of hormonal homeostasis.

Abstract Ageing deteriorates the quality of seeds by lowering their vigor and viability, and terminating with loss of germi-
nation. These days, nanotechnology has been seen to revolutionize the agricultural sectors, and particularly nano zinc oxide
(nZnO) has gained considerable interests due to its distinctive properties. The aim of the present work was to decipher the
possibilities of using nZnO to rejuvenate accelerated aged (AA) seeds of Cajanus cajan. Both chemically (CnZnO) and green
(GnZnO; synthesized using Moringa oleifera) fabricated nZnOs were characterized via standard techniques to interpret their
purity, size, and shape. Experimental results revealed erratic germination with a decline in viability and membrane stability as
outcomes of reactive oxygen intermediate (ROI) buildup in AA seeds. Application of nZnO substantially rebated the accrual
of ROI, along with enhanced production of antioxidants, a-amylase activity, total sugar, protein and DNA content. Higher
level of zinc was assessed qualitatively/ histologically and quantitatively in nZnO pulsed AA seeds, supporting germination
without inducing toxicity. Meantime, augmentation in the gibberellic acid with a simultaneous reduction in the abscisic
acid level were noted in nZnO invigorated seeds than that determined in the AA seeds, suggesting possible involvement of
ROI in hormonal signalling. Furthermore, nZnO-subjected AA seeds unveiled differential expression of aquaporins and cell
cycle regulatory genes. Summarizing, among CnZnO and GnZnO, later one holds better potential for a revival of AA seeds
of Cajanus cajan by providing considerable tolerance against ageing-associated deterioration via recouping the cellular
redox homeostasis, hormonal signaling, and alteration in expression patterns of aquaporin and cell cycle regulatory genes.

Communicated by Om Parkash Parkash Dhankher.

> S. Keshavkant
skeshavkant@gmail.com

School of Studies in Biotechnology, Pt. Ravishankar Shukla
University, Raipur 492 010, India

2 School of Life and Allied Science, ITM University,
Raipur 492 002, India

Drug Testing Laboratory and Research Centre,
Raipur 490 024, India

Published online: 02 April 2024 @ Springer



3 Biotech (2024) 14:142
https://doi.org/10.1007/s13205-024-03990-z

REVIEW ARTICLE q

Check for
updates

Role and uptake of metal-based nanoconstructs as targeted
therapeutic carriers for rheumatoid arthritis

Shradha Devi Dwivedi' - Anita Bhoi? - Madhulika Pradhan? - Keshav Kant Sahu? - Deependra Singh' -
Manju Rawat Singh’

Received: 8 December 2023 / Accepted: 15 April 2024
© King Abdulaziz City for Science and Technology 2024

Abstract

Rheumatoid Arthritis (RA) is a chronic autoimmune systemic inflammatory disease that affects the joints and other vital
organs and diminishes the quality of life. The current developments and innovative treatment options have significantly
slowed disease progression and improved their quality of life. Medicaments can be delivered to the inflamed synovium via
nanoparticle systems, minimizing systemic and undesirable side effects. Numerous nanoparticles such as polymeric, lipo-
somal, and metallic nanoparticles reported are impending as a good carrier with therapeutic properties. Other issues to be
considered along are nontoxicity, nanosize, charge, optical property, and ease of high surface functionalization that make
them suitable carriers for drug delivery. Metallic nanoparticles (MNPs) (such as silver, gold, zinc, iron, titanium oxide, and
selenium) not only act as good carrier with desired optical property, and high surface modification ability but also have
their own therapeutical potential such as anti-oxidant, anti-inflammatory, and anti-arthritic properties, making them one of
the most promising options for RA treatment. Regardless, cellular uptake of MNPs is one of the most significant criterions
for targeting the medication. This paper discusses the numerous interactions of nanoparticles with cells, as well as cellular
uptake of NPs. This review provides the mechanistic overview on MNPs involved in RA therapies and regulation anti-arthritis
response such as ability to reduce oxidative stress, suppressing the release of proinflammatory cytokines and expression of
LPS induced COX-2, and modulation of MAPK and PI3K pathways in Kuppfer cells and hepatic stellate cells. Despite of
that MNPs have also ability to regulates enzymes like glutathione peroxidases (GPxs), thioredoxin reductases (TrxRs) and
act as an anti-inflammatory agent.

Keywords Rheumatoid arthritis - Metallic nanoparticle - Targeting - Cellular uptake
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Introduction

Rheumatoid Arthritis (RA) is a chronic systemic autoim-
mune disorder. It is characterized by the destruction of
bone and cartilage inflammation at a synovial site, leading
to enhanced mortality disability and reduced quality of life.
(Song et al. 2021; Devi Dwivedi et al. 2023) Out of 100,000
of the total population, 40 persons are affected by RA, more
significant than 0.5 to 1%. It commonly starts at the age of
40 to 60 years (Zheng et al. 2021). According to the Global
Burden of Disease 2010, the prevalence of RA in women
is almost three times greater than in males which is usually
one female in 28 and one male in 59. RA can develop at
any stage of life. Women between the ages of 30 and 60 are
more likely than males to acquire RA (Brennan-Olsen et al.
2017). Advancement in RA therapy was associated with the
joint damage, inhibition, control the progression of disease

il cllad Euan

KACST cici rogloll @ Springer



“Design and Characterization of Hybrid photodetector
based on Polypyrrole and silicon”

A Dissertation Submitted in Partial
Fulfillment of the requirements
For the degree of
MASTER OF TECHNOLOGY
in
Optoelectronics and Laser Technology
Submitted by
Drishty Singh
(2210196002)

Under the Guidance of

Supervision of Co-Supervision of
Dr. Sesha Vempati Dr. Kavita Thakur
Assistant professor, Department of Physics, Professor & Course Coordinator
Indian Institute of Technology S.0.S Electronics and Photonics
Bhilai, Chhattisgarh. PRSU, Raipur, Chhattisgarh

Work carried out at

Department of Physics, Indian Institute of Technology, Bhilai
Bhilai — 491001
Chhattisgarh

Jan-june 2024



School of Studies in Electronics and Photonics
Pt. Ravishankar Shukla University
Raipur - 492010
Chhattisgarh

Dissertation Approval For M.Tech

Session 2023-24

This dissertation work entitled, “Design and Characterization of Hybrid
Photodetector based on Polypyrrole and silicon™ submitted by Ms. Drishty
Singh at the Department of Physics. Indian Institute of Technology Bhilai
during the period Jan 2024 to June 2024 s Approved for the degree of Master
of Technology (4" Semester) w1 Optoelectronics and Laser Technology, Pt.

Ravishankar Shukla University. Raipur. Chhattisgarh

a WZMW

EXTERNAL EXAMNER INTERNAL OF EXAMINER
Or W< Te WA Dr Kavita Thakur
Professor & Gourse Coordinator , (10
\JJUJFQSS oY S.0.S in Electronics and Photonics
Pt. Ravishankar Shukla University, Rai
qh‘l-'mM PUJIQ &- (‘hhattisgarh4;;\(']ell3] i
H?besl 316>

Guay (,lmswlqs W‘w‘ﬁ‘
BI\QSFUJI 455‘003

Date :
Place :



Department of Physics, Indian Institute of Technology Bhilai
Bhilai — 4971007

Chhattis garh

CERTIFICATE

This is to certify that the dissertation work entitled, “Design and
Characterization of Hybrid Photodetector based on Polypyrrole and Silicon”
submitted by Ms Drishty Singh, is a credible work carried out by her at the
Department of Physics, Indian Institute of Technology Bhilai during the period
Jan 2024 to June 2024. The work has been presented in a manner suitable to
affirm acceptance towards the partial fulfillment of the requirement for the degree
of Master of Technology in Optoelectronics and Laser Technology, Pt.
Ravishankar Shukla University, Raipur, Chhattisgarh, is the candidate’s work
carried out by her under my supervision. Her dedication and sincerity are

praiseworthy.

V _g PnUM l:*w'-“ o

Signature ot Supervisor

ot

_ e ™ Dr. Sesha Vempati
- b Assistant Professor
"partment of Physics,
of Technology, Bhilai,

2f : Chhattisgarh
PR
s :

Date: 27/05/2024
Place: Bhilai



g‘""“’\
\.,m,f"

School of Studies in Electronics and Photonics
Pt. Ravishankar Shukla University
Raipur - 492010
Chhattisgarh

CERTIFICATE

This is to certify that the dissertation work entitled, “Design and
Characterization of Hybrid Photodetector based on Polypyrrole and silicon”
submitted by Ms. Drishty Singh is a credible work carried by her at the
Department of Physics. Indian Institute of Technology Bhilai during the period
Jan 2024 to June 2024. The work has been presented in a manner suitable to
affirm acceptance towards the partial fulfilment of the requirement for the degree
of Master of Technoiogy in Optoelectronics and Laser Technology, Pt
Ravishankar Shukla University, Raipur, Chhattisgarh.

Woéf 02 o) 1]

INTERNAL SUPERVISOR HEAD OF DEPARTMENT
Dr. Kavita Thakur - Dr Kavita Thakur
' ‘Head '

Professor & Course Coordinator RAlT
$.0.S in Electronics and Photonics
Pt. Ravishankar Shukla University,
Raipur

Date :
Place:



DECLARATION

I hereby declare that the dissertation entitled “Design and Characterization of Hybrid
Photodetector based on Polypyrrole and silicon” submitted to the School of Studies in
Electronics & Photonics, Pt. Ravishankar Shukla University, Raipur, Chhattisgarh for the
degree of Master of Technology in Optoelectronics & Laser Technology is an original record
of work done by me at the Department of Physics, Indian Insfitute of Technology Bhilai under
the guidance of Dr. Sesha Vempati, Assistant Professor, Department of Physics, Indian
Institute of Technology, Bhilai.1 also declare that I have adhered to all principles of academic
honesty and integrity.

I further declare that to the best of my knowledge; my dissertation does not contain any

part of any work that has been submitted for the award of any degree either in this institute or

Drishty Singh
(Roll No: 2210196002)
Enrollment No: AH/00514

MTech (OELT), 4" | Semester, Pt. Ravi Shankar
Shukla University

in any other university without proper citation.




ACKNOWLEDGMENT

I would like to express my deep sense of gratitude to my project supervisor Dr. Sesha Vempati,
Assistant Professor at the Department of Physics, 11T Bhilai for his encouragement, guidance,
and motivation for providing me with all the required facilities for my project work. | feel
proud to have the opportunity to work with such exceptionally experienced professors. His
insightful comments and valuable suggestions have contributed significantly to my work and
improved my understanding of the subject matter. Without his encouragement and guidance,
this project would not have materialized. | am extremely exhilarated to have completed this
report under his able and inspiring guidance.

| sincerely wish to express my gratefulness to H.O.D Prof. Kavita Thakur (Head of the
department, SoS in Electronics and Photonics, PRSU, Raipur) for her suggestions, help,
coordination, and support for giving me her precious time to improve the quality of this project
work.

I would also like to express my sincere thanks to Mr.Narayan Prasad, Ms. Smita Singh, Mrs
Subhalaxmi Nayak, and all the members of the Department of Physics lab, 11T Bhilai for
their valuable recommendations, remarkable support, and assistance in carrying out many
experimental projects.

I would also like to express my sincere thanks to my fellow Batch mate Mr.Sandeep Sahu and
the faculty of my department, Mr. Mohnish Kumar Sahu, Mr. K. Anil, and Mr. Madhu
Allalla who helped me during this work, | also extend my gratitude to lab coordinators and all
technical-non-technical staff of the department for their support. Last but not least, | express
my thanks to my parents for providing me congenial atmosphere for me to work on the project

report.

Drishty Singh



ABSTRACT

This thesis presents a comprehensive study on designing, current-voltage (I-V) characteristics,
and Raman spectral analysis of the photodetector with a focus on the utilization of novel and
advanced materials such as Polypyrrole (Ppy) polymer and silicon. Photodetectors are one of
the components in optoelectronic devices and has been a topic of research in the last few years
because of the advancements made in optoelectronics. Optoelectronics devices are introduced
as an essential component of photonics and sensor technology, ranging from optical
communication to renewable energy. The I-V characteristics of the photodetectors are
systematically studied under different illumination and dark conditions, revealing the device’s
response to different wavelength. Raman spectroscopy is employed to investigate the polymer
and semiconductor material's structural characteristics and vibration modes. This spectral
analysis provides valuable insights into the molecular interactions, crystallinity, and quality of

the materials, aiding in optimizing the device’s performance.

KEYWORDS Raman Spectroscopy, I-V Characteristics, Photodetector, Polypyrrole, Silicon
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Chapter-1

OPTOELECTRONIC DEVICES AND MATERIAL

1.1 Research Objective

The necessity to increase the capabilities of polypyrrole and Silicon-based photodetectors in
response to modern problems and demands in optoelectronic applications is the driving force
behind this study. Despite their widespread use, photodetectors have several restrictions that
limit their adoption and ideal performance. This study aims to solve these constraints by
concentrating on critical areas for development. One primary goal is to improve the sensitivity
and responsivity of these photodetectors. We need to improve their performance, particularly
in low-light circumstances, experiment with new materials, optimize device architecture, and
combine cutting-edge technology. Furthermore, the project intends to address the concerns
about the stability and dependability of polymer-based photodetectors by investigating
techniques to decrease degradation over time and increase long-term functionality. Energy
efficiency is also a major factor, and the thesis seeks to investigate strategies for optimizing
photodetector energy usage. This could include improving device architecture, investigating
energy harvesting methods, and using advanced signal processing techniques to provide
optimal performance while minimizing power consumption. This research not only contributes
to the integration of polymer and silicon-based photodetectors by addressing these problems
and investigating options for improvement. It also has the potential to impact different

industries that rely on precise and efficient light-detecting technologies.



1.2 Introduction

This chapter introduces the fundamental theory and operational concepts of semiconductor
optoelectronic devices. Nowadays, there are a lot of optoelectronic devices that are used in
many different applications. Among these are light-emitting diodes (LEDSs), optical amplifiers,
photodetectors, laser diodes, and optical modulators. Let’s begin this chapter by dealing with
the physical interactions that occur between electrons and photons in semiconductors and how
this phenomenon is used to create a wide range of devices. Whether its in solid-state lighting,
computers, televisions, LED indicator lights, or countless other items, optoelectronic devices
are everywhere in modern life. They can also be found in bar-code scanning systems at
supermarkets, compact disc (CD), digital versatile disc (DVD), and Blu-ray players at home,
office laser printers, phone systems, and cable television sets. There has been an information
explosion in the last ten or so years, making it simple for anyone with an internet-enabled
device to access information from anywhere in the world. Semiconductor-based optoelectronic
devices are essential parts of the system in each of these applications. Compact size is one of
the main advantages of semiconductor devices. A common edge-emitting laser, for example,
has dimensions of 500 * 250 * 100 pm3. A single wafer can produce thousands of such devices.
As a result, after packaging, these devices are exceedingly compact coherent radiation
sources. The application of semiconductor devices in telecommunications stands out as having
the greatest impact on modern living. When compared to older, analog-based systems, digital-
based data transmission allows information to be delivered across long distances with
considerably less erosion in signal quality. With short optical pulses lasting less than 100 ps,
optical telecommunications may transmit data at speeds greater than 10 Gbit/s, making them
appropriate for use in digital systems. It is common to attain bit error rates of less than one in

every 10° bits, even at this extraordinarily fast data transfer rate.



These capabilities are the direct result of extensive research and development work put into
manufacturing semiconductor devices for light emission and detection. In the next part, we
provide a brief history of this evolution before delving into the key physics and technological
aspects of device operation. Optoelectronic devices are manufactured mostly of IlI-V
semiconductor compounds, as well as their alloys because of their direct-band gap. Hybrid
materials are composites of two or more different types of materials with distinct
properties. They can give better results than separate materials like Polypyrrole, which is a
conducting polymer, and Silicon, which is a semiconductor; composites of these two materials
are capable of giving favorable outcomes in the optoelectronic industry. Understanding the
characteristics of these materials is critical in the development of optoelectronic

devices.(Sweeney 2006), [14]

1.3 Carrier-Photon Interaction

There are three conceivable processes for electrons under interaction with a photon.

1. Absorption

2. Spontaneous Emission

3. Stimulated Emission

When an electron in the conduction band CB with energy E2 recombines with a hole in the
valence band VB with energy E1, spontaneous emission SE takes place. A photon is produced
when the energy differential (E2-E1) is released. As the name suggests, photons can be emitted
in any direction and with any polarisation throughout this random process. The electron density
in the conduction band CB (n) and the hole density in the valence band VB (p) are directly
related to the probability of spontaneous emission SE. An electron is excited from the valence
band VB to the conduction band CB through the absorption of a photon with energy equal to
or greater than the optical band gap. Stimulated emission produces nearly identical photons as

SE spontaneous emission, resulting in monochromatic light and coherence. An electron is



excited from the valence band VB to the conduction band CB through the absorption of a
photon with energy equal to or greater than the optical band gap. Stimulated emission produces
nearly identical photons to SE spontaneous emission, but produces monochromatic light with
coherence instead. The conduction band CB has much fewer electrons than the valence band
VB at ambient temperature in an undoped semiconductor. As a result, absorption is much more
likely than emission. It is feasible to inject electrons into the CB and holes into the VB by
delivering an electrical current (electrical pumping) or injecting light with photon energies

greater than the transition energy (optical pumping).(Sweeney, 2006), [14]

£2 0 @

hv
hv hv hv

hv

1 - '
O
(a) (b) (c)

Fig: 1 Diagram of (a) absorption, (b) spontaneous Emission, and (c) stimulated Emission

1.3.1 Emission and Absorption Rates and the Einstein Relations

The densities of states and the Fermi-Dirac occupancy probability determine the populations
of electrons and holes in the CB and VB, respectively. Electron-electron and hole-hole
scattering speed in a semiconductor are typically nearly equal to 100 fs, while electron-hole
recombination periods are nearly equal to 1 ns. As a result, we may assume that the electrons
and holes are thermally equilibrated and can be represented using a Fermi-Dirac distribution.

It is useful to distinguish between two quasi-Fermi levels. These are denoted as f¢ and fv,



respectively, and correspond to the energy at which the occupation probability equals 1/2 for
electrons in the CB and VB. f.= f, in thermal equilibrium. The associated energy-dependent

Fermi functions is:

If we label states in the VB as 1 and states in the CB as 2, the absorption rate, r12, for photons

of energy hv is given by

r12=312pva(1 - fc)pc P(hv)

where f. and f, are the CB and VB densities of states, respectively. P (hv) is the photon
density at energy hv and By is the Einstein coefficient for the absorption process. Similarly,

the stimulated emission rate,
T21=321Pcfc(1 — fv)py P(hv)

r12, may be written as

where B»; is the Einstein coefficient for the stimulated emission process. For the spontaneous

emission SE rate.

r21=A21pcfc (1 - fv)pv



Ay is the Einstein coefficient for the SE process. Note that, since SE does not require a photon
to initiate the process, rsponz: does not depend on P (hv). Under steady-state

conditions, the total upward transition rate must equal the total downward transition rate, thus
F12= a1+ 1"

Thus, by combining Equations:

Blzpva(l - fc),DCP(hU) = Blech(l - fv)pvp(hv) + A21pcfc(1 - ﬂ)pv

In thermal equilibrium (f. = f;/)

The standard expression for black-body radiation is given by Planck’s law as:

_ 8n3n3(hv)? 1
P (hv) = TBE —
exp(m)—l

Here, n is the refractive index of the semiconductor. For simplicity, here we assume that the

medium is non-dispersive. From these two expressions of P (hv), we obtain the result that

By, =B;1 =B
And
8r3 5 ,

1.3.2 Direct and indirect gap

Semiconductors can be classified into two types based on whether the band gap is direct or
indirect. The choice of whether the band gap is direct or indirect has a significant impact on
their suitability for use in optoelectronic devices and indirect-band gap semiconductors. For
direct band gap material, the conduction band CB energy minimum occurs at the same k-value

as the valence band VB maximum in contrast, the CB minimum for the indirect-band gap



material is at a different k-value than that of the VB maximum. The energy and momentum

must be conserved for any electron transfer. The magnitude of the photon wavevector is defined

by 2%, A- wavelength of the photon (order of 100’s of nm). The magnitude of the electron
wavevector ranges between -~ and += within the first Brillouin zone, where a is the lattice

spacing of (order of 14). The photon wavevector is much less than that of various electron
wavevectors, and if a photon interacts with an electron, the transition must occur with virtually
little change in wavevector; thus, only vertical transitions are permitted. Such transitions are
possible in the direct-band gap semiconductor. In the case of indirect semiconductors, however,
such transitions are only achievable through the interaction of phonon. It is now a three-particle
interaction, the transition probability is greatly lowered. Direct band gap semiconductor is
typically employed to manufacture photo-emissive devices such as LEDs and lasers. Notably
indirect band gap semiconductor are particularly effective semiconductor materials for

detection.(Sweeney, 2006), [14]

1.4.3 Population Inversion

Population inversion is a fundamental concept in the field of laser physics and quantum
electronics. It refers to the condition where the number of atoms or molecules in an excited
energy state exceeds the number in a lower energy state, contrary to what is typically observed
in thermal equilibrium. This non-equilibrium distribution of population levels is essential for

the operation of lasers, as it enables the amplification of light through stimulated emission.

1.4.3.1 Theoretical Background

In thermal equilibrium, the distribution of particles among different energy states follows the
Boltzmann distribution, where the population of a higher energy state N2 is less than that of a
lower energy state N1, mathematically expressed as:

N —E2—
—e E2-FE1

Nl_ KT



Where, E2 and E; are the energies of higher and lower states, respectively, K is the

Boltzmann constant and T is the absolute Temperature.
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General state Population Inversion

Fig: 2 Population inversion state of semiconductor



Chapter-2

Hybrid and Advance Functional Materials

Hybrid materials are emerging as a powerful and promising class of materials. In recent times,
multifunctional materials have emerged as the most sophisticated and advanced engineering
materials. They possess the capacity to endure mechanical loads, high fatigue and heat stability,
and enhanced chemical and environmental resistance. Advanced functional materials are
materials that are developed to perform specific tasks in addition to their standard tasks. These
materials frequently have distinct physical, electrical, chemical, or mechanical properties
adapted to specific uses. They are created at the atomic or molecular level to have desired

properties including superconductivity, self-healing, and shape memory.

2.1 Introduction

Natural hybrid materials often possess complex architectures at sizes ranging from a few nm
to several micro- to mm. Their collective qualities are determined by the mix of composition
and structure on each length scale. Different dimensions and levels of complexity are
intentionally ~ designed  hierarchical  architectures of organic-inorganic  hybrid
materials.(Yamada et al., 1989),[17] Inspired by nature, this idea can provide a simple,
versatile, and cost-effective method for fabricating multifunctional nanostructures for
technological applications through the self-assembly of functional hybrid materials. However,
understanding the fundamental principles of self-assembly and applying this approach to a
variety of combinations of organic-inorganic materials is a major challenge in current materials

science and engineering.(Makisima, 2004),[5]
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2.2 Fundamentals of Hybrid Materials

Recent advancements in materials science and engineering have been encouraged by the need
for new materials with customized properties and multifunctional capabilities. Hybrid
materials stand out among the wide range of materials that have grown up as a potential class
that combines different characteristics of various elements to produce improved functionality
and performance.(Yamada et al., 1989),[17] By elucidating the basic ideas, importance, and
applicability of hybrid materials in current research and application fields, this introduction

chapter lays a foundation for an in-depth analysis of these materials.

2.2.1 Definition and Category of Hybrid Material

Hybrid materials are a mixture of two or more materials with different properties caused by
modified molecular orbital structure formed between each material, such as the covalent bond
between polymer and silanol molecular in an organic/inorganic hybrid.(Makisima, 2004),[5]
Substances are classified into three materials based on the type of chemical bond : metal,
organic materials, and their polymers, and ceramics. This categorization of hybrid material and
their related material was proposed as follows:
i.  Composites: Mixture of materials consisting of matrix and micron-level dispersion.

ii.  Hybrids: Sub-micron level mixture of different kinds of material.

ilii.  Nanocomposites: Sub-micron level mixture of similar kinds of material.

iv.  Nanohybrid: Atomic or molecular level mixture of different materials with chemical

bonds between their different material.
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(Sanchez, 2004)classified hybrid materials as organic/inorganic hybrid materials or inorganic
biomaterials. They also stated that the characteristic size of hybrid materials was less than 103
nm. They did not provide a formal description of hybrid material, nor did they discuss the
formation of new electron orbitals or chemical bonds. On the other hand,(Brechet, 2001),[18]
described hybrid materials as a combination of two or more materials in an integrated shape
and scale that optimally serves for engineering use.(Suzuki, 2000),[13] identified hybrid
materials as a deliberate mixture of two or more elements complementing each other to have
super-functions or novel functions that the component materials did not have. based on
hybridization the hybrid material is categorized into three categories.

1. Structurally-hybridized material

2. Materials hybridized in chemical bond

3. Functionally-hybridized material

2.3 Inorganic/Organic Hybrids

Inorganic/organic hybrids have drawn a lot of interest from a variety of disciplines and have
been hot subjects in material science engineering.(Suyama, 2004),[12] categorized hybrid
materials into three categories based on structural differences. The first example of
inorganic/organic hybrid is the organically modified silicates fabricated by sol-gel processing
shown in figure: 3 (a) This possesses outstanding mechanical properties because of a strong
covalent bond between silica and organic molecules. Hybrid materials are fabricated in such a
way not only include dispersed silica in polymer but also categorized by the chemical bond
between them in comparison to traditional composites. There are many types of hybrids
clay/polymer is one among them as shown in Figure: 3 (b). The strong chemical bond between
silicate monolayer and polymer molecules provides enhanced mechanical properties and lower

gas permeability than those of polymer material as shown in Figure: 4 (usuki, 2001) provides
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a comprehensive explanation of the structural differences between hybrid materials and

nanocomposites made up of clay and polymer material.

sio, ®
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o
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@
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Fig:3 Morphology in Inorganic/ Organic Hybrids (a)Polymer-modified Silicate Type

(b)Clay/polymer Layer type (c)Silica Particle-Polymer Matrix Type.(Nanko, 2009),[6]

Fig:4 Differences between Inorganic-Organic Hybrids and Inorganic-Organic

Nanocomposites with example of Clay-Nylon.(Nanko, 2009),[6]

2.3.1 Polypyrrole-Silicon Hybrid Materials

A hybrid material with various proportions of silicon and polypyrrole composites is used for
the project. The polypyrrole P type purchased from Sigma-Aldrich for the research work is
doped with sulfonic acid; its conductivity ranges from 10 to 50 S/cm, and it is stable in organic

solvents up to 290°C and silicon (Si), acquired from SK Novel Materials and Technologies, is
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of the N-type with a resistivity of 1-10 Ohm-cm and thickness of 300um. Polypyrrole and
silicon are two different classes of materials with different properties and uses. Polypyrrole is
a conductive polymer with high electrical conductivity and chemical stability. On the other
hand, silicon is a semiconductor that is abundant in nature and widely used in electronics and
photovoltaic devices. Combining these materials into a hybrid structure will allow for the
effective combination of their properties, which could lead to new applications in biomedical

devices, sensors, and energy storage devices.

2.3.2 Synthesis Method: Preparation of Polypyrrole-Silicon as

Hybrid Material

To produce close contact and a strong binding between the two components. The procedures
listed below are used in the production of polypyrrole silicon as a hybrid material. Using this
method, the hybrid material's shape, composition, and properties can be altered to satisfy the

needs of a particular application.(Kickelbick, 2007),[4]
1. Preparation of the Synthesis: To prepare a composites with variations in terms of

quantity, such as 50% Ppy and 50% silicon, 25% Ppy and 75% silicon, 75 %Ppy and 25%
silicon, pure Ppy and silicon . The first step is to gather all the raw materials needed for the

synthesis of the hybrid material, such as the pelletizer, die, Ppy and silicon wafer.

2. Grinding: A mortar and pestle crystal is used to crush silica to produce a fine powder
form. The surface-to-volume ratio is increased during the grinding process.
3. Mixing of materials: Mortar and pestle crystal are used to achieve homogeneity and

tune the characteristics of new material.

4. Die: Place the silicon and polypyrrole mixture in the Die in measured quantity for the

various composites as stated above.
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5. Pelletization of material: A pelletizer is used in the pelletizing process to exert

pressure of one and one and a half tonnes over the die, resulting in compact pellets with

increased density of 10mm diameter of various composites.

2.3.3 Characterization of Hybrid Material

The hybrid material of Polypyrrole and silicon is synthesized and utilized in designing a
photodetector. To understand the structural and electrical properties of the material, and to
optimize its performance Raman spectroscopy and I-V Characterization are performed. Raman
spectroscopy an effective technique for analyzing molecular vibrational modes and material
crystal structures is Raman spectroscopy. Using Raman spectroscopy on the PPy/Si hybrid
material, information related to the following is collected. Molecular Structure and
Composition: Raman spectra identified characteristic peaks corresponding to PPy and Si.
These peaks confirm the presence and distribution of both components within the hybrid
material. Doping and Interaction Effects: The doping of PPy with sulphonic acid leads to shifts
in the Raman peaks, indicating changes in the electronic structure. By examining these shifts,
it is possible to understand the interaction between the dopant and the polymer, as well as any
charge transfer effects between PPy and si. Material Quality and Defects: Raman spectroscopy
reveals about defects or disorders within the material. For instance, the presence of additional
peaks or changes in peak intensity and width can indicate structural imperfections or variations
in crystallinity. 1-V characterization involves measuring the current response of the
photodetector as a function of applied voltage. This technique provides critical information
about the electrical performance of the hybrid material. Photocurrent Response: By measuring
the current under illumination (405nm,532nm,655nm,905nm), the photocurrent generated by
the photodetector is evaluated. This helps in determining the device's sensitivity to light and its

efficiency in converting light to electrical signals. Dark Current: The current measured in the
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absence of light (dark current) is an important parameter. A low dark current is desirable as it
indicates minimal leakage and noise, leading to higher signal-to-noise ratios in the
photodetector. VVoltage Dependence: The I-V curve reveals how the current changes with
applied voltage, providing insights into the charge transport mechanisms within the hybrid
material. Stability and Repeatability: Repeated 1-V measurements can assess the stability and
repeatability of the device's performance, ensuring its reliability for practical

applications.(Kickelbick, 2007),[4]
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Chapter-3

Polypyrrole conducting polymer, Formation and Spectroscopy

Conducting polymers have significant attention due to their unique combination of electrical
conductivity and the intrinsic properties of polymers, such as flexibility, processability, and
lightweight characteristics. Among these materials, Polypyrrole (PPy) is a promising
conducting polymer due to its relatively high conductivity, ease of synthesis, environmental
stability, and versatile applications. Polypyrrole, a polymer of the heterocyclic compound
pyrrole, was first discovered in the 1960s but gained widespread recognition in the late 1970s
when the potential of conducting polymers became evident. The conductivity of PPy arises
from the presence of conjugated m-electron systems along the polymer backbone, which can be
doped with various anions to enhance its electrical properties. This doping process involves the
oxidation of the polymer, leading to the creation of charge carriers that facilitate electrical

conduction.(Saville, 2005),[11]

3.1 Synthesis of Polypyrrole

Pyrrole monomer can be oxidatively polymerized to create polypyrrole chemically or
electrochemically. The absolute form of polypyrrole, as depicted in Figure, is a long-
conjugated backbone polymer with resonance structures resembling those of the quinoid or
aromatic forms. In its neutral state, the polymer is non-conductive; it only turns conductive

when it undergoes oxidation..(Olmedo, 1997),[7]
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Fig: 6 chemical structure of Polypyrrole in aromatic and quinoid forms and in oxidized polaron

and bipolaron forms.(Saville, 2005),[11]
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A dication (bipolaron) or a radical cation (polaron) can be formed when the charge linked to
the oxidized state delocalizes over several pyrrole units. Polypyrrole can be physically
represented as an insoluble film through electro-polymerization or as an unstable powder

through chemical polymerization.

3.1.1 Electro polymerization of Pyrrole

A conducting polymer coating is formed by the electrochemical oxidation of pyrrole. Electro-
polymerization of pyrrole to Polypyrrole is shown in the figure. The process begins with the
electrochemical oxidation that produces radical cations, and it proceeds through the combining
of two radical cation monomers that result in the loss of two hydrogen ions. 2,2'-bi-pyrrole is
created when an interaction is formed at two places within the pyrrole ring. 2-Monosubstituted
pyrroles only form dimmers, but 2,5-disubstituted pyrroles do not polymerize. Reoxidation of
the pyrrole and further radical combination are the means of propagation. When there is no
more monomer available for oxidative polymerization, termination takes place. The stability
of the radical through charge delocalization and the ease of oxidation are key factors in
polymerization success. Since the loss of hydrogen ions renders oligomer formation

irreversible, the proton acceptor facilitates electro-polymerization.(Saville, 2005),[11]

3.1.2 Chemical Polymerization of Pyrrole

The process involved in the chemical synthesis of pyrrole is the oxidation of pyrrole with an
oxidant such as ferric chloride. The conductivities and processes are identical to those found in
the electropolymerization of pyrrole. The resultant polymer is conducting in its oxidized state
because FeCls~ provided charge compensation. The conductivity of Polypyrrole formed from
different ferric salts has been related to the Fe?*/Fe3* redox potential because of its strong acid
anions forming capacity provides the most oxidizing ferric species. Weaker acid anions

typically coordinate Fe** ions more strongly, reducing its oxidizing potential and if the reaction
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occurs because of the solvents, it changes the redox potential whereas if the redox potential
increases an irreversible dissolution of Polypyrrole can occur. As the synthesis temperature is
lowered, Polypyrrole's conductivity rises, which is assumed to be the result of fewer side
reactions. The conductivity of Polypyrrole is analysed concerning reflectivity and divided into

3 regions i,e .metallic, critical, and insulating.(Saville, 2005) ,[11]

3.2 Raman spectroscopy of Polypyrrole

Raman spectroscopy has been used in the past to investigate conducting polymers and is an
effective means of examining the local structure. It is a good tool for performing microscopic
structural analysis. The doping method directly affects the Raman modes, but the doping level
modifies the polymer's electrical structure. For this reason, Raman spectroscopy is a helpful
tool for learning about the characteristics of charge carriers. The doping method directly affects
the Raman modes, but the doping level modifies the polymer's electrical structure. For this
reason, Raman spectroscopy is a helpful tool for learning about the characteristics of charge
carriers. Sulphonic acid is present in the samples being examined as a dopant ion together with
a silicon composite. A 532 nm laser is used to stimulate the sample being studied.(Mikat,

2002),[2]
3.2.1 Raman spectrum

Peaks that appeared in the Raman spectra of Polypyrrole are divided into 3 groups, the first
group represents peaks due to change in ring deformation second group represents peaks due
to symmetry in C-H, and the third group represents peaks due to C=C stretching. Each group

further consists of two bands, radical cation and dication.(Mikat, 2002)
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Fig:7 Raman spectra of Polypyrrole

3.3 Conducting Nature of Polypyrrole

In polypyrrole, polaron or bipolaron states result from the oxidation of a non-conducting
polymer, which generates charge carriers. Though there are a few exceptions, conducting
polymers are generally believed to be disordered materials.
In the undoped condition (cdc = 0), there are no conduction channels. As the polymer becomes
partially doped, oxidized spots on the polymer chains, or islands of conducting material,
emerge. These sites are primarily isolated from one another and are typically repaired by

structural disorders and dopants.(Furukawa et al., 1988),[1] As charge carriers tunnel or hop
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across sites (islands) in the polymer, the variable range hopping model (VRH) explains the ac
conductivity or intra/interchain conduction observed at higher frequencies. A small fraction of
the sites will network together throughout the material, producing a small, finite DC static

conductivity.

3.3.1 Temperature Dependence of Conductivity

The temperature dependence of the dc conductivity of conducting polymers tends to follow the
Variable Range Hopping model’s prediction of(Saville, 2005),[11]

o = opexp[— (%)1’4] 1

Where
op — ezRZUPhN(EF)

Aa3

0 = kN(Er)

and Ty is the characteristic temperature, e is the electronic charge (1.602x10-19 C), k is

Boltzmann’s constant (8.616x10-5 eV/K), R is the average hopping distance (cm) vp,, is the
phonon frequency (~1013 Hz), N (Er) is the density of localized states at the fermi level (cm™
eV1), A is the dimensional constant (~18.1) and « is the coefficient of exponential decay of the

localized states (cm™).
3.3.2 Frequency Dependence
Low-frequency methods (10 — 107 Hz) of measuring electrical relaxations in a material yield

the equivalent parallel conductance, G, and capacitance, C. These terms then define the

complex permittivity, €*, conductivity, 6*, resistivity, p*, and complex modulus, M*.

" ' .o 1 g* iG
g =& —1lE = = - = e —
M* lweg wEg
36" =—==0G + iweyC 4
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A frequency-dependent contribution to permittivity is likely to originate from the mobile
charge carriers based on dielectric relaxation studies on these mobile charge carriers.(Saville,

2005)

" O'DC
g, = — 7
[O24)

where o is the low-frequency conductivity of the material and accounts for long-range charge

transport.

opC 8
(20

sf=¢ —i(e —
This expression assumes that the complex permittivity is solely dependent on the contribution

from equation (6) and is unaffected by the transport process that results in long-range DC

conductivity. This suggests that one relaxation time, z,, can characterize the conductance

process.
7, = 205 9
Opc

For a disordered system such as a conducting polymer, or conducting composite, a distribution

of relaxation times (1) is more appropriate.

