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ABSTRACT
The ever-growing use of nature-derived materials creates exciting opportunities for novel 
development in various therapeutic biomedical applications. Living cells, serving as the foun
dation of nanoarchitectonics, exhibit remarkable capabilities that enable the development of 
bioinspired and biomimetic systems, which will be explored in this review. To understand the 
foundation of this development, we first revisited the anatomy of cells to explore the char
acteristics of the building blocks of life that is relevant. Interestingly, animal cells have amazing 
capabilities due to the inherent functionalities in each specialized cell type. Notably, the 
versatility of cell membranes allows red blood cells and neutrophils’ membranes to cloak 
inorganic nanoparticles that would naturally be eliminated by the immune system. This under
scores how cell membranes facilitate interactions with the surroundings through recognition, 
targeting, signalling, exchange, and cargo attachment. The functionality of cell membrane- 
coated nanoparticles can be tailored and improved by strategically engineering the mem
brane, selecting from a variety of cell membranes with known distinct inherent properties. On 
the other hand, plant cells exhibit remarkable capabilities for synthesizing various nanoparti
cles. They play a role in the synthesis of metal, carbon-based, and polymer nanoparticles, used 
for applications such as antimicrobials or antioxidants. One of the versatile components in 
plant cells is found in the photosynthetic system, particularly the thylakoid, and the pigment 
chlorophyll. While there are challenges in consistently synthesizing these remarkable nano
particles derived from nature, this exploration begins to unveil the endless possibilities in 
nanoarchitectonics research.
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IMPACT STATEMENT
We have highlighted the Cell-derived Nanomaterials for Biomedical Applications through the 
lenses of our team who have experiences with working on cell membrane, thylakoids, and 
studying the impact of nanoparticles on biological phenomenon such as nanomaterialsin
duced endothelial leakiness (NanoEL). In this review, we have discussed the progress and the 
wide potential of nanoarchitectonics in plant systems, animal cells and microorganisms. Due to 
our unique backgrounds, our take on this topic may be the novelty of the review.

1. Introduction

Living cells of animals and plants possess remarkable 
capabilities to function as natural nanofactories, 
synthesizing and secreting various nanoparticles 
(NPs) and nanocomposites, making them great candi
dates for nanoarchitectonics [1]. These cellular pro
cesses have inspired scientists and researchers to 
explore and harness the potential of biological systems 
for the production of nanomaterials with unique 
properties and applications [2,3]. Remarkably, animal 
cells, plant cells and microorganisms have amazing 
capabilities due to the inherent functionalities in 
each specialized cell type. They can become the NPs 
themselves, or support and enhance the process of NP 
production in a more sustainable or effective way. In 
the recent years, there has been an increase in 
nanoarchitectonics development, hence this review 
will highlight the interesting progress and the future 
of various technologies.

1.1. Living cells as nanofactories – the foundation 
of nanoarchitectonics

The concept of living cells as nanofactories stems from 
the intricate molecular machinery and biochemical 
pathways that exist within cells. Cells have evolved 
sophisticated mechanisms to control and regulate the 
synthesis and assembly of nanoscale structures. These 

processes often involve the utilization of biological 
macromolecules, such as proteins, enzymes, and 
nucleic acids, which act as building blocks or catalysts 
for the formation of NPs [4,5]. In the realm of animals, 
certain specialized cells, such as immune cells, have the 
ability to produce NPs as part of their defense mechan
isms. For instance, macrophages can synthesize and 
release iron oxide NPs to sequester and neutralize 
pathogens. Similarly, some organisms, like diatoms 
and radiolarians, possess the inherent ability to create 
intricate silica-based nanoscale structures, forming 
intricate skeletal frameworks [6]. Plants, on the other 
hand, have evolved fascinating mechanisms to synthe
size and secrete various NPs and nanocomposites. For 
example, many plant species can produce phytoliths, 
which are silica NPs formed within their cells [7]. These 
phytoliths contribute to the structural integrity of plants 
and provide protection against herbivores and patho
gens. Additionally, plants can also produce metal NPs, 
such as gold and silver, through the utilization of spe
cialized enzymes and phytochemicals [8].

The unique advantage of using living cells as nano
factories lies in their ability to create nanomaterials with 
precise control over size, shape, composition, and func
tionality. By leveraging the inherent capabilities of cells, 
researchers can explore sustainable and environmen
tally friendly approaches for the synthesis of NPs and 
nanocomposites, which are briefly summarised in 
Figure 1. Furthermore, the use of living cells allows 
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for the integration of biological components and func
tionalities into the nanomaterials, enabling the devel
opment of bioinspired and biomimetic systems with 
enhanced properties and novel applications. The field 
of synthetic biology has emerged as a powerful tool to 
engineer living cells to produce nanomaterials. By mod
ifying the genetic makeup of cells or introducing spe
cific genes, researchers can enhance or redirect cellular 
processes to synthesize desired nanomaterials. This 
approach offers great potential for tailoring nanomater
ial properties, expanding the range of materials that can 
be produced, and exploring new applications in fields 
such as drug delivery, sensing, catalysis, and energy 
conversion [9–11].