__ €& __ &
0‘ — .
bC™ @) 7 My

10

23



where M; is the static modulus or the reciprocal of the static permittivity.

It is apparent from previous assessments of the conduction mechanisms that frequency and
doping level impact polypyrrole's conductivity. A material's total conductivity is the sum of its

ac and dc components.(Saville, 2005),[11]

dTotal = Oac T Ogc 11

As hopping transitions enable conduction, for lightly doped polypyrrole films, the ac
conductivity is larger than the dc conductivity at high frequencies. The charge carriers have
more time to cross the sample after the percolation network at low frequencies, which causes
the dc conductivity to be bigger and dominate charge transport. The overall conductivity is
frequency-independent and the dc conductivity predominates at high dopant levels. The

equation relates the imaginary part of permittivity to the ac and dc conductivity.

" Oqc+0,
e = ac dc 12

wWEg
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Chapter-4

PHOTODETECTOR

Photodetectors serve as vital parts of many technological applications, such as electronic
appliances, communication systems, environmental monitoring, and medical imaging. The
creation of hybrid materials that can improve photodetectors' performance beyond what can be
achieved with conventional materials is becoming more and more popular as the need for more
efficient, sensitive, and flexible photodetectors increases. The superior sensitivity, wider
spectrum response, and increased flexibility of hybrid photodetectors are the outcomes of
combining the beneficial properties of inorganic and organic materials. The fundamental
mechanisms that enable the better performance of hybrid photodetectors, as well as the ideas
underlying them, are explored in this chapter along with various kinds of hybrids.
Photodetectors operate on the principle of converting light into an electrical signal. When
photons are absorbed by the photodetector material, they generate electron-hole pairs. These
charge carriers are then separated and collected by an internal electric field, producing a
measurable current or voltage. The efficiency of this process depends on the material's ability
to absorb light and transport charge carriers effectively. Photodetector performance is the
primary factor of most optoelectronic devices' performance. It functions as an optical receiver's
main front-end component as well. High speed and the best achievable signal-to-noise ratio are
requirements for many applications. Consequently, it ought to possess minimal dark current
and noise, elevated quantum efficiency, enhanced adaptability, and a quick response time. In
addition, they are valued for their long lifespan, exceptional adaptability, low production costs,
lightweight, tiny size, and low power consumption in practical applications.(Sweeney, 2017)

[14]
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4.1Photodetector Requirements

Numerous factors must be considered while designing photodetectors. These can be broadly
divided into the following categories: Sensitivity, Speed, Noise, Physical size (footprint),

Reliability, Temperature sensitivity, Ease of use, and finally cost.
4.2 Photodetection Theory

For semiconductor optical detector band structures, the active area's band gap must be smaller
than the amount of photon energy that has to be absorbed. An applied or built-in field that is
present in the active zone separates the electron-hole pair that is produced when a photon is
absorbed. If the field causes the electron and hole to move apart by a distance, X, the charge
that is induced to flow in the external circuit that is connected to the detector is x=I. In a basic
photoconductive detector, where conducting electrodes and a bulk semiconductor are the
components, | is the separation between the electrodes.(Sweeney, 2017),[14]. When thinking
about a detector's band structure, several things need to be considered. Initially, the light to be
detected's absorption depth needs to match the active zone's width. This will increase the
possibility that photogenerated carriers will be formed inside the active region or shorter than
the minority-carrier diffusion length from it. Since the dark current in the device establishes
the minimum signal strength that can be detected, one must also take the band structure into
account. Three important effects can give rise to the generation of electron-hole pairs even
when no light is falling on the device. These are:

(a) Thermal generation

(b) Band-to-band tunneling

(c) Avalanche breakdown.
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4.3 Detector Parameter

In this section, the basic parameters of photodetectors will be defined

Detector Signal

The detector signal is typically the voltage or current value seen at the detector output as a
result of incident radiation. The signal value is determined by the detector bias voltage V,
modulation frequency f, wavelength A, radiant flux ¢e, active area A of the detector, and

temperature T.

Radiation Power

The characteristics of the detector must be properly defined to calculate the incident radiation
power, sometimes referred to as radiant flux, and its spectral and spatial distribution. The
energy of source radiation per unit of time is known as the radiant flux and can be described as

follows:

_do.
dt

De

Active Area

The physical portion of a photodetector that converts incoming optical light into an electric
output signal is known as the active area. In the case of circular detectors, the diameter is often

stated; in the case of rectangular or square detectors, the length and breadth are specified.

Bias Voltage

A lot of detectors need a low-noise DC power supply. Two factors that affect the detector
output signal and noise are the radiation modulation frequency and bias. The ideal signal-to-

noise ratio circumstances ought to be produced by the bias.
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Breakdown Voltage

The breakdown voltage is the highest reverse voltage that may be supplied to a detector without
damaging it. Current-limiting protection is also necessary since the photodiode conducts

current over its breakdown voltage very quickly.

Photocurrent

A photocurrent is a current created by a photodetector when it is exposed to optical radiation.
The photocurrent is proportional to the incident radiation for a tiny radiation signal.

Lpn = qnA®.g

where q — is the elementary charge, n is the quantum efficiency, and g is the photoelectric
current gain. In general, the photoelectric current gain in a typical photovoltaic detector is equal

to unity.
Photoelectric Current Gain

The electron leaves the sample quickly after producing electron and hole pairs, reaching the
positively charged electrode far quicker than the hole does, and leaving the sample quickly.
For the sample to remain electrically neutral, an additional electron needs to enter it from the
negative electrode. This new electron quickly approaches the electrode and leaves the sample,
but the hole keeps moving slowly through the sample. To maintain neutrality, thus, another
electron needs to enter the sample; this process continues until the hole either reaches the

negative electrode or recombines with one of these arriving electrons.

Dark Current VVoltage Equation

The dark current-voltage (I-V) equation describes a photodiode's behaviour in the absence of
incident light. When reverse-biased, a modest saturation current, Is, flows in the circuit. Adding

a forward bias causes the current to grow exponentially.

It's connected to the dark current.
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%4
la = L[exp(50) — 1]

where q is the electron charge, £ is the ideality factor of the junction, k is the Boltzmann

constant and T is temperature.

Response Time

A key variable determining how fast a detector reacts to a shift in the incident signal is its
response time. and when a certain percentage (usually between 90% and 95%) of the detector's
final value is reached. Depending on the application's needs and the speed of the detector, it is

commonly measured in milliseconds (ms) or microseconds (ps).

4.4 Detector Parameter Assessment

In addition to the electrical measuring instruments, the following are required to measure
detector parameters: a monochromatic radiation source, a blackbody, an adjustable frequency
modulated radiation source, and a reference detector. The bias voltage V5, incident radiation
power ¢, detector active area Aq, wavelength A, signal modulation frequency f, and

temperature T all affect the detector signal.(Sweeney, 2017),[15]
Vs(Wp, B, Ag A f,T) = U (Vp, B Ag T)u(Du(f)
Assuming that the incident radiation power, the detector area, and temperature are constant,

then the above expression takes the form of:

Ve(Vp, A, fl=uVpu(Du(f)
Thus, three independent characteristics of u(Vp), u(A) (called spectral) and u(f) (called

frequency) are obtained, which can be measured independently.
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Chapter-5

Raman Spectroscopy and Data Analysis

The study of how electromagnetic radiation interacts with matter is known as spectroscopy.
Spectroscopic techniques can be based in several phenomena, including scattering,
fluorescence, emission, and absorption. According to Mikat et al. (2002),[2], Raman
spectroscopy in particular concentrates on scattering phenomena to offer comprehensive
molecular information. To characterize a broad variety of samples, various spectroscopic
techniques are applied. Quantitative and qualitative analyses of samples are conducted using
these techniques. The Qualitative analysis is performed to establish the identity of the sample
while quantitative analysis is performed to estimate the concentration of analyte in the
sample(Furukawa, 1988),[1] A versatile technique for analyzing a variety of materials is
Raman spectroscopy. It overcomes many drawbacks of previous spectroscopic methods and

has qualitative and quantitative research applications.

5.1 Raman spectroscopy: Principles & Instrumentation

Raman spectroscopy is an effective method for examining a material's rotational, vibrational,
and other low-frequency modes. The basic principle lies in the Raman effect, which is the
inelastic scattering of monochromatic light interacting with phonons or molecular vibrations in
a sample. This light is usually generated by a monochromatic source. In 1928, Sir C.VV. Raman
made the first observation of this effect.(Mikat et al., 2002),[2]. The Raman Effect is defined
as the majority of light that interacts with molecules being elastically scattered, or Rayleigh
scattered, with no energy change. A small amount of light, on the other hand, is scattered
inelastically and results in an energy gain or loss. The term "anti-Stokes scattering™ refers to
an instance in which the scattered photon has more energy than the incident photon, causing a
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shift to a shorter wavelength (higher energy), while "Stokes scattering” is used when the
scattered photon has less energy than the incident photon. (Paul Rostron, 2016),[8] The Raman
shift is the energy difference, expressed in wavenumbers (cm™), between the incident and
scattered photons. This shift yields a distinct vibrational fingerprint that is exclusive to the

sample's molecular structure and environment.

5.2 Instrumentation of Raman Spectroscopy

The light source used to excite the sample is a monochromatic green laser of 532 nm. Using
lenses or microscope objectives, the laser beam is directed onto the sample. The sample's
scattered light is collected, usually at a 90-degree angle. The scattered light is detected using a
sensitive detector, like a charge-coupled device (CCD) or photodiode array. The optical signal
is transformed into an electronic signal by the detector so that it can be processed and analyzed
further. The electronic signals are processed by specialized software to create a Raman
spectrum, which graphs the scattered light's intensity against the Raman shift. The analysis of
this spectrum reveals the molecular vibrations and structural information of the sample. (Mikat,

2002),[2]
5.3 Raman Spectrum, Data Analysis, and Curve Fitting

The composites’ Raman spectra were analyzed to look into the material's molecular interactions
and vibrational modes. The purpose of the Raman spectrum analysis was to look at possible
changes in the vibrational modes of the composites under different circumstances. Raman
spectroscopy is an effective technique for identifying alterations in molecular vibrations, which
reveals information on compositional and structural changes in the material. Comprehensive
Data Analysis of composites under Varied conditions is achieved by comparing The composite
data of Ppy50%+si50%, Ppy75%+si25%, and Ppy25%-+si75%, as well as the PPy and Silicon
data, to analyze the Raman spectra under various AC (1Hz,10Hz, 100Hz) and DC (0,0.07,0.15
voltage) and for different Laser power for both UV and dark conditions. Raman spectra
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obtained include background signals or noise that obscure the actual Raman peaks. Curve
fitting procedures are required for baseline correction, which removes these unwanted
components, ensuring that the analysis focuses on the true Raman signal. To adequately
identify the position, width, and intensity of each identified peak, an appropriate model was
fitted, with a Lorentzian model. This fitting procedure was made easier by the Raman FITS
program, which offered both automated and manual fitting options to get the ideal fit. Using
Origin plot software, an additional examination of the fitted Raman spectra was carried out.
This included Data Import and Visualisation: After importing the fitted data from Raman FITS
into Origin, extensive visualization capabilities allowed for the production of graphs suited for

publication.
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Raman fit (c) Origin plot of the data
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CHAPTER-6

EXPERIMENTAL

6.1 Introduction

Chemical or electrochemical doping of conjugated polymers can result in extremely conductive
materials. By altering the doping quantities, the magnitude of the conductivity can be changed.
Examples of conducting polymers are polyacetylene, Polypyrrole, and polyaniline. Among
these polymers, Polypyrrole is most significant due to its strong resistance to environmental
impacts and high conductivity, which makes it an ideal choice for potential uses. The local
electronic structure is strongly influenced by the charge carriers' electron-phonon interaction
with the polymer. The interaction's strength affects the degree of distortion. Raman
spectroscopy has been used to investigate conducting polymers before and is an effective way
to investigate the local structure. The samples under evaluation contain materials Polypyrrole
which is doped with sulphonic acid and silicon used to form a composite of different variations
such as Ppy50%+si50%, Ppy75%+si25%, Ppy25%+si75%. The Raman Analysis of
composites and pure Ppy was carried out with a 532 nm laser excitation wavelength.
Instruments provide great resolution as well as good differentiation between bands allocated to
different types of vibration in the evolution of the Raman spectrum, with a focus on changes in

relative intensities and band shifts, and their relationship to possible changes in charge carrier
type.

6.2 Materials and Components

All reagents used for experimental work are of research-grade quality, which is as follows:

Polypyrrole (organic sulfonic acid is used as a dopant-P type) whose conductivity: 10-50 S/cm

(pressed pellet), organic solvent: insoluble, stability up to 290 °C in air purchased from Sigma.-
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Aldrich Polypyrrole is easily mixed with other materials to make composite structures with
improved characteristics. This adaptability enables the material to be customized to specific
performance needs in photodetector applications., Silicon (N type), resistivity: 1-10 Ohm-cm,
thickness:300um, surface: SSP purchased from SK Novel Materials and Technologies. Silicon
has very high electron and hole mobility, charge carriers can travel through it efficiently. This
is required for photodetectors to have fast response times and great sensitivity and it has
electrical properties that remain constant across a wide temperature range, making it ideal for
applications that demand consistent performance in different environmental circumstances.
Silver paste, diluent: Isoamy| acetate, adhesive electrodes the application of silver paste aids in
the reduction of contact resistance at the electrode interface. Low contact resistance is critical
for efficient charge injection and extraction, especially in devices like photodetectors where
light-to-electrical signal conversion is a critical function and silver paste binds effectively to a
variety of substrates used in electrical devices, including silicon wafers and other
semiconductor materials. This high adherence is critical for keeping the electrode in excellent
electrical contact with the underlying substance. Glass substrate is an underlying material on
which the photodetector material is placed. PCB (printed circuit board) enable electrical
components to be laid out in a compact and orderly manner. This is critical in photosensor
design, because various components, such as photodiodes, amplifiers, and signal processing

circuits, must be integrated into a small space.

6.3 Instrumentation

6.3.1 Raman spectrometer

The WITec Raman Alpha300 Series, which is equipped with a 532 nm laser, is a

comprehensive and powerful equipment that is widely used for material analysis in scientific
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research. The underlying principle of this instrument involves the inelastic scattering of
monochromatic light, commonly laser, by electrons. This provides useful insights into
molecular vibrations, and crystal structures, of materials. polypyrrole and silicon are the
materials utilized to make the device, and both have high market expectations for device
fabrication in terms of reliability and quality. WITec imaging technology is employed to

understand their physical and chemical properties.

6.3.2 Probe Station

A probe station is an essential equipment used in semiconductor testing and characterization.
It allows precise positioning and connecting probes to a device under test (DUT) to measure
various electrical parameters. coupled with a Source Measurement Unit (SMU) and controlled
via LabVIEW software, provides a comprehensive and automated solution for testing the 1V
characteristics of a designed photodetector using hybrid material under different illumination
and dark conditions. The source used for illumination is 532nm Red laser, 655nm Green laser,

405 UV, 905 IR. To evaluate the performance and quality of a device at different wavelengths.
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6.4 Images of Composites

Fig:9 Raman images of (a) Silicon (b) composite (Ppy75%+Si25%) (c) Polypyrrole (d)

composite (Ppy25%+Si75%) € composite (Ppy+Si) 50% (f) composite (Ppy+Si) 50%

-

Fig:10 (a) Device in Probe station for testing (b) Ppy (c) Ppy25%+7i25% (d) Ppy75%+si25%

(e) Ppy+si=50% (f) Red Laser illumination over a device
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6.5 Procedure for Device Preparation

6.5.1 Preparation of the Substrate:

1. Preparation of the Synthesis: Prepare composites with variations measurements, such
as 50% Ppy and 50% silicon, 25% Ppy and 75% silicon, 75 %Ppy and 25% silicon, pure Ppy
and silicon. The first step is to gather all the raw materials needed for the synthesis of the hybrid
material and make sure the substrate surface is clean and free of contaminants before beginning
the process of designing of device as cleanliness is critical for establishing reliable and uniform
device performance.

2 Grinding

A mortar and pestle crystal is used to crush silica to produce a fine powder form. The surface-
to-volume ratio is increased during the grinding process.

3 Mixing of materials

Mortar and pestle crystal are used to achieve homogeneity and tune the characteristics of new
material.

4 Die

Place the silicon and polypyrrole mixture in the Die in measured quantity for the various
composites as stated above.

5 Pelletization of material

A pelletizer is used in the pelletizing process to exert pressure of one and one and a half tons
over the die, resulting in the formation of compact pellets with an increased density of 10mm
in diameter.

6 Silver Paste Application

To connect electrodes and test the device's conductivity, silver paste is applied to the

extremities of the composites.
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7 Electrode Integration

Fix electrodes to the extremities of the composites to test the device.

8 Curing and drying:

Allow the applied silver paste to dry before proceeding with the next step. This process assists

in the removal of solvents and the good adherence of the silver paste to the substrate. The

particular drying and curing conditions are determined by the properties of the silver paste.
9 Assembling

Assemble the components of the device into their final shape, to perform further analysis to

check its various AC and DC variable electrical parameters.
10 Storage:

The device is kept in a box to keep it moist and dust-free.

Fig:11: Device images of Hybrid Photodetector

38



6.6 Experimental method

To understand the properties of unique combinations of materials, a device of a varied
composite of Polypyrrole and silicon is made such as Polypyrrole 25% and Silicon 75%,
Polypyrrole 75% and Silicon 25%, Polypyrrole 50% and Silicon 50%, 100% Polypyrrole and
100% Silicon. In this study, both Raman spectroscopy and IV characterization were performed
on the photodetector device to comprehensively evaluate its material properties and electrical
performance. Initially, Raman spectroscopy was utilized to analyze the molecular vibrations
with Raman spectrometer WiTec alpha 300 series equipped with a charge-coupled device CCD
detector. The Raman spectra were excited with the 532 nm diode laser. A CCD camera system
with a monitor was utilized to select the location of the sample for the Raman spectra. An
internal in-built lamp is used for calibration. The bands under discussion are large and
asymmetric, and they overlap with adjacent bands. Various fitting approaches, such as WiTec
Raman fits and Origin are used. Fitting methods can enhance the resolution of Raman spectra
by breaking overlapping peaks. This is critical when dealing with complicated samples with
closely spaced peaks or peaks hidden by other spectral features. the spectra were taken over
ten accumulations and recorded with an integration time of 10 seconds. Every spectrum was
obtained multiple times for comparison. To better understand how a sample's molecular
vibrations react to changes in external circumstances, Raman spectra are recorded under
different kinds of illumination conditions, such as in the dark and under ultraviolet (UV) light,
and spectrum is also recorded at different laser power intensities. AC and DC analysis of the
circuit provides insights into electronic transport. DC analysis focuses on the steady-state
behaviour of circuits when exposed to constant voltage or current and also provides insights
into the rate of change of voltages or currents and the response time of electronic systems. AC
analysis focuses on understanding how a system responds to changing frequencies of electrical

impulses requires conducting an AC analysis. Following the Raman analysis, the device
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underwent IV characterization to assess its electrical behaviour under various illumination
conditions. The photodetector was mounted on a probe station, which is coupled with a Source
Measurement Unit (SMU) and controlled via LabVIEW software, providing a comprehensive
and automated solution for this testing. The probe station is equipped with a high-magnification
microscope for accurate visual alignment of probes on the photodetector's contact points. The
device under test was securely placed on the chuck, which often includes a vacuum system to
hold the device in place. Fine probe arms X, Y, and Z were capable of delicate and accurate
movements, which were used to establish electrical contact with the device. For the IV
characterization of the photodetector, an advanced setup incorporated with a probe station is a
Source Measurement Unit (SMU) and LabVIEW software was employed to ensure automated
electrical measurements. The SMU, is renowned for its ability to source voltage or current and
simultaneously measure the corresponding electrical response. This integration allowed for
highly accurate and sensitive detection of current-voltage characteristics. To streamline the
testing process, LabVIEW software was used to control the SMU, automating the voltage and
current sweeps and enabling real-time data acquisition and analysis. LabVIEW's customizable
interface facilitated the setup of measurement parameters and the transition between different
illumination conditions, including complete darkness. This combination of SMU and
LabVIEW within the probe station setup provided a robust and efficient solution for

comprehensive electrical characterization of the photodetector.
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6.7 Results

6.7.1 Raman spectroscopy results

Peaks that appeared in the Raman spectra of polypyrrole are divided into 3 groups, the first
group represents peaks due to change in ring deformation second group represents peaks due
to symmetry in C-H, and the third group represents peaks due to C=C stretching. Each group

further consists of two bands, radical cation and dication. (Furukwa, 1988)
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Fig:12 Raman spectra of Polypyrrole under Dark and UV illumination conditions
(a)40um,0v,0uA,dark,(b)35um,0.07v,71.1uA,uv,(c)35um,1Hz,120-300uA-dark,(d)

35um,500mHz,170-250uA,uv.
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Group-1 Group-2 Group-3

Ring deformation Symmetrical CH C=C stretching
Dication~937 cm! Radical cation~1055 cm™! 1591 cm™?
Radicalcation~974 cm™ Dication~1090 cm™ 1616 cm™

Table: 1 Division of peaks into three different groups
While analyzing Raman spectra of polypyrrole and composites some shifts are visible these
shifts provide valuable insights into the interactions and modifications within the material. In
polypyrrole, the shifts in Raman bands often indicate the formation of polarons and bipolarons,
which are charge carriers in conducting polymers or due to doping, which introduces charge
carriers into the polymer. Doping levels can alter the position of the Raman bands, typically
causing shifts to higher or lower wavenumbers depending on the nature and concentration of
the dopant Shifts in Polypyrrole Composites Raman Spectra: These shifts may result from the
molecular interactions between the polypyrrole and silicon, or they may be caused by stress or
strain induced in the polypyrrole matrix, which influences the Raman bands through the
incorporation of silicon. The broadening of the peak near 1200 cm™! and the shifts in the Raman
spectra around the silicon region (519-524 cm™) that are visible in figure 13 provide important
insights into the interactions and modifications that occur within polypyrrole composites. These
spectral features highlight the changes in electronic properties, stress and strain effects, and

structural disorder induced by the composite formation.
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Fig: 13 Raman spectrum of Ppy75%-+si25% UV and Dark illumination

Silicon Peaks Results

As for pure silicon, the peak appears at 520 cm, but since | used composites of Ppy and silicon
of different variations, | can see a wide range appearing for silicon from (519-524) cm™. This
is because of the interaction of monochromatic light with the lattice. It is described as the first-
order scattering on the phonon at the center of the Brillouin zone (I') that satisfies the selection
criterion |k| ~ 0. Feynman explains the scattering mechanism process in two ways. First, the
excited photon forms an electron and a hole that interact with the lattice, changing their energy
before recombining as an anti-Stokes or Stokes-like radiative transition and another one is After
producing a phonon, the stimulating photon radiates as a Stokes or anti-Stokes photon. Strong
Raman peaks are produced by the unique wave vectors of the phonons in crystalline

semiconductors. Small crystallite sizes or crystal defects result in asymmetric peak widening
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and a shift to lower frequencies. Therefore, the Raman spectrum provides exact details about
the materials’ crystallinity. The amorphous silicon, crystalline silicon, and polycrystalline
silicon, Raman spectra appear to differ from one another. The polycrystalline silicon Raman
peak exhibits an asymmetric broadening towards the low-frequency side when compared with
the crystalline silicon Raman peak. The absorption coefficient of polycrystalline Silicon is
higher than that of crystalline Silicon, the intensity of the peak is also associated with the

crystal's sizes.(Kadle¢ikova et al., 2018),[[3]
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6.7.2 1-V Characterization Result

IV characteristics of the device were obtained in both dark and illumination at room
temperature. The device has been evaluated under various illumination conditions. It is tested
by shining 100% of its light at two different wavelengths: 532 nm Green Laser and 655 nm
Red Laser. The working voltage for UV light with a wavelength of 405 nm is 10.4 V, whereas
the operating voltage for IR (infrared) light with a wavelength of 905 nm is 2 V. We measured
the current-voltage (IV) of silicon, Polypyrrole (PPy), and their composites under identical
illumination conditions. To make sure that the measurements were stable and consistent, there
was a 10-minute waiting period after each illumination interval. The resulting I-V
Characteristics of Polypyrrole, silicon, Ppy75%+si25%, Ppy50%+si50%, and Ppy25%+si75%
are shown in the figure.

The IV curves for PPy were tested under dark conditions and illuminated with various
wavelengths (532 nm, 655 nm, 405 nm, and 905 nm) up to an applied voltage of 2V. The IV
curve for PPy under dark conditions shows a linear behaviour, indicating ohmic conduction.
This suggests that the current through the PPy is directly proportional to the applied voltage,
and consistency of the material exhibiting stable resistive properties. 532 nm and 655 nm IV
curves exhibit a minor increase in current when compared to the dark condition, suggesting a
photoconductive response, compared to the other wavelengths, the IV curve for 405 nm
illumination shows the least rise in current, indicating that photoconductive enhancement is not
very strong at this wavelength. The most significant rise in current is seen in the IV curve for
illumination at 905 nm, which suggests a high photoconductive response. This implies that PPy
is more sensitive to light in the near-infrared range. This could be because of improved
absorption or more efficient charge carrier generation at this wavelength. Figure 15

The IV curves for silicon were tested under dark conditions and various illumination conditions

up to an applied voltage of 10V. 1V response of Silicon shows low conductivity when not
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lighted, as indicated by the nonlinear, step-wise IV curve under dark conditions. There appears
to be limited charge carrier movement in silicon due to low intrinsic carrier concentration, as
indicated by the current that is in the microampere range up to 10V. The significant rise in
current under infrared illumination suggests that infrared light absorption enhances silicon's
conductivity. According to the photoconductive response, infrared light produces more charge
carriers, which raises the conductivity overall.

The 1V curves for the composite material, which is composed of 50% silicon and 50% PPy,
were examined at 2.5V applied voltage under both dark and different illumination conditions
(UV, 532 nm, 655 nm, and IR). The summarized result we got from this composite is IV curve
in the dark exhibits a significant current response, suggesting better conductivity.
The IV curve illuminated by UV light is similar to the dark condition, indicating that UV light
does not appreciably change the composite's conductivity. There is a considerable increase in
current compared to the dark condition in the IV curves for 532 nm and 655 nm illumination,
suggesting some photoconductive response to visible light. The IV curve under IR illumination
displays a reduced current response in contrast to the dark and visible light circumstances. This
suggests that the composite is less sensitive to near-infrared light photoconductivity.

The IV curves were analyzed in both dark and different illumination conditions (UV, 532 nm,
655 nm, and IR) up to a 15V applied voltage for the composite material made up of 25% PPy
and 75% silicon. The summarized result we got from this composite in dark conditions, the
current increases with applied voltage, indicating a nonlinear relationship between complex
charge transport within the composite. The apparent variations imply variations in
conductivity. A similar increase and significant fluctuations under UV, 532nm, and 655nm
illumination are observed. IR is stable but low conductivity is examined. The composite
consisting of 75% Polypyrrole (PPy) and 25% silicon shows a linear response of up to 2 volts

at different wavelengths. Under all circumstances, the current and voltage are Linear up to 2
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volts for wavelengths of 532nm, 655nm, and IR, the conductivity is comparable. Under UV
light, the conductivity is at its lowest the composite performs consistently in a variety of
lighting conditions, with noticeable variations in conductivity occurring mostly in UV light.

The experiments were carried out up to 3 volts, however, the linear trend is visible up to 2 volts
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6.9 Conclusion

This thesis comprehensively investigates the structural and electrical properties of polypyrrole
(PPy), silicon, and their composites, utilizing Raman spectroscopy and current-voltage (V)
measurements to elucidate their behaviours under various conditions. The Raman spectra
provided valuable insights into the vibrational modes and interactions within these materials.
The Raman spectra of PPy revealed characteristic peaks corresponding to the C=C and C-C
stretching modes, indicative of its conjugated polymer structure. The intensity and position of
these peaks confirmed the successful synthesis of PPy with a high degree of conjugation. The
Raman spectrum of silicon displayed a prominent peak at around 520 cm™, This peak is
characteristic of crystalline silicon. The interaction between PPy and silicon was evidenced by
shifts in peak positions and changes in intensity. IV measurements were carried out to look at
the electrical properties of silicon, PPy, and their composites in both dark and various
illumination conditions this gives us insight into the functioning and potential of the

photodetector and its future optimization.
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ABSTRACT

Photovoltaic (PV) modules are susceptible to soiling, that is the accumulation of dust and
other particles on the surface of the solar module (PV module). Soiling can reduce the
efficiency of the PV module, leading to a loss in energy production and revenue. Anti-soiling
(AS) coatings are promising solution for mitigating soiling losses. Commercial AS coatings
are typically hydrophobic, meaning they repel water, however hydrophilic coatings are also
available in the market. The durability of AS coatings in real-world environmental
conditions is a challenge. This because the high humidity, temperature, and other weather
parameter can cause the coating to degrade over time. An indoor accelerated testbed is
developed at the 11T Bombay which emulates outdoor stressors. Modifications have been
made to the system to make its performance more reliable and precise. Furthermore, a load
measurement system is introduced to measure the loads applied by the brush during cleaning.
In this study, we have also studied the durability of ASC for different cleaning loads and
their cleaning efficacy. The result of the experiment can help for better compromise between

cleaning load and cleaning efficacy.

Keywords: PV, Soiling, ASC, Durability, Efficacy.
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Chapter 1
Solar Market

1.1) Worldwide Solar Power Installation

According to the International Energy Agency (IEA), 231GW of solar power was installed
worldwide in 2022, increasing the total to 1.2 TW. Photovoltaic (PV) has shown to be a
significant, long-term contributor to the energy sectors, carbon reductions and cost-
competitive electricity generation. Over 66% of new renewable energy capacity added in

2022, producing over 50% of power generation from new renewable energy[1].
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Figure 1: Evolution of Annual PV Installations (Note: X-year, Y-GWp)
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Figure 2: Cumulative PV Installations (Note: X-year, Y-GWp)

Above figures highlight the evolution of PV installations and impact of the Chinese PV

market, rapidly expanding PV markets in India and other emerging nations. [1].
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Chapter 2
PV Technology

2.1) Introduction

The most adaptable type of energy we have is electricity. Since the 1970s, solar electricity

has demonstrated that a significant amount of the world's electrical power can be produced

without the use of nuclear fission reactions or the burning of fossil fuels like coal, oil, or

natural gas. The technology known as photovoltaics uses photons to illuminate

semiconductors to produce electrical direct current (DC). The solar cell, which is the name

for each individual PV element is a precisely engineered semiconductor diode that

effectively absorbs and transforms solar light energy into electrical energy [2][3].

Characteristic parameters (mainly) of solar cells are short circuit current density (Jsc), Open

circuit voltage (Voc), Fill factor (FF) and Conversion efficiency (n) [2].

2.2) Main Components of a PV Module

A Low lIron Glass front layer, which provides mechanical stability and is
transparent to light.

A layer of Ethylene-Vinyl-Acetate (EVA) Encapsulant, which protects the solar
cells from moisture and other environmental stresses.

A back layer made of PVF-polyester-PVF, which protects from the humidity and
other stresses.

An Aluminium frame, which enhances the mechanical stability of the module.

A Junction box, which contains electrical connections to the solar cells.

These components are stacked together in a specific order to create a durable and efficient
PV module [3].

2|Page

front glass

— front encapsulant
= — - solarcells

Al frame

back _-
encapsulant

back layers

Al frame ™

junction box

Figure 3: Components of ¢c-Si module



Chapter 3
Soiling

3.1) Reasons for being concerned about PV output

A power output of a PV system is affected by various environmental factors that includes
temperature, irradiance, type of technology used (monocrystalline, multi-crystalline,
multijunction etc.), design and selection of necessary equipment (batteries, chargers, power
electronic devices, wiring etc). After installing solar PV systems, a few major problems
arise, for example, the amount of energy produced by the systems is significantly reduced

by shading, soiling etc. that are caused by various factors [4], [5].

Figure 4: Soiling on PV modules [6]

3.2) Effect of Soiling on PV modules

Soiling results from the accumulation of either organic or inorganic dirt particles, which
reduces light transmission and attenuates solar radiation. This directly affects the PV
module's electrical output [6]. Soiling is a phenomenon that is location-dependent and it
influenced by a variety of environmental factors [7]. Power output reduction is the short-
term effect of soiling, while the formation of a cement-like coating on the PV module's
surface is the long-term effect which forms a strong bond with module surface [8], [9].

Dust deposition on PV module can affect the energy generation down to 50% if it is not
cleaned for 4 months in Mumbai, India (warm and humid climate) [10]. Losses due to dust
deposition on solar modules can go as high as 0.4%/day [11], [12].Three significant factors

that influences deposition of dust on PV modules are depicted in figure 5.
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Factors affecting soiling on solar PV module
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Figure 5: factors affecting soiling on PV module

According to llse et al., the soiling can reduce the global solar production by at least 3-4%
in optimized clean-up scenarios. This translates into annual revenue losses of between €3
billion and €5 billion. High particulate matter (PM) counts in countries like China, India,
and the Middle East result in high soiling losses of up to 1% per day, which is estimated to

cause financial losses of 1 billion euros annually by 2023 [13].

3.3) Soiling Mitigation Approaches

Mitigation techniques are essential to deal with the soiling issue in PV systems, to remove
dust deposition to ensure higher conversion efficiencies and, also to improve the economic
viability of solar PV projects[14]. The number of PV cleaning methods are described in the
table below with their pros and cons:

Table 1: Different cleaning techniques for solar PV.

Method Pros | Cons
Manual v" Reliable cleaning method  » Challenging and drastic
cleaning v' Possibility of removing manpower required for huge size
even difficult deposits solar plants
» Huge amount of Water needed
» High risk

» Needs to be scheduled
periodically for good results
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(passive method)

High water v’ Cost effective » Can damage panels due to high
spray cleaning v° Commercial and available pressure exerted
in the market » Huge amount of water needed
Electrostatic ~ v* No physical contact » High energy consumption
precipitator v No mechanical damage, » Dissatisfactory maintenance
(active scratch & scar marks on
method) panel
Microfiber — > Ineffective as dust particles
clothwiper ¥ Relatively low capital cost remain on the surface
and vacuum > Requires power source for
cleaning vacuum cleaning.
Silicon rubber v* Lightweight compared to » Not commercial, pilot projects
brush robotic system implemented only
v" Low cost » May not be effective to remove
v' Easy to automate heavy dirt.
Robotic v Automatic and flexible in > Some requires charging separate
system design » Heavy load on panel’s surface
v" Able to clean efficiently » Expensive technique
Self-cleaning v Avoids deposition of dust » Not commercial method yet,
mechanism on the panel various research is to be held
(nano film v’ Rainwater gets scattered
coating) v " No  power required

There are other techniques available that can be used to mitigate the soiling on modules.

Research indicates that as the tilt angle increases, the amount of soiling loss decreases [15].

Sonali B. investigated that mounting bifacial module vertically, soiling losses may be

reduced and consequently, frequent panel cleaning may be avoided [12].

4T
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|

Figure 6: Vertical mounted bifacial PV modules (left soiled, right clean)
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4.1)

Chapter 4
Anti Soiling Coating and Literature Review

Introduction

Soiling can cause PV modules to lose a significant amount of their power output. One
efficient technique to reduce soiling losses is to apply anti-soiling coatings (ASC) on the
glass surface of PV module. ASC is nano or micro-layer coating [10]. Based on their
contact angle, ASCs are categorized as super-hydrophilic, hydrophilic, hydrophobic, and
super-hydrophobic [16].

th Vapor
’ s ;
T e B
Superhydtophlllc Hydrophlllc Hydrophobic Superhydrophobic
f<5°in0.5 Sec. f<90° 0=90°150° 0=150°-180°

Figure 7: Contact angle for different types of coating

4.1.1) Hydrophilic coating

Water is necessary for hydrophilic coatings to completely wet the glass and remove dust
particles as the water flows down-slope to the panel's bottom. They are made of high
surface energy materials. Perfectly clean Titanium surface with unsaturated chemical

bonds represent a high-energy surface and show hydrophilic properties[16].

4.1.2) Hydrophobic coating

They prevent water droplets from wetting the surface and serve as a sort of cleaning
mechanism by rolling off the droplet with dust particles together. Hydrophobic coatings
are made of a low surface energy, chemically inert material, they stop chemical reactions
between soil and the glass surface. Materials with low surface energy, like fluorinated
materials or the addition of silicone compounds, are super-hydrophobic [16]. When
compared to hydrophilic surfaces, soiling rates are 42% lower on hydrophobic coatings
[17].
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4.2)

4.3)

Characteristic Parameters of ASC

Important characteristics for describing anti-soiling coatings are roughness and contact
angle [18]. The roll-off angle - the angle at which a water droplet would begin to roll off
the coated surface [19] and Surface energy - defines the hydrophobicity of the coating can

also be used for characterization [20].

Challenges with Anti-Soiling Coatings

It is a concern that under severe operating conditions, the ASC, which is applied to the PV
module's outer surface, may degrade [17]. There is less dependability of the anti-soiling
coating in actual environmental circumstances. Therefore, it is necessary to validate the
ASC in an actual outdoor field setting. Furthermore, there isn't presently a standard or
methodology available to test the ASC durability (pass/fail) for commercial applications.
In order to measure the durability of the commercially available coatings and to make it
easier to develop new, long-lasting ASC. A standard testing procedure would serve as a
baseline [21]. Few studies have examined these coatings performance and durability in-

depth for PV applications:

o Astudy is conducted in Hydrophobic coating for 6 months (Jul-Feb) in Nottingham,
UK (Climate zone — Oceanic climate). With temperature (21.3°C to -0.5°C),
Rainfall 85.1 to 46.2 mm each month, Sunshine duration per month 178.5 to 54.9
hours Facing south at an angle of 45°. Water contact angle (WCA) showed ~31%
degradation and Roll-off-angle (RA) increased by ~64° to 84° [22].

100 T T T T T T T T T T

Figure 8: Optical and hydrophobic performance of outdoor sample
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o Another study (5 months) in winter for two hydrophobic coatings (A and B) is
conducted in Denmark (Climate zone —high oceanic) and Colorado (Climate zone—
Tropical, and Subtropical). samples were exposed to sub-zero temperatures,
rainfall, and high humidity in the first two weeks. High rate of initial degradation
of contact angle observed for both coatings A and B in the first two weeks of
exposure. The coated module was fully operational after the snowfall, while the
not-coated module retained snow coverage and thus produced no power. Numerous
factors, such as solvent release, fluorine loss, coating thinning, and increased

surface macro-roughness, contributed to degradation [19].
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Figure 9: WCA measurements for coated coupons over time

Figure 10: (a) The coated black panel maintained its power production even after
snowfall. (b) The coated panel (right) stayed clean, but residues were left on the
uncoated panel (left).



4.4) Accelerated Stress Test

Accelerated stress testing (AST) exposes anti-soiling coatings to a variety of
environmental stresses for a shorter amount of time compared to what they would
be exposed to in the real world in order to determine how durable the coatings are.
This makes it possible to quickly evaluate a coating's durability to the challenging
conditions like UV radiation, high humidity, and extreme temperatures, that solar
modules are commonly exposed to [22].

4.4.1) UV exposure and damp heat test
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o Based on the IEC 61215-2:2016, Kenan Ishilir et al. [22] reported that hydrophobic

ASC shows no sign of degradation after 1000 hours of exposure to damp heat at
85°C/85% relative humidity (RH) and after 4,000 hours of immersion in DI water.
However, after the UV exposure tests, the WCA dropped to 87° and the RA
increased to 60.5°. UV exposure had a major negative effect on the coating because
it was not meant to be used in the sun and its resistance to the sun was not specified.
Using X-ray photoelectron spectroscopy, they detected a decrease in fluorine

concentration following the UV exposure.
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Figure 11: Optical and hydrophobic performance during UV Exposure [35].

o Based on IEC16215-17, S. F. Bukhari et al. [23] demonstrated that the WCA holds

steady even after a 1000-hour UV exposure test. Nevertheless, due to
solvent/moisture capture, damp heat testing revealed a decrease in the WCA after

500 hours of exposure.



Figure 12: “WCA and RA of the hydrophobic coating after damp heat
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Figure 13: Hydrophobic-coating performance before and after abrasion with
CS10 and Felt Pad

4.4.2) Abrasion test

o During the abrasion test, no notable abrasion caused by soft material, such as a felt
pad [22]. Nevertheless, the coating suffered serious damage when using abrasive
materials that are commonly used in the industry, like CS10. The gentle abrasive

effect of CS-10 wheels replicates the effects of polishing and cleaning.

4.4.3) Combination of stressors

o Few studies have investigated the impact of stresses emulating real-world settings.
[24]. S. Bhaduri [21] developed an indoor accelerated stress tests methodology to
investigate the impact of various stressors on ASC for a reasonable period, at 11T
Bombay. In [25] she identified the significant stressors that reduce the performance
commercial hydrophobic ASC during outdoor testing, conducted on solar glass
coupons and PV modules. Her research finding states, hydrophobic coatings have
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poor reliability in warm and humid climate zones (when taking 25-year module

lifetimes into account). Coating shows lower life-time as combination of stressors

increases.
Abrasion cycle (dew-dust-dry-clean)
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Figure 14: The effectiveness of coatings following exposure to a combination of
four stressors and three stressors
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Chapter 5
Cleaning Cycle Simulator (CCS)

5.1) Introduction

The process of natural dust deposition involves the accumulation of dust along with cycles
of cooling during the night, dew in the early morning, and heating during midday. Due to
this procedure, the dust is able to stick to the PV modules' surface more firmly. CCS is an
accelerated test bed wherein the sample undergoes cleaning, soiling and heating-cooling.
An indoor abrasion testbed CCS is built at 11T Bombay to mimic the following conditions

that influence abrasion damage in outside field circumstances., relevant for PV application:

(@  Thermal cycling,
(b)  Dust deposition and
(c) Cleaning cycle via brush.

Figure 15: Cleaning Cycle Simulator at NCPRE module lab, IITB
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Chapter 6

Modifications in system

6.1) Introduction

The CCS system is capable to emulate the outdoor condition for ASC testing, however,
some considerable issues observed that has to resolve for better performance and accuracy
of the system. Some modifications have been done in the system which is listed below:
A. Temperature uniformity
B. Real time temperature
C. Support structure
D

. Load measurement system

6.2) Temperature uniformity

(b)

Figure 16: (a) Non uniform cooling of Cu plate (b) Non uniform heating of Cu plate

A 20x20cm? copper plate were in use to keep samples for testing. Issue with this plate was
that plate was not heating/cooling uniformly, as shown in below IR images (fig: 16a and
16b). The temperature difference between the centre of the plate and the edges were
significant. In such case, for defined minimum and maximum temperature, the placement
of the temperature sensor is critical to obtaining the desired output. One possible reason for
this nonuniformly heating/cooling was the large size of the copper plate (20x20 cm?)
compared to the size of the two Peltier modules (4x4 cm? each) [26]. Size reduction of
plate is done as per requirement the area of Cu plate from 20*20cm? to 11*8cm?. Which

results in uniform distribution of temperature.
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(a) (b)
Figure 17: (a) 20*20cm2 copper plate, (b) 11*8cm2 copper plate

(@) (b)

Figure 18: (a) 20%20cm? plate heating non uniformly, (b) 11*8cm? plate heating nearly
uniform

6.3) Real time temperature

The copper plate is attached with a digital temperature sensor, the DS18B20. This
temperature sensor is essential to preserve the target temperature range. An experiment
performed to investigate the real time output from different temperature sensing electronic

components.

6.3.1) Testing

In our experimental setup, the Arduino Mega is programmed 21°C (minimum) to 64°C
(maximum) temperature of peltier modules. When any of the targeted temperature
achieved, the Arduino sends a signal to deactivate the relay, thereby stopping the operation.
A comparison of the temperature readings obtained from different sensors indicates that
the responsiveness of the DS18B20 is noticeably slower in contrast to the K-type

thermocouple.
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(a) (b)

Figure 19: (a) Dallas temperature sensor DS18B20 (b) FLIR E75 (c) Fluke 5211
thermometer with k-type thermocouple wire

Table 2: Different Device (Temperature Sensing) and Temperature

DS18B20 Temperature FLIR thermal Fluke thermometer
displayed on Icd screen (°C) camera (°C) (°C)
21 12 11
Minimum
25 21 21
64 80 79
Maximum
33 64 64

6.3.2) Observation

e Direct contact that the thermocouple establishes with the copper plate whereas the
DS18B20 is encased in plastic.

e In DS18B20 the temperature conversion process depends on a series of commands
to request and retrieve temperature readings that takes a comparatively longer
duration of 750 milliseconds [27].

This multi-step process causes the Peltier module to become hotter than the temperature
registered by the temperature sensor at any given moment. If this assumption holds
true, it could lead to more frequent damage to the Peltier module, potentially exceeding
its specified temperature limits. Moreover, it may introduce variations in the achieved

temperature range, which is critical for our intended experiments.
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6.3.3) MAX6675 K-type thermocouple

6.4)

We transitioned from the DS18B20 to the MAX6675 K-type thermocouple. The MAX6675
incorporates a temperature sensor for reference junction compensation, amplifying the
voltage for microcontroller readings. The MAX6675 effectively compensates for changes
in ambient temperature using cold-junction compensation. The MAXG6675 provides
temperature data directly over serial peripheral interface (SPI), providing it more

responsive than the DS18B20, and also accuracy and responsiveness [28].

Figure 20 : K-type thermocouple wire with MAX6675 amplifier

Support structure

Previously, we employed a 20x20 cm? copper plate to place the samples, utilizing both a
support base and top. Within the sample holder chamber, a carriage equipped with springs
maintained a gap between the carriage base and the coolant chamber, allowing for the
conveyor belt to operate smoothly. Additional electronic and mechanical components were
also present. The copper plate served to press against the Peltier modules and springs,
ensuring that all components remained in their respective positions during the back-and-

forth motion of carriage.

Figure 21: Cu plate screwed over carriage (a) top view, (b) side view (c) reduced Cu plate
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Upon reducing the copper plate's area to 11x8 cm?, a support structure became necessary
to prevent loose contacts between components. We added three acrylic sheets, each 2 mm
thick and measuring 20x20 cm?. The bottom sheet covers the thickness of the Peltier
module and restricts its movement with a narrow-cropped area. The middle sheet covers
the thickness of the copper plate and also creates a channel for the thermocouple wire.
During the carriage's motion, it helps the thermocouple experience less stress. To hold the
samples and shield the thermocouple wire from the top, slots are incorporated into the top
layer of the acrylic sheet. After this arrangement, the chamber becomes comparable in

rigidity to how it was before when the copper plate was larger.

Figure 22: Construction of the acrylic sheet support structure. (a) Bottom layer, (c)
Middle layer, and (e) Top layer and (d), (e), and (f) shows the assembly steps for the
acrylic sheets.
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6.5) Load measurement system

Measuring the load applied by the brush during cleaning is one additional feature that can
be added to CCS. Depending on the magnitude of the applied load, the coating's
degradation can vary greatly. Including force applied by the brush on the surface with
number of cycles of cleaning could help in predicting the durability of the coating more
precisely. To address this, it became essential to measure the load acting on the glass
surface by brush. To achieve this, we have incorporated a load-cell based instrument in our
experiment. The load cell chosen for our application is a 4-wire load cell equipped with a
full Wheatstone bridge. Four specialized resistors, known as strain gauges, are affixed to
the load cell. When force is applied to one side of the metal block, two of the strain gauges
experience compression, while the other two undergo stretching. This differential strain in
the strain gauges results in a potential difference within the Wheatstone bridge, which can
be accurately measured. To ensure proper deformation of the load cell's middle section due
to the force applied from top, a frame has been constructed around the load cell. This frame

serves to facilitate the deformation of the load cell under load

(a) (b)

Figure 23: (a) framed loadcell side view, (b) top view

6.5.1) Measuring the load: Experimental Setup

In the cleaning system of CCS, a brush is mounted on a metallic block. This metallic block
can be moved up and down vertically using a threaded rod with a pitch of 2 mm. One
complete rotation of the rod moves the block either 2 mm upwards or 2 mm downwards,
depending on the direction of rotation. Since the brush is attached to the block, its position
is also adjusted by 2 mm. To measure the load exerted by the brush on a surface, a frame
equipped with a load cell is moved back and forth under the brush in 90-degree intervals,
corresponding to a displacement of 0.5 mm. The force in grams is recorded by the Arduino.
The force in newtons can be calculated using the formula:
F=m¥*g
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where F is the force in newtons, m is the mass (load value) in Kilograms, and g is the
acceleration due to gravity, approximately 9.8 m/s2. The force exerted by the brush varies
depending on its design parameters, such as density, tuft and length. To investigate this
relationship, we measured the force for different brush designs. The results demonstrate

that the force is indeed sensitive to these design parameters.

Table 3: Brush design specification

Bristle Count | Total | Area tuft density

Brush Design (tips/tufts) Tufts | (mm?) | (tufts/mm)

Commercial 120 140 | 62 x 370 0.38

IEC 62788-7-3 Standard 160 59 | 40x85 0.88

IEC 62788-7-3 Standard 160 171 | 40x 230 0.88
Modified

Brush material is nylon 6,12 (poly-amide)

2000

—— |EC 62788-7-3
| IEC+ 62788-7-3 modified
1800 —|—A— commertial brush
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Figure 24: Load applied by different designs of brush

The above graph shows that different brush designs exert different loads during cleaning

on the surface of glass and this can affect the coating lifetime.
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Chapter 7

Effect of Different Cleaning loads on Coating and Cleaning Efficacy

7.1)

7.2)

7.2.1)

7.2.2)

Introduction

This chapter looks into how different loads affect coatings when they are being cleaned.
The main goal is to find the ideal load that finds a compromise between coating durability
and cleaning efficacy. We experimented with glass coupons using a Cleaning Cycle
Simulator (CCS) to accomplish this goal. A total of four different loads: 300g, 600g, 900g,
and 1010g were applied. It is believed that the study's conclusions would provide light on
the most effective way to clean coated surfaces. The experiment consists two parts: in first
effect of cleaning load on coating is performed and in second the cleaning efficacy of
different cleaning load is experimented.

Effect of Different Cleaning Loads on Coating

Sample preparation, characterization and CCS programming:

The surface of 2.5*5cm? borosil glass coupons is coated with a superhydrophobic
fluoropolymer-based coating. Using a cotton cloth soaked in the coating solution, gently
wipe the glass surface until the solution dried completely. The coated glass coupons are
then left to air dry for two hours. To characterize the hydrophobicity of the coating, the
contact angle is measured. For CA measurement, Data-Physics Instruments' model OCA
SEC15 is utilized. Measurement utilized a 2ul dosing volume (DI water) with a 1pl/s
dosing rate. CA is measured at ten distinct coupon points on each sample and the
measurement is held off for one second post the droplet deposition onto the surface. CCS
is programmed for temperature range of 15°C (minimum) to 70°C (maximum). Dust
deposition is set to 0.2mg/cm? which is 2 weeks of soiling measured at 11T Bombay[29].

Cleaning velocity is set to 3m/s as per IEC 62788-7-3 standard recommends.

Brush characteristics

We used a specially designed brush based on the IEC 62788-7-3 standard for this
investigation. The brush is made of nylon (polyamide 612) and has 0.23mm-diameter
bristles. The brush has 171 tufts, 160 tips/tuft, with a tuft density of 0.88 tufts/millimetre.
Load variation (300g, 600g, 900g, and 1010g) for this brush can be adjusted based on the

brush frame's displacement.
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7.2.3) Experiment Process:

The following procedure is used to carry out the Dew-Dust-Dry-Clean (DDDC) cycle

operation on the five identical glass samples for each load (a total of 20 samples):

e Placed 5 samples on CCS sample stage, adjusted the load to 300g, and ran 5-DDDC
cycles.

e After completion of 5-DDDC cycles, adjusted the load to 600g and ran the 5-DDDC
again with fresh samples.

e Above process is continued in the same manner, increasing the load to 900g and then
1010g while completing five samples of the 5-DDDC each time.

e CA of all samples were now measured (10 distinct points on every sample).

e The above process is repeated after each 5-DDDC cycle and CA measurement.

CA |eft; 114.37

CA right: 114.5°

|

i 24066 B 43H:
L3

a. CA after coating the glass

CA et B9.0°
CA right: #8.9"

& gbeEee  Gretorg. Lo (W bk

b. CA after coating failure.

Figure 25: a) CA after applying coating, b) CA after coating degraded.
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7.2.4) Result and discussion

The coating failure, defined as a CA reduction below 90° (6 <90°), did not exhibit a direct
proportional relationship with cleaning load shown in figure 27. Surprisingly, a 900g
cleaning load caused earlier degradation (~63 DDDC) followed by 600g, 1010g and then
300g. The bristle tips of the brush and their bending angle may be the cause of this
performance. The sharp tips have the ability to scratch the surface more than a circular tips.
When we apply 300g cleaning load it forms a very light contact on the surface, and because
the glass is coated, it allows bristles to slide over the surface without significantly harming
the coating. Further applying 600g or 900g of cleaning load on coated surface causes the
bristles to bend at some angle and damage the coating surface more severely than when
using 300g of cleaning load, which accelerates degradation. In comparison to smaller
cleaning loads, the brush frame will bend more if we apply a 1010g cleaning load. Now
that the bristles have a diameter of only 0.23 mm, it's most probable that the sharp tips are
no longer in contact with the surface. Instead, the bristle’s circular portion may rub against

the coated glass, which could be less harmful than the sharp tips.
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Figure 26: Effect of different cleaning loads on coating. The line connecting the solid
circles represents the mean values of 5 samples of respective loads. In vertical error bars
extended from the mean values, upper & Lower caps indicating the maximum and
minimum values among those 5 samples. Thin coloured vertical line is the coating failure
point for the respective loads.
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7.3) Statistical Analysis (Hypothesis testing)

Hypothesis testing aims to find out whether the Cleaning Load and DDDC cycles has
significant effects on coating durability, for this the nonparametric Wilcoxon Signed Rank
Test (WSRT) is taken into consideration. The P-Value determines whether a change in
sample data is possibly the result of random fluctuation or a true effect (DDDC + Load).
The null hypothesis (HO) assumes that there is no noticeable distinction between two
similar groups or circumstances. The a level determines whether the p-value is sufficient
for one to ignore the null hypothesis. A normal significance level is 0.05, which means that
if the p-value is smaller than a, the hypothesis can be rejected. with 95% confidence and a

different explanation can be taken into consideration.

7.3.1) Wilcoxon Signed Rank Test

Our experimental assumptions for the experiment are:

e Null hypothesis (Ho): The median difference between the paired samples is zero.

Alternative hypothesis (Ha): There is a significant difference b/w the paired samples.

e Significance level (o) = 0.05

e Sample size (N) =10

e P-value < a = Reject Ho with 95% confidence level

e P-value > a = advisably do not reject Ho >

e Dataset pairl = Pairs of consecutive cycle intervals, such as (0-5), (5-10), and so
forth, are used until the coating for each load degrade.

e Dataset pair2 = Pairs for various loads at respective deterioration stages (e.g., 300-

600, 600-900, etc.).

7.3.2) Result and discussion

In the graph horizontal red line is the significance level (0.05 here). This assures us with
95% confidence level, the significant impact of DDDC cycles (figure 27) and Cleaning
Load (figure 28) on the coating degradation. Since CA is measured after every five cycles,
65 and 70 DDDC are taken into consideration here rather than 63 and 68 DDDC for pairing
dataset.
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Figure 27: WSRT for Dataset pairl for loads 300g, 600g, 900g, 10109 (clockwise from top
left corner).
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Figure 28: WSRT for Dataset pair2 for loads 300g, 600g, 900g, 1010g compared at their
degradation cycle (65, 70, 85 and 100) clockwise from top left corner.
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7.4) Efficacy of different cleaning loads

The outcomes of an experiment "Effect of different cleaning loads on coating" have
presented us with a challenge. Findings of an experiment indicates that there isn't a direct
correlation between the cleaning load and coating degradation at that point. Thus, simply
opting any cleaning load, isn't sufficient without considering its efficacy. There's a
possibility that despite its favorable impact on coating life, it might require multiple
cleaning cycles to achieve pure surface cleaning and this can also be harmful for coating
life. Understanding both the efficacy and degradation aspects can provide a balanced
approach for selecting the appropriate cleaning load. Which can allow us to compromise
between minimizing degradation and ensuring effective cleaning, for the selection of

appropriate cleaning load.

7.4.1) Fundamental approach.

We are aware that the short circuit current (Isc) of solar cells is directly correlated with
solar radiation. The creation of electron-hole pairs increases with intensity, leading to an
increase in Isc. When a dusty glass is placed over a solar cell, less light enters the cell due
to dust, forcing the Isc of the cell to decrease. However, when the glass is cleaned, more
light enters the cell, improving the Isc. In this case, Alsc is the loss of light due to
obstruction on solar cell. Here this loss is soiling loss and can be relatable to efficacy of

cleaning load.

7.4.2) Experimental setup

In this experiment, we measure the Isc values of a solar cell with and without dust, as well
as after dust removal by the brush. For this purpose, we've packaged a mini solar module.
The 2*2cm? cell has been cut from a 15.6*15.6cm? polysilicon solar cell using an SLTL
LASER cutting equipment (NCPRE lab, II'T Bombay). Following that, this cell is soldered
with copper-tin plated as a busbar. The cell is then sandwiched (Backseat, EVA, Cell, EVA,
Glass) and laminated with a PV laminator (NCPRE Lab, IIT Bombay). The test glass is

2.5*5 cm? textured glass from Borosil Glass Works Limited, India.

Figure 29: packaged mini solar module
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Figure 30: a), b) and c) represents Isc measurement setup without dust, with dust and
after cleaning the dust respectively.
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The figure 30 shows the solar cell Isc measurement setup, which consists of shining a

Halogen (~550W) light source on a mini solar module and measuring the Isc using a
FLUKE-107 600V CAT IlI Digital Multimeter (DMM). A K-type thermocouple has been
attached to the backsheet of the mini module, and the temperature is measured using the
FLUKE 52 Il Thermometer.

Table 4:

Current and Temperature References

ABET-Mini module _Isc 145.10 mA (25°C, 1000W, Xenon lamp)

Solar Simulator-Mini module _lsc 76 mA (28°C, ~550W, Halogen lamp)

Solar Simulator-Mini module + Glass_Isc | 72.5 mA ((28°C, ~550W, Halogen lamp)

Backsheet Temperature 27.5°C to0 28.8°C

7.4.3) Process followed:

We experimented with two different soil gravimetric densities (SGD) to measure efficacy:

0.2mg/cmz2 and 0.6mg/cmz2. We deposited 12 glass samples for each SGD, using 3 samples

for each cleaning load. We measured the Isc of dusty glass at four distinct sites to ensure

homogeneity. We flashed light for only two to three seconds at each site to measure Isc

before turning it off to minimize temperature changes.

1)
2)

3)

4)

5)

6)

7)
8)
9)

In very first step mini modules Isc is measured by flashing a light on it.

Next, we placed a bare borosil glass (2.5*5 cm?) on the mini module and measured
the Isc. This is considered as our reference Isc.

Now the borosil glass is deposited with 0.2mg/cm? dust then this dusty sample is
placed on mini module and Isc is measured.

After this the dusty sample is cleaned once by applying a 300g cleaning load by the
brush and then this cleaned sample is placed on mini module to measure the Isc.

If the Isc is very close to reference value, we expect that sample has been cleaned at
satisfactory level (~71-72.5mA) and further cleaning is not required; if not, then same
cleaned dusty sample again subjected to second time cleaning by 300g cleaning load.
The sample is cleaned till the Isc value is measured to satisfactory level and after
each cleaning the Isc value is registered.
steps 4 to 6 are repeated for different cleaning loads (600g, 900g, and 1010g).

Step 3 to 7 is repeated for 0.6mg/cm? soil gravimetric density.

Soiling loss is calculated based on measured Isc.
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a) b)
Figure 31: a) 0.2mg/cm?, b) 0.6mg/cm? dust deposition on glass samples

Table 5: Measured average Isc values of mini module

Average Isc of different samples (mA)
L oad 0.2mg/cm? | 0.6mg/cm?
300g | 600g | 900g | 1010g ‘ 300g | 600g | 900g | 1010g
D 57.42 | 57.92 | 57.75 | 57.50 ‘ 38.33 | 38.42 | 38.00 | 38.08
C1 64.75 | 68.58 | 69.25 | 71.08 J 64.67 | 68.42 | 68.92 | 71.42
C2 | 67.83 | 70.50 | 71.25 66.83 70.92 | 71.19
C3 70.83 | 71.53 | 71.67 ‘ 71.00 | 71.58 | 71.67
C4 | 7150 T 71.50

Here, in the data table, the "D" row represents the Isc readings of the solar panel for dust
deposition levels of 0.2mg/cm? or 0.6mg/cm?. "C1" indicates the Isc measured after the
initial cleaning, and so forth for "C2", "C3" and "C4" after the second, third and fourth

cleanings, respectively of the same dusty sample.

Table 6: Soiling Loss

Soiling Loss (%0)

e 0.2mg/cm?2 0.6mg/cm?2

300g | 600g | 900g | 10109 300g | 600g | 900g | 1010g
D 20.80 | 20.11 | 20.34 | 20.69 47.13 | 47.01 | 47.59 | 47.47
C1 10.69 | 540 | 448 | 1.95 10.80 | 563 | 494 | 1.49
C2 6.44 2.76 1.72 7.82 2.18 1.81
C3 2.30 1.34 1.15 2.07 1.26 1.14
C4 1.38 1.38
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The soiling loss is calculated by using below formula:

Isc—ciean — Isc—soiled

% Soiling loss =

Isc—clean

Here Is._ciean 1S 72.5 MA which is measurement of Isc from mini module with bare glass

on top of it and Is._spizeq 1S the Isc values taken from Table 5.

7.4.4) Result and discussion

The relationship between cleaning loads and soiling losses is evident: as cleaning loads
increase, cleaning efficacy improves. Despite multiple cleaning attempts, achieving zero
soiling loss remains challenging. This is because of the dry-cleaning method, which may
leave behind fine dust residues on the glass surface. These fine dust residues obstruct light
radiation from reaching the active region of the solar cells, thereby reducing overall

efficiency.

7.5) Conclusion

If we define efficient cleaning as achieving less than 2% soiling loss, then using a 300g
cleaning load requires 4 cleaning cycles, while 600g, 900g, and 1010g cleaning loads
require 3, 2, and 1 cleaning cycles, respectively.

An important aspect of the experiment "Effect of Different Cleaning Loads on Coating and
Cleaning Efficacy" is that choosing a specific cleaning load for solar panels to balance
coating degradation along with effective cleaning may not be accurate at this point. The
observation from soiling loss for efficacy indicates that the number of cleaning cycles
required for efficient cleaning depends on the cleaning load selected. However, the
experiment on the effect of different loads on coating degradation was conducted with only
one cleaning cycle. It would be unfair to draw conclusions based only on these results
because we don’t know how multiple cleaning cycles combined with Dew-Dust-Dry cycles
(DDD+C) can degrade the coating.

29| Page



8.1)

8.2)

Chapter 8

Summary and Future Objective

Summary

Photovoltaic (PV) technology is playing a pivotal role in driving sustainable growth. The
performance of a PV power system is influenced by various environmental factors. Soiling,
the accumulation of dust on PV modules, is a significant factor that can reduce global solar
production by at least 3-4% even in optimized clean up scenarios. This translates into
annual revenue losses between €3 billion and €5 billion. To mitigate soiling losses, several
techniques are available. One effective approach is the application of ASCs. ASCs are
applied to the outer surface of PV modules, but their effectiveness must be validated in
actual outdoor field settings. Currently, there is no standardized methodology or test
protocol to evaluate the reliability of ASCs for commercial applications. Consequently,
there are no pass/fail criteria to assess the performance of commercially available ASCs.
To address this issue, a novel accelerated test bed CCS, has been developed at NCPRE, IIT
Bombay. This system is modified for enhanced performance, including: Uniform heat-cool
operation, Rigid support structure, Real-time temperature measurement using
thermocouple and Load cell-based device to measure force applying by brush. The result
of the experiment “Effect of different cleaning Load on coating and cleaning efficacy” can
be used for better compromise to choose a specific cleaning load for solar panels to balance

coating degradation along with effective cleaning.

Future work

Additional experiments are needed to study the effect of cleaning loads with multiple
DDD+C cycles for a fair comparison and informed selection of cleaning loads. The
durability of coating should be tested under various stressors faced by module over the year
to evaluate the coating performance. This type of evaluation can help manufactures and
researchers to work on the weak areas of coating. An experiment has planned to perform
by emulating the whole year accelerated test scenario for jodhpur location where the

coating undergoes from various stressors (i.e. Rainfall, UV dose, Abrasion).
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Denis Cousineau University of Ottawa  |Ottawa Canada denis.cousineau@u |Yes for me; |300 yearly, Based on No subject [French Computers CRT screens Cognitive; visual

wolf vanpaemel KU Leuven Leuven Belgium francis tuerlinckx vvolf.vanpaemel@ku yes (ih‘the fall) - 100 I dutoh dutch = cognitive

Niklas Steffens Unrversrty ot Brisbane |Australia together with Kim Peters h.steffens@uq.edu. yes 100 University English We have access to labs for Social, organisational,

Jerome Olsen University of Vienna Vienna Austria Jerome OIsen Martin jerome.olsen@univi |yes 100 P.ooll ot German - .So.cial' I .

Olivier Klein Universite Libre de Brussels Belgium Nicolas Van der Linden nivdIind@uIb.ac.be Yes | can quite Translation Eirst-year French For online studies, we use Social and intercultural

Hause Lin University of Toronto [Toronto Canada Hause Lin, Michael hause.lin@mail.utor |yes : 100 - Mix of I PsychoPy, ePrime MediaLab Social, Icognitive,

Daniel Ansari University of Western |[London Canada — Daniel.ansari@gmai yes 100 University English E prime PsychoPy Cognitive, Developmental

Lorne Campbell University of Western |[London Canada Lorne Campbell, icampb23@uwo.ca yes 100 Introductor Qualtrics

Gorka Navarrete Universidad Adolfo Santiago  |Chile A gorkang@gmail.co |Yes Umversrty Spanish PsychoPy, Limesurvey, Social & Cognitive

Diego Forero Universidad Antonio Bogota Colombia Diego Forero, Andrés diego.forero@uan.e |Yes 200 Umversrty -

William Jimenez Leal Universidad De Los Bogota Colombia \’/\Villiam Jiménez, vv.jimenezleal@unia yes 200(Data 120. Spanish 8 networked computers biopac Thinking and reasoning,

Darko Loncaric University of Rijeka Rijeka Croatia " dloncaric@uniri.hr Yes 100 Local ‘ Preschool Croatian, English E- Prime PsychoPy, LimeSurvey, Developmental and

Marek Vranka Charles University Prague Czech vranka marek@gm |yes 100 § Umversrty Czech, English (non-native) - Somal

Kaminski Gwenael Toulouse university, Toulouse France gwenael kaminski@ yes 200(|Data analysis Umversrty French E- prime MAtlab, Qualtrics (Eye Social and Cognitive

Susann Fiedler maxglglanck Institute Bonn Germany susann fiedler@gm yes Umversrty German Eye tracking —I;sychoPy, z -tree, Somal Psychology,

Balazs Aczel Eotvos Lorand Budapest |[Hungary Marton Kovacs Peter marcrkovacsgs@g Yes In lab - 200, Undergrad Hungarian Qualtrics Opensesame Cognitive

MohammadHasan University of Tehran  |Tehran Iran Javad Hatami hasan sharifian@ut. |yes - = Umversrty Persian Social and Cognitive

ﬁarco Tullio Liuzza "Magna Graema Catanzaro |ltaly Iiuzza@unicz.it Yes 300 Undergrad Italian PsychoPy Social, Cognitive

Patrizio Tressoldi Dipartimento di Padova Italy patr|Z|o tressoldi@u |Yes 100 - Italian

David Clarance Busara Center for Nairobi Kenya davrd clarance@bus|yes ~15000 Low Swabhili, English zTree, oTree, PsychoPl, Behavioral Economics,

Vilius Dranseika ViInius University . Vilnius Lithuania Vilius Dranseika viIius.dranseika@fsf Yes l1_00.+. Lithuanian — = B . e

Steve Janssen University of Kuala Malaysia Steve MJ Janssen steve.janssen@notti| Yes 100 - - English E-prime, psychopy

Humberto Nicolini, Grupo Medico Carraccr Mexico City | Mexico Humberto Nicolini, Nuria |nicolini_humberto@ |Yes 100 Mexican Spanish EEG, TMS, CANTAB, biological |Clinical, cognitive

Joanne M. Chung | Tilburg University Tiburg _|Netherlands jm.h.chung@uvenl [Yes 100 Dutch __|Dutch, English T Developmental

Dongning Ren Tilburg University Tilburg Netherlands d.ren@uvt.nl Yes 100 Dutch - Dutch, English Social

Mark Brandt Tilburg University Tilburg Netherlands m.j.brandt@tilburgu |yes 150 for any Includes English/Dutch computers/qualtrics/inquisit social

Gerit Pfuhl UIiT The Arctic Tromso Norway Gerit.ofuhl@uit.no yes 160 in 2 year norwegian but fluent in access to inquisit, matlab, cognitive, neurocognitive

Janis Zickfeld University of Oslo Oslo Norway  |Janis Zickfeld, Thomas _|jhzickfeld@gmail.co |Yes ' 100 Tyear _ |Norwegian (fluent in English) |E-Prime, Inquisit, Presentation, | Social

Michal Parzuchowski |SWPS University of Sopot Poland Bogdan Wojciszke, mparzuchowski@s |Yes >500 for where Undergrad |Polish Inquisit, E-prime, PsychoPy, Social/Cognitive

Samuel Lins University of Porto Porto Portugal - ' samuel.bezerra.lins |yes maximum University |Portuguese . . Social

Ivan Ivanchei Russian Academy of |Moscow Russia ivancheyii@gmaiLm Yes 100 undergradu|Russian E-prime, PsychoPy, Matlab, R, Cognitive

Vanja Kovi¢ Laboratory for Belgrade [Serbia Vanja Kovi¢, Andela vanja.kovic@f.bg.ac|yes 100 in University |Serbian ERP - Neuroscan, SMI eye- cogpnitive, neurocognitive

Iris Zezelj University of Belgrade |Belgrade |Serbia - izezelj@f.bg.ac.rs |yes - 300|Based on University |Serbian, Bosnian Inquisit, OpenSesame, Survey Social

Gabriel Banik Institute of Presov Slovakia Gabriel Banik, Ivan gabriel.banik@gmail|yes 150 undergradu|Slovak . Cognitive, Social,

Miguel Vadillo Universidad Madrid Spain l - miguel.vadilo@uam |Yes 100 Undergrad |Spanish Matlab, PsychToolbox, PsychoPy Cognitive

Zoltan Kekecs Lund University Lund Sweden zoltan.kekecs@psy. |yes 100]|Methodologic |no Swedis, but English may clinical psychology,

Evie Vergauwe university of Geneva |[Geneva Switzerland |Kim Uittenhove Evie.Vergauwe@uni|Yes maximum Community  |first year French - e-prime, MAtlab Cognitive, developmental

Sau-Chin Chen Tzu-Chi University Hualian Taiwan pmsp96@gmail.co |Yes 100 Anyvvhere University Chinese (Written in Opensesame, Gorilla Cognitive

Harry Manley Chulalongkorn Bangkok [Thailand harrisonmanley@g |Yes 100 (~300 1st [Thai / English Inquisit, PsychoPy, E-Prime Cognitive / Social

Adil Saribay Bogazici University Istanbul Turkey adil..saribay@boun.e yes 100 Introductor Medialab, DirectRT, E-Prime,




Tara Marshall Brunel University London UK Tara.Marshall@brun|yes 100 Introductor |English ePrime, Qualtrics, Inquisit Social, personality
Gavin Sullivan Coventry University Coventry |UK Chris Day, Vanessa Ab7809@coventry.a|Yes 150 or more - [Indonesia is  |University

Benjamin Vincent University of Dundee |Dundee UK . b.t.vincent@dundee |Yes 50 (joint vvith . University |English Matlab, PsychoPy Cognitive

Blair Saunders University of Dundee |[Dundee UK b.z.saunders@dund | Yes 50 (joint with English

Miroslav Sirota University of Essex Colchester UK msirota@essex.ac. |yes - 100 1st year English Qualtrlcs Ian|S|t (E-prime & Cognitive/Social
Chr|5topher R. Ashland University Ashland USA Chnstopher R. Chart|er cr:hartie@ashland.e yes 300 Proiect T‘raditional English ePrime MedI|aLab BioCapture |Social, Meta

Brady Wiggins Br|gham Young Idaho USA Brady ngglns vvigginsb@byui.edu Yes 100 - 300 Where i:;sychology English Qualtrics Matlab, OpenSesame Clinical, Theoret|ca| and
Dustin Calvillo Caln‘orma State San USA Dustin Calvillo dcalvill@csusm.edu | Yes ~100 Undergrad English Computers Epr|me qualtncs Cognltlve

Nikki Legate III|n0|s Inst|tute of Ehicago USA Nikki Legate nlegate@iit.edu Yes In lab - 100, Undergrad English

Jack Arnal McDanieI College Westminst [USA Jarnal@mcdaniel.ed|yes ~160 == Liperal English SuperLab, Qualtrics Cognmve (but happy to
William Chopik M|ch|gan State East USA William Chopik chopikwi@msu.edu |Yes 200 Undergrad English Psychopy, Qualtrics, could easily somal personahty, -
Randy McCarthy Northern lllinois DeKaIb USA rmccarthy3@niu.ed |yes 200 Introductor English - B = SOC|aI

Ernest Baskin Salnt Joseph s Philadelphi [USA Ernest Baskin ebaskin@sju.edu |yes 100 Principles English

Kathleen Schmidt Southern III|n0|s Carbondale |USA kathleenschmldtl@ Yes 200-300 Where I'm Intro English ePrime MediaLab, Qualtrlcs Social Cognitive

Justin Robert Keene Texas Tech Un|ver5|ty Lubbock USA Justln r.keene@ttu.e |Yes 200 - Mass English ePrime Med|aLab B|opac Cognitive

Heather Urry Tufts University Medford USA heather.urry@tufts.e yes 100 undergradu English E—Prime, Inquisit, Qualtrics, Affective Science
Gwen Gardiner UC - Riverside Riverside |USA ggard001@ucr.edu Yes 100 U'ndergrad English = I Personality

J. Protzko Univer5|ty of Santa USA J. Protzko protzko@gmail.com | Yes 60 for 30- 506 English

Daniel Storage Univer5|ty of III|n0|s Urbana— USA Daniel Storage research@danielsto |yes — 100 Undelrgrad

Crystal N. Steltenpohl|University of Southern Evansvilie USA Crystal N. Steltenpohl cnsteltenp@usi.edu |Possibly Hopefully 100 |Where Sona English Trying to get MedlaLab Community, social
Nicholas Coles IUnliversity of Knoxville  |USA Deanna Jordan colesn@vols.utk.ed |Yes 250 Any\/vhere Undergrad English E-Prime, Qualtrlcs Camta5|a Social/Affective

Mike Mensink Univer5|ty of Menomonie [USA I’Z)esiree‘—ded,ISarah = mensinkm@uwstout | Yes 100 = Undergrad English Qualtrics E- Prlme Blopac SMI  [Cognitive/Social
Henrik Danielsson L|nkop|ng Un|ver5|ty Linképing [Sweden — henrik.danielsson@l Possiby Methodology Stddents Swedish Cognitive

Cynthia Fu University of East London UK o.fu@uel.ac.uk Possiby -

Liam Satchell Universrty of West Ealing UK liam.satchell@uwl.a P055|bly Perhaps 100 No subject |English Qualtrics Forensic (legal and
Tony Buchanan Saint Louis University |St. Louis USA tbuohan7@slu.edu P055|bly I - = Undergrad English E-Prime, Qualtrics, eye tracking, afteotive, neu.ro

Luis H. Favela University of Central  [Orlando USA luis.favela@ucf.edu |Possibly Undergrad English ‘ . — Cognitive perception-
Yarrow Dunham \?ale University New Haven |USA yarrow.dunham@yal| Possibly Undergrad English Inquisit, Qualtrics SocraI/Cognitive/DeveIop
Kai Horstmann Humboldt Universitat  [Berlin Germany Kai Horstmann kaitobiashorstmann No Methodologic ' Psychometrlcs

Anna Szabelska Queens University Belfast Northern agzabeiska01@qub. No N/A data English, Polish R, Python, SPSS, Microsoft Azure|Cognition

Miguel A. Silan Universrty of the Quezon iDhiIippines Migdelsilan@gmail. No Methodologic English, Tagalog, Bisaya Social / 110

Hannah Moshontz Duke Universrty Bi,irham USA Hannah Moshontz hmoshontz@gmail.c|No I Undergrad |English Qualtrics, can likely get access  |Social

Melissa Kline MIT Cambridge |USA mekline@mit.edu No NA ' — - ] Developmental, Cognitive
S. Mason Garrison  |Vanderbilt University [Nashville |USA S. Mason Garrison s.mason.garrison@ |No No Methodologic R R, Mplus, git, computing Cloud, |Quantitive/Differential
Pekka Santtila NYU Shanghai Shanghai  |China pekka.santtila@nyu. Hopefully I University [Chinese = Legal Psychology

Jan Antfolk Abo Akademi Turku Finland jantfolk@abo.fi Hopefully P'oplulation- Finnish, Swedish

Hans 1Jzerman Univer5|te Grenoble Grenoble [France h.ijzerman@gmail.c | Yes Unknown for I I social

Michelangelo Vianello Univer5|ty of Padova |Padova Italy michelangelo.vianell Yes - 100 Master Italian Inquisit

Oscar Ovredo- Centre for Accrdent Brisbane |Australia oscar. ovredotrespal —

Ryan Perry Univer5|ty of - Melbourne |Australia ryanmalkmus@gma

Khandis Blake Universrty of New Sydney Australia k blake@unsw.edu. University |English Medialab, Qualtrics, Inquisit, Eye- |social/evolutionary
Tiago Lim Unrversrty of Fortaleza |Fortaleza |Brazil - — =

tiago.souzalima@ho




Jill A. Jacobson Queen's University Kingston [Canada jil.jacobson@queen

Bernard Université du Québec [Montreal Canada bernard.paquito@uq

John R. Vokey LJniversity of Lethbridge [Canada vokey@uleth.ca

Patricia Brosseau- Univetsity of Ottawa  |Ottawa Canada pbrossea@uottawa.