The concept of living cells as natural nanofactories 
highlights the fascinating abilities of biological systems 
to synthesize and secrete NPs and their nanocompo
sites. Understanding and harnessing these natural pro
cesses can lead to the development of innovative and 
sustainable approaches to creating nanomaterials with 
diverse properties and applications. This interdisciplin
ary field holds promise for advancing nanotechnology 
and unlocking new possibilities in various sectors, 
including healthcare, materials science, and environ
mental sustainability.

1.2. Breakdown of the cell anatomy

To comprehend how cell components can be rein
vented for nanoarchitectonics through extraction and 
assembly of cell components, it is essential to explore 

the fundamental building blocks of their respective 
organisms. This is applicable in both animal and 
plant cells as they are multicellular eukaryotes with 
very intricate structures called organelles as shown in 
Figure 2. The presence of various organelles is mainly 
to support the compartmentalisation of functions. 
This separation of functions allows greater efficiency 
and control over processes such as energy production, 
protein synthesis, and waste disposal [16–18]. While 
they share many similarities in structure and function, 
they also exhibit several key differences, largely due to 
their specific roles and requirements within their 
respective organisms [19].

There are several organelles that are present in 
both animal and plant cells. The organelle that 
forms a barrier and acts as the gatekeeper of both 
cells is the cell membrane. It consists of two layers 
of phospholipids, with cholesterol and protein 
channels embedded in a mosaic manner, allowing 
dynamic movements of components embedded on 
the membrane. The cell membrane is semi- 
permeable which allows specific molecules to cross 
the lipid bilayers via osmosis, down concentration 
gradient via protein channels, and active transport 
[20]. The compositions and specific functions of the 
cell membrane change with cell type. Thus, it is 
a suitable candidate to be employed and transferred 
to NPs through nanoarchitectonics, which will be 
discussed in Section 3. Moving into the interior of 
the cell is a gel-like substance called cytoplasm, 
where many cellular processes occur as it is the 

Figure 1. Cell-derived nanomaterials and their applications. This paper will further focus on cell membranes from animals, and 
photosynthetic systems which involves chloroplast and thylakoid [12–15].
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medium for chemical reactions. It acts as a platform 
for organelles to operate within the cell, where cell 
growth, expansion, and replication are carried out 
[21,22]. The genetic material in both plant and 
animal cells is housed in the nucleus. This organelle 
contains all the deoxyribonucleic acid (DNA) which 
controls all cell activity by regulating the gene 
expression. This enables the proper functioning of 
each cell. Inside the nucleus is a spherical structure 
called nucleolus which produces and assembles the 
ribosomes and transcribes ribosomal ribonucleic 
acid (rRNA) genes. All cells contain membrane- 
bound organelles, including mitochondria, endo
plasmic reticulum (ER), Golgi apparatus, and ribo
somes. The mitochondria are the powerhouses of 
the cell as they are responsible for generating energy 
through cellular respiration. Oxidative phosphoryla
tion occurs in the mitochondria where energy is 
released from the food consumed and the energy 
produced is stored in adenosine triphosphate 
(ATP). ATP is then used as the primary energy 
source for biochemical, biological, and physiological 
processes [23]. There are two types of ER, the 
smooth ER and the rough ER. The rough ER has 
ribosomes attached to the outer surfaces of the ER 
making it visually rougher and is more abundant in 
cells that specialise in producing proteins. The 
smooth ER supports the production of lipids and 
steroid hormones. The Golgi apparatus performs 
modifications, sorts, and packages proteins and 
lipids for transport within the cell or to be secreted 
outside of it. Finally, the ribosome is the site of 
protein synthesis where the ribosomes read the 
messenger ribonucleic acid (mRNA) sequences and 
translate the genetic code which determines the 
arrangement of amino acid chains which would be 
folded into proteins.