R-avin Alaei University of Toronto  [Toronto Canada ravin.alaei@mail.uto

Julia zhao Shanxi Normal Shaanxi China 18335181126@163.

Vojtech Zika Center for Behaworal Prague Czech vojtech.zika@cebex

Andero Uusberg Unlver5|ty of Tartu Tartu Estonla andero.uusberg@ut.

Eric Karlsson Fakulteten for Turku Finland epa.karlsson@gmail Psytools, Soile, Eye-tracking, Evolutionary, Forensic,
Armand Chatard IUnivereité de Ploitiere Poitiers France armand. chatard@un = — = H.I
Christoph Stahl ISerlaErnent for Cologne Germany chnstoph stahl@unl—

Benjamin Gagl Goethe UnlverS|tat " Frankfurt [Germany gagl@psych uni-

Philipp Kanske Techn|sche Dresden Germany phl|lpp kanske@tu-

Johannes Lutz Unlver5|tat Potsdam Potsdam  [Germany Jlutz@unl—

Bettina Schworer University of Hamburg [Hamburg |Germany bettina schwoerer@ English, German Motivation and Self-
Lea Hildebrandt University of Wurzburg |Germany Iea k h||debrandt@g —
DR Abhijit Das AMRI Insmute of Kolkata India abhmt neuro@gmail.

Michael Gilead Ben Gunon University |Beersheba [Israel mlchael gilead@gm

Daniel Lakens Eindhoven University [Eindhoven |Netherlands |Anne Scheel D Lakens@tue.nl Methodologic Dutch Meta
Alan KS Nielsen Max Planck Inst|tute Nijmegen |Netherlands - = alan@languageevol I

Mark Verschoor Unlver5|ty of Groningen [Netherlands nt-.verschoor@rug.nl

Simon Columbus Vrlje Universiteit Amsterdam |Netherlands simon@simoncolum

Michael Philipp lt/laséeleniversity Palmerston |New Zealand M.Philipp@massey. <100 university |English Psychpy, DirectRT, Qualtrics,
Katarzyna Jasko Jaglellonlan ktak'(l)w Poland kasia.jot@gmail.co — = - =

Dmitry Lyusin ngher School of Moscow Russia ooch@mail.ru

Ljiljana Lazarevic Instltute of Belgrade |Serbia ljiljana.lazarevic@f.

Taehwan Yoon Ph.D. ICS Seoul National Seoul South Korea thyoon93@snu.ac.k

Oskar Flygare Karolinska Institutet Solna Sweden oskar.flygare@ki.se

Peter Edelsbrunner  [ETH Zurich Zurich Switzerland peter edelsbrunner

Florian Brihimann University of Basel Basel Switzerland florlan bruehlmann

Tim Bottger University of St. Gallen [St. Gallen |Switzerland tim.boettger@unisgt

Hamza Dincer Bogazigi University Istanbul Turkey h‘amzamustakdincer

Sami Gulgoz Koc University Istanbul Turkey sAgngoé@ku.edu.tr

Anil Safak Kagar Kog University Istanbul Turkey akacar@ku.edu.tr

ilker Dalgar Middle East Technical |Ankara Turkey ilkerdalgar@gmail.c

Vera Kempe A.bertaynUniversity Dundee UK v.kempe@abertay.a

Emily S. Cross Eanglor University Gwynedd [UK e.ctoss@bangor.ac.

Ruth Horry Swansea University Swansea [UK Rl.horry@swansea.a

Stephanie Rossit Unlversﬁy of East Norwich UK s.ressit@uea.ac.uk

Zander Crook Unlversny of Edinburgh|Edinburgh [UK zander.crook@ed.a

Alexa Morcom University of Edinburgh|Edinburgh |UK Alelxa.morcom@ed.

Lisa DeBruine University of Glasgow |[Glasgow [UK Iisa.aebruine@glasg




Ben Jones University of Glasgow [Glasgow [UK ben.jones@glasgow
Ekaterina Damer University of Sheffield |[Sheffield UK ek.damer@gmail.co
Manuela Thomae University of Winchester (UK manuela.thomae@g
Cylcia Bolibaugh University of York York UK cyleia.bolibaugh@yo
Lauren Skorb Boston College Boston USA info@I3atbc.org
Joshua Grubbs Bowling Green State  |Bowling USA GrubbsJ@BGSU.ed
Jessica Urschel Eastern Wash|ngton Seattle USA jurschel@ewu.edu
Erica Musser Florida Internat|0na| Miami USA Emusser@fiu.edu
Sue Kraus Fort LeW|s College Durango USA Kraus_s@fortlewis.
Katie Corker Grand VaIIey State Allendale [USA k.(l:orker@gmail.co
Brent Donnellan M|ch|gan State East USA donnel59@msu.edu
Chr|5topher M. Nicholls State Th|b0daux USA Christopher.castille
SheIia Kennison Oklahoma State Stillwater USA ghelia.klennieon@ok
Natalia Van Doren Penn State University University USA nataliavandoren@p
Brad Wyble Penn State Un|ver5|ty Univer5|ty USA bwybie@gmail.com
Sean Duffy Rutgers unlver5|ty - Camden USA Seduffy@scarletmal
Uma Karmarkar UCSD San Diego [USA ukarmarkar@ucsd e
Patrick Forscher University of Arkansas Fayetteville |USA forscher@uark.edu
Dan Relihan Unlver5|ty of Cal|forn|a Irvine USA drelihan@uci.edu
Jacinth Tan Unlver5|ty of San USA jacinthjx.tan@gmail.
Jake Womick Unlver5|ty of Missouri Eolumbia USA Jjwzp5@mail.misso
Doug Markant Unlver5|ty of North Charlotte  [USA dmari<ant@uncc.ed
Alexander Danvers Unlver5|ty of Oklahoma Norman USA alexander danvers
Allan Clifton Vassar College Poughkeep |USA AIcIlfton@vassar ed
Jennifer Joy-Gaba Virginia Richmond USA jjoygaba@vcu.edu
Jeremy Miller ﬁ/illamette Un'ilversity Salem USA millerj@willamette.e
Ernst Koster Ghent University Ghent Belgium ernst koster@ugent.
Andrea Howard Carleton University Ottawa Canada andrea howard@car Varles | am currently using smartphone |Developmental and
Melanie Soderstrom |University of Manitoba |Manitoba |Canada M Soderstrom@um access to English - e - =
Christian Hahn Universny of Western |London Canada chahn@uwo ca
Etienne LeBel Universny of Western |London Canada etienne.lebel@gmail
Flake York University York Canada kayflake@gmail.co measurement
Qinglan Liu Hubei University Wuhan China glcactus16@gmail.c I —
Oliver Muller Univer5|dad del Bogota Colombia oIlver muller@urosa
Chevallier Coralie Ecole Normale Paris France corahe chevallier@g
Lars Schulze Fre|e Unlver5|tat Berlin |Berlin Germany Iars schulze@fu-
Chuan-Peng Hu Johannes Gutenberg |Mainz Germany hcg4715@gma|l.com

University Medical

Center
Wiebke Herrmann University of Hamburg [Hamburg |Germany wiebke.herrmann@
Pamei Gairanlu Jawaharlal Nehru New Dehli |India pameigairan@gmail
Bastiaan Rutjens Unlversrty of Amsterdam [Netherlands b.t.rutiens@uva.nl
Maria Eryzhenskaia Higher School of Moscow Russia Lindmon@ya.ru



mailto:hcp4715@gmail.com

Olga Perepelkina Lomonosov Moscow  |Moscow Russia neptizzza@gmail.co

Adamovich Timofey |Moscow étaté Moscow Russia tadamovichl1l@gm

llya Zakharov Ps&/chol-ogical Institute |Moscow Russia iIi-azaharov@gmaiI.c Students PsychoPy, EEG, tDCS, ready to |behavioral genetics
Chun-Chia Kung Nationai Cheng Kung |Tainan Taiwan chunkung@mail.nck -

Kate Gee Ca-nterb-ury Christ Canterbury UK kate.gee@canterbur

David Vernon aante;'b.u.ry- Chri..st Canterbury UK david.;/ernon@cant

Aimee Chabot Bluke iJrlui.vérsity” Durham USA ait:nee.chablot@duk

Cody Christopherson [Southern Oregon Ashland USA chriétocl@sou.edu

Alexander Garinther .U.niversi;[y of Oregon  |Eugene USA agarinth@uoregon.e

Charlie Ebersole University of Virginia  |CharlottesvifUSA clebersole@virginia.

Debora I. Burin Universidad de Iéuenos Argentina dl:;urin@psi.uba.ar Students  [Spanish Experience in trans-cultural test  |Cognitive/ Psychometric
Arti Parganiha |;t. Ravis.r;ankar I.?.aipur India Babita Pande, Pratibha |arti.parganiha@gmalYes Around 300 |Contribute University |English; Hindi (after CAN"I'A.B (sustained attention, Chronobiology, Cognition




Proposers: Benedict Jones, Lisa DeBruine, Jessica Flake

Title: Does Oosterhof and Todorov’s valence-dominance model of social perception of
faces generalize across world regions?

Link for demo version:http://faceresearch.org/project?PSAeng&auto

Background. Oosterhof and Todorov (2008 PNAS) found that Principal Component
Analysis of trait ratings of face images made by students at a US university produced
two components (faces were rated for aggressiveness, attractiveness, caringness,
confidence, dominance, emotionalstability, unhappiness, intelligence, meanness,
responsibility, sociability, trustworthiness, weirdness). The first component, which they
labeled ‘valence’, was correlated with all traits except dominance and was particularly
highly correlated with trustworthiness. The second component, which they labeled
‘dominance’, was highly correlated with rated dominance, correlated with
aggressiveness and confidence, and largely unrelated to the other traits.

Although this two-component model of social judgments of faces has become very
influential, the extent to which it applies to trait ratings of faces made in other regions of
the world is not yet known (but see Sutherland et al., in press PSPB for a recent
replication in China). The proposed project will test whether the model described in
Oosterhof and Todorov (2008 PNAS) can (1) be replicated in a new sample of North
American raters and (2) can also explain trait-ratings made in other world regions
(United Nations Country Grouping: Africa, Asia, Central America, Eastern Europe,
European Union, Middle East, North America, Oceania, South America, The
Caribbean).

Participant characteristics.Adult participants. No restriction on sex, sexual orientation,
or ethnicity necessary. Data on age, sex, sexual orientation, ethnicity, and country of
residence would be collected. Only world region of residence (determined from country
of residence) would be used in the proposed analyses. The other factors would be
made available for further, exploratory analyses.

Participating labs will be expected to collect data from 50-100 participants during 2018
to earn authorship on the resulting manuscript.

Procedure. Each participant would be allocated to rate 102faces (49 female and 53
male faces, diverse ethnicity) for one of 14adjectives (aggressive, attractive, caring,
confident, dominant, emotionally stable, unhappy, intelligent, mean, responsible,
sociable, trustworthy, weird, old) using a 1 (very low) to 7 (very high) scale. These are
the same 13adjectives used by Oosterhof and Todorov (2008), plus ‘old’ (shown by
Sutherland et al., 2013 Cognition to produce a third component). To mitigate potential
problems with translating single-word labels, dictionary definitions for each of the 13
original adjectives would also be provided (following Bainbridge et al., 2013 JEP:G; see
appendix for their definitions). Although this departs from Oosterhof and Todorov’s
methods, we have discussed this change with Todorov who agrees it is sensible. Each


http://faceresearch.org/project?PSAeng&auto

participant would rate all 100 faces for one adjective only (which adjective they rated the
faces for would be randomly determined). Based on data collected in our lab (UK), the
mediantime to complete this task is ~5 minutes (90™ percentile = ~8 minutes). Following
Oosterhof and Todorov’s original paper, we would require a minimumofl15 participants
from each geographic region to rate the faces for each adjective (i.e., a minimum of 210
raters per region).

Our lab can provide a set of 102faces (49 female, 53 male faces, diverse ethnicity) for
the study (https://figshare.com/articles/Face_Research_Lab_London_Set/5047666). We
have already made these images open access and they were recently used by
Todorov’s lab in a replication and extension of their original paper (see Oh et al., 2017
https://psyarxiv.com/fxvcu).

Analysis plan. Analyses would be based on those reported by Sutherland et al. (in
press PSPB). These analyses use averaged ratings for each face. Ratings from each
world region will be analyzed separately. Countries will be allocated to world regions
using the United Nations Country Grouping (Africa, Asia, Central America, Eastern
Europe, European Union, Middle East, North America, Oceania, South America, The
Caribbean).

First, we would identify how many components (i.e., factors) underpin judgments in
each geographic region. This will be done using exploratory factor analysis (i.e.,
principal axis factoring) with a non-orthogonal rotation. Number of factors will be
identified from scree plots, number of factors with eigenvalues greater than one,
minimum average partial procedure, and parallel analysis. Differences in the outcome of
these methods will be reconciled using a procedure described in Flake et al. (2015
Contemporary Educational Psychology).

Second, for each geographic region, we will identify which traits have strong loadings on
each factor, which traits have weak loadings on each factor, and which traits crossload
between or among factors. Criteria for strong and weak loadings will be set following
Flake et al. (2015).

Publication plan. We suggest submitting to Nature Human Behavior as a registered
report in the first instance, with Royal Society Open Science as a backup plan (again as
a registered report).This would require a list of participating labs. Importantly, each lab
would be required to have ethics approval before submitting the registered report for
Stage 1 review.

Equipment required: A computer with Internet connection to access online study.

Appendix. Trait definitions used in Bainbridge et al. (2013 JEP:G). Note that Bainbridge
et al. did not include dominance or age in their study. We propose defining dominant as
“strong; important” and old as “having greater age; not young”. Like the Bainbridge et al.
definitions,theseare adapted dictionary definitions.


https://psyarxiv.com/fxvcu

Trait Definition

aggressive inclined to behave in a hostile fashion

attractive appealing to the senses through beauty,
form, character, etc

caring feeling or showing compassion

confident sure of oneself; having no uncertainty

about ones own abilities

emotionally stable

not subject to emotional instability or
illness; sane; mentally sound

unhappy not joyful; sad or depressed

intelligent having a good understanding or a high
mental capacity

mean offensive, selfish, or unaccomodating;
nasty; malicious

responsible able to take rational decisions without
supervision; accountable for ones own
actions

sociable friendly or agreeable in company;
companionable

trustworthy deserving of confidence; dependable;
reliable

weird strange or bizarre




Report On
The Workshop “Hands-on Actigraphy”
Date: 28" JULY 2022
Venue: LG-1, GMU
Organized by Odisha Centre for Geriatrics and Gerontology

Odisha Centre for Geriatrics and Gerontology of Gangadhar Meher University, Sambalpur,
Odisha organized a workshop on “Hands on Actigraphy” on 28thJuIy 2022 at LG-1 of GMU. The
workshop was organized in collaboration with the Centre for Translational Chronobiology (CTC),
Pt. Ravishankar Shukla University, Raipur. In the workshop, Prof. Arti Parganiha, the
Coordinator of CTC, was present as a resource person and subject expert.

Importance of Workshop

The Odisha Center for Geriatrics and Gerontology (OCGG) at Gangadhar Meher University
(GMU), Sambalpur is the first-ever center in the field of Geriatrics and Gerontology in Odisha.
The Center was established in 2020 with financial assistance from the World Bank-funded
“Odisha Higher Education Programme for Excellence and Equity” (OHEPEE) which focuses on
interdisciplinary research on the social, psychological, and biological aspects of the elderly
persons of Odisha.

One of the core objectives of the Center is to determine the sleep quality and cognitive abilities
of the elderly population in Odisha. Therefore, the workshop has significant importance to the
study of sleep quality measurement for the elderly population. Actigraphy is a non-invasive
technique that is used to assess objective sleep variables and the rest-activity cycle of human
subjects.

Proceeding of the workshop

The workshop began at 11:00 AM along with the introduction of the theme by Prof. Arti
Parganiha.

Prof. Arti Parganiha elaborated in her lecture on the Application of Actigraphy-based output in
various groups of subjects, such as seemingly healthy humans, cancer patients, and subjects
with obstructive sleep apnea in the study area of Raipur. She also elaborated on the different
parameters which are associated with the sleep quality in human subjects. She emphasized the
importance of two rhythm parameters, i.e., autocorrelation coefficient at 24 hours (r24) and
dichotomy index (I<0). She also highlighted the challenges faced during her studies. During the
hands-on training session, she explained how to study the sleep-wake rhythms in human
subjects using Actiwatch - MotionWatch8. She demonstrated how to configure the
MotionWatch8 on a PC for data collection and how to retrieve the data of MotionWatch8 using



the software. She explained in detail the MotionWatch8-derived important sleep variables,
Non-Parametric Circadian Rhythm Analysis (NPCRA), and the 24-hour activities of subjects. She
explained the uses and operations of MotionWare Software.

During the deliberation, Prof. Parganiha suggested some points to incorporate into the OCGG
study. The points are:

a) To check the normality and homogeneity of data,

b) To make a protocol that includes a selection of area, subjects, inclusion and exclusion
criteria for Actigraphy study,

c) Only trained persons should operate the MotionWatch8.

Participants

In the workshop, the participants were PIl, Co-Pl, Research Associate, Research Assistant, and
Office Assistant of OCGG and other faculties from the School of Anthropology and School of
Botany.

Some Photographs during the Workshop
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Letter of Collaboration

To,

Dr. P. Shukla

HOD Psychology

Pt. Ravishankar University
Raipur, CG

Madam,

We would like to extend a collaboration proposal with your prestigious
department. If given this opportunity we would like to offer an internship
program for vour students to create an ongoing community outreach
program on mental health awareness & wellbeing .

This program will equip your students to take up responsibility as young
citizens in creating awareness in the community.

Here are the details of the internship.
Purpose: To create an outreach internship program to reach out to the high

schoolers of our citv (and nearby towns in CG) and educate them about
mental health awareness and wellbeing.




www.projectkaruna.org 20f2

The volunteers will be given in-person and online training by the team of
olu il

Pr-:-'}e-:it Karuna. Th e conducting in-person educationa

be
' 19 f Raipur and design nated / chosen cities.

Timeline : 3-month internship, The trainees can work at their own pace.
Honorarium: The volunteers will be given 800 rupees for each school they
cover. This will be provided at the end of their internship.

Process: The internship step-by-step guide is attached to this letter for the
details.

Certificate: A collaborative certificate of completion will be provided at the
end of the academic year.

We eagerly look forward for a positive response from your end.

Thanks & Regards,

7\1’! ouu MQLL&MJ

Nidhi Nathaniel
Founder - Project Karuna
info@projectkaruna.org
www.proiectkaruna.org
Date: 1/5/2023

Accepted by:

Dr. P. Shukla

HOD (Psychology)

Pt. Ravishankar University
Raipur, CG

Date: 1/5/2023
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Abstract: Three-dimensional printing (3DP) has gained popularity among scientists and
researchers in every field due to its potential to drastically reduce energy costs for the
production of customised products by utilising less energy-intensive machines as well as
minimising material waste. The 3D printing technology is an additive manufacturing ap-
proach that uses material layer-by-layer fabrication to produce the digitally specified 3D
model. The use of 3D printing technology in the pharmaceutical sector has the potential
to revolutionise research and development by providing a quick and easy means to manu-
facture personalised one-off batches, each with unique dosages, distinct substances,
shapes, and sizes, as well as variable release rates. This overview addresses the concept
of 3D printing, its evolution, and its operation, as well as the most popular types of 3D
printing processes utilised in the health care industry. It also discusses the application of
these cutting-edge technologies to the pharmaceutical industry, advancements in various
medical fields and medical equipment, 3D bioprinting, the most recent initiatives to com-
bat COVID-19, regulatory frameworks, and the major challenges that this technology
currently faces. In addition, we attempt to provide some futuristic approaches to 3DP ap-

plications.

Keywords: 3D printing techniques, vat photopolymerization, SLS, EMP, inkjet, DOP, EHD, personalized
medicines, drug delivery system, COVID-19 treatment, 3D printed equipment, 3D bioprinting.

1. INTRODUCTION

3D printing, also known as additive manufacturing,
involves creating a three-dimensional object by deposit-
ing successive layers of material in a controlled mann-
er [1]. This process utilises Computer-Aided Design
(CAD) software to transmit instructions to a 3D print-
er. The printer translates the digital model into two-di-
mensional sections and uses them as a basis to con-
struct the object in layers. Alternative terms for this
technology include freedom fabrication manufacturing
and additive layer manufacturing [2].

*Address correspondence to these authors at the Faculty of Sci-
ence, University of Hradec Kralove, Rokitanskeho 62, Hradec
Kralove, Czech Republic; Tel: +91-9892723773,

E-mail: kamil kuca@uhk.cz;

Tel: +420 493 332 509; E-mail: chemnamrata09@gmail.com

“These authors contributed equally to this work.

0929-8673/XX $65.00+.00

As the name suggests, additive manufacturing (3D
printing) adheres to the opposite principles of fabrica-
tion from subtractive manufacturing, which involves
the creation of three-dimensional objects through the
use of material removal techniques like drilling,
milling, sawing, broaching, etc [3]. Both additive and
subtractive manufacturing methods can be used for
quick prototyping. The decision is dependent on taking
into account a variety of elements, including the intrica-
cy of the products to be manufactured, the material
used, the required number of copies, and the cost. It is
important to note that additive manufacturing has the
potential to significantly reduce energy costs for the
production of personalised products by employing less
energy-intensive machines, as well as material waste.

3D printing was discovered back in the late 1980s

© XXXX Bentham Science Publishers
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when Charles Hull first introduced it in a patent for a
technique of successively layering with liquid photopo-
lymer solutions to print objects in three dimensions.
This concept was the earliest 3D printing technology,
today known as Stereolithography (SLA) [4]. Hull lat-
er used this technology to create the SLA-250, the first
3D printer available to the general public [5].

After the discovery of SLA, researchers became
very interested in creating 3D printing technology to
print products using alternative materials like metal, ce-
ramics, eftc. Some of the developed alternative print
technologies are material jetting, Digital Laser Printing
(DLP), Selective Laser Sintering (SLS), Selective Las-
er Melting (SLM), and Laminated Object Manufactur-
ing (LOM).

The industries of aerospace, mechanical manufac-
turing, construction, and biomedical engineering have
all benefited significantly from the rapid development
and wide-ranging uses of 3D printing technologies [6].
However, the pharmaceutical industry started using it
very recently. The U.S. Food and Drug Administration
(FDA) authorised a levetiracetam pill (Spritam®) de-
veloped using 3D printing technology in July 2015, in-
dicating the industry's acceptance of this technology
[7]. In the pharmaceutical industry, it has been used to
create a variety of pharmaceutical products, including
microneedles, transdermal patches, orodispersible
films, gastro-floating tablets, controlled-release tablets,
and polypills [8]. 3D printing techniques were also
helpful in the battle against COVID-19 through the de-
velopment of equipment like face masks, face shields,
safety goggles, nasopharyngeal swabs, ventilation de-
vices, and respiratory devices [9-12].

Despite the benefits of 3DP, there are still several
barriers that impede the advancement of 3DP technolo-
gies. High temperatures are used due to the stability of
these products, which is challenging. Low mechanical
resistance, low printing resolution and limited material
choices are some other aspects confined to the limita-
tions of this technology [13]

This review summarises the 3DP concept, its evolu-
tion and workings, outlining the most prevalent types
of 3D printing technologies and their application in the
pharmaceutical field. The relevance of this technology
to the various medical fields, including manufacturing
of medical equipment, 3D bio-printing and the most re-
cent approach to combating COVID-19, have been dis-
cussed in this report. It also covers the regulatory
guidelines, the major challenges currently associated
with 3-DP technology, and the future outlook toward
the advancement of human healthcare (Fig. 1).

Sinha et al.

2. EVOLUTION FROM CONVENTIONAL TO 3D
PRINTING TECHNOLOGIES

The conventional methods of medical treatment
were based on the formula “one size fits all”, which
means that the same doses of the same drugs were giv-
en to every patient for a specific illness [14]. The drugs
were made with fixed parameters, which include
shape, size, and release type, without considering the
patient's needs, such as gender, age, genetic features,
and level of the disease. Moreover, drug dosage is gen-
erally adult-based in traditional methods, which de-
mands the production of age-specific doses for chil-
dren and elderly patients [15, 16]. Moreover, conven-
tional methods are heavily based on trial-and-error
methods, which leads to uncertainty in the develop-
ment procedures [17]. In addition to the oral delivery
of drugs, other specific dosage forms are also needed
depending on the patients, such as a transdermal deliv-
ery system [18]. Also, the establishment of new metho-
dologies is desirable for the production of hydrophobic
drugs to achieve the time-specific release [19, 20]. Cur-
rently, researchers have found that 60% of drugs in re-
search and 40% of commercial drugs are hydrophobic
in nature, which causes problems in the formulation of
oral drug delivery systems [19, 21, 22]. The conventio-
nal method procedures have some drawbacks, such as
time consumption for large-scale production, rigid
labour work as well as doses that cannot be changed ac-
cording to the requirements of the patients. As a conse-
quence, of all these aspects, pharmacists need to devel-
op new methods and compounds that have controlled
release properties and patient-specific needs [22, 23].

Therefore, the concept of personalised medicine
has begun, where medicines are fabricated for a patient
according to their physiology and genetic features
[12]. Personalised medicines are more precise, produc-
tive, safer, and cost-efficient [24]. Hence, 3D printing
is an appealing route for the fabrication of personal-
ized medicine because it is a method that manufactures
substances in a solid form by settling the material layer
by layer. In pharmaceuticals, 3D printing plays a huge
role in the construction of personalized medicine and
drug delivery. During the late 1970s, several patents
were granted for computer-aided techniques that at-
tempt several platforms of 3-DP [25]. Charles Hull in-
vented the technique that is currently used in 3D print-
ing, i.e., stereolithography (SLA), which involves the
process of polymerization of resins by using UV light
to get the desired material and his work soon got pa-
tented during the mid-1980s [26-28]. This technology
was used in non-clinical areas, such as automobiles
and consumer products [29]. A student of Texas State
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Fig. (1). Roadmap of the review. (4 higher resolution / colour version of this figure is available in the electronic copy of the ar-

ticle).

University named Carl Deckard invented another
method called Selective laser sintering by fusing the
powder through laser operations in 1986. By following
this method, in 1989 by Scott and Lisa Crump at Strata-
sys company, a fused deposition modelling was pro-
posed, involving metal and plastic extrusion by heat-
ing. Furthermore, Emanuel Sachs and his team at MIT
(Massachusetts Institute of Technology, Cambridge,
USA) invented an inkjet printer or binder jetting
method based on 3D printing in the early 1990s, which
involved binding solutions from the powder surface.
This innovation led to the beginning of 3D printing in
the drug industry [13]. Hans Langer developed metal
laser sintering, which used lasers to generate 3D mate-
rials through computer operations [26-30]. Andrew
Bowyer from the University of Bath focused on the 3D
printers that generate their own materials, and later,
they reported their application in various fields [25].
Moreover, implants with active pharmaceutical addi-
tives can have the potential for personalised medicine
[31]. This is how 3D printing technology by using a
Magnetic Resonance Image (MRI) or 3D Comput-

er-Aided Design (CAD) has entered the sector of phar-
maceutics for the development of programmed and per-
sonalized products [32, 33]. Thereafter, Spritam or Lev-
etiracetam, which is the first 3D printed drug, was de-
veloped by Aprecia Pharmaceuticals and approved by
USFDA in 2015. This drug was constructed by apply-
ing the binder jet printing technique. It has the ability
for fast oral dissolution due to its highly porous nature
and is used for epilepsy treatment [34]. Additionally,
3D printing has a huge application in drug delivery, di-
agnosis purposes, transdermal therapies, organ and tis-
sue manufacturing, biomedical apparatus, and Additive
Manufacturing (AM), such as biorobotics, implants
and bioprinted substances for wound healing, etc.
There are several advantages of 3D printing compared
to traditional methods, like rapid and easy, highly accu-
rate solid dosage forms, personalized formulation with
adjustable dosage, being more computerised, and cost--
efficient [35-39]. This innovation can decrease the
chances of failure in new pharmaceutical procedures
(Fig. 2) [29].
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Fig. (2). Comparison of conventional and 3D printing methods. (4 higher resolution / colour version of this figure is available

in the electronic copy of the article).

3. FUNDAMENTALS OF 3D PRINTING

A cutting-edge technology called 3D printing is as-
sisting designers in rethinking the design of things like
personalised formulations and leadership development.
This is achieved by reducing the design cycle of mak-
ing decisions through the creation of fresh concepts
and ideas, useful feedback, and improved design [40].

Digitally exquisite software, such as Solid Works,
Onshape, Creo Parametric, Autocad, Autodesk Tinker
Cad, BRL-CAD, Free CAD, Open SCAD, 3D Slash,
Wings3D, Sketch UP, Fusion 360, efc., are used to cre-
ate virtual 3D designs of objects [41]. The 3D model
must be converted to the Standard Tessellation Lan-
guage (STL) file format (from Stereolithography),
which records the information about the model's sur-

faces as a table of triangulated section coordinates af-
ter it has been constructed [42].

Slicing is the process of converting a three-dimen-
sional model into a stack of flat layers. Software for
slicing, such as Matter Control, Ultimaker Cura,
Slic3r, Octo Print, Concept Maker, etc., are used to
slice objects [43]. These layers appear in slicing soft-
ware as direct derivatives of the laser or other extruder
fixing mechanisms used in 3D printing. The Standard
Tessellation Language (STL) file is converted into a G
file by slicing the design into a series of 2D horizontal
cross-sections with the aid of specialized slicer soft-
ware installed in the 3D printer. The next step is to se-
lect a material that will work well for 3D printing. A
vast range of materials, including plastics, ceramics,
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resins, metals, sand, fabrics, biomaterials, glass, food,
and lunar dust, among others, may be used in 3D print-
ing. The computer sends instructions to the 3D printer
for layer-by-layer material deposition as soon as the
model is loaded. A 3D printer operates by extruding
molten plastic through a tiny nozzle. It moves precise-
ly in accordance with computer instructions. After

Current Medicinal Chemistry, XXXX, Vol. XX, No. XX 5

printing one layer, the printer waits for it to dry before
printing the next layer on top. This process continues
until the final product is obtained (Fig. 3) [44].

All types of 3D printing follow a basic work cycle
and flow, often referred to as the “three D’s of 3D
printing,” even if each has unique features and benefits
to offer (Fig. 4) [29].

[ IDEATION u

MATERIAL
PROCESSING

» Layer by layer, formulation ink is
transferred to the printer head and
solidified.

* G-code extraction

\
* Target creation
* Concept creation
* Lead discovery
o
o
* 3D model object creation with CAD
>
"\
» STL and AMC files were created
from a digital design.
J/
» converting the STL files into thin layers )
* G-code (.gco file) is saved to the SD
card. )
N
* Polymer selection, binder solution,
and API
_/
<3

* Baking

* Redusting
* Policing

« Sintering

A

.

* Final 3D product obtain

Fig. (3). Step-by-step procedure for 3D printing. (4 higher resolution / colour version of this figure is available in the electron-

ic copy of the article).
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Fig. (4). Three D’s of 3D printing. (4 higher resolution /
colour version of this figure is available in the electronic
copy of the article).

The fact that production is carried out layer by lay-
er, as is typical of an additive process, as opposed to
more conventional production techniques that employ
subtractive procedures or casting processes, is what
unites all these 3D processes and technologies [45].

4. TECHNIQUES OF 3D PRINTING

Various 3DPs have been designed, which have the
ability to print, extrude, and shape the important dimen-

Table 1. Summary of various 3D printing techniques.

Sinha et al.

sions of 3D printing. There are six types of printing
methods (Fig. 5) used in the pharmaceutical field
based on the energy source, materials, mechanical prop-
erties and layer formation, as shown in Table 1. These
are Vat photopolymerization, Selective Laser Sintering
(SLS), Extrusion Molding Printing (EMP), ink-
jet-based printing, Drop On Powder (DOP), and Elec-
trohydrodynamic (EHD) printing techniques.

3DP techniques

EHD

Vat phot
polmerization

Continuous

Fig. (5). Various techniques of 3D printing. (4 higher resolu-
tion / colour version of this figure is available in the elec-
tronic copy of the article).

3D Printing Tech- Excipients Advantages Disadvantages Configure References
niques Used
Vat photo-polymeriza- [SLA * PEG * Excellent resolu- * Limited formula- * Transdermalmicro-needle [28, 87]
tion * pHEMA ([tion tion » Modified release tablets
* PEGDA * Less thermal * Toxic material * Multi-layer polypills
* GelMA ([stress is involved * Costly * Drug loaded hydrogels
* PEG- * Less demand for * Fewer resins pre- * Bladder devices
DMA properties and chemi- [sent * Anti-acne patch
* PPF/DEF, |cal structure of drugs/
etc excipients
* Patterning precise
structures

(Table 1) contd....
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duction

* Operating multi-
ple materials

* Excellent compati-
bility with drugs/ ex-
cipients

* Broad-range ex-
cipients can be used

* No product degra-
dation

* GMP compliance

3D Printing Tech- Excipients Advantages Disadvantages Configure References
niques Used
DLP * PEGDA * Fast process * Possibility of * Drug delivery implants [47]
*PEGDMA| -+ Less usage of degradation of mate- * Solid oral dosage forms
* PPF resins rials * Micro-needle arrays
* DEF * Instantly solidify * Unexpected drug-
* PEGMA, [the complete layer polymer interactions
etc. * Time-consuming
CLIP| <PEGDMA/| ¢ Predictable me- * Degradation of ma-|  * Transdermal drug delivery [47]
* PCL-tMa |chanical features terials devices
* PCLDMA | -+ Consistent molecu-| < Accidental drug- * Microneedle
* PMA, etc. |lar structure of 3D ob- |polymer reactions * Mask devices
ject
TPP * PEGDA * Control drug re- * Unexpected drug- * Microneedle [47]
* PEGDMA (lease profile polymer interactions * Drug delivery devices
* PLA, etc. * Act as a drug carri-| * Degradation of ma-
er with variable size  |terials
and shape
* Adjustable drug re-
lease kinetics
SLS - *PE * Solvent-free * Degradation of ma-| < Oral dispersible tablets [28, 87, 289]
* PVA-PEG| - Highresolution |terials due to highly en-| e+ Cubic porous structure
* PCL, etc * Single-step ergetic light source * Pellets loaded with drugs
method for drug deliv- * Finite speed of sin-
ery tering
* Less time consu-
ming
 Absent of liquid
binders
EMP FDM| <PVA * Low-cost * Less drug loading * Immediate, Pulsatile and [289]
* TCP * Easy operating pro-|capacity Enteric drug-release tablet
* PLA cess * Causes of thermal * Vaginal ring suppositories
* HPMCAS  Accurate degradation * Microneedle patches
* PCL * Promising parame- * Rectal ring suppositories
« HPC ter properties * Oral dispersible films
* PLGA * Association of * Delivery devices for nano-
* Eudragit, |[HME capsules
etc * Excellent mechani- « Uterus devices
cal properties
* More flexible in
designing complex for-
mulations
MED| +PEG * Filament-free - * Multi-component tablets, [17]
* HPC method such as core-shell structured
* Glycerol * Accurate tablets with a delay layer
* Kollidon, * Reproducible * drug delivery devices
etc * Large-scale pro-

(Table 1) contd....
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mers/drugs

« Controllable digi-
tal system for the depo-
sition of materials

» Complex geome-
tries fabrication

« Single step pro-
cess

» Low-cost produc-
tion

3D Printing Tech- Excipients Advantages Disadvantages Configure References
niques Used
PAM| <+PVP * Appropriate for * Post-processing re-|  * Double layer tablet [29, 87]
* HPC thermally unstable quired * Suppositories
* HPMC drugs * Usage of heavy * Floating drug delivery sys-
* MCC, etc * A broad range of |machinery tools, i.e., |tem (FDDS)
initial materials can be [hot extruder motor * Nanocapsules
used * Low resolution * Gummy drugs
* Organic solvents
are used
Inkjet based - * Binder In continuous inkjet, [In continuous inkjet, * Implants [28, 289]
fluid like * Rapid droplet ejec-| « Unnecessary dis- * Oral wafers
glycerol, tion persion of ink * Tablets
deionised * No blockage in the|] < Costly mainte- * Inhaler
water nozzle nance
« PVP In DoD, * Low resolution
* Polysor- * Cost-effective In T1J,
bate, efc. * Easy to use * Degradation of
* High precision thermal-sensitive ac-
* Controlled droplet |tive ingredients
sizes
* Less wastage of
drugs
DOP/ Binder jet - * PVP * Restoration of un- * High fragile * Implants [28, 87]
* HPMC processed powder after| * Less resolution * Orally disintegrating
* Starch, the activity * Post-processing re-|tablets (ODTs)
etc. * High level of quired *» Extended-release and En-
porosity * Defects in product |teric dual pulsatory tablets
* Inexpensive pro- * Deficient mechani-
duction cal features
* Removal of residu-
al volatile solvent
through thermal sin-
tering
* Normal tempera-
ture process
* A broad range of
materials can be used
EHD - *CA * Highly control- * Organic solvents * Micro/nano-scale fibers [87]
* PCL lable resolution are used * Wound dressings
* PEO * Provide a suitable * Less effective * Cylindrical capsules
* PVA, etc [atmosphere for poly- * Film patches

» Composite films
* Dual-core matrices

4.1. Vat Photopolymerization Printing Technique

Vat photopolymerization 3D printing method is the
process in which high energy light is ejected onto the

vat of liquid photopolymer to fabricate the solid ob-
jects. The polymer forms due to the reactive species
generated from the photoinitiators under the radia-
tion. Recently, researchers have developed novel
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Fig. (6). A schematic illustration of VAT photopolymerization 3D printing technique for drug delivery system preparations. (4
higher resolution / colour version of this figure is available in the electronic copy of the article).

photopolymers that have shape memory properties.
This can be used to tailor the smart devices by formu-
lating the water-responsive shape rearrangement 3D
structures with the hydrophilic or hydrophobic com-
plex based on poly (propylene glycol) dimethacrylate
(PPGDMA) and poly (ethylene glycol) diacrylate
(PEGDA) [46]. It has numerous applications in tissue
engineering, versatile drug delivery, and biomedical de-
vices [47]. Fig. (6) shows graphically how vat photopo-
lymerization 3D printing can be used to create devices
that are loaded with drugs. This can be done in one of
two ways: either by adding the drug directly to the
liquid resin before printing or by adding it to a blank
device after printing [48]. In the first scenario, magnet-
ic stirring at room temperature is used to completely
dissolve or uniformly disperse the medication in a
resin made up of a photoinitiator and a photopolymer.
The medication is then physically confined in the cross-
linked polymeric network after printing. The medicine
is released via diffusion from the swelling matrix once
the device has been disseminated into a dissolving me-
dia. For blank devices, conventional drug loading meth-

ods based on adsorption, such as spray coating and dip-
ping, can be used to integrate the medication. Alterna-
tively, by soaking the blank device in a drug-concen-
trated solution, the drug can be absorbed into the poly-
mer network. Post-loading minimises potential drug de-
terioration while pre-printing or printing, even if it
adds an extra production step. Moreover, there are four
main types of vat photopolymerization processes,
which are as follows: Stereolithography (SLA), Contin-
uous Light Interface Production (CLIP), Two-Photon
Polymerization (TPP), and Digital Light Processing
(DLP) [49].

4.1.1. Stereolithography (SLA) Printing Technique

SLA technology is the first technology that is avail-
able for commercial purposes [4]. SLA printing
method uses an ultraviolet laser to photopolymerize
the photosensitive liquid resins [50, 51]. The SLA prin-
ter system can either be top-down, in which the plat-
form is below, and the UV laser is above, or bot-
tom-up, in which the platform is above, and the UV las-
er is below [28]. The first step of SLA is scanning a
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Fig. (7). A schematic illustration of top-down and bottom-up approaches of SLA 3D printing technique. (4 higher resolution /
colour version of this figure is available in the electronic copy of the article).

thin layer of liquid resin along with the drug for poly-
merization by using a photoinitiator. The adhesion of
the next layer on the basic layer takes place due to the
curing depth being a little bit larger than the thickness
of a single layer, which results in the polymerization
between the resins and unreacted compounds in two ad-
joining layers. This cycle takes place till the product is
formed. After the process, unnecessary resin and pho-
toinitiator should be rinsed with alcohol to avoid the
toxicity of resin and to develop the mechanical proper-
ties of the object by using a UV oven [28, 52, 53]. Ad-
ditionally, when drugs, excipients, and resins form a
homogeneous mixture with each other, they can be ab-
sorbed into it due to polymerization and cross-linking
[54]. Hence, it is necessary that materials used in SLA
have photo-curable properties for photo-cross-linkage.

The advantages of SLA include excellent resolution
(20 pm), less thermal stress involved, less demand for
properties and chemical structure of drugs or excipi-
ents, and patterning precise structures [28, 55]. There-
fore, SLA has applications in hydrogels, microneedle
patches, and fabricating oral solid dosages [56-60].
However, it has some drawbacks, like the limited for-
mulation for dosage formation, as SLA can barely use
a particular resin formulation at a time of a single print-
ing process, except the earlier formulation is replaced

with the latest formulation if the printing is discontin-
ued. Although some photocrosslinkable polymers have
been developed over the past few years, such as Gel-
MA and PEGDA, photosensitive polymers are limited
and are FDA-approved [61-63]. Hence, SLA is a poten-
tial tool for the pharmaceutical industry (Fig. 7).

4.1.2. Digital Light Processing (DLP) Printing
System

In this printing system, liquid photopolymers are
cured by photon exposure in a layer-by-layer form.
The building platform is immersed in resin, and the po-
lymerized resin layer is at the bottom of the vat during
the printing process. This method prevents direct con-
tact with the air, making the printing process less vuln-
erable to oxygen inhibition [64]. The 3D material
through the DLP printing system was prepared by
Yang et al. [65]. It was found that robustness, printabil-
ity, drug loading capacity and drug release profile were
highly dependent on the height of the layer, plasticizer
addition, emission time, and concentration of PEGDA.
When compared with SLA, the DLP printing system is
a fast process, allowing less usage of resin to develop
3D objects and instantly solidify the complete layer
[66]. DLP has applications in the construction of drug-
delivery devices and personalized medicine (Fig. 8)
[47].
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Fig. (8). A schematic illustration of the DLP 3D printing technique. (4 higher resolution / colour version of this figure is avail-

able in the electronic copy of the article).

4.1.3. Continuous Light Interface Production (CLIP)
Printing Technique

In the CLIP printing method, 3D objects are
formed by a continuous fabrication process instead of
a layer-by-layer manner. In 2014, Joseph DeSimone et
al. prepared the CLIP printing system [67]. The dead
zone is a thin layer of liquid interface between the
liquid resin and the printed parts created by the CLIP
system using an oxygen-permeable window [68]. This
dead zone prevents photopolymerization at the inter-
face, permits resin to flow freely under the window sur-
face, and removes the need for an intermediate resin re-
coating step for each layer, which is the most time-con-

suming procedure in DLP printing [69]. It has advan-
tages over the SLA or DLP method, such as pre-
dictable mechanical features and consistent molecular
structure of a 3D object. The CLIP technique includes
the mask device fabrication for the microneedle coat-
ing and was developed by Caudill et al. [70]. In addi-
tion to this, the coated mask was applied for the regulat-
ed fast delivery of model proteins (such as bovine
serum albumin, lysozyme and ovalbumin) from the mi-
croneedles into the skin and also the possibility of co-
delivery of various antigens/ proteins through a single
microneedle. Therefore, it has applications in the fabri-
cation of transdermal drug delivery devices (Fig. 9).
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Fig. (9). A schematic illustration of CLIP 3D printing technique. (4 higher resolution / colour version of this figure is avail-

able in the electronic copy of the article).

4.1.4. Two-Photon Polymerization (TPP) Printing
Technique

TPP is a microfabrication technique in which near-
infrared femtosecond laser sources are exposed to a
photosensitive resin. Photosensitive polymers absorb
two or more photons at the same time in the non-linear
optical process and later, the regional resins get solidi-
fied to form 3D nano/microstructures [71]. Additional-
ly, the resolution of TPP is influenced by the exposure
time, photoinitiator ability and laser power density
[72]. Furthermore, TPP is capable of developing drug-
encapsulated particles from polylactide (PLA) based
photocurable polymers. There are several achieve-

ments of the TPP printing process. Shavkuta et al. used
TPP in conjunction with a micromolding process to de-
sign the particles loaded with insulin from methacry-
late-functionalized PLA [73], and thus, this combina-
tion is useful for drug carriers with a controlled drug re-
lease profile, adaptable size and shape. Also, Cordeiro
et al. used the TPP 3D printing technique to manufac-
ture several designs of microneedle array templates
[74]. This microneedle was found to be efficient in
drug delivery and better at skin insertion. Besides this,
Do et al. used the TPP method to construct rhodamine
B-loaded poly (ethylene glycol) dimethacrylate (PEGD-
MA) devices [75]. Therefore, it has applications in the
fabrication of drug-delivery devices (Fig. 10) [47].
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Fig. (10). A schematic illustration of TPP 3D printing technique. (4 higher resolution / colour version of this figure is avail-

able in the electronic copy of the article).

4.2. Selective Laser Sintering (SLS) Printing Tech-
nique

SLS is a laser-based 3D printing technique that us-
es the laser beam of CO, rather than the binders for the
accurate sintering of a particular area of powders in ev-
ery layer. It employs heat through a laser beam and
combines the powder to form a 3D structure. There are
three main components of SLS, which are the laser sys-
tem, powder bed, and spreading platform [28]. The
first step of SLS is to produce long filaments, which in-
clude thermoplastic polymers, by using hot melted ex-
trusion and active pharmaceutical ingredients (APIs)
[76]. In SLS, commonly used thermoplastic polymers
are as follows: polylactic acid (PLA), polycarbonates
(PC), polymethylmethacrylate (PMMA), polyvinyl al-

cohol (PVA), polylactide (PLLA), polyamides (PA),
polyurethane  (PU)  polyethylene (PE), po-
ly(ether-ether-ketone) (PEEK), and polycaprolactone
(PCL) [77]. The process chamber is filled with inert
gas, commonly nitrogen, to avoid the oxidation of ma-
terials. Moreover, the process chamber works at a tem-
perature that generally ranges less than the melting
point of raw materials (40-50°C) for the entire printing
process, and thereafter, the powder must be cooled to
eliminate stress and curl deformation [64, 78]. The ex-
cellent sintering process is obtained when the size of
powder particles ranges from 58-180 um, and the thick-
ness of the layer ranges in size around 0.1-0.3 mm [77,
79]. SLS has several advantages, such as solvent-free,
high resolution (approx. 30 to 60 pm), single step
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method for drug delivery as well as less time consum-
ing due to the absence of liquid binders so that the eva-
poration of solvents is not required [80].

In recent years, SLS has been widely acknowl-
edged due to the easy disintegration of drugs by using
high-energy laser beams. It has been found that SLS
has applications in the drug delivery system and tissue
engineering [81-85]. In 2017, Fina et al. developed
paracetamol tablets by using Kollicoat IR, which in-
cludes an immediate release feature, as well as Eudrag-
it L100-55, which includes a modified release property
[80]. It has been observed that the mechanical proper-
ties of this tablet fulfil the need of the US pharma-
copeia, and also, no degradation of the drug was
found. Additionally, Hamed et al. applied SLS printing
technology to manufacture amorphous lopinavir
(LPV), which is an inhibitor used to treat the HIV
virus and study the formulation outcomes [86]. In this
way, SLS received huge attention in the pharmaceuti-
cal field (Fig. 11).

4.3. Extrusion Molding Printing (EMP) Technique

It is a very often used methodology that is primari-
ly categorised into three types based on the molding
substances: Pressure Assisted Microsyringe extrusion
moulding method (PAM), Fused Deposition Modeling
method (FDM), and Melt Extrusion Deposition (MED)
3D printing method [17, 87].
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4.3.1. Fused Deposition Modeling (FDM) Printing
Technique

FDM, also known as fused filament fabrication, is a
widely used 3D printing technique. This method works
by converting the drug-loaded polymers into a semi-
fluid state by heating them to a critical state and then
ejecting them through the printing nozzle based on the
parameters, which solidify over the printing surface,
and the product can be achieved [88]. This technique
involves several parameters in its working phenomena,
such as nozzle diameter, product filled percentage, ex-
trusion speed, temperature, layer width, and head
movement printing speed. Moreover, the preparation
of drug-loaded filament is the fundamental step in the
development of FDM, which is obtained by the passive
soaking technique. In this technique, filament subs-
tances are placed in the solvent of ethanol or methanol,
which contains the drug, and then dried. Nevertheless,
due to the less probability of getting drug load through
this approach, Hot Melt Extrusion (HME) method, in-
cluding single or twin screws, is an alternative way for
the filament preparation. The filament substances that
are mainly used are as follows: Polyvinyl alcohol (P-
VA), Polycaprolactone (PCL), Polylactic Acid (PLA),
polylactide-coglycoside (PLGA), and other derivatives
of cellulose [31, 89-93]. Despite this approach, the pre-
paration of drug-loaded filament can be avoided by

Laser
source
Solidified
object

fabrication
platform

Fig. (11). A schematic illustration of SLS 3D printing technique. (4 higher resolution / colour version of this figure is avail-

able in the electronic copy of the article).
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making the polymer compatible with the 3D printer as
well as the original form of the drug as a raw material
[94]. Additionally, dosage forms based on TPU, which
are loaded with 60% (w/w) crystalline drug, are effi-
ciently developed by Verstraete et al., whereas the
HME method linked with the FDM method is also ef-
fective in developing a tablet, as discussed by Zhang et
al. in 2017 [95, 96]. These results demonstrated the po-
tential of FDM technology in the application of solid
forms of dosage preparation.

The advantages of the FDM technique include low
cost, easy operating process, accuracy, promising pa-
rameter properties, an association of HME, excellent
mechanical properties of the product and also, it is
more flexible to design complex pharmaceutical proce-
dures, such as chamber-like and core-shell structures
[97, 98]. However, the disadvantages of the FDM tech-
nique include high-temperature heating action in print-
ing, generally greater than 150°C, which is not appro-
priate for thermally unstable drugs like 4-aminosali-

ei1y | Polymers
a4 +AP1

Hot melt
extruder
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cylic acid, which decays over 210°C [99]. Through
this study, various modifications are made in FDM
technology to minimise thermal stress, such as the pre-
paration of drug-loaded filaments by using low-melt-
ing point povidone, which was successfully developed
by Kollamaram et al. [100]. It showed that low-melt-
ing point filaments can reduce the temperature of the
printing procedure up to 90 °C. Another study showed
that the temperature of printing can be diminished by
eliminating filament with soft extruded polymer
threads as well as preparing filament by using water as
a temporary plasticizer that reduces the temperature up
to 54 °C [101, 102]. In addition to this, researchers
have found that Direct Powder 3D Printing (DPP) is
used for tablet tailoring, which is a single-step FDM
process with the absence of HME. In this process, after
filling the powder into a stainless-steel extrusion car-
tridge, the powder mixtures were heated, which led to
the printing of tablets into honeycomb structures [103].
FDM technology has major significance in the pharma-
ceutical field (Fig. 12).

O - Fomenr

Feeding
gear

FDM 3D
Printer

Fig. (12). A schematic illustration of hot melt extrusion coupled with FDM 3D printing technique. (4 higher resolution /
colour version of this figure is available in the electronic copy of the article).
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4.3.2. Melt Extrusion Deposition (MED) Printing
Technique

The Melt Extrusion Deposition (MED) 3D printing
technique belongs to the extrusion-based category. Un-
like FDM technologys, it offers a significant advantage
by eliminating the need for filament preparations when
working with drugs and excipients during the printing
process. In this method, the initial materials are active
ingredients and excipients in the form of powder. The
powder of materials and active pharmaceutical ingredi-
ents were directly used for MED without any addition-
al processing. The powder feedstocks were converted
into molten states, and layer-by-layer deposition was
followed to produce the desired geometries of the ob-
ject. MED filament-free method is also reliable for the
production of high drug loaded (60%) thermoplastic po-
lymers. The nozzle printer array has high throughput,
precise control of deposition, and operation of multiple
materials that can build the accurate, reproducible and
large-scale production of the desired product. More-
over, Good Manufacturing Practice (GMP) compliant
MED 3DPtechnology was developed in which each

Sinha et al.

synchronised with each other for the fabrication of cer-
tain parts of the structure, such as shell, delay layer,
core, filler, etc. Therefore, it leads to the tailoring of
multi-component tablets by using compartment mod-
els, which provide controlled kinetics, on-set time re-
lease, and mode of release and fulfill desired product
needs.

The predictability of tablet release serves as the plat-
form for the 3DP Formulation by Design (3DPFbD) ap-
proach, which is a novel development approach that
provides an effective process of product development.
It has several advantages, such as excellent compatibili-
ty with drugs or excipients, a broad range of excipients
that can be used, no filament preparation, no degrada-
tion of product, and GMP compliance. It is crucial for
controlled drug delivery. Many desired aspects of cur-
rent pharmaceutical production are also implemented,
resulting in a compact, modular, continuous manufac-
turing, scalable, versatile, and intelligent MED 3D
printing system. The technology enables the efficient
production of modified-release medication tablet prod-
ucts at any required scale, suggesting a viable route for
next-generation pharmaceutical manufacturing (Fig.

printing stations contain one nozzle that is 13) [17].
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Fig. (13). A schematic illustration of the fabrication of core-shell structured tablet with a delay layer by using MED 3D print-
ing technique. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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Fig. (14). A schematic illustration of PAM 3D printing technique. (4 higher resolution / colour version of this figure is avail-

able in the electronic copy of the article).

4.3.3. Pressure-Assisted Microsyringe (PAM) Print-
ing Technique

PAM is a 3D printing technology that is also
known as the Semi-Solid Extrusion method (SSE)
[104]. The extrusion can be pneumatic, solenoid or me-
chanical piston based [28]. This method exerts pres-
sure or screw gear rotation on the syringe-based print
head for the uniform extrusion of the semi-solid mate-
rials and places it on the printing surface layer by layer
for the printing process according to the command of
the software. The exerted pressure for the printing is re-
quired around 0.4-3.8 bar and the syringe print head di-
ameter is around 0.35-0.85 mm. In the PAM tech-
nique, raw materials play a significant role in the semi--
solid process due to the pressure directly exerted for
the extrusion of semi-solid materials into the head of
the printer without distortion. It allows the microstruc-
ture production, which is around 5-10 pum or less [29].
The PAM method has advantages like no requirement

of heating, so it is appropriate for thermally unstable
drugs, for example, guaifenesin [105, 106]. However,
it has some drawbacks, such as the usage of heavy
machinery tools, i.e., hot extruder motor element for
the extrusion process by applying torque, as well as the
usage of organic solvent for making semi-solid mate-
rials, which may not be suitable for the remaining or-
ganic solvents in the tablets [107, 108]. The PAM tech-
nique is potentially good for pharmaceutical applica-
tions (Fig. 14).

4.4. Inkjet Printing Technique

The inkjet printing method is based on the placing
of liquid droplets onto a substrate under the command
of a digital controlling system. The combination of
drugs and other materials, which are known as ink, are
settled as droplets in a layer-by-layer form over the sub-
strate. Inkjet printing is mainly classified into two
types, namely Drop on Demand (DoD) and Continu-
ous Inkjet printing (C1J) (Fig. 15) [63, 109].
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Fig. (15). A schematic illustration of inkjet-based 3D printing technique. (4 higher resolution / colour version of this figure is

available in the electronic copy of the article).

4.4.1. Continuous Inkjet Printing Technique

This type of printer discharges a jet of droplets of
liquid over a substrate in a continuous manner. The
evenly sized droplets are formed due to the pressure
generated into the inkjet, and thereafter, droplets
discharge from the nozzle whose diameter is around
50-80 um [29]. There are some advantages of continu-
ous inkjet printers, which include rapid droplet ejec-
tion and no blockage in the nozzle. However, there are
some disadvantages of this technology, which include
unnecessary dispersion of ink, inflated maintenance,
and low resolution [110].

4.4.2. Drop on Demand (DoD) Inkjet Printing Tech-
nique

This method only ejects the liquid droplets (10-50
um diameter with 1-70 pL volume) when it is neces-
sary over a substrate according to the command of the
signal [29]. DoD inkjet printers have sources, which
are present in the printhead, which provide kinetic ener-
gy to the droplets near every nozzle [111]. Also, this

kind of printer has many nozzles, which are around
100-1000; however, a single specialised printhead is
present. There are several advantages of the DoD
method, which include cost-effective, easy to use, high
précised, controlled droplet sizes, and less wastage of
drugs [28]. However, it still gains more attention as
compared to the continuous inkjet printing [112, 113].
DoD inkjet printers are categorised on the basis of the
printhead, namely thermal inkjet (T1J) and piezoelec-
tric inkjet (P1J) printers [52].

In the TIJ technique, thermal energy is the signal
used to eject droplets out of the nozzle. Here, print-
heads carry resistors to gain exposure to the ink (fluid)
and induce electric current to generate heat. This ther-
mal energy leads to the bubble formation from the vo-
latile fluid; thereafter, it enlarges and discharges fluid
in the form of droplets from the nozzle. However, it
has some drawbacks, such as the degradation of ther-
mally sensitive active ingredients due to the usage of
resistors with high temperatures of around 200-300 de-
gree Celsius [110, 114].
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In the piezoelectric inkjet printer, a certain amount
of electric voltage is given to the piezoelectric crystal-
s/element/actuator, which changes its shape to generate
a signal that further generates pressure, leading to the
discharges of ink from the nozzle. Thereafter, the ele-
ments attain their original shape, and the nozzle is
again filled with the fluid for the activation [113, 115].
There are some advantages of this technique, which in-
clude efficiency at room temperature due to the pres-
ence of more biocompatible and less volatile fluids
[114]. Hence, the piezoelectric print head is in demand
for numerous applications.

4.4.3. Miscellaneous Inkjet Printing Technique

4.4.3.1. Valve Jet Printing Method

This method is also known as electromagnetic print-
ing, which is applicable in the pharmaceutical field and
is based on small-sized solenoid valves. In contrast to
the T1J or P1J, this technology is better due to its large
orifice sizes, robustness, and ability to print coarser sus-
pensions [116].

4.4.3.2. Glass Inkjet Printing Method

This method discharges the droplets at high frequen-
cies, and it has shown applications in the pharmaceuti-
cal field due to the inertness of glass that will stay unre-
active with other materials [117].

4.4.3.3. UV-based Inkjet Printing Method

This technology has UV photo-initiation along with
inkjet printing, which is useful to harden the subs-
tances quickly. In this method, the ink contains cross-
linked functional groups that get signals through light,
and further, a photo-initiator is involved in the process
[118].

4.5. Drop On Powder (DOP) Printing Technique

The DOP printing method is also known as binder
jetting, drop on solid, and plaster printing technology
[29]. It is an application of the inkjet-based printing
method. In this method, the print head ejects the dro-
plets so that it can combine the powder particles in a
deposited powder over the surface [119] in lay-
er-by-layer form, which is uniformly placed by using a
roller. The nozzle of the printer contains binder fluid,
which is operated to jet above the powder bed by mov-
ing in the x-y direction [28]. The ejecting droplets with
binders, for example, hydroxyl propyl methylcellulose
(HPMC) and PVP K30, are deposited on the powder
bed at a controlled speed according to a certain pattern
designed in the computer. The powder soaked the

Current Medicinal Chemistry, XXXX, Vol. XX, No. XX 19

liquid drops, which solidifies the layer. The solidifica-
tion process that takes place in DOP is similar to the
wet granulation used in tablet formation [120]. Solid
bridges are formed due to the crystallisation of dis-
solved particles and the evaporation of the solvent. Fur-
thermore, the layers are formed by sliding the previous
layer of the surface along the vertical axis and then
printing the new layer in place of the previous layer
from the feeding cell. Furthermore, this cycle contin-
ues until it completes the construction of 3D objects.
Many parameters are involved in the preparation pro-
cess, like the droplet spacing, layer thickness, nozzle di-
ameter, distance between the print head and spread
powder, movement of the print head, droplet velocity,
line spacing, and frequency of the droplets [121-123].
These parameters facilitate the behavior of drug re-
lease and physical properties (viscosity, concentration
and surface tension) [124]. The flowing nature of print-
ing ink depends on the physical properties, and it can
be altered by adding binders or Active Pharmaceutical
Ingredients (APIs), for example, HPMC, CMC-Na,
PVP, HPC, and PEO [125-127]. In view of the fact
that material integrity totally depends on the weak
force rather than the mechanical compression force,
the dosage forms are easily tailored with interlinked
pores in the micro range for the preparation of tablets
[128].

Moreover, DOP is categorised into two types based
on the printhead, namely thermal and piezoelectric
[121]. The thermal printhead allows a smaller number
of solvents with high vapour pressure to vaporize. It us-
es a heater with a temperature of around 200-300 °C to
vaporize a small amount of fluid, which forms small
bubbles that eject the droplets [129]. It has been found
that below 0.5% of the liquid in the print head comes
under the influence of high temperature for a few mi-
croseconds [130] with no degradation of proteins (in-
sulin and human growth hormone) for the thermal
print head [131]. In comparison to piezoelectric print
heads, thermal print heads are inexpensive for the fabri-
cation process. The piezoelectric printhead contains
piezoelectric crystals, which get charged by providing
the voltage. This causes the distortion of the liquid,
which ejects the drops from the nozzle. Hence, piezo-
electric printheads are in more demand for various sub-
stances. Furthermore, there are advantages to the DOP
method in post-processing, including the restoration of
unprocessed powder and the removal of residual vo-
latile solvent through thermal sintering [28]. Spritam,
which is the first 3D printed drug, was constructed by
using the binder jet-based zip dose method [34]. Itis a
novel microfabrication process that has application to
construct dosage forms in a layer-wise fashion [132].
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Fig. (16). A schematic illustration of DOP 3D printing technique. (4 higher resolution / colour version of this figure is avail-

able in the electronic copy of the article).

However, DOP has some drawbacks as it shows de-
fects in the printed product due to high fragility and
low resolution. Therefore, further exploration of this
method to overcome the problem is still needed (Fig.
16).

4.6. Electrohydrodynamic (EHD) Printing Tech-
nique

Electrohydrodynamic 3D printing is a growing tech-
nology that can model thread-like materials by placing
the materials layer by layer to fabricate a controlled
system. EHD has several components, which are re-
quired for the printing process: a thin nozzle print
head, syringe pumps, a moving platform along the X-
Y-Z direction with a controller, and a high-voltage
power supply [133]. Several materials having viscosi-
ties between 1-10,000 mPa have been processed to de-
velop drug carriers, such as polycaprolactone (PCL),
polyvinyl alcohol (PVA), polyethylene oxide) (PEO),
and cellulose acetate (CA) [134]. There are several ad-

vantages of EHD technology, such as highly control-
lable resolution, providing a suitable atmosphere for
polymers and many drugs like thermally stable drugs,
manufacturing micro- to nanoscale fibers, a control-
lable digital system for deposition of materials, and fab-
rication of systematic complex geometries [135]. The
complex geometries formed by this technology include
dual-core graphene composite matrices, film patches,
wounding dressings, cylindrical capsules, Janus fibers,
and coreshells [136-141]. Hence, EHD 3D printing is a
flexible approach for drug delivery and the fabrication
of personalised medicines by printing a specific pattern
of therapeutics on a porous film (Fig. 17) [129].

5. APPLICATION OF 3D PRINTING IN THE
PHARMACEUTICAL FIELD

The use of 3D printing is expanding quickly across
all industrial manufacturing sectors owing to its advan-
tages for improving production efficiency and lower-
ing the cost and quantity of defects by preventing hu-
man factors [142, 143]. Given its significant flexibility
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and ability to create a variety of simple to complex ge-
ometries, 3D printing has altered not only industrial
production but also the emphasis on industrial automa-
tion. To produce high-quality drug products with im-
proved process robustness, 3D printing is quickly pi-
oneering pharmaceutical manufacturing in the field of
biopharmaceutical product development, where there
is a reliance on producing medications using conventio-
nal manufacturing techniques [13, 144].

Utilizing 3D printing technology to foster drug
items has gained critical interest in the pharmaceutical
industry and universities as 3D printing innovation be-
comes more accessible to drug researchers. The assem-
bly of medication delivery systems with precisely engi-
neered constructions and the production of customised
medications are two expected effects of the use of 3D
printing in the pharmaceutical industry that will help
bring the development of pharmaceutical products into
uncharted territory. Due to its potential benefits, such
as improved productivity, complex drug release pro-
files, multiple dosing, single-step processes at low
cost, and customization/personalization of drug deliv-

ery, 3DP has seen widespread use in the pharmaceuti-
cal industry. This updated technology is a very helpful
tool for more accurate drug dispensing with tailored
drug release to meet the particular needs of each pa-
tient. Additionally, personalised medicine offers 3D
printing a previously unheard-of opportunity to ad-
dress the difficulties associated with treating heteroge-
neous diseases. Below is a description of the momen-
tous implications of 3D printing in the pharmaceutical
field.

5.1. Pre-medical Assessment of New Drugs

Before the approval of any kind of drug for com-
mercial use, the pharmaceutical properties of the active
ingredients of the drug are thoroughly examined and
analysed by scientists for clinical safety and efficacy
purposes in the early phase of drug development. To
overcome drug failure during early-phase development
and fulfil the high demand for promising drugs, it is
crucial for companies to rapidly identify suitable drugs
at the low expense as early as possible during the drug
development process, ideally within preclinical studies
[145, 146]. The 3DP technique can be considered for
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this purpose, as it has proven its ability to fabricate
dosage forms in the early phases of drug development
with fewer resources, time and human efforts [147,
148]. 3DP is a very flexible procedure that makes it
simple to modify doses to meet the demands of the
trial. By physically changing the tablet's size or infill
level, doses may be adjusted quickly and easily [91].
Whereas in conventional production, thorough pre-for-
mulation studies, large batch sizes, scaling up and opti-
mising the formula so as to create the desired dosage
forms and significant labour costs are required [50,
149].

5.2. Person Specific Drugs (Personalised Medicine)

The majority of patients are supported by conventio-
nal dosage forms, which are only based on fixed
strengths. Personalised medicine aims to offer the best
medication at the optimum dose for the patient's indivi-
dual symptoms at the right time according to the patien-
t's genetic, physiological, or pathological background,
taking into account additional variables, such as genet-
ic makeup, gender, age, and weight for dose titration
and dosage form design [14]. They increase patient
compliance and are cost-efficient, more effective, and
safer [24]. To provide such personalised drugs to treat
specific patient populations for all age groups, the 3D
printing technique can be a better tool, especially for
treating complex diseases like Alzheimer’s disease,
cancer, and epilepsy [142, 150, 151]. 3D printing of-
fers the preparation of a drug delivery system (DDS)
with various doses, geometries, substances, and adjust-
ed release rates considering the patient's personal char-
acteristics [78, 152]. Additionally, it is possible to print
pills in a kid-friendly format for kids who have trouble
swallowing [98]. The 3D printing method does not re-
quire the installation of a comprehensive manufactur-
ing setup with upscale equipment as with conventional
methods, and it is flexible for on-site production. In
this way, 3D printing techniques encourage a person-
alised drug approach [153-155]. In short, individualis-
ing and personalising therapies can enhance the thera-
peutic result, lessen side effects, and boost patient ad-
herence to the regimen.

5.3. Complex Drug Therapies

In order to maintain drug levels in the blood for the
desired therapeutic action for extended periods of time,
patients frequently need to take conventional dosage
forms of multiple pills for a single disease indication
[156]. Such a strategy has a number of disadvantages,
including low patient compliance, missed doses that
cause blood levels to fluctuate, and high costs. With
the use of 3D printing technology, it is now feasible to
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design complicated, unmoldable dosage forms with
distinctive properties and improved efficiency to facili-
tate long-acting drug therapy. Complicated dosage
forms have narrow therapeutic parameters that would
not be achievable with traditional manufacturing meth-
ods [155-157]. Such complex drugs loaded with high
dosages are referred to as Fixed-Dose Combinations
(FDCs) or polypills. It is now possible to individually
adjust dosages and release patterns as well as the co--
formulation of pharmaceuticals with interaction poten-
tial by physical separation of medications with the help
of layer-by-layer printing [155]. A 3D-printing method
of drug delivery would greatly benefit medications,
such as asthma, cancer, cardiovascular diseases, TB,
and epilepsy, where polypills are advised for patients.

5.4. Fabrication of Novel Drug Delivery Systems

The creation of solid pharmaceutical dosage forms
has been significantly influenced by 3D printing. Com-
pared to traditional methods, it offers the design of
dosage, providing a great deal of flexibility and effi-
ciency [158]. The process of making solid dosage
forms traditionally entails a number of batch-wise oper-
ations, including mixing, granulation, milling, compac-
tion, and compression. As a result, conventional multis-
tep manufacturing is linked to increased batch-to-batch
variability and decreased process robustness. The de-
velopment of a variety of dosage forms, including
solid dosage forms, implants, stents, and transdermal,
rectal, and vaginal devices, can be done quickly and
easily with 3D printing due to its high robustness, accu-
racy, and precision [36, 124, 156]. Additionally, it de-
creases the number of manufacturing steps, associated
costs, failure risks, and quality consistency.

5.4.1. Oral Solid Dosage Forms

The easiest way to administer API is through oral
dosage forms, which also have higher patient com-
pliance than any other method. The layer-by-layer for-
mation principle that underlies 3D printing gives the
flexibility to produce geometric dimensions that are dif-
ficult to achieve using conventional approaches. These
dosage forms can contain multiple drugs and excipi-
ents to achieve altered drug release properties. 3D print-
ing gives you the freedom to alter the tablet's geome-
try, use different infill densities, or incorporate multi-
ple medications for a release profile based on the lag
phase. By using CAD, these features are obtained by al-
tering the dosage form's geometric size and shape. Ad-
ditionally, altering the film's characteristics by the use
of plasticizers, such as polyethylene glycol (PEQG), tri-
ethyl citrate, talc, or stearic acid, as well as modifying
process variables like the roller printing speed, can
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help manage the performance of the drug release [144]
[143]. Children's favourite cartoon or animal-shaped
tablets can be designed and printed using 3D printing
technology by precisely adjusting the geometric shapes
of the tablet [159]. Using extrusion-based 3D printing
technology, paediatric-friendly chocolate-based chew-
able tablets were recently fabricated into six shapes re-
sembling the simple structures of cartoon characters
[160]. Additionally, 3D printing enhances the pharma-
cokinetic performance and solubility of poorly water--
soluble drugs [122, 156, 161].