After examining organelle similarities in both ani
mal and plant cells, the distinctive organelles of these 
cell types will be explored. Animal cells possess two 
specific organelles, centrioles and lysosomes, which 
are absent from plant cells [22]. Centrioles exist as 
a pair and are involved in cell division during mitosis 
and meiosis. To allow smooth and accurate cell divi
sion, their main role is to organize microtubules 
within the cell, to attach and pull chromosomes to 
opposite ends during cell division, and thus organize 
the locations of the organelles before the cell divides. 
Lysosomes, membrane-bound organelles filled with 
digestive enzymes, break down cellular waste, includ
ing worn-out or faulty cell parts, as well as foreign 
materials like invading viruses and bacteria. On the 
other hand, organelles that are exclusively present in 
plant cells are the cell wall, vacuole, and chloroplast. 
The rigid and primarily cellulose-based cell wall pro
vides structural support and protection for the cell and 
the entire plant. Plant cells often have a large vacuole, 
which plays a crucial role in maintaining the turgidity 
of the cell at the optimal pressure, water storage, and 
storing various substances produced or taken up, 
including pigments and toxins. Chloroplast, enclosed 
by a double membrane called chloroplast envelope, is 
responsible for photosynthesis, converting sunlight 
into energy and producing glucose and oxygen as 
byproducts. Within the double membrane exists 
a third internal membrane called the thylakoid mem
brane. This structure optimizes the biochemical reac
tions, ensuring that all the necessary substrates and 
enzymes are present. This organelle can also adapt to 
changes in the environment such as changes to the 
intensity and quality of light, ensuring optimal photo
synthesis. The unique abilities of chloroplast and thy
lakoid to be involved in nanoarchitectonics are further 
explored in Section 5.

Figure 2. Components in a general animal cell and plant cell.
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The presence of organelles is one of the defining 
characteristics of animal and plant cells, and it plays 
a crucial role in the complexity and functionality of 
these cells. Organelles are specialized, membrane- 
bound compartments within eukaryotic cells, each 
with specific functions and roles. They are highly 
specialized, and different organelles compartmentalize 
various cellular functions. This separation of functions 
allows for greater efficiency and control over processes 
such as energy production, protein synthesis, and 
waste disposal. With the presence of organelles, each 
component provides a controlled environment for 
specific biochemical reactions. This optimization 
ensures that reactions occur in the right place and 
time, with the necessary substrates and enzymes pre
sent. Therefore, there is undiscovered potential for 
incorporating components and membranes of orga
nelles into the nanoarchitectonics design.

1.3. Advantages of living cells synthesizing 
nanomaterials

Using living cells as nanofactories for nanomaterial 
production offers several advantages over traditional 
synthetic methods. The key advantages are biocompat
ibility, precision, complexity, sustainability, environ
mentally friendly properties, integration of biological 
functionality, versatility, diversity, and potential for 
dynamic and adaptive systems [15,24–26]. Living cells 
naturally have a high degree of biocompatibility, mak
ing them a reasonable choice for biomedical applica
tions. Thus, nanomaterials produced by living cells are 
inherently compatible with biological systems and are 
less likely to trigger immune responses or toxicity 
issues. This biocompatibility is crucial for applications 
such as drug delivery systems, tissue engineering scaf
folds, and implantable devices [26]. Moreover, living 
cells have evolved complex molecular machinery that 
allows precise control over the synthesis of nanomater
ials. The cellular processes involved in nanomaterial 
production, such as enzymatic reactions and self- 
assembly, enable cells to create nanomaterials with 
specific sizes, shapes, compositions, and functionality 
[27,28]. This level of precision is challenging to achieve 
using traditional synthetic methods. Furthermore, the 
use of living cells for nanomaterial production offers 
a more sustainable and environmentally friendly 
approach. Cells can utilize renewable resources and 
energy sources, reducing the reliance on non- 
renewable materials and minimizing the generation of 
waste. Additionally, the production of nanomaterials 
within cells often occurs under mild conditions, mini
mizing the use of harsh chemicals and energy-intensive 
processes. Living cells can incorporate biological func
tionalities into the synthesized nanomaterials. This 
integration allows for the development of bioinspired 
and biomimetic materials that can perform specific 

functions or interact with biological systems in 
a tailored manner. For example, incorporating specific 
proteins or enzymes into nanomaterials can enable 
enzymatic reactions, targeting capabilities, or respon
sive behavior. Living cells offer a wide range of options 
for nanomaterial production due to the diversity of 
biological systems. Different cell types, organisms, and 
their genetic modifications can be employed to produce 
a variety of nanomaterials with distinct properties. This 
versatility allows for the synthesis of nanomaterials 
with diverse compositions, structures, and functional
ities, expanding the range of applications in fields such 
as medicine, electronics, energy, and environmental 
remediation. Furthermore, living cells possess inherent 
dynamic and adaptive properties that can be leveraged 
for nanomaterial production. Cells can respond to 
environmental cues, self-repair, or undergo genetic 
modifications to adapt and optimize the production 
of nanomaterials. This adaptability opens possibilities 
for the development of responsive and self-regulating 
nanomaterials that can adapt to changing conditions or 
stimuli. While using living cells as nanofactories offers 
significant advantages, there are also challenges asso
ciated with scalability, control, and standardization. 
However, ongoing advancements in synthetic biology, 
genetic engineering, and bioprocessing techniques are 
addressing these challenges and paving the way for the 
translation of cell-based nanomaterial production into 
practical applications.