For disease indications that demand a quick start to
the drug's activity, immediate-release tablets are neces-
sary. These come in a range of dose forms, including
buccal and sublingual tablets, orodispersible tablets,
tablets for solution, fast-dissolving tablets, etc [13].
The traditional manufacturing of such formulations in-
volves a number of steps, high-end equipment, and the
selection of the best excipients in the right amounts to
achieve the desired performance. Fabrication of such
drugs with 3D printing is more productive. The tablets
are typically printed using IJP, which has the medica-
tion distributed in a wet binder solution. To construct
the entire tablet, the powder mixture for substrate pro-
duction is applied layer by layer to the surface. Drug-
loading filaments can be created using polymers like
polyvinyl pyrrolidone (PVP), hydroxypropyl methylcel-
lulose (HPMC), hydroxypropyl cellulose (HPC), and
polycaprolactone. The effectiveness of medication
loading and release can be changed by adjusting the po-
lymer concentrations in the filament [162-164].

The choice of appropriate excipients or binder mate-
rials, as well as manufacturing processes for creating
the desired dosage forms, are the main factors influenc-
ing dosage form development using 3D printing. Drug
delivery systems created using 3D printing should un-
dergo routine testing, including evaluations of hard-
ness, friability, disintegration, and dissolution time,
just like conventional dosage forms do.

Modified-release dosage forms offer a typical medi-
cation release profile according to the needs of the dis-

Table 2. 3D printing technology in the medical field.
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ease, in contrast to immediate-release tablets. Enteric
release, delayed release, controlled release, and extend-
ed-release systems are just a few of the modified-re-
lease systems that have been created [98, 165, 166].
Biphasic release systems, multi-active tablets, and pul-
satile drug delivery systems are examples of modi-
fied-release systems. 3D printing can also be used to
create formulations with the complicated geometry ne-
cessary to generate a typical medication release pro-
file.

5.4.2. Transdermal Drug Delivery System (TDDS)

Depending on the patient's needs, the 3D printing
technique has been effectively used in a number of
transdermal formulation strategies, including implants,
microneedles, masks, and patches for both systemic
and local API administration. Using a 3D printing tech-
nique, the geometry of the administered implant can be
tuned according to the application site [167]. Dissolv-
able micro-needles developed using a piezoelectric ink-
jet printing technique were fabricated with seasonal in-
fluenza vaccine using a drop-on-drop deposition tech-
nique, which aids in vaccine stabilization for percuta-
neous administration [168]. Transdermal films contain-
ing indomethacin produced using the piezoelectric ink-
jet printing technique demonstrated effective drug pen-
etration as well as better anti-inflammatory action
when compared to a higher printing density of 600
Dots Per Inch (DPIs) [169].

6. ADVANCES IN 3D PRINTING FOR THE MED-
ICAL INDUSTRY

6.1. Branch of Medicines

Emerging as a modern and swift manufacturing
method, three-dimensional (3D) printing has shown
great potential in the medical and drug delivery fields.
In this section, we explore the current advancements of
3D printing technology in healthcare and drug deliv-
ery, conveniently presented in Table 2 (Fig. 18).

3DP technology Formulation API Special characteristics Medical field [References

SLA Spherical implant | Ifosfamide, methotrexate, Cis- Transdermal microneedles Oncology [290]
platin (CDDP)

Power extrusion Tablet Lopinavir+ ritonavir Mini tablets (6bmm) Paediatrics [291]
FDM Orodispersible Aripiprazole Personalized medicine Geriatrics [292]
Melt-extrusion Tablet Levofloxacin Personalized medicine Ophthalmology| [184]
DLP Fast dissolving tablet Diclofenac Microneedle Dermatology [293]
SSE Hydrogel patches Doxorubicin Solid self-emulsifying formulations Virology [294]
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figure is available in the electronic copy of the article).

6.1.1. Pediatrics

Children's unique preferences for dosage form,
taste, shape, and scent make them the most challenging
segment of the population. Even though oral adminis-
tration may appear most practical, it can be challeng-
ing when dealing with young children. A youngster
might simply reject one dose form over another due to
petty preferences for shape, colour, or flavour. This is
where 3D printing may help and cater to each person's
preferences [170]. Orally Dissolving Film (ODF) for-
mulations, rapid dissolving tablets, and mini-pills creat-
ed using 3D printing seem appropriate for delivery be-
cause swallowing is an issue in younger children.

According to a study on children's dosage form
preferences, kids preferred mini-tablets with a 4 mm di-
ameter over other formulations [171]. Giving dosage
forms in the flavour and colour of their choice to chil-
dren can boost their adherence to and compliance with
their medication [172]. By extruding HPMCAS- and

PEG-based filaments loaded with indomethacin to pro-
duce formulations of various forms, such as a heart,
ring, bottle, bear, and lion, Scoutaris et al. created can-
dy-like formulations for paediatric medications with
improved palatability [173]. Wang et al. (2020) creat-
ed taste-masked donut-shaped tablets for pedological
uses [174]. As a result, 3D printing has advantages
over conventional production methods when producing
paediatric dose forms. From the foregoing, it may be in-
ferred that dosage forms can be made with the precise
dose, shape, and size that will improve paediatric popu-
lations' drug adherence, therapeutic outcomes, and safe-

ty.
6.1.2. Geriatrics

Most urbanized nations have greater life expectan-
cies and, as a result, a generally ageing population,
with the majority of people anticipated to live above
the age of 65. These nations also typically have nutri-
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tion, cutting-edge medical facilities, and better patient
care. Senior patients suffer from a variety of illnesses,
including neurological ones, such as dysphagia and de-
mentia. Compared to adults in the overall adult popula-
tion (18 to 60 years old), medications and the elderly
(those above 65) face far more complex and difficult
management issues due to the latter typically requiring
different characteristics from adult drugs. As swallow-
ing problems get worse with age in the majority of the
senior population, it can be difficult to take medica-
tions as prescribed. Fast-disintegrating pills and oro-
dispersible film formulations can be used to treat this
issue. The elderly population has a variety of illnesses
that necessitate numerous medications, which leads to
polypharmacy problems [175]. The problem of po-
lypharmacy can be overcome by using poly-pills that
are 3D printed specifically for the needs of the patient.
Additionally, some of them experience dementia,
which can hinder drug compliance. This can be avoid-
ed by using 3D-printed dosage forms with embossed
graphics that can be customised for each patient and
show the date, time, and/or day of the week for admin-
istration [176].

6.1.3. Oncology

A CT scan or MRI is the first step in the diagnosis,
staging, and planning of a tumour's treatment. The two
imaging methods help to determine the shape, volume,
size, and extent of tumours as well as reveal informa-
tion regarding metastasis. In CAD, customised tumour
models can be created based on a patient's CT or MRI
scan. To investigate applications in diagnosis and treat-
ment, these models are further printed and closely
match the cancer structure [177].

The process of creating customised medications
starts with a cancer examination and is largely accom-
plished through 3D printing. Using an extrusion-based
printing approach, a personalised anticancer drug deliv-
ery prosthesis that enables targeted chemotherapy de-
livery was created. A polydimethysiloxane carrier pros-
thesis that included paclitaxel and doxorubicin success-
fully delivered the medications for more than 3 weeks.
The mice's breast cancer spread and recurrence were
prevented by the 3D-printed personalised prosthesis
[178]. To encourage localised drug distribution, three-
-dimensional printed microneedles with different anti-
cancer agents have been extensively explored for skin
cancer.

In addition to aiding in the delivery of anticancer
medications, three-dimensional printing also helps
with cancer diagnosis, particularly when using can-
cer-specific diagnostic tools. Three different cancerous
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cell types were successfully isolated using a 3D--
jet-printed microfluidic device to separate cancerous
cells from blood samples. The device was outfitted
with anti-epithelial cell adhesion molecular antibodies
that captured the circulating tumour cells (CTCs),
which were then used for diagnosis and treatment plan-
ning [179]. To isolate CTCs, a similar microfluidic de-
vice using the negative enrichment of hybrid cells prin-
ciple was created using the jet printing technique
[180].

This technology can be used in the medical field to
lessen the discomfort associated with cancer therapy. It
might be compared to employing chemotherapy and ra-
diation therapy as long-lasting cancer treatments. It
works well when used for breast cancer [181, 182]. Tu-
mour cells are extracted and printed during this pro-
cess. This makes it easier to test out various medica-
tions and choose the best course of action for the pa-
tient [2].

6.1.4. Ophthalmology

Hydrogel-based formulations for 3D-printed medi-
cation patches can also enable drug release effectively
in the eye, such as the conjunctiva, without impairing
vision or making blinking uncomfortable. In order to
provide unique dosages that may be tailored to the
needs of patients in hospitals, Tagami et al. developed
lyophilized ophthalmic patches [183]. Levofloxacin
was an antibiotic that was present in the drug-releasing
patches. A hydrogel-based bio-ink made of hydrox-
ypropyl methylcellulose (HPMC), mannitol, xylitol,
and the medication were used to print the 3DP drug-re-
leasing patch. The formulation was created using a
freeze-drying method. Additionally, various concentra-
tions of mannitol, xylitol, and HPMC were examined
and contrasted. The viscosity property of the bio-ink
was determined by the composition of the biomate-
rials, which, in turn, may have an impact on the printa-
bility of the patches [184]. Furthermore, visual impair-
ment raises a number of issues with regard to medicine
and treatment, particularly for the elderly population,
which frequently takes several different drugs. This
causes poor treatment management and medication ad-
herence, which eventually results in therapeutic ineffi-
ciency. Orally disintegrating tablets that are ideal for
people who are blind or visually impaired were created
by Awad et al. using SLA. When these printlets are re-
moved from their packaging, patients may recognise
the drug because of the braille and moon patterns on
their surface. Differently shaped tablets with additional
information, such as dosage instructions or drug indica-
tions, have been developed. By increasing drug adher-
ence and lowering medication errors, this ground-
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breaking idea can significantly help the management
of patients who are blind or visually impaired [185].
Although 3D printing (3DP) in the ophthalmic field is
not yet fully comprehended and advanced, its undeni-
able potential to offer groundbreaking solutions for
various eye diseases remains evident. The emergence
of bioinks in 3D printing has the potential to address
the scarcity of corneal transplantation and facilitate the
advancement of tissue regeneration [ 184, 186].

6.1.5. Dermatology

The largest organ, the skin, is most prone to in-
juries caused by severe burns and conditions like der-
matitis or diabetes. Full-thickness wound patients are
physically and financially burdened. Given that they
do not trigger allergic or harmful reactions, biodegrad-
able patches have found use in the treatment of
wounds [187]. In order to create constructs with cus-
tomizable features, a hybrid printing method for hydro-
gel wound dressings was developed. This method com-
bines the deposition of thermoplastic polycaprolactone
with hydrogel scaffolds made of alginate and car-
boxymethylcellulose. The antibacterial properties of al-
ginate are well known, and studies have demonstrated
that carboxymethylcellulose can absorb dangerous
germs [188]. In order to replicate the upper layers of
skin, the epidermis and dermis, respectively, a similar

technology was used to print a bilayer membrane
(BLM) made of a poly (lactic-co-glycolic acid) (PL-
GA) membrane and an alginate hydrogel layer. The
membrane had a dual purpose: the multi-porous algi-
nate gel promoted cell attachment and proliferation,
while the PLGA prevented bacterial infection and
maintained the needed levels of moisture. Electrospinn-
ing was used to create the PLGA mat, yielding fibres
with a two-micrometre thickness and a ten-millimetre
diameter. To create the final scaffold, sodium alginate
hydrogels were created by applying the gel to the sur-
face of the PLGA mat [189].

6.1.6. Dentistry

Dental labs may now correctly and quickly con-
struct crowns, bridges, plaster/stone models, and a vari-
ety of orthodontic appliances, such as surgical guides
and aligners, by combining oral scanning, CAD/CAM
(Computer-aided Manufacturing) design, and 3D print-
ing. Instead of making uncomfortable imprints, a 3D
scan is obtained, which is eventually converted into a
3D model and sent to be 3D printed. An entire range of
orthodontic products, including delivery and position-
ing trays, clear aligners, and retainers, can be produced
using the printed model. As 3D CAD files, the models
can also be easily stored digitally. With the use of
3DP, the entire operation may be digitalized, thereby
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Fig. (20). Transdermal drug delivery using various types of 3D printed microneedle (MN); (A) Solid MN (B) Coated MN (C)
Dissolving MN (D) Personalized MN (E) Hollow MN. (4 higher resolution / colour version of this figure is available in the

electronic copy of the article).

reducing turnaround times and raising output. Addition-
ally, they make it possible to do away with model stor-
age and physical impressions [190].

The product Invisalign®, which consists of 3D-
printed clear orthodontic devices that straighten teeth
without the use of conventional metal braces, is the
most frequently cited example of 3D printing in den-
tistry [40]. Small intraoral cameras could be used to
scan a patient's misaligned teeth in the future rather
than requiring them to send moulds to a specialised lab
for scanning and retainer fabrication (a procedure that
can take weeks) [191].

Recent improvements have been made as a result of
3D printer manufacturers realising the increased de-
mand for machines capable of producing dental parts.
As an illustration, Stratasys recently unveiled two
CrownWorxTM and FraMEDorxTM semi-solid extru-
sion printers that were created exclusively for dental
applications [192]. In order to enable dental laborato-
ries to produce custom-made crowns and bridges, the
printers extrude a type of wax.

6.2. Medical Equipment

3D printing technology has revolutionized medical
equipment production by enabling customization,
rapid prototyping, and cost-effectiveness. Its ability to
create personalized devices tailored to individual pa-
tients' needs has improved comfort and patient out-
comes (Fig. 19).

6.2.1. Microneedle (MN)

Microneedles are a type of TDDS comprising ar-
rays of micro-sized needles (2D,3D projections) or-
ganised on the surface of a matrix that increases the in-
terpenetration of biologically active molecules via the
stratum corneum by developing microchannels or mi-
cropores under the skin [193]. These tiny structures
can distribute drugs more effectively because they can
pass through the SC barrier without damaging pain-pro-
ducing nerve terminals [194]. Far-reaching materials
seemed to be used for MN fabrication, like silicon,
glass, metal, ceramics and different types of polymers
[170]. Polymeric MNs are gaining attention because of
their biodegradability, biocompatibility, strength and
optical clarity [49]. Farias et al. used stereolithography
to draft a cell-hydrogen having a 3D printed methacry-
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late-based custom hollow microneedle assembly (1.3
conical frusta circular array) to figure out the potentiali-
ty of cells called human hepatocellular [195]. Economi-
duo et al. plotted 3D-printed microneedle arrays via
stereolithography (SLA) using a biocompatible resin
for the delivery of transdermal insulin [196]. By com-
paring the control of the entire skin, intensified penetra-
tion of diclofenac diethylamine gel was found after
medicamentation with the MN finger splint. Likewise,
bioinspired MNs, along with backward-facing barbs,
were designed to increase tissue adhesion [197] (Fig.
20).

6.2.2. Implants/prosthetics

Implants and prosthetics are necessary to meet iso-
lated patients’ requirements and are susceptible to their
pathology and unique anatomy. Conventional wrought/-
casting techniques require additional tools or devices
that have inherent drawbacks concerning implant fabri-
cation, like inadequate biomechanical joint reconstruc-
tion and inaccurate joint fixation. Correspondingly,
more than one-fourth of hip implant revisions are re-re-
visions [198]. Multi-Material Additive Manufacturing
(MMAM) fabricated implants underwent improve-
ments like different kinds of drugs/effective ingredi-
ents loaded, maximum mechanical properties, and com-
plicated structure implants in comparison with the con-
ventional 3D printed implants [47]. A dosing structure
called an embed, containing effective medications
within a supported delivery conveyance grid, offers ad-
vantages to patients who require long-haul medication.
For example, microstructured embeds of levofloxacin
exhibit complicated delivery profiles acquired through
a solitary embed. This embed indicates a bimodal pro-
file with pulsatile [29].

A 3DP-based multi-drug implant was recently de-
veloped by Wu et al., in which tobramycin (TOB) and
levofloxacin (LVFX) as APIs were loaded and multi-
faceted scaffolds were used for the cure of chronic os-
teomyelitis [199]. The modelling of implants and pros-
theses by AM has reorganized the area of developing
medical equipment, satisfying the growing need for
personalized therapy. 3D printing authorizes the con-
struction of tailor-made products that meet individual
requirements resulting from specific patient anatomy
as well as pathology. Additionally, it allows the devel-
opment of structures with site-specific physical and me-
chanical properties and spatial and temporal control of
bioactive components [78]. The individualized pros-
thetic accessories and tools make it possible to regain
lost mobility, functionality, and a natural look. Herbert
and colleagues created a prosthetic foot [200].
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6.2.3. Hearing aids

Hearing aids are an incredible instance of medical
devices that have become advanced from the develop-
ment of VAT photopolymerization and 3D printing. In
fact, more than 99% of patient-oriented hearing aids
are fabricated using 3D printing nowadays. Prior to 3D
printing being established, the fabrication of hearing
aids took longer than a week. Today, the entire opera-
tion, involving scanning, design and 3D printing, could
take less than one day. One of the top manufacturers of
hearing aids is Envision TEC, which offers large-scale
production and more than 16 biomedically certified ma-
terials, both soft and hard, ranging from translucent for
ear moulds to skin tones for ear shells [190, 201].

6.2.4. Biorobotics

The ability of bio-inspired hybrid devices to simu-
late different biological activities has recently received
a lot of interest. The biorobots are formed of synthetic
scaffolds that support soft biological stuff like pro-
teins, live cells, or tissues and are made of polymer
elastomers or hydrogels. They can conduct several
sorts of movements, such as walking or swimming,
and can interact with their surroundings since they are
more flexible than typical robots. The most exciting of
these robots are the rotary machines, which are typical-
ly connected to the conversion of chemical energy
from ATP (Adenosine triphosphate) hydrolysis into
work [202-204]. Biorobots are in high demand due to
the benefits of 3D (bio)printing tissues and organs
since they act as little mechanical devices that can take
part in tissue regeneration and drug administration.
They might also aid in the comprehension of locomo-
tives. To explain the mechanism of microbes, William
et al. developed the long flagellar swimmer. The swim-
mer consists of a polydimethylsiloxane filament with a
short, rigid head and a long, slender tail [205]. Direct
production of soft robots utilizing MMAM offers a
method for creating 3D objects out of different mate-
rials in a single step. In contrast to traditional robots
with rigid bodies, soft robots are devices with com-
pliant and flexible bodies (made of elastomeric mate-
rials) that enable complicated motions and actions.
This section introduces a few soft robots that are em-
ployed as medical devices with the ability to adminis-
ter drugs. The first example is a hybrid MM AM-made
soft actuator with adjustable stiffness. This soft actua-
tor combined an elastomeric body with a pneumatic
system, a layer of shape memory polymer for con-
trolling stiffness, and a layer containing silver particles
for resistive heating [206].
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6.2.5. Wearable Sensors

New wearable sensors, which can be thought of as
adaptative electrochemical cells able to monitor chemi-
cal species in biological fluids in real-time, have been
made viable due to additive manufacturing. The scien-
tists described a 3D-printed device with integrated elec-
tronics and a screen-printed electrode that was formed
into a ring and connected to a computer through Blue-
tooth. The electrode was covered with a semi-solid
agarose-based electrolyte. The electrochemical device
was tested for the detection of 2,4-dinitrotoluene (DN-
T), a by-product of peroxide-based explosives' degrada-
tion that is frequently linked to the explosives 2,4,6-
trinitrotoluene (TNT) and H,0O, in liquid and vapour
phases. Katseli described a wearable glucose measur-
ing device that was 3D printed, following the idea of a
ring-shaped device [207]. After gold electrodeposition
on the 3D-printed carbon black/PLA electrode for the
electrocatalytic oxidation of glucose, glucose detection
was made possible and was identified on perspiration
before and after a meal. Without requiring an enzyme,
the gadget is adaptable and ready to be used for contin-
uous glucose monitoring.

Intriguing wearable technology for sweat analysis
was made possible by 3D printing, as reported by Dias
and colleagues [208]. A flexible thermal-printed elec-
trode was positioned at the 3D-printed reservoir at
which perspiration was collected from the volunteer's
body. The instrument was able to measure zinc ions in
sweat using anodic stripping voltammetry and a work-
ing electrode that had been modified to contain bis-
muth. The ability to create flexible devices with an inte-
grated electrochemical system is a key benefit of 3D
printing technology in the creation of wearable sensors
[209].

6.2.6. Microfluidics

A microfluidic device is a collection of tiny chan-
nels made to hold tiny amounts of reagent. Mi-
crofluidic devices have been used to accurately ex-
amine biological and chemical processes, diagnose dis-
eases at the point of care, and cultivate cells in regulat-
ed environments [210, 211]. These devices have a sig-
nificant reduction in reagent usage, low manufacturing
costs, and high throughput. The ability to cast mi-
crofluidic devices from a liquid that cures at low tem-
peratures, its surface inertness, its transparent appear-
ance (which makes it ideal for optical detection), its
non-toxic nature, its gas permeability, and its ability to
chemically modify its surface make poly(dimethyl
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siloxane) (PDMS) one of the most frequently used ma-
terials [212, 213]. By applying adhesive to seal the tub-
ing or drilling holes, microfluidic devices can be con-
nected with fluidic tubing, although bad tubing connec-
tions can result in abrupt device failure, leakage sus-
ceptibility, or the generation of dead volumes that im-
pair device performance. To enable label-free and di-
rect measurements of electroactive compounds, these
devices can also be integrated with electrochemical de-
tectors. Therefore, 3D printed devices and microfluidic
devices both offer certain advantages from a strategic
standpoint. However, using a 3D printer to precisely
and repeatedly create complicated micromachined com-
ponents, fluid connectors and junctions, and other parts
offers potential benefits [214].

6.3. Role of 3D Printing Techniques to Counter
COVID-19

The rapid spread of COVID-19 has strained health-
care systems worldwide, leading to a scarcity of essen-
tial supplies, such as N95 respirator masks, face
shields, ventilator valves, testing kits, and other vital
personal protective equipment (PPE). As the pandemic
continues to unfold, ensuring adequate production and
distribution of PPE becomes increasingly critical. To
address these shortages, an innovative and promising
solution lies in the application of 3D printing technolo-
gy. Renowned for its ability to fabricate complex archi-
tectures, 3D printing emerges as a novel approach to
meet the pressing demand for essential medical equip-
ment during this unprecedented crisis [12].

In response to the demands for essential services,
especially in the healthcare sector, the establishment of
adaptable factories capable of manufacturing materials
and devices on demand becomes imperative. Within
this context, the integration of a robust and advanced
manufacturing network, empowered by the distribution
of 3D printing facilities, holds significant promise. Th-
ese small factories can be strategically located at hospi-
tals and transportation hubs, enabling the swift and effi-
cient provision of medical necessities. The COVID-19
crisis has served as a crucible for the redeployment of
3D printing capabilities, showcasing its competitive ad-
vantage in meeting emergency requirements [215].

There are various 3D printing applications against
COVID-19, as shown in Fig. (21), such as face masks
and shields, ventilator circuit splitters and valves, na-
sopharyngeal swabs, and field respirators. Table 3 pre-
sents the equipment associated with 3D printing tech-
niques for COVID-19.
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Fig. (21). Use of 3D printing technique against COVID-19. (4 higher resolution / colour version of this figure is available in

the electronic copy of the article).

Table 3. COVID-19 related equipment associated with 3D printing techniques.

S.No. [Medical Devices/PPE 3D Printing Techniques References
1. Facemasks FDM, SLS [9]
2. Respiratory Valves FDM, SLA [11]
3. Face-shield FDM [12]
4. Field Respirators Not Specified [10]
5. Ventilation Devices FDM [12]
6. Mask Fitter FDM [10]
7. Surgery Mask FDM [9]
8. Nasopharyngeal Swabs FDM, SLA, SLS [12]
9. Safety Goggles FDM, SLS [10]

6.3.1. Face Mask

The use of 3D printing technology fulfills a signifi-
cant need for facemasks in the COVID-19 pandemic
crisis. As the most effective method of preventing inter-
human transmission, facemask use is necessary when
in public. A customized 3D protective facemask is pos-
sible due to 3D printing. The 3D-printed reusable parts
and filter membrane support make up the unique pro-
tective facemask. A removable, non-woven particle fil-
ter can be used to assemble these parts. With the aid of
this specialised 3D protective facemask, the use of dis-

posable surgical masks can be reduced. The reusable
cartridge that is inserted between the facemask can al-
so be manufactured using 3D technology [10].

6.3.2. Ventilator Circuit Splitter

Every area of the world has been greatly harmed by
the COVID-19 problem, but the health sector has been
particularly hit harder. There was a severe global venti-
lator shortage as a result of the virus uprising. Addition-
ally, the manufacture and movement of medical de-
vices were halted by the interruption of the worldwide
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supply chain. Employing six Briggs T-tubes and a Puri-
tan-Bennett 840 Series ventilator, the concept of using
a single ventilator for several patients was tested on
four sheep to simulate human size. The Briggs T-tube
is a sophisticated device that was not always accessi-
ble. Due to 3D printing technology, digitized designs
are readily accessible online. Briggs T-tubes could
now be produced in bulk where they were needed due
to 3D printing. The Royal Women's Hospital in Aus-
tralia has created a splitter and flow restrictor device.
Fusion 360 has been used by San Rafael, CA, USA,
for computer-aided ideas and design. Several low-cost
FDM 3D printers are used to build the ventilator split-
ter. The desktop 3D printer (Original Prusa i3 MK3S,
Prusa Research, Prague, Czech Republic) with one
complete set of two splitters, comprising expiratory
and inspiratory limbs and one inspiratory flow restric-
tor, had a production time limit of six hours [11].

6.3.3. Ventilator Valves

For patients with acute respiratory distress, includ-
ing those with COVID-19, ventilator valves are attach-
ments that provide oxygen at regulated doses. Sin-
gle-use valve sets can be produced using three-dimen-
sional printing technology via a filament extrusion sys-
tem or a polymer-laser powder bed fusion procedure.
Biomaterials like polyamide and polysulfone, polycar-
bonate, silicone rubber, and stainless steel can be used
to design the various valve components on 3D printers.
Furthermore, these disposable valves eliminate the
need for time-consuming sterilization procedures [12].

6.3.4. Face Shield

Face shields are mostly used in the medical, dental,
and veterinary fields to safeguard patients by covering
their full faces [216]. Polylactic acid (PLA) was used
to quickly produce the face shield using a material ex-
trusion-based 3D printer. Finite Element Analysis
(FEA) in ANSYS Workbench was used to simulate
head-holding and wearing situations and verify the
structural design of the shield. A single face shield
(with a mass of less than ten grams) may be created in
less than 45 minutes, according to the experiment. Elas-
ticity, comfort, Design for Additive Manufacturing (D-
fAM), single frame design, biodegradability of fila-
ments, ease of maintenance, lightweight, productivity,
quick production, and multi-facility manufacturability
were the criteria used to optimise the final face mask
design [217]. A face shield is a frame worn on the
head that shields the user's eyes, nose, and mouth from
respiratory droplets, saliva inhalation, dust, and pollen
[218]. A face shield's frame has straightforward geome-
try and is easily fabricatable with the aid of 3D print-
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ing [173]. During the COVID-19 epidemic, Delbarre et
al. used 3D printing to create cloth shields for slit
lamps. The face shield is made using 3D printing with
Fused Deposition Modelling (FDM). A headband, a
shield, and an elastic strap are all 3D printed in face
shields. Utilizing PLA material, 3D printing technolo-
gy was used to create the face shield structure. The
face-shield prototype can be used by the surgeon for
protection after assembling the transparent film in the
frame [10].

6.3.5. Nasopharyngeal (NP) Swabs

The most accurate and secure method for gathering
a patient sample for the diagnosis of COVID-19 is us-
ing nasal and NP swabs. NP swabs are flexible sticks
that are about 6 inches long and have a bristl end. They
are rotated into the space between the nose and mouth
to ensure that adequate material is gathered. Then, the
swab is put into a container with a culture medium and
taken to the lab for analysis. The availability of nasal
swabs required for COVID-19 test kits was significant-
ly hampered by the COVID-19 epidemic [9].

6.3.6. Field Respirators

In specific work zones where a patient exhibits res-
piratory symptoms and when handling the remains of
suspected patients who have passed away, full-face res-
piratory protection equipment is necessary (death due
to COVID-19). A tool used for temporary emergency
ventilation is a field respirator. These respiratory pro-
tection devices are made to prevent patients from
breathing in dangerous airborne bacteria. By allowing
air to escape and keeping the interior dry, the field res-
pirators facilitate easy breathing for the wearer. Using
3D printing technology, Petsiuk et al. created a fully
open portable bag-valve mask-based ventilator com-
pression system. As a temporary emergency ventilator,
an automatic ventilator can be made available [219].

7. 3D BIO-PRINTING

3D bioprinting concerns the dispensing of cell-load-
ed biomaterials for the manufacture of complicated
functional living tissues or organs. It has been used in
medication to fabricate tissues like bone, skin, and car-
tilage. Therefore, a different technical concept compati-
ble with the deposition of living cells becomes compul-
sory. Precise cell deposition control, scalability, cus-
tomization, high resolution, and cost-effectiveness are
a few benefits of 3D bioprinting.

Bio-inks are expressions that originate from cells
and may comprise bio-materials as well as biologically
active components [220].
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Table 4. Different tissues, printing methods, and cell responses in terms of 3D bio-printing.
Tissue Printing Techniques Cell Response References
Bone MED/FDM * After 21 days of cell culture, cells on aligned scaffolds maintained their orienta-| [295]
tion.
* On scaffolds containing Hap and coating, increased cell proliferation and osteo-
genic differentiation were observed.
* in vivo bone production and improved osteogenic differentiation for scaffolds
coated with CaSH.
Cardiac MED/Extrusion printing * Favor cell contractions [28]
* maturation.
Cartilage FDM * Enhanced chondrogenesis for scaffolds using cytokines. [28]
Better cartilage healing for cytokine-loaded scaffolds in vivo
Cornea | NFES (Near field electrospinn- |Enhanced mineralization, osteoblast differentiation, and extracellular matrix (ECM) [295]
ing) deposition on Hap-infused scaffolds.
Kidney MED Rhombus pores with unidirectional cell alignment and elevated gene expression. [295]

Bioinstructive materials can directly influence cell
performance by providing specific biochemical as well
as physical cues and direct tissue formation [221]. Bio-
instructive materials give multi-scale guidance for
cells in a 3D environment by establishing cell signal-
ing to closely imitate specific biological, composition-
al and mechanical properties of native tissues [222,
223]. The cues can be introduced inside the scaffold
matrix or on the scaffold surface, and they are divided
into biochemical and physical ones. Physical cues in-
volve electrical, mechanical and topographical stimuli
like roughness or hierarchically ordered structure. Bio-
chemical signals involve specific drugs, growth fac-
tors, proteins and integrated insoluble particles [224].
They direct cell behaviour by modulating the prolifera-
tion, migration patterns, adhesion and differentiation
of stem cells [225-227]. For improved performance,
both kinds of cues can be mixed in a single material
system. Table 4 presents the different tissues, printing
methods, and cell responses in terms of 3D bioprinting
(Fig. 22).

7.1. 3D Bio-printing Applications

7.1.1. Cardiac Tissue

Mechanical cues used in heart tissue engineering
support cell contractions as well as maturation. Accord-
ing to studies, the levels of cardiac markers are in-
creased when using scaffold designs with enhanced
elastic characteristics or growing cells in dynamic envi-
ronments [228, 229]. The most popular technique for
creating scaffolds for the regeneration of heart tissue is
extrusion bioprinting. However, recently, MED also
gained appeal for that application because it could

print flexible scaffolds and had a fresh hydrogel print-
ing alternative [230].

7.1.2. Bone Tissue

Bone tissue engineering is the foremost field imple-
menting bio-instructive materials, mainly based on
FDM of PCL as well as PLA, which has high energy
and moderate degradation rates [231-233]. To intensify
the osteogenic potential of printed scaffolds, biochemi-
cal cues like hydroxyapatite (HAP) (insoluble parti-
cles) are integrated [234-236]. Additionally, compo-
nents like Strontium (Sr) particles, bio-glass, or tricalci-
um phosphate (TCP) are also added to scaffold matri-
ces to promote bone formation [237-239]. Bone substi-
tutes with physical clues, such as modified pore shape
and size, are made using MED and FDM [231,
240-244].

7.1.3. Cartilage

FDM and MED printing techniques were used to
create fibers that reinforced various hydro-gel matrices
for the regeneration of cartilage tissue [245, 246]. The
incorporation of soluble cues like growth factors, carti-
lage-based extracellular matrix (ECM), or proteins into
scaffolds is made possible by the use of hydrogels,
which enhance regeneration [247-249].

7.1.4. Neural Tissue

Electric stimulation is the main stimulus for brain
regeneration. A conductive coating or conductive com-
pounds (such as gold) that promote the differentiation
and elongation of neural cells are used to deliver this
cue [250]. These results are amplified by electric stimu-
lation [251, 252].
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7.1.5. Skin Tissue Engineering

For sophisticated skin regeneration techniques, 3D
bio-printing has been available for the past ten years
[253]. The different methods can now be divided into
two categories: bottom-up and top-down. The former
tries to create massive tissue blocks that replicate the
structure of actual tissue, while the latter aims to create
little complicated constructions. Cell aggregates, mi-
cro-beads, or hydrogels with cell content are examples
of bottom-up technologies. Cells are seeded into
biodegradable scaffolds for top-down techniques, and
active elements like growth factors are added to encour-
age cell proliferation and growth. Generally, skin bio-
printing has generated a lot of attention, and major cos-
metic businesses like L'Oréal and Procter and Gamble,
as well as printer makers like Rokit, are working to
build skin models. For instance, L'Oréal has created a
unique technology called Episking that can be applied
to cosmetics, therefore adhering to the three R’s (Re-
placement, Reduction and Refinement) for enhanced
animal welfare and more compassionate animal re-
search [37].
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Fig. (22). Pathway of 3D bioprinting. (4 higher resolution / colour version of this figure is available in the electronic copy of
the article).

7.1.6. Other Tissues

Hydrogel extrusion printing enables the creation of
scaffolds with the appropriate stiffness, and bio-print-
ing is the technique most frequently utilized for the re-
generation of soft tissues (such as skin, muscle, or liv-
er). Alginate and gelatin are well-known bio-compati-
ble bio-inks, and stiffness can be controlled, for exam-
ple, by adjusting the amount of cross-linker used
[254-256]. The regeneration of skin can be enhanced,
especially by using soluble cues that improve cell dif-
ferentiation and cell proliferation [257, 258]. Succes-
sively, due to its ability to guide cells toward an ap-
plied force, mechanical stimulation has been shown to
be helpful for tendon and muscle regeneration
[259-261]. With approximately 40 different types of
cells in the lungs, co-culture can be a crucial trigger for
lung regeneration because cells secrete the necessary
signalling molecules [262, 263].
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7.2. Emerging Perspectives in 3D Bioprinting to
Fight COVID-19

The distinct and unexpected pattern of COVID-19
infection and the dearth of potent vaccinations and an-
tivirals have brought the world's human population to
the brink. However, the global response to the pandem-
ic was remarkably quick, with early community initia-
tives and a quick increase in COVID-19-related re-
search. There are now various attempts being made to
repurpose existing medications as viable counter mea-
sures and produce efficient vaccine technologies. Tis-
sue engineering-based therapies and in vitro tissue
models created from stem cells can be a blessing in
this kind of overwhelming pandemic crisis. Traditional-
ly, tissue engineering has placed a strong emphasis on
creating synthetic structures for organ regeneration or
replacement. Despite the vast promise, only a small
number of engineered constructions have been effec-
tive in human clinical trials to date [264]. In this vi-
cious circumstance featuring a constellation of unansw-
ered problems, tissue engineering technologies may of-
fer creative solutions. Both healthy tissue models (such
as human hair follicles and cartilage tissue) and dis-
eased tissue models (such as an osteoarthritis model
and ocular pathological conditions) can be created us-
ing tissue engineering [265, 266]. Even more break-
throughs are made possible by three-dimensional bio-
printing, which requires the layer-by-layer precise posi-
tioning of living cells, biochemistry, growth factors,
ECM orientation, etc. When combined, a 3D structure
that mimics the native tissue's ultrastructure can be cre-
ated [267]. In the pandemic situation caused by SARS--
CoV-2, an attempt was made to suggest how or-
gan-on-a-chip, 3D bioprinting, organoids, and ad-
vanced bioreactor models made of a coculture of cells
from endodermal, mesodermal, and ectodermal origin
can be used to create in vitro human tissue models that
can be used for more effective diagnosis, drug deliv-
ery, and customized development of drugs and
vaccines as well as the delivery of small molecules at
targeted anatomical sites.

8. GUIDELINES IN 3D PRINTING

In 2015, the FDA approved the first 3D printing
product, which significantly increased the motivation
of biopharmaceutical manufacturers to adopt 3D print-
ing as a new technology for creating pharmaceutical
products and biomedical devices. Due to the rapid ad-
vancement, questions regarding regulation and liability
in the event that a product fails or has a negative effect
are some of the most frequently discussed topics with
the 3D printing of medications and equipment. In order
to provide potential regulatory insights and key chem-
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istry, manufacturing, and control requirements for the
approval of 3D-printed drug products and medical de-
vices, the FDA published “Technical Considerations
for Additive Manufactured Medical Devices” in De-
cember 2017 [268]. Following the FDA guidance,
Health Canada also issued new guidance in late 2018,
including a description of the essential elements of
manufacturing operations, a summary of the 3D print-
ing process, and important device design parameters
for 3D printing of medical devices to promote high-
-quality personalized drug therapy and treatment solu-
tions for patients. Discussions are currently being held
by the FDA's Office of Testing and Research to find so-
lutions to issues like how to investigate the key parame-
ters of various printing technologies, how to assess the
effectiveness of 3D-printed medications, how to study
the release of preparations in vitro and in vivo, and
how to regulate the quality of 3D-printed formulations
[269]. Under the International Coalition of Medicines
Regulatory Authorities (ICMRA), several regulatory
organizations, including Health Canada, the Therapeu-
tic Goods Administration (TGA, Australia), the Euro-
pean Medicines Agency (EMA), Agencia Nacional de
Vigilancia Sanitaria (ANVISA, Brazil), the Health Sci-
ences Authority (HAS, Singapore), and the Pharmaceu-
ticals and Medical Devices Agency (PMDA, Japan),
discussed the potential benefits of the developing 3D
printing technology in 2019. Three of them began
establishing new legal frameworks (Health Canada,
HSA, and ANVISA) or developing new regulatory
frameworks to promote the creation of novel products,
including 3D bio-printed products [270].

9. LIMITATIONS OF 3D PRINTING

Though 3D printing technology has several advan-
tages, there is still a need for modifications as well as
exploration in the printing instruments, software, ex-
cipients, mechanical strength, false product and clini-
cal practice [28, 87].

9.1. Technology

The printing process includes computer-based oper-
ation, which demands that the software programming
be constantly reconditioned based on the formulation.
In the case of DOP technology, multiple pauses and
restarts of the print head are required, which is particu-
larly demanding regarding the print head's stability
[121]. Additionally, the performance of printing formu-
lations has been impacted by nozzle blockages, the
movement and leakage of binders, and the variation in
powder feed [271]. Several print nozzles that are relat-
ed to extrusion moulding technology have been created
and upgraded for compatibility with FDM and PAM
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technologies. However, in order to get various formula-
tions, the double nozzle location may be off, which has
a significant impact on the product’s characteristics, in-
cluding content homogeneity, hardness, and friability.
Devices using lasers and heat may degrade active phar-
maceutical ingredients, cause unintended drug-poly-
mer interaction, and resin toxicity [47, 272]. Therefore,
it is vitally necessary to further optimise and improve
the mechanical apparatus, operational processes, driv-
ing control mechanisms, and essential components of
3D printers. Furthermore, the recovery and disposal of
unused powders in the case of SLS and DOP, as well
as any occupational health risks, should be taken into
account [273]. Also, the manufacturing practice (GM-
P) standard is not fulfilled by the 3D printers used in
medicine; thus, it is necessary to validate the produc-
tion process and the end products to guarantee their
safety for human health [87].

9.2. Excipients

All types of 3D printing technologies have specific
needs for the qualities of excipients throughout the pre-
paration process. The carrier excipient must be suitable
for the drug due to the involvement of melting and
heating procedures in some printing technologies, such
as FDM, in which PVA is used as an excipient. Howev-
er, it has a high melting point, which is inappropriate
for thermally sensitive drugs [274]. Therefore, 3D
printing technology based on low temperatures uses ex-
cipients like triethyl citrate, PVP, Kollidon, and
HPMC for the enhancement of drug loading capacity
and drug degradation [96, 100, 275]. In the SLA and
SLS methods, photopolymers are used as excipients,
which are unsafe as per the guidelines of the FDA.
Moreover, a smaller number of excipients are used
mostly because of their bad odour, toxicity, and protec-
tion from light for the elimination of premature poly-
merization. In addition, options in solvents are also fi-
nite in the case of DOP and SSE methods [276].
Hence, there is a need to explore the excipients that are
suitable for pharmaceutical use, such as non-toxic in
nature, stable, biocompatible with drugs, and
biodegradable [87].

9.3. Mechanical Strength

The mechanical characteristics of the product act as
a quality control criterion that can be used to verify the
repeatability and acceptability of the tablets for post-
processing. The performance of the product is influ-
enced by factors, such as surface tension, nozzle fine-
ness, and viscosity [277]. Whereas the impact on the
look and quality of the products are influenced by the
post-processing of printing, which involves drying
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methods. In SLA, the loading efficiency of the drug
contained in the polymer matrix is decreased due to the
post-washing step (washing unreacted resins with iso-
propanol from the printed material). Hence, the post-
curing step is essential to increasing the mechanical ro-
bustness of printed structures [47]. Furthermore, the
Spritam drug is developed, which is highly porous in
nature and provides fast degradation, but it lacks me-
chanical strength (<40 N). Hence, there is a need to im-
prove the optimization techniques, such as the printing
process, computer operations and nozzle refinement,
for the betterment of the mechanical properties [87].

9.4. False Product

This challenge arises from the usage of 3D printing
technology by neglecting its regulatory aspect, which
generates false products that do not meet the quality
standards. These fake medications may be obtained at
a very reasonable cost; however, they can cause major
health issues in humans. Moreover, the WHO esti-
mates that fake medicines affect 10.5% of the low and
middle-income nations. This can be prevented by us-
ing effective safeguards. One study used FDM 3D
printing with piezoelectric 2D inkjet printing to estab-
lish a unique track and trace false measure for 3D print-
ed medications. For tracking purposes, QR codes and
data matrices were placed on the surface of the 3D-
printed printlets for scanning by using a smartphone,
which provides information about the unique patient,
provider, and medicine. Nevertheless, incorporating a
data matrix or QR code onto the surface of the printlet
might influence its visual aesthetics and potentially in-
fluence patients' willingness to accept the medication.
Therefore, it is important to assess this aspect in future
clinical investigations. It is worth noting that by ex-
panding the variety of additives and coloring agents
present in the material inks, the randomized code could
encompass an extensive range of permutations, thereby
enhancing the incorporation of personalized medica-
tions through an enhanced tracking and authentication
system throughout the supply chain [278].

9.5. Clinical Use

Installing 3D printing technology into the health
centre may pose additional obstacles as it demands a
highly qualified worker to handle the technical compo-
nents, an expensive budget, as well as maintain quality
control of printed drugs. Moreover, to satisfy the crite-
ria of customised medicine in a clinical context, pack-
aging and labelling standards must also be considered.
More technical advancements are required to bring the
ultimate 3D printer for clinical applications, which
must be user-friendly, quick, cost-effective, and have a
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high resolution, as current 3D printers have not yet
overcome their disadvantages [28].

10. CONCLUSION

3D printing has advantages over conventional meth-
ods due to its accuracy, reproducibility, controlled size
and shape, patient-specific, controlled release proper-
ties, safety, and cost efficiency.

There are various techniques involved in the pro-
cesses of printing, extrusion and designing, such as ink-
jet-based, VAT photopolymerization, SLS, EMP,
DOP, and EHD. They have applications in the fabrica-
tion of personalized medicines, drug delivery (oral, rec-
tal and vaginal), complex drug formation and suitable
dosage forms. Furthermore, advancement in 3D print-
ing is manifested in several branches of the medical
field, including paediatrics, geriatrics, oncology, oph-
thalmology, dermatology, and dentistry because of its
development in the production of various medical com-
ponents, such as microneedles, implants, hearing aids,
bio-robotics, wearable sensors, and microfluidics.
Moreover, 3D printing technology also aids in the fight
against pandemics like COVID-19 by using methods
like FDM, SLS and SLA for the development of equip-
ment like face masks, face shields, safety goggles, na-
sopharyngeal swabs, ventilation devices, and respirato-
ry devices. In addition, integrating 3D printing tech-
niques into biomaterials for the tailoring of living tis-
sues of bone, skin, cartilage, cardiac, etc, is of utmost
significance. In short, 3D printing plays an important
role in the advancement of the healthcare system.

11. FUTURE PERSPECTIVES

Traditional preparation technology and 3D printing
preparation technology work well together in several
ways. After years of development, traditional prepara-
tion technology has reached a distinct industrial advan-
tage. In contrast, 3D printing, an emerging technique,
can achieve the precise sculpting of a variety of mate-
rials and can address many of the drawbacks of conven-
tional preparatory technology.

Hybrid living materials are another area that has a
great deal of potential to aid in the creation of bio-in-
structive materials. These substances are made of syn-
thetic materials and living microorganisms (such as
cells, bacteria, microalgae, or yeast). Microbes control
the physical and chemical characteristics, creating new
material qualities like self-regeneration or acclimatisa-
tion to their surroundings [279]. The creation of self--
sufficient and self-regenerating scaffolds that can pro-
duce the proteins or enzymes required for cell prolifera-
tion and specific differentiation, which will improve
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and speed up tissue regeneration, is what we anticipate
will result from the continued development of hybrid
living materials.

The field of additive manufacturing has made signi-
ficant progress, resulting in the creation of smart 3D-
printed materials that can change their properties and
shape in response to outside stimuli over time, so--
called 4D printing technology, which addresses the fab-
rication of shape memory materials, self-evolving struc-
tures, and actuators for biorobotics [280-285]. It is ex-
pected that 4D printing technology will allow the con-
struction of smart scaffolds with specialised dimen-
sions and shapes in the future. These scaffolds will
vary in shape in accordance with the rate of tissue re-
generation and maturation. It will also enable the use
of minimally invasive surgical techniques to deliver
the scaffolds to difficult-to-reach areas of the body.

The idea of on-demand manufacturing of medicine
is that specialized software may produce the patient's
own information, which is then utilized to print the pre-
scriptions at a community pharmacy or even at home
using a personal 3D printer. Instead of depending sole-
ly on healthcare professionals, patients may tailor their
own dosage requirements based on their illness [13,
157, 286]. For drugs with a short shelf life, printing at
the point of treatment can also be helpful, which may
lead to the marketing approval of novel medications
[286]. This would be especially important in regions of
the world where there are not enough medical profes-
sionals to meet the demands of the population. The
same strategy could be applied to military operations,
disaster relief efforts, and remote villages.

The 3D printing strategy can also be applied to the
advancement of clinical pharmacy practise. In the mod-
ern world, the pharmacist can use 3D printing technolo-
gy to quickly deliver medication in a format that is cus-
tomised according to the doctor’s prescription [287].
This would eliminate any drug shortage and make it
easier to implement personalised drug therapy into rou-
tine clinical practice [98, 165]. Hospital pharmacists
must be educated about these advanced technologies
since they will play an important role in the future im-
plementation of 3D printing in pharmacy practice
[288].
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HPMC = Hydroxyl Propyl Methylcellulose

HPMCAS = Hydroxyl Propyl Methyl Cellulose Ace-
tate Succinate

MCC = Microcrystalline Cellulose

PCL = Polycaprolactone

PCLDMA = Polycaprolactone Dimethacrylate
PCL-tMa = Polycaprolactone Trimethacrylate

PE = Polyethylene

PEG = Polyethylene Glycol

PEGDA = Poly (Ethylene Glycol) Diacrylate
PEGDMA = Poly (Ethylene Glycol) Dimethacrylate
PEGMA = Poly (Ethylene Glycol) Methacrylate

PEO = Poly(Ethylene Oxide)

pHEMA = Poly(2-hydroxyethyl Methacrylate)

PLA = Polylactic Acid

PLGA = Polylactide-co-glycoside

PMA = Propyl Methacrylate

PPF = Poly (Ethylene Fumarate)

PVA = Polyvinyl Alcohol

PVP = Povidone

TCP = Tricalcium Phosphate
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Abstract: Biomarkers are the most significant diagnosis tools tending towards unique approaches
and solutions for the prevention and cure of Alzheimer’s Disease (AD). The current report pro-
vides a clear perception of the concept of various biomarkers and their prominent features through
analysis to provide a possible solution for the inhibition of events in AD. Scientists around the
world truly believe that crucial hallmarks can serve as critical tools in the early diagnosis, cure,
and prevention, as well as the future of medicine. The awareness and understanding of such bio-
markers would provide solutions to the puzzled mechanism of this neuronal disorder. Some of the

10.2174/0115680266292514240404040341 argued biomarkers in the present article are still in an experimental phase as they need to undergo
specific clinical trials before they can be considered for treatment.

Keywords: Alzheimer’s disease, biomarkers, f-amyloid peptide, tau protein, neurodegenerative diseases, diagnosis.

1. INTRODUCTION

Hailing from a century-old era, Alzheimer’s still holds
the position of an unsolved medical mystery. Scientific
minds working on this memory impairment are still clueless
about its treatment. The sole hold on this situation is thera-
peutic, which could partially slow down the progression of
this disorder. Unfortunately, AD patients can only be com-
forted by these side effects causing drugs. The answer to this
delayed diagnosis of AD lies in the findings of the biomark-
ers that can pace the research of treatment as well as thera-
peutics. Biomarkers, also known as neurochemical indica-
tors, give a clear indication of either the risk or the presence
of the disease in an organism [1, 2].

AD symptoms precede very slowly. Thus, it is impera-
tive to investigate biomarkers of AD [3]. Some well-known
neuropathological indicators of AD have been discussed
here and depicted in Fig. (1). The study of biomarkers is
prominent in medicine as they lay the foundation for drug de-
velopment. The effect of the newly designed drugs is first
critically measured on volunteers during the clinical trials by
examining the specific biological hallmark. This review
aims to highlight specific biomarkers of AD that can be tar-
geted for the detection of AD primarily and can result in a
hopeful treatment.
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Putting an end to something always demands the identifi-
cation of its specific origin or the multiple causes/reasons be-
hind its emergence. If we are unable to find the cause, it
would be impossible to reach the final destination. The
search for specific biomarkers for Alzheimer's disease (AD)
has been the same story in clinical history for a century. Cov-
ering 70% of the pie-chart of dementia, AD is the highest af-
flicting neurodegenerative dysfunction [4, 5]. The actual
cause of its incurability is still unknown as it lacks diagnosis
at its earliest onset. Unraveling the clinical hallmarks of AD
can not only be helpful in its treatment but also for its early
diagnosis and permanent cure. The defining features of AD
are the unrequired deposits of amyloid plaques and neurofib-
rillary tangles [6, 7]. The global prevalence of this disorder
is projecting a future plan of hitting a population of only 14
million in the USA by 2050 [8]. Despite a lot of theories and
research about the neuropathological events involved in AD,
there is neither prevention nor cure available. Efforts are
still focused on the slow progressive rate of AD, which is of
no help as the incurability is constant till the present [9, 10].
Such a state strongly underscores the necessity to explore
the fundamental root cause of the dysfunction development
and its prominent clinical markers for sooner diagnosis.
Moreover, unsolved mysteries of the mechanism of neurode-
generation initiation need to be unfolded to prevent, delay,
or cure AD. The interplay of such responsible causes has
been discussed in his mini-review, which triggers the untold
story of AD. The understanding of the outline of these clini-
cal markers is important as they hold the baseline for future
clinical success. So, this mini-review explores and encom-
passes the current status of the potential clinical hallmarks

© XXXX Bentham Science Publishers
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Fig. (1). Biomarkers signaling in Alzheimer’s disease. (A4 higher resolution / colour version of this figure is available in the electronic copy

of the article).

of AD. This study could improve clinical studies in a lot of
diagnostic and treatment approaches.

The diagnostic pathway proceeds via. two different tech-
niques. The techniques used to investigate the biomarkers
have been broadly classified into two categories.

1.1. Invasive

Invasive techniques are used to study precise brain areas
and cerebrospinal fluid as early biomarkers [11], as shown
in Fig. (2). Since these are invasive techniques, they are
time-consuming, expensive, and likely to cause discomfort
to patients. Hence, minimally invasive techniques and nonin-
vasive techniques are the mandates for early diagnosis of
neurodegenerative disorders.

1.2. Non-invasive

The routine diagnosis of AD and mixed forms of demen-
tia from CSF has various limitations, including the invasive
nature of lumbar puncture and collection of CSF, the difficul-
ty of patient screening, and the need for multiple-year fol-
low-up on the same patient. To expand the range of AD diag-
nostic tests, it is crucial to create sensitive and specific
ELISA for additional site-specific phosphorylated tau iso-
forms. It is currently unclear how closely analyte concentra-
tion in the blood links to pathological alterations in the
brain. Thus, it is obvious that it is necessary to look for bio-
markers in other body fluids. With the advent of noninva-

sive neuroimaging techniques that enable the visualization
of structures in vivo in recent decades, the progress in the di-
agnosis of AD has been considerably improved. Novel mag-
netic resonance imaging (MRI), metabolic changes picked
up by Positron Emission Tomography (PET), and imaging
of amyloid are a few examples. The development of omics
technologies over the past few years, including genomes,
transcriptomics, proteome, metabolomics, secretomics, etc.,
has made it possible to analyze a variety of AD hallmarks.
These instruments make it easier to analyze human fluid
samples of many types, such as blood, tears, urine, or saliva,
with easy collection and accessibility under non-invasive
techniques. Numerous proteins associated with neurodegen-
erative diseases, including Tau, amyloid beta, alpha-synu-
clein, and the huntingtin protein, are known to be abundant
in saliva and to reflect physiological activity. These proteins'
concentrations in saliva are helpful biomarkers for the kind
of diseases they are associated with [12]. Fig. (3) manifests
the non-invasive biomarkers of AD.

2. BIOLOGICAL HALLMARKS OF ALZHEIMER’S
DISEASE

The elevated exponential rate of people afflicted with
AD has highlighted the necessity of taking substantial steps
in the direction of finding the neurodiagnostic biomarkers re-
sponsible for AD. The prominent biological hallmarks of
AD include diffused extracellular amyloid plaques and intra-
neuronal neurofibrillary tangles in the brain [13]. Apart from
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them, many other clinical factors like cerebrospinal fluid,
metal toxicity, mitochondrial dysfunction, neurofilament
light chains efc., are proclaimed as promising indicators.
With regard to this, Reitz et al. and his team in 2011 have-
critically discussed the prevalence, environmental risk fac-
tors, and other protective factors [14]. Therefore, the search

for blood biomarkers that are associated with AD should
start with recognized CSF markers, such as biomarkers relat-
ed to AP and Tau, and also take into account elements relat-
ed to inflammation, protein aging and cell death, and cere-
brovascular dysfunctions. Information regarding crucial AD
biomarkers and the changes associated with them has been
summarized in Table 1.
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Table 1. Essential biomarkers of AD.
S. No. Biomarkers Mild AD Severe AD References
Ampyloid Biomarkers
1 APP (sAPPB) blood No change No change [15]
2 Three subtypes of APP (106, 110 and 130) Present in platelets Present in platelets [16]
3 APP (sAPPp) blood Decrease in blood Decrease in blood [17]
4 AP peptides . Overproduction, accumulation Overproduction, accumula.ltion, amyloid (18]
(AP 1-42 and AP 1-40 peptides) plaques formation
5 AP42/ Ap42 Increase Increase [19]
p Plasma AP (1-42) and Elevated, reduced, or remains Elevated, reduced, or remains unchanged [20]
AB (1-40) unchanged
7 AB (1-42) - Increase in plasma of women [21]
8 AB (1-42) Increase in plasma Increase in plasma [22]
9 AP (1-42) autoantibodies Decrease in serum Decrease in serum [23]
Tau Biomarkers
1 Total tau (t-tau) Increases in CSF Increases in CSF [24]
2 Total tau (t-tau) Increases in CSF Increases in CSF [25]
3 Phospho-tau-231 has Decrease longitudinally from mild to Elevated [26]
shown moderate
4 Phosphorylated forms of Tau (phospho-tau-199, Elevated Elevated [27]
-231, -235, -396, and -404)
Neuronal Biomarkers
1 Neurofilament light chain protein (NFL) Elevated blood and plasma Elevated blood and plasma [28]
2 S100b and neuron-specific enolase (NSE) proteins Reduced Reduced [29]
Biomarkers of Neuroinflammation
1 Glial fibrillary acidic protein (GFAP) Elevated Elevated [30]
2 GSK-3 - Elevated in white blood cells [31]
3 Chemokines, cytokines, gr(?wth factors, and binding Elevated in plasma Elevated in plasma [32]
proteins
4 YKL-40 Increase both in serum and CSF Increase both in serum and CSF [33]
5 Neurogranin (synaptic protein) Increase in the CSF Increase in the CSF [34]
Other Biomarkers
1 AD toxicity and ubiquitin levels Elevated in the cerebral cortex Elevated in the cerebral cortex [35]
2 telomeres Smaller in peripheral blood cells Smaller in peripheral blood cells [36]
3 C-reactive protein (CRP) High High [37]
4 Level of vasodilator and vasoconstrictor Increased Increased [38]

2.1. Blood-based Biomarkers

Recently, biomarkers of AD research have taken a front
seat, especially blood-based biomarkers. Hansoon et al.
have reviewed blood based biomarkers for clinical trials and
practices [39-41]. When identifying AD in patients with cog-
nitive impairment from all other neurodegenerative disor-
ders, phosphorylated Tau (p-tau) in plasma shows excellent
diagnostic accuracy [42-44]. There is a need to elucidate the
specific research that needs to be conductedbefore blood-

-based biomarkers can be widely used. Doecke et al. [45],
with his research team in 2012, have also worked on the
identification of plasma biomarkers of AD for the purpose
of early diagnosis. For this, they screened AD-afflicted and
healthy individuals at the same time. This panel of plasma
biomarkers showed an appreciable extent of sensitivity and
specificity, which could help in the easy distinction between
AD and healthy individuals. This evidence could strongly
help in AD diagnosis. Fig. (4) represents crucial plasma bio-
markers.
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Fig. (4). Plasma biomarkers. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

2.1.1. Plasma Amyloid Beta

Just like the reduction of AB42/AB40 in CSF biomark-
ers, Plasma APB42/AB40 biomarkers are strong indicators of
AD. AB is isolated from plasma and quantified using mass
spectrometry. By using these techniques, it is possible to see
group-level decreases in plasma AB42/AB40 levels in amy-
loid PET-positive individuals relative to PET-negative indi-
viduals. The fact that plasma AB42/AB40 levels are com-
pletely altered even in the pre-symptomatic stages of the dis-
ease is a significant characteristic. For this reason, this bio-
marker, similar to CSF AB42/AB40, can accurately identify
AP pathology in cognitively unimpaired individuals with ac-
curacy levels comparable to those seen in cognitively im-
paired individuals [46]. For biological reasons, CSF
AB42/AB40 is a more robust brain AP pathology biomarker
than plasma Ap42/AB40. In clinical laboratory practice, stan-
dardizing and maintaining the stability of this kind of test
over time with the kind of rigor required to accurately identi-
fy the subtle difference between persons who are AB-posi-
tive and -negative is a difficult task [ 47 ].

2.1.2. Plasma Phosphorylated Tau (P-tau)

Tau phosphorylated at amino acid 181 (p-taul81), 217
(p-tau217), or 231 (p-tau231) have been reported by experts
to detect different stages of AD [48, 49]. To evaluate the ki-
netics of various tau isoforms and fragments in the human
Central Nervous System (CNS) and in neurons produced
from induced Pluripotent Stem Cells (iPSCs), Sato et al.
[50] devised stable isotope labeling and mass spectrometry
techniques. It was also claimed that both tau tangles and B-
amyloid plaques raise the concentration of plasma P-tau217,
which is consistent with the theory that P-tau is implicated
in the B-amyloid-dependent development of neocortical tau
tangles [51]. Recent research on plasma phosphorylated
tauhas developed methods tostudy soluble p-tau indicators
that have a stronger correlation with cerebral amyloid-§ than

with PET-measured tau aggregation [52]. Various reports on
plasma phosphorylated Tau are directed toward AD patholo-
gy [53, 54].

2.1.3. Plasma Neurofibrillary Tangles (NFL)

Salvado et al. [55] carried out a head-to-head compari-
son between many plasma biomarkers and neuropathologi-
cal measurements of neurofibrillary tangles and amyloid
plaques. They found that while plasma Glial Fibrillary
Acidic Protein (GFAP) is uniquely linked to tau pathology,
plasma AB42/40 and plasma p-tau231 are specifically linked
to amyloid disease. In individuals with cerebral white matter
rarefaction, plasma Neurofilament Light (NfL) is elevated
even after taking Alzheimer's disease pathology into consid-
eration. Rodriguez et al. [56] reported that AB-positive cog-
nitively impaired groups showed a particular increase in
CSF and plasma NTA-tau concentrations. Global uptake and
voxel-level correlations between CSF and plasma NTA-tau
concentrations and tau PET were found to be stronger than
those with AB PET and MRI. Both CSF and plasma NTA-
tau are preferentially related to tau disease, according to re-
gression models. Vrillon et al. [57] demonstrated in memory
clinic settings, CSF NfL, plasma neurofibrillary heavy chain
levels, and plasma NfL levels function similarly in positive
and differential AD diagnoses. Unlike illnesses affecting mo-
toneuron function, plasma pNfH did not show any additional
benefit when compared to plasma NfL. The performance of
CSF and PET indicators must be matched by continued re-
search and the creation of reliable tests. In conclusion, blood-
-based biomarkers are becoming more and more important
for AD diagnosis, monitoring, prognostication, assessing
treatment response, and population screening-especially in
primary care settings. With these advancements, AD diag-
nostics will be transformed, and more accessible and early
detection and management options will be provided [58,
59].
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2.1.4. Plasma Glial Fibrillary Acidic Proteins (GFAP)

Pereira et al. [60] reported that when compared to per-
sons without amyloid-f pathology, the plasma GFAP con-
centration was considerably higher in all amyloid-B-positive
groups (P < 0.01). Furthermore, in all amyloid-B positive
groups, there were significant correlations between plasma
GFAP and increased amyloid-B-PET signal. Plasma GFAP
is a viable candidate to be added to the blood-based biomark-
er panel for AD because it is linked to AD-type pathology
and has the ability to reliably predict clinical progression to
AD dementia [61]. It has been demonstrated that the strong
predictive value and clinical utility of GFAP as an ideal op-
tion to identify high-risk individuals and further prevent ear-
ly in clinical trials or treatment timely in patients, as it is a
highly specific marker of astrocyte activation and a substan-
tial structural element of astrocytes. It is yet unknown, never-
theless, if GFAP is merely a sign of a broader astrocyte acti-
vation or even if it is the primary initiator of the inflammato-
ry cascade reactions [62]. Using one-way Analysis Of
Variance (ANOVA) and Receiver Operating Characteristic
(ROC) curves, it was found that the area under the ROC
curve (AUC) of 0.928 for GFAP indicated that it was a more
effective diagnostic tool. The two serum indicators for the di-
agnosis of AD have cut-off values of GFAP >31.40 pg/mL
and NfL >40.09 pg/mL. For the diagnosis of AD, the corre-
sponding sensitivity and specificity for NfL were 59.6% and
76.2%, respectively, while the corresponding values for
GFAP were 90.4 and 82.1% [63].

2.2. Cerebrospinal Fluid (CSF) Biomarkers

Cerebrospinal Fluid (CSF) is the first call for accessing
AD treatment and therapeutic interventions [64]. CSF are
most explored due to their ability to spot people with mild
cognitive impairment, which can further assist in tracking
their AD progression. Seyfried and group have supported
this using a novel method known as selected reaction moni-
toring mass spectrometry, and the findings say that neuronal
proteins are capable of differentiating cognitive decline is-
sues [65]. Moreover, bioinformatics methods used by Li
[66] et al. have led to the identification of six hub proteins in
CSF, which could successfully differentiate between AD
and other neuronal disorders. CSF biomarkers also aid in the
assessment of plaques and tangles accountable for cognitive
decline. Recently, many researchers have pointed the impor-
tance of CSF biomarkers [67, 68, 69]. Trombetta et al. [70]
CSF tested a panel of 25 well-validated biomarker assays,
and all were elevated in AD patients. Oxidative stress and
metabolic markers influenced the multianalyte profile of
AD. The authors concluded that it's critical to evaluate sever-
al biomarker domains in order to comprehend the hetero-
geneity of diseases. Mravinacova et al. [71] observed that
When proteins from various groups were combined in ratios
(tau-associated protein/amyloid-associated protein), the pro-
teins' association with cognitive decline as assessed by cogni-
tive scores was dramatically increased. In a discovery cohort
with 98 patients, Tao ef al. [72] conducted tandem mass tag
proteomic analysis of matched Cerebrospinal Fluid (CSF)
and serum samples. Targeted proteome assays based on par-
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allel reaction monitoring were utilized to validate candidate
biomarkers in a separate multicenter cohort of 288 individu-
als. In the discovery cohort, they measured 3,238 CSF and
1,702 serum proteins. Of these, they identified 171 and 860
CSF proteins and 37 and 323 serum proteins, respectively,
as possible early diagnostic and staging indicators. Twelve
and eighteen serum proteins and fifty-eight CSF proteins
were confirmed as early diagnostic and staging indicators in
the validation cohort, respectively. Recently [73] the role of
neural lipids has been observed in the prediction of mild to
AD. Bateman et al. [74], in their longitudinal study, re-
vealed very fascinating conclusions. They analyzed 128 par-
ticipants for cognitive assessments, brain imaging, CSF, and
blood tests. The cross-sectional analyses revealed exciting re-
sults, such as the concentrations of amyloid-beta 42 decline
25 years before the symptom was revealed. Using positron-e-
mission tomography, AP deposition and Tau protein's pres-
ence in the CSFwere observed 15 years before AD striked.
Hypometabolism of cerebral and fresh memory loss was
found to diminish 10 years before the AD diagnosis. Mean-
while, global cognitive impairment was observed 5 years ear-
lier, and the afflicted people met diagnostic criteria only 3
years before. This study concluded that the pathophysiologi-
cal alterations of the CSF start at least over 20 years before
the symptoms are visible. Based on the same biomarkers,
Mattson et al. [75] and his research group worked to deter-
mine their accuracy. For this, an extensive study was con-
ducted involving AD patients and controls from 12 centers
in Europe and the US. Here, also follow-up study was done
for 2 years till the symptoms progressed for the neurological
disorder. The concluding results showed a total number of
271 participants were diagnosed with AD and 59 with other
forms of dementia. Fig. (5) summarizes the criteria for estab-
lishing a good biomarker for the diagnosis of AD.

Subsequently, Shaw et al. [76], again remarked CSF as
the most sensitive biomarker for AD, in an experiment per-
formed in the Alzheimer's disease Neuroimaging Initiative
(ADNI) cohort with 96.4% detection sensitivity. They also
found that CSF can also indicate mild cognitive (MCI) im-
pairment to AD conversion. In 2006, Blennow ef al. did a
follow-up study for 4-6 years of 180 patients having mild
cognitive impairment (MCI) in association with CSF bio-
markers. Here, the clinical studies clarified that people
struck with MCI have a higher chance of encountering with
AD in their life. This occurred due to the elevated concentra-
tions of T-tau, position threonine 181 (P-taul81), and A42
in CSF [77].

2.2.1. CSF Amyloid-beta (Ap)

The instability of AP (1-42) plasma levels can be attribut-
ed to a number of factors [78, 79]. As of right now, the FDA
has approved two assays: Roche Elecsys pTaul81/Ap42 ra-
tio and Fujirebio Lumipulse G B-Amyloid Ratio (AB42/40)
for assessing these biomarkers in CSF.2, 3 According to th-
ese assays; there is brain amyloid pathology when there is a
lower APB42/40 ratio or a higher pTaul81/AB42 ratio in CSF
[80]. Ab levels in the blood fluctuate over time and between
individuals and may differ in mild, early, and late stages of
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Fig. (5). Criteria for establishing a good biomarker.

AD. In addition, blood platelets contain high levels of A,
which directly affects plasma levels [81]. The most senile
form of AD marker is Amyloid-beta (AB) proteins found in
the Ap42, AB40, and AB42/40 ratio as detected by positron
emission tomography (PET), which eventually uplifts their
weightage in comparison to other biomarkers [82]. The CSF
also shows their prominent presence [83]. To validate the
presence of amyloid in CSF, Queiroz et al. used a tandem
mass spectrometry technique coupled with fiber-in-tube. It
is well known that the alteration caused in amyloidogenic
proteins a major reason for these serious neurodegenerative
issues [84, 85]. The protein misfolding and resulting struc-
tures, such as polymorphic oligomers and fibrils, can often
lead to cell death as they are toxic species. Beyer et al. have
worked for over 17 years to establish the risk associated
with the disorder. AD diagnosed around 60 participants and
nearly about 200 controls were involved in this study. Their
AP abnormal foldings and Ttau biomarkers were studied, re-
vealing that AP is more specific in foretelling the AD risk
factor [86].

Gliozzi et al. [87] showed the same by performing an in-
teractive study using model membranes, which results in the
formation of amyloid aggregates. These aggregates deposit
in various tissues and causes AD, but this can still not be de-
tected at the early onset of AD. They have also assumed that
environmental conditions may contribute to aggregation and
ultimately, to neurodegeneration. A fluorescent probe called
Q-OB, which is generated from quinoline, has been created
to detect AP oligomers [88]. This was achieved by precisely
adjusting the hydrophobicity of the biannulate donor motifs
in the donor-n-acceptor structure. When it comes to dynami-
cally monitoring AP oligomerization during amyloid fibrillo-
genesis in vitro, Q-OB has exceptional sensing power. Fur-
thermore, authors utilized this approach to fluorometrically
examine the kinetics of A self-assembly in the cerebrospi-
nal fluids (CSF) of individuals with AD for an early diagno-
sis method. Various electrochemical immunosensors have
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been developed [89] for detecting AD biomarkers (A} and
p-tau protein) and their subtypes (ABO, APy, A1) t-tau,
cleaved-tau (c-tau), p-tau s, p-tau,,,, p-tau,,,, and p-tau,,,).

2.2.2. CSF Phosphorylated-tau

One another prominent mechanism involved in AD is
Tau pathology [90]. There have been recent reports on bio-
markers for moderate cognitive impairment: CSF tau and B-
amyloid [91]. A form of protein that is involved in forming
neurofibrillary tangles in Alzheimer’s patients. Tau is pro-
nounced hyperphosphorylated (39 potential locations) in
AD, which causes axonal transport impairment and a lack of
function. Authors have reported [52] that the results of PET-
assessed tau aggregation are less strongly correlated with sol-
uble p-tau biomarkers than with cerebral amyloid-f. This
suggests that p-tau biomarkers should be carefully interpret-
ed within the framework of amyloid/tau/neurodegeneration.
The AD group had significantly lower NfL levels but higher
total-tau levels. Significant relationships between NfL, p-
taul81, and total-tau, as well as between NfL and cognitive
capabilities, were discovered in the FTD group. Ap42/40 ra-
tio had an inverse correlation with both total-tau and p-
taul81, but not with NfL. In the AD group, NfL levels were
directly connected with both of these measures. The CSF
biomarkers p-taul81 and p-tau231 identified healthy AD,
and MCI populations. When matched to controls, AD in-
tensely surges the revealing of Tau that has been phosphory-
lated at position 181, with a cut-off of >60 pg/ml. PET imag-
ing shows a few Tau-related biomarkers like total tau (t-tau),
phosphorylated Tau (p-tau), and tau/AB42 ratio [92]. Appar-
ently, it was found that Tau emerges peripherally as well as
from the brain. Now, it is evident that the brain-related Tau
are much more responsible for the neuronal disorder; thus,
to distinguish between peripheral and brain-derived Tau,
Gonzalez-Ortiz ef al. brought about an anti-tau antibody that
certainly bind to the one that originated from the brain. This
is because the former is not a specific biomarker, and may
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produce discrepancies [93]. Subsequently, their concentra-
tion is also region-defined. This was proved by Dang et al.,
who, in their study, involved 83 AD patients and 38 normal
patients and examined their brain spatial biological patterns.
The biomarkers inter-relationship with AD was considered
using various tests and algorithms, where they were tagged
as the region-specific clinical marker [94]. Rodriguez et al.
[95] commented on the significance of p-tau 205 in AD bio-
marking.

According to Braak et al. [96], Tau alterations start even
20 years before the AP plaques. The detailed study of Hase-
gawa on tau pathology has revealed the information that the
tau fibrils are characteristically distinct in every other dis-
ease. In fact, plaques are only found with the tau tangles in
the brain. Thus, it may be the tau alterations may be the rea-
son for the AP plaques [97]. Medina et al. observed Tau as a
protein that binds to microtubules and then regulates its mor-
phology and activities in the brain. When the pathological al-
terations occur, they form neurofibrillary tangles. They have
reviewed developments in AD and tauopathies [98]. Subse-
quently in the same year, Serpell ef al. pondered the cellular
distribution, its nuclear location, and functions of Tau and
how this alteration varies or changes drastically in the disor-
der state. Globally, it has been accepted that the Tau is a
prominent hallmark of AD [99]. In fact, tau Tau has also
been assessed separately by researchers for novel drug devel-
opment in correspondence with them. The tau accumulation
and their regional distribution in a human brain and the ag-
ing of Tau has all been taken into concern. The review of
Harada et al., helps in the critical understanding of how the
tau Tau fibrils interact with amyloid plaques in an AD brain
and how their combination assists to the disorder early diag-
nosis [100].

Simi¢ et al., have mentioned in their article that the ab-
normal extra neuronal deposition of aggregated proteins/
plaques and the intraneuronal aggregation tau protein are the
most common reasons for AD. It is now completely accept-
ed that misfolded or abnormally structured proteins are the
reason for AD [101].

2.2.3. CSF-Neurofilament Light Chain (Nfl)

In 2019, a new kind of biomarker came under notice:
Neurofilament light chain (NfL), which has been marked as
a prominent fluid clinical marker by Preische et al. for AD.
The generation of this chain has been noticed upon the pro-
gression of neurodegeneration into CSF [102]. Their pres-
ence has been confirmed via. Immunoassay. This cytoskele-
tal protein comes into existence upon neuronal damage;
thus, it is not specific to AD.

It has been observed in their research that CSF and
serum are correlated and elevated at the primary stage of
AD. This elevation of serum NfL was revealed from the lon-
gitudinal analysis of people, and surprisingly, it was estimat-
ed that this elevation occurred almost a decade earlier before
the estimated onset of AD. The elevation was also accom-
panied by cortical thinning, diagnosed by magnetic reso-
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nance imaging (MRI). The study conducted at Mini-Mental
State Examination and Logical Memory test shows that as-
sessing NfL dynamics in serum can help in early prediction
of AD, indicating that it is a prominent biomarker [103].
Another bioindicator is the Phosphorylated neurofilament
heavy chain. They show a resemblance to NFT and mark the
axonal damage relating to neurodegeneration [104]. The ele-
vated levels lead to the progression of disease by their pres-
ence in CSF.

2.3. Disguised Factors Targeting Alzheimer’s Disease

With time, other factors have also been explored which,
in disguised form, act as biomarkers of this neuronal disor-
der. Other important etiological factors responsible for AD
are oxidative stress, excess metal ions, efc. Again, in 2014,
Mitra et al. focused on a potential cause of AD i.e., the pres-
ence of excess metal ions causing toxicity, but the pathologi-
cal mechanism is less known than how it affects neurons.
Their studies have shown that elevated levels of redox metal
ions (iron and copper) in the brain could irreversibly damage
neurons. As their repair was inhibited by metal chelators and
reducing agents. In their review, they have laid interest in
the oxidative genome damage repair pathway, which could
help prevent AD [105]. Eventually, in 2014, Hane et al.,
studied the role of metal ions like (copper and zinc) in the
AD pathological pathway. They highlighted the point that
the metal ions plausibly change the kinetic path of the AB
peptide, forming toxic oligomeric end-products. Here, the au-
thors have critically reviewed how these metals severely af-
fect the reaction path and lead to more neuro-toxic species.
Studies have shown that the excess of copper ions can serve
the purpose of neurotoxicity [106]. Few by-products, like
oxysterols (formed by cholesterol biosynthesis), have a spec-
trum of biological reactions corresponding to AD pathology.
Some oxysterols bear cytotoxic and pro-apoptotic proper-
ties. They can induce inflammatory responses and are potent
enough to interfere with the lateral domain organization.
Studies done on them by Olkkonen et al. in 2012 have unrav-
eled that their physiological functions assist as signaling
molecules involved in maintaining cellular and body lipid
homeostasis. Still, to claim oxysterols as a specific biomark-
er, their role in the mechanisms of AD is less investigated
[107]. The study of clinical hallmarks got an entirely new
platform when Fisar and his group studied mitochondrial
dysfunctions in co-relation with AD in 2014. Mitochondrial
dysfunctions are also indicators of neurodegenerative dys-
function like AD as the impairment in mitochondria may re-
sult in AD. In this review, Hroudova et al. discussed con-
cepts like reactive oxygen species, impaired mitochondrial
dynamics, and apoptosis. Mitochondrial dysfunction also
tends to damage the electron transport chain, which is again
a responsible factor for the pathogenesis of AD [108]. More-
over, in 2019 a novel factor was underscored, which is also
responsible for triggering AD. Mansour ef al. have reviewed
the evidence that air pollution can trigger AD. People with
hearing and encoding disability for complex sounds may al-
so be victims of AD. This happens as the auditory brain-
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stem’s nuclei are sensitive to neurodegenerative disorders.
People who regularly encounter air pollution are found to
show an accumulation of Tau, senile amyloid plaques, and
suffer oxidative stress. Thus, it concludes that the physiologi-
cal assessment of such people’s brain-stem can help in prior
indication of AD [109]. In AD, there is an abnormality in
the lysosomal pathway-mediated autophagic breakdown of
intracellular components. While cells from healthy individu-
als vigorously internalize AP, macrophages and monocytes
from AD patients typically have limited A} phagocytic activ-

1ty.
3. LIMITATIONS OF BIOMARKERS OF AD

Despite the full coverage of the background story of bio-
logical hallmarks of AD, some important questions remain
unanswered. These need to be clarified to access AD at its
early onset. It is necessary to determine their possible predic-
tive usefulness with respect to the duration of recovery and
the likelihood of incomplete recovery or CTE. There is still
very less information on the mechanism of biomarkers and
how blood concentrations relate to blood-brain barrier dys-
function ' . Moreover, serum and plasma are already highly
enriched in a number of proteins (~50-70 g/L), which makes
it difficult to detect and leads to less successful results when
using biomarkers in blood as opposed to CSF. As of now,
there is insufficient data to demonstrate the superiority of
biomarkers over other diagnostic techniques for AD (such as
CSF/imaging). Therefore, compared to blood-based biomark-
ers, CSF has fewer difficulties with availability and diagno-
sis in A/T/N framework-based biomarkers. A major limita-
tion in the field is that markers discovered by one group can-
not be reproduced by other groups. The predictive value of
the existing biochemical and neuroimaging markers is quite
low. Although the prognostic importance is currently limited
to the latter stages of the disease, combining neuroimaging
investigations with the detection of some CSF proteins im-
proves diagnostic sensitivity and specificity, particularly in
AD. The fact that markers found by one group cannot be re-
plicated by other studies is a significant constraint in the
field.

CONCLUSION

We have reviewed the prominent hallmarks of AD and
discussed various plasma and fluid biomarkers that are rele-
vant to clinical investigations and early predictions with re-
cent insights. Alzheimer's disease (AD) is characterized by
neurofibrillary tangles (NFTs) of Tau protein in patients'
brains and senile plaques made of AP. Four CSF biomarker-
s-AP42, AB42/40, Tau, and pTaul81-have undergone in-
-depth analysis and have been established as essential mark-
ers for AD.Apart from the direct role of biomarkers, the im-
portance of the correct protocol of sample collection has
been an area of interest. More information is required on bio-
logical variation (e.g., the impact of renal function, body
mass index (BMI), and peripheral neuropathy) as well as bio-
marker performance in a variety of groups. Clinical laborato-
ry practice already uses plasma NfL analysis in several labo-
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ratories worldwide. The biomarkers for AD diagnosis that
have been explored and used the most include CSF AB42,
CSF AB42/AB40, CSF p-tau, tau PET, amyloid PET, structu-
ral MRI, efc. It has been well established that Tau and Ap42
levels are significantly lower in plasma than in CSF. There
is no doubt that once the biomarkers of AD are identified
from its core origin, they will projectile in the direction of in-
stant early detection and treatment of the disease. To con-
clude, a precise clinical diagnosis is crucial when looking
for a biomarker. Future research work may help identify
more and more highly specific clinical insights for unravel-
ing the biomarkers of this neuronal disorder. With this, drug
efficacy can be modified, and novel therapeutic approaches
may be introduced. Great insights into biomarkers can give
possible solutions when it comes to curing AD. The identifi-
cation of promising biomarkers can be a truly fascinating
finding, which could completely open new ways in the pre-
vention of the most dreadful form of dementia. Hitting the
biomarkers of AD at an early stage represents a way better
solution than prescribing anti-AD drugs.
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NFL = Neurofilament Light Chain
NFT = Neurofibrillary Tangles
NSE = Neuron-Specific Enolase
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p-Tau = Phosphorylated Tau
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Abstract

In recent decades, essential oils have emerged as natural supplements to synthetic substances
in medicine, agriculture, food industries etc. The modern techniques for extraction of
essential oils have significantly reduced the time consumption and increased the yield in
comparison to the conventional techniques that have been in use for so long. Advanced
characterisation techniques like Gas chromatography (GC), Liquid Chromatography (LC),
Mass Spectrometry (MS) etc., provide high accuracy in characterisation depending upon the
nature of essential oils or other major phytoconstituents. Studies have shown essential oils to
possess biologically significant activities like antibacterial, antifungal, anti-inflammatory,
antioxidant, antihistamine, anticholinesterase, anti-cancer, antiaging etc. These activities of
essential oils have made them eligible for their application in food preservation, medicines,
industries, agriculture etc. Thus, the traditional knowledge of plants and extraction of
essential oils from their different parts of significance can contribute to a healthy society if
efforts are made towards enhancing their natural properties for maximum utilisation. The
present review discusses different sources and compositions of essential oils, common
extraction and characterisation techniques, some biological properties of essential oils and
their applications in various industries.

Keywords: Essential oils, Mass spectrometry, antifungal, anticholinesterase,
phytoconstituents.

1. Introduction

Essential oils are volatile odorous oils extracted from various parts (leaves, bark, roots, etc.)
of plants. The essential oils extracted from different aromatic plants (like spices or medicinal
plants) differ in their odour and flavour owing to the variety in the type and amount of
constituents present in them. Some common plants and their parts used for essential oil
extraction along with their major chemical constituent(s) are listed in Table 1. The
organoleptic compounds, responsible for the aroma and flavour are present at varied
concentrations in different parts of the plant depending on the part of the plant chosen for
extraction and also on some growth parameters like climate and soil characteristics. Their
molecular weights are usually less than 300 and they have some characteristic properties in
common. These properties are optical activity, high refractive index, immiscibility with
water, sufficient solubility to impart aroma to water, and solubility in most organic solvents
such as alcohol and ether. Several methods can be utilized for the extraction of essential oils
e.g., effleurage, expression, hydro distillation, steam distillation etc. However, steam
distillation is the most used technique for commercial-scale production in related industries.
Essential oils are considered secondary metabolites functional in plant defence against
microbes(Tajkarimi et al., 2010). The essential oils and their phytoconstituents that have been
investigated are known to possess several biological properties including antioxidant(Tit &
Bungau, 2023), antimicrobial (Garzoli, 2023), antiparasitic (AlGabbani et al., 2023),
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antimutagenic(Rasgele & Altin, 2023), anticancer(Sharma et al., 2022a), anti-inflammatory
(Zhao et al., 2023), anti-ageing s(Raina et al., 2023), anticholinesterase(Raina et al., 2023)etc.

Table 1. List of common plants and their parts with major component(s) of essential oil

Common o Part of Major
Scientific name References
name plant compound(s)
Basil Ocimum Flowers,  Linalool, estragole, (da Silvaetal., 2021)
basilicum L leaves, eugenol, methyl
stem chavicol
Turmeric Curcumalonga L Leaves, Turmerone, (Ray et al., 2022)
rhizomes phellandrene,
curcumin
Clove Syzygium Buds Eugenol, (Abadi et al., 2022)
aromaticum L. caryophyllene
Peppermint Mentha piperita  Leaves Methanol, (Pérez-Vézquez et al.,
methanone 2022)
Ginger Zingiber Rhizomes Citral, zingiberene  (Kalhoro et al., 2022)
officinale
Bay leaf Laurus nobilisL.  Leaves, 1,8-cineole, (Ordoudi et al., 2022)
flowers linalool,
methyleugenol
Cinnamon  Cinnamomum Leaves, Cinnamaldehyde, (Stevens & Allred,
zeylanicum bark eugenol 2022)
Tea tree Melaleuca Leaves, Terpin-4-ol, (Borotova et al., 2022)
alternifolia bark terpene, 1,8-
cineole, p-cymene
Thyme Thymus Leaves Thymol, p-cymene, (Ghafarifarsani et al.,
vulgaris L. Terpinene 2022)
Orange Citrus aurantium  Fruit D-limonene, - (Radiinz et al., 2021)
var. myrcene
Nutmeg Myristica Seed Sabinene, (Nikolic et al., 2021)
fragrans Houltt. limonene, methyl
eugenol, myristicin
Black Piper nigrum L. Leaves, B-caryophyllene, (Ashokkumar, Murugan,
pepper seeds limonene etal., 2021)
Lavender Lavanda Flowers, Linalool, Linalyl (Ciocarlan et al., 2021)
angustifolia L leaves acetate, f-
Caryophyllene
Ajowain Trachyspermum  Seeds, Thymol, p-cymene, (Mazzaraetal., 2021)
ammi L. fruits y-terpinene,
carvacrol
Fenugreek  Trigonella Seeds Linoleic acid, (Akbari et al., 2019)
foenum- palmitic acid
graecum L.
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Fennel Foeniculum Seeds trans-anethole, (Sabzi Nojadeh et al.,
vulgare Mill. estragole, 2021)
limonene, and
fenchone
Cumin Cuminum Seeds Cuminaldehyde, y-  (Padilla-Camberos et al.,
cyminum terpinene, $-pinene  2022)
Allspice Pimenta dioica Berries Eugenol, 1,8- (Padilla-Camberos et al.,
cineole 2022)
Coriander Coriandrum Aerial Linalool, 2-decenal (Raveau et al., 2021)
sativum L. parts,
seeds
Clary Sage  SalviasclareaL. Aerial Linalool, linalyl (Raveau et al., 2021)
parts actetate,
Germacrene-D
Cardamom  Elettaria Seeds a-terpinyl (Vellaikumar, et al.,
cardamomum L. acetate,1,8-cineole  2021)
Mint Mentha Leaves Piperitenone oxide, (Ili¢ et al., 2022)
piperita L. 1,8-cineole
Oregano Origanum Leaves Thymol, bergamol, (Radinz et al., 2021)
vulgare, L terpineol
Sandalwood Santalum Bark a-and B-santalenes  (Raghavendra &
album L. Mahesh, 2022)
Rosewood  Aniba rosaeodora Bark Linalool, a- (Teles et al., 2020)
terpineol
Cedarwood Cedar atlantica Bark d-cadinene, f3- (Kacaniova et al., 2022)
farnesene
Parsley Petroselinum Seed Myristicin, (Foudah et al., 2022)
crispum sabinene, B-
myrcene
Star Anise  Illicium verum Fruit Trans-anethole, (Yuetal., 2021)

limonene, estragole

Conventionally, the extraction of essential oil was done through expression methods like
enfleurage, effleurage and defleurage, hot maceration process, pelatrice method, cold press,
dry press method, etc. but they carried some limitations as well. Modern technologies have
been developed over the years to overcome these limitations and to enhance the efficiency of
extraction. The modern methods are mostly based on the distillation process and solvent
extraction. Hydro-distillation, hydro-diffusion and steam distillation methods are collectively
called azeotropic distillation.

It is crucial to perform chemical profiling of essential oils to determine their composition and
variation in concentration of different constituents present in essential oils extracted from
different plants or different plant parts of the same plant or plant parts of different varieties of
the same species. This distinction helps in determining the phytoconstituents responsible for
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the biological activities of essential oils. The characterization of essential oils for their
composition is done through chromatographic techniques like gas chromatography (GC),
Liquid Chromatography (LC) etc. coupled with a detection technique like mass spectrometry
(MS), flame ionization detection (FID) etc.

The biological properties of essential oils have generated a wide range of applications. These
implications are relevant to both industries and the medicinal fields. The use of synthetic food
preservatives has laid roots for skin allergies, cancer, intoxication, and other degenerative
conditions. Essential oils have been known to possess antioxidant and antimicrobial
activities, and their ability to protect food from pathogenic and spoilage microorganisms
raises their eligibility to be used as natural additives in foods and food products. These can
also be used as active compounds in packaging materials, by improving their water vapor
barrier property associated with their hydrophobic nature. Essential oils are being sought as
an alternative to these non-natural products in food preservation(Hussain et al., 2021).

Apart from food preservation, essential oils have also been applied in the field of therapeutics
and medicine. Cosmetics and aromatherapy are the leading heads in utilizing the benefits of
essential oils. Owing to their insecticidal and plant growth-enhancing properties essential oils
have been utilized in the field of agriculture.

2. Sources and Composition

Several plants can be utilized for the extraction of essential oil. However, the part of a plant
which acts as the major source of essential oil can always be different. Also, the quantity of
different components present in essential oils extracted from different parts of the same plant
may vary. The essential oils are mainly composed of low molecular weight (<1000 Da)
volatile components, around 85-99%. Essential oils contain over 300 compounds. The
chemical composition of essential oils is mostly contributed by secondary metabolites (like
terpenes, terpenoids, flavonoids, alkaloids, polyphenols, indigenous pigments, etc.), other
aromatic compounds and aliphatic constituents. Terpenes and terpenoids have a structural
backbone made up of isoprene units. The structural representation of common terpenes and
terpenoids is presented in Table 2. The major compounds found in essential oils are mainly
divided into two classes: Terpene hydrocarbons and oxygenated hydrocarbons.

Table 2. Structural representation of common terpenes, terpenoids and flavonoids
found in various essential oils

pinene a-terpinene limonene p-cymene zingiberene

Terpenes
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2.1 Terpene Hydrocarbons

Terpenes are a class of aromatic compounds that have a general formula of (CsHg) » and a
basic structure formed from 5-carbon-based isoprene (CsHs) units. Based on the number of
C-units present in the terpenes molecules, they are divided into six classes: hemiterpenes
(Cs), monoterpenes (Cio), sesquiterpenes (Cis), diterpenes (Coo), triterpenes (Czo) and
tetraterpenes (Caso). Further higher classes of terpenes are known as carotenoids.
Monoterpenes are made up of two isoprene units and are the major components (around 90%)
in essential oils.

2.2 Oxygenated Hydrocarbons

These compounds are derived from terpenes and are termed terpenoids (or isoprenoids).
Terpenes are modified by the addition of functional groups like alcohol, aldehyde, ketones
etc. to form terpenoids. Some examples of terpenoids are represented in Table 3.

Table 3. Examples of Terpenoids

Class Examples

76 DOI: 10.52228/JRUB.2023-36-2-6



T

7\
‘%%i i Journal of Ravishankar University, Part — B, 36(2), (2023)

St
oA
L

Phenols thymol, eugenol, carvacrol, chavicol

Alcohols borneol, isopulegol, nerolidol, a-santalol, lavanduol, a-terpineol, santalol

Aldehydes citral, myrtenal, cumin aldehyde, citronellal, cinnamaldehyde, benzaldehyde

Ketones carvone, menthone, pulegone, fenchone, camphor, thujone, verbenone
Esters bornyl acetate, linalyl acetate, citronellyl acetate, geranyl acetate
Ethers 1,8-cineole, anethole, elemicin, myristicin

Oxides 1,8-cineole, bisabolone oxide, linalool oxide, sclareol oxide

Lactones bergaptene, nepetalactone, psoralen, aesculatine, citroptene

3. Extraction of Essential Oils

The process of extraction is crucial in case studies based on essential oils as it defines the
quality and quantity of the yield. The extraction method is selected based on the type, state,
and form of the plant material. Inappropriate selection of extraction methods may result in
loss of bioactivity, natural characteristics, or physical properties. Discolouration, off-
odour/flavour, increased viscosity, etc. might also take place. In the worst cases, even
alteration of the chemical signature of essential oil may occur. Almost any part of a suitable
plant can act as a source and essential oil can be extracted from it to be utilized in
applications like food preservation and others. The modern methods are mostly based on the
distillation process and solvent extraction.

3.1 Steam Distillation

This method is a common and efficient choice for the extraction of essential oils. The process
of steam distillation involves passing steam through crushed or chopped plant material in
upward direction. The vapours flowing through the plant material carry the volatile
components along with them. The heat carried by steam bursts and breaks the cell structure of
plant material and causes the release of phytochemicals. The temperature of steam must
always be sufficient for this rupture. The vaporized mixture is then condensed and collected,
where the aqueous and non-aqueous components get separated based on their lipophilicity.
Figure 1 shows a diagrammatical representation of the steam distillation process. The steam
distillation method is efficient in extracting 93% of essential oil and the remaining 7% can be
extracted by further processing(Masango, 2005). This method can be coupled with
hydrodistillation for better yields(EIl Kharraf et al., 2021).

Vaporized essential
oil and water

Condenser

Outlet for
warm water

Steam

.....

Water

Essentialoils

‘ and water

Inlet for

Heat Source cold water
I To oil
separator

Steam generator

Figure 1. Schematic diagram of steam distillation process.
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3.2 Hydro-distillation

Hydro-distillation method for extraction of essential oils involves boiling plant materials
completely immersed in water. This method is suitable for capturing the hydrophobic
phytochemicals having a high boiling point. The water surrounding plant materials protects
them from overheating, which might cause damage to the desired outcome. Upon boiling the
essential oil vapors move along with steam and the mixture is allowed to condense. The
separation of aqueous and non-agqueous phases takes place upon condensing. Figure 2 shows
a diagrammatical representation of the hydro-distillation process. Hydro-distillation method
is utilized after coupling it with heating techniques in modern extraction procedures.
Microwave-assisted Hydrodistillation(MAHD)(Elyemni et al., 2019), Ultrasonic-assisted
hydro-distillation (UAHD)(Sneha et al., 2022) and ohmic-assisted hydrodistillation(Sharifi et
al., 2022) are three such cases.

Vaporized essential
P Condenser

oil and water

; Outlet for

I warm water
Steam

Plant material
and water

<3
w
***;B

Inlet for Essential oil
cold water and water

Heat Source
To oil

Steam generator separator

Figure 2. Diagrammatic representation of hydro-distillation.

3.3 Hydro-diffusion

The hydro-diffusion method is similar to the steam-distillation method, as it involves steam
as the carrier of heat. In this method, steam is passed from the top of the plant material. This
process also protects the plant materials from the damage caused by boiling. Hydro-diffusion
method is advantageous over the hydro-distillation method as the processing time is lesser
and the yield obtained for a given amount of steam is higher. The traditional hydro-diffusion
method has been modified to perform hydro-diffusion and gravity methods(Bousbia et al.,
2009).

3.4 Solvent extraction using an organic solvent

Organic solvents like methanol, petroleum ether, ethanol, dimethyl sulphoxide etc. can be
utilized for the extraction of essential oils in place of water. Because of the non-aqueous
nature of essential oils, this method provides a better yield. This procedure involves mixing
plant material with the organic solvent and heating the mixture. This method can be operated
efficiently at low temperatures. The mixture is then filtered and the solvent is separated from
essential oil by evaporation.
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3.5 Solvent extraction using supercritical carbon dioxide

Evaporation of the solvent in the case of organic solvent may lead to the loss of volatile
components from essential oil. If not evaporated then the solvent residue may affect the
activity of essential oils. Carbon dioxide (CO>) is capable of forming supercritical fluid at
high-pressure conditions. As soon as the room temperature is attained, CO2 vaporizes leaving
no solvent residue. Thus, using supercritical CO: is a better option when compared to organic
solvents

4. Characterisation Techniques

The modern analytical techniques for the characterisation of essential oils are based on
chromatography principles. The essential oil contains both volatile and non-volatile
components. The volatile components are analyzed by Gas Chromatography (GC), while
non-volatile components are analyzed by Liquid Chromatography (LC).

In both techniques, the components are eluted by the mobile phase and are separated based on
their affinity with the stationary phase. In GC, the mobile phase is a carrier gas containing
vaporized analytes, while in LC, the mobile phase is a solvent or mixture of solvents. The
separated analytes are recorded, and a chromatogram (signal v/s time) is generated following
a Gaussian distribution curve scheme. The chromatogram delivers both qualitative and
quantitative information. The peak area and height determine the amount of analyte present;
the peak width determines the band spreading, and the solute is identified by characteristic
retention time, which is also a function of the nature of the solvent.

4.1 Gas Chromatography-Mass Spectrometry (GC-MS)

Mass spectrometry involves the ionization of analytes to generate the gaseous ions, with or
without fragmentation. The ions are then analyzed for their mass-to-charge ratios and relative
abundances(Todd, 1995). The analytes can be ionized by exposing them to electric fields or
energetic species (like electrons, ions, or photons) or thermal methods. Although destructive,
this technique is susceptible, requires a small sample size, is lower in expense, simple in
design, and caters to fast data acquisition rates.

Gas chromatography coupled with mass spectrometry has great potential in determining the
volatile compounds, which hold a significant share in the chemical constitution of essential
oils. The mass spectrum of unknown compounds acquired from the GC-MS hyphenated
technique is compared against the MS reference library created with standardized protocols
of compound analysis. The incorporation of retention indices with MS libraries enhances the
accuracy in the identification of compounds(Costa et al., 2007).

4.2Fast Gas Chromatography

Compared to traditional GC, fast GC provides sufficient resolving power in less time by
combining appropriate columns and instrumentation. With improved run conditions, analysis
times can be reduced by 3-10 times(Korytar et al., 2002). This technique is more analytically
sensitive and efficient in terms of speed. The objective of Fast GC is accomplished by
altering some analytical parameters like length and internal diameter (ID) of the column,
carrier gas, linear velocity, stationary phase, film thickness, oven temperature, and ramp rate.
This method necessitates instruments equipped with high split ratio injection systems to aid
smaller sample column capacities, increased inlet pressures, rapid oven heating rates, and fast
electronics for detection and data collection.

4.3 GC - Olfactometry
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Fuller et al. first modified the gas chromatography to determine the volatile odour activity.
The standard GC is incorporated with an olfactory port along with or in place of other
detectors. GC-O is utilized in addition to a flame ionization detector (FID), thermal
conductivity detector (TCD), mass spectrometer, or photoionization detector.

4.4 Enantioselective GC:

The primary objective of Es-GC is to characterize the enantiomeric excess (ee) and
enantiomeric ratio (ER) in chiral compounds. This technique requires a small sample size and
provides high separation efficiency and selectivity along with high precision and
reproducibility. The resultant information is crucial in characterizing essential oils and is
considered equal to ‘fingerprint.” Es-GC can be hyphenated to MS for more efficiency.

4.5Liquid Chromatography-Mass Spectrometry (LC-MS)

Although non-volatile components of essential oils hold a small share in their chemical
constitution, they are significant when analyzing samples like citrus essential oil obtained by
cold pressing methods. Thus, information gathered from GC techniques is not sufficient.
Such non-volatile compounds are analyzed using LC, referred to as High-performance LC
(HPLC). In normal phase (NP-HPLC) applications, the slightly polar analytes are separated
based on their affinities towards an opposite stationary phase and a non-polar mobile phase,
and the result is obtained in terms of elution time of analyte, which is highly influenced by
the degree of adsorption of the analyte on the stationary phase. In reversed-phase (RP-HPLC)
applications, a non-polar stationary phase and a moderately polar aqueous mobile phase are
involved. The purified fractions obtained from HPLC or LC techniques are analyzed by
coupled mass spectrometry. UV detection and spectrofluorimetric detections have been
engaged as analyzing tools.

5. Biological Activities

Essential oils are known to possess various biological activities that can prove to be a boon to
humankind if utilized properly.

5.1 Antioxidant activity

The production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) as
byproducts of various biological processes occurring within the human body is harmful and
deteriorating in nature. Studies have bridged the relationship between the oxidative damages
caused by ROS and multiple diseases that include ageing (Head, 2008), cancer(Paz-Elizur et
al., 2008), diabetes(Jain, 2006), and Parkinson’s disease(Blesa et al., 2015) among many
others. To counter these ROS, our body requires antioxidants. Antioxidants are defined as
compounds capable of inhibiting or de-escalating an oxidation process. Natural antioxidants,
like Vitamin C, Vitamin E, polyphenols/flavonoids, etc., are molecules capable of preventing
oxidation of a substrate even when it is present in a lower concentration than the substrate.
Studies have reported their effectiveness in preventing the above-mentioned diseases. The
antioxidant activities of essential oils can be evaluated through various Hydrogen Atom
Transfer (HAT) and Electron Transfer (ET) methods. Some antioxidant assays are
categorically listed in Table 4. A schematic representation of some popular assays has been
depicted in Figure 3.

Table 4. List of antioxidant assays

Category List of antioxidant assays

Hydrogen Oxygen radical absorbance capacity (ORAC) method
Atom Transfer

Lipid peroxidation inhibition capacity (LPIC) assay
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methods Total radical trapping antioxidant parameter (TRAP)

(HAT) Inhibited oxygen uptake (10C)
Crocin bleaching nitric oxide radical inhibition activity
Scavenging of H>O; radical
1,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
radical scavenging method
Scavenging of superoxide radical formation by alkaline

Electron Trolox equivalent antioxidant capacity (TEAC)

Transfer Ferric reducing antioxidant power (FRAP)

methods (ET)

2,2-diphenylpicrylhydrazyl (DPPH) free radical scavenging assay

Copper (1) reduction capacity

N,N-dimethyl-p-Phenylenediamine (DMPD) assay

Other assays Total oxidant scavenging capacity (TOSC)

Inhibition of Briggs-Rauscher oscillation reaction

Chemiluminescence

Electrochemiluminescence

Fluorometric Analysis

Enhanced chemiluminescence

TLC bioautography

Cellular antioxidant (CAA) assay

Dye-substrate oxidation method

ABTS ABTS *(bluish green in colour)

(a) ABTS radical scavenging method
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Figure 3. Mechanism of some antioxidant assays (a) ABTS radical scavenging methods,
(b) DPPH free radical scavenging assay and (c) FRAP method.

5.2 Anticholinesterase activity

Alzheimer's disease (AD) is a slowly progressive neurodegenerative disease. It is a disorder
that causes degeneration of brain cells and is the leading cause of dementia(Cipriani et al.,
2011). AD is characterized by neurotic plaques and neurofibrillary tangles, that result from
the accumulation of amyloid-beta (AB) peptide in affected areas of the brain, the medial
temporal lobe, and neocortical structures(Selkoe, 2001). Disorders like Alzheimer’s disease
may cause a progressive loss of cognitive functions, which may further result in reduced
oxygen supply to the brain, tumours, vitamin Bi. deficiency, other nutritional deficiencies,
and so on(Nakaizumi et al., 2018). There is currently no widely effective treatment that can
stop or slow the progression of Alzheimer's disease. Natural ingredients are expected to play
an important role in the emergence of potentially neurodegenerative disorder therapeutic
avenues. The utilization of secondary metabolites is beneficial(Sweeney et al., 2018). The
inhibition of cholinesterase by essential oils has been investigated using Ellman’s
colourimetric method(Kamli et al., 2022). The mechanism followed in Ellman’s method has
been depicted in Figure 4.
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Figure 4. Mechanism of Ellman’s method.
5.3 Antimicrobial activity

The bioactive components present in essential oils cause disruption in the cell wall of
pathogens. Because of their hydrophobic nature, components of essential oil move rapidly
across the lipids of bacterial cell membranes, disrupting cell wall structures and making them
more permeable (Figure 5). Essential oils extracted from the plant parts of turmeric(Joshi et
al., 2021), pepper(Le et al., 2022), clove(Yoo et al., 2021) etc. have been investigated for
their antimicrobial activities.
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Leakage of protein

Ribosome
dysfunction

Inhibition of gene
expression

of DNA L) Disruption of
X intracellular pH
homeostasis

O
S 00000
008
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Figure 5. Schematic representation of the antimicrobial action of essential oils(Wang et
al., 2020).

5.4 Anti-inflammatory activity
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Inflammation is a defense process of human body involving the recognition and removal of
foreign stimuli by the immune system. Immune-responsive compounds, cytokines and
interleukins are produced by macrophages, keratinocytes and lymphocytes in the human
body(Jacob et al., 2013). The components of essential oils like thyme, chamomile,
eucalyptus, lavender etc. modulate the transcription of the pro-inflammatory cytokines to
reduce inflammation(Pandur et al., 2021).

6. Applications

Essential oils have a wide range of applicability. Different sectors where essential oils have
been applied include the Food and beverage industries, paper and printing industries, paint
and textiles industries, medical sector, agriculture sector etc. These have also been applied to
adhesives, cosmetics and toiletries. The major applications of essential oils are discussed
below.

6.1 Food Preservation

Owing to their antimicrobial activity against common food-borne bacteria and fungi, essential
oils have been studied and employed for food preservation and increasing their shelf
life(Tongnuanchan & Benjakul, 2014). The food industry has utilized several essential oils in
the form of flavouring agents and they also have shown potential as food-grade
preservatives(Angane et al., 2022). Essential oils have been modified in the form of
capsules(Yang et al., 2023), bioactive films(Mohamad et al., 2022), edible coatings(Ju et al.,
2019), chitosan-based membranes(Maleki et al., 2022), food packaging(Mukurumbira et al.,
2022) etc. to enhance their role as preservatives. Essential oils extracted from herbs and
spices have proved to be better than synthetic chemical additives. Essential oils have been
applied for the preservation of meat and meat products(Smaoui et al., 2022), bread(Rahman
et al., 2022), dairy products(Badola et al., 2023), aquatic food(Shahidi & Hossain, 2022),
fruits and vegetables(Pandey et al., 2022). Active packaging of food products using essential
oils is highly advantageous as essential oils possess antioxidant and antimicrobial properties
that help in shelf-life improvement. Also, the food waste in the case of such packaging can be
reused as a source of essential oil. However, the usage of essential oils in food preservation is
accompanied by some limitations due to their high volatility, low lipophilicity and easy
degradation. These limitations can be resolved by encapsulating essential oils(Carpena et al.,
2021).

6.2 Medicines and therapeutics

Essential oils are being studied for their biological properties and have shown results
significant to the field of medicine and health care. Aromatherapy is a traditional and most
popular application of essential oils in this field and utilizes them to treat several diseases.
Aromatherapy utilizes the antiseptic and skin permeability properties of essential oils. Some
plants whose essential oils are used in aromatherapy include clary sage, eucalyptus, lavender,
lemon, peppermint, rosemary, tea tree etc. The utilization of essential oils in aromatherapy
has been reviewed(Ali et al., 2015). The effect of clove essential oil on memory function has
also been studied through aromatherapy(Ansariniaki et al., 2022). The application of
essential oil to treating skin anomalies(Lee et al., 2022) and dermatological hair
problems(Abelan et al., 2022) has been studied recently. Anticancer(Sharma et al., 2022b),
anti-inflammatory(Jaradat et al., 2022), antiaging(Lohani & Verma, 2022), and
neuroprotective(Rashed et al., 2021) potential of several essential oils have been investigated
and they can be employed in the formulation of drugs to counter the aforesaid human-related
problems.

84 DOI: 10.52228/JRUB.2023-36-2-6



#.{yw Q)
2 4 all

s 2
&

N

Journal of Ravishankar University, Part — B, 36(2), (2023)

T
Y ;‘\ .
=

6.3 Agriculture

Essential oils can prove to be beneficial in the field of sustainable agriculture. They have
shown significant activities against plant pathogens, weeds and a broad spectrum of
microorganisms in different in vitroand in planta studies carried out(Raveau et al., 2020).
Due to their remarkable phytotoxic activities,essential oils are suitable candidates for the
development of novel bio-herbicides(Wan & Rengasamy, 2022). They also have a potential
role as pesticides to play in integrated pest management and organic farming as they are
environment-friendly. The biological activities of essential oils have been applied to control
plant pests and diseases(Basaid et al., 2021). The insecticidal properties of essential oils have
also been studied(Bravim dos Santos et al., 2021). Essential oils have a potential role in
extending fruit shelf life by fighting against postharvest pathogens(El Khetabi et al., 2022).

6.4 Cosmetics and Toiletries

Essential oils have emerged as natural ingredients in cosmetics and toiletries due to their
odorous character and beneficial biological properties like antioxidant, anti-inflammatory,
antimicrobial etc. They have been utilized in the manufacturing of fragrances and perfumes.
These oils are used as active ingredients or preservatives in various skin and hair care
products like moisturizers, lotions, cleansers, conditioners etc. The application of essential
oils and their components in cosmetic products have been properly reviewed
recently(Guzméan & Lucia, 2021).

7. Conclusion

Essential oils can be extracted from different parts of a variety of plants. Aromatic plants like
spices, flowers, herbs, etc. possessing medicinal properties are chosen for the purpose. The
extraction process can be properly chosen to maximize the yield. These oils can be utilized in
their natural form or modified into capsules, bio-active films, etc. for their applicability in
food preservation. Essential oils and their active agents can act as natural medicine or an
alternative to commercially available medicines in the treatment of diseases associated with
pathogens and metabolism. If studied properly the essential oils may prove to have the
potential to deliver a synergistic effect with the drugs used in the treatment of different
diseases. If properly explored to their full potential, essential oils can be a boon to
humankind.

8. Future prospects

Owing to the global developments in recent years, the antiviral properties of essential oils can
be peculiarly studied and applied for prevention and treatment. The use of natural aromatics
for inhalation and their interaction with the central nervous system is an interesting field and
can be further explored. Work can still be done to maximize their already existing potential in
various fields of food preservation, medicine etc. by enhancing their activities through
molecular size-modification, structural rearrangement of components etc. Despite
considerable applications, essential oils also showcase some limitations. Firstly, being
lipophilic they show less to no interaction with the polar moieties. Secondly, due to their high
volatility and instability, their effects are acute. Another important aspect of essential oils is
their chemical variability. Being majorly composed of secondary metabolites they are
considerably affected by external factors which may degrade their quality over time. Recent
studies have suggested the applicability of nanotechnology in the field of essential oils.
Preparation of nano formulations of essential oils like nano emulsions, and nano-hydrogels
not only promote hydrophilicity but also have the potential to mould essential oils into the
desired frame of applications with enhanced stability and bio interaction. Essential oils can
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also be encapsulated using nanocontainers and studied for their Kinetics and release
mechanism. Such methods and studies would intensify their biological applications.
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