Overall, harnessing the capabilities of living cells for 
nanomaterial production provides a promising avenue 
for the development of advanced nanotechnologies, 
with the potential to revolutionize fields such as med
icine, materials science, and environmental 
sustainability.

1.4. Mechanisms of nanoparticle synthesis in 
living cells

Living cells employ various mechanisms for nano
particle synthesis, which can be broadly categorized 
into intracellular biosynthesis and extracellular bio
synthesis. In intracellular biosynthesis, NPs are 
synthesized within the cytoplasm or organelles of 
living cells [29]. This process often relies on the 
utilization of enzymes, proteins, and other biomo
lecules present within the cells. Intracellular bio
synthesis can occur through different mechanisms, 
such as enzymatic reduction, biomineralization, 
and intracellular assembly. Some cells possess 
enzymes capable of reducing metal ions to form 
metallic NPs. For instance, silver NPs can be 
synthesized by reducing silver ions using enzymes 
like nitrate reductase or reductases present in cer
tain bacteria or plant cells [30]. In biomineraliza
tion, cells control the formation of NPs by 
directing the precipitation of inorganic materials. 

Sci. Technol. Adv. Mater. 25 (2024) 5                                                                                                                                                         L.X. YIP et al.



For example, diatoms and radiolarians can produce 
intricate silica-based nanoscale structures within 
specialized compartments called silica deposition 
vesicles [31]. Cells can synthesize NPs through 
intracellular assembly where biomolecules act as 
building blocks. For instance, ferritin, a protein 
involved in iron storage, can assemble and store 
iron oxide NPs within its protein shell [32].

In extracellular biosynthesis, NPs are synthesized 
outside the cells [33]. Cells release specific biomole
cules that participate in the synthesis and assembly of 
NPs in the extracellular environment. Some mechan
isms of extracellular biosynthesis include microbial 
extracellular synthesis and plant-mediated synthesis. 
Certain microorganisms, such as fungi and bacteria, 
can secrete metabolites or enzymes that mediate the 
formation of NPs [30]. These metabolites or enzymes 
interact with precursor compounds to induce nano
particle nucleation and growth. For example, some 
bacteria produce extracellular enzymes that convert 
metal ions into metallic NPs [34]. Plants can also 
facilitate the extracellular synthesis of NPs. They 
release phytochemicals and specialized enzymes that 
induce the reduction and stabilization of metal ions, 
leading to the formation of NPs [35]. Plant extracts 
have been used extensively in green synthesis 
approaches for nanoparticle production [35–38].

Amino acids are enantiomeric and are one of the 
important naturally occurring chiral molecular 
groups. The recognition of L- and D-enantiomers of 
amino acids has been crucial in uncovering the 
mechanisms of life sciences and is used for the mod
ulation of biological systems [39]. During the growth 
of MoS2 nanosheets, thiol amino acids with chiral 
properties were able to modulate the asymmetric 
growth of gold on Au/MoS2 heterostructures. 
Eventually, this resulted in the nanostructure having 
the ability to have enantioselective recognition, 
synthesizing chiral dendritic heterostructures, and 
having a controlled drug release system all in one [40].

Once the NPs are formed, they may interact with 
living cells, undergo cellular uptake, and subsequently 
traffic within the intracellular environment. The cel
lular uptake mechanisms and intracellular trafficking 
pathways depend on factors such as nanoparticle 
properties, cell types, and endocytic pathways. Some 
common mechanisms include endocytosis, intracellu
lar trafficking, and exocytosis. NPs can be internalized 
by cells through various endocytic pathways, such as 
phagocytosis, caveolae-mediated endocytosis, cla
thrin-mediated endocytosis, or macropinocytosis 
[41]. These processes involve the invagination of the 
cell membrane to form endocytic vesicles containing 
the NPs. Following endocytosis, NPs may undergo 
intracellular trafficking within the cells. This involves 
interactions with various cellular compartments, such 
as endosomes, lysosomes, or specific organelles, 

depending on the nanoparticle type and cell type. 
Trafficking pathways can influence nanoparticle sta
bility, degradation, or release from cells. In some cases, 
cells can actively transport NPs out of the cytoplasm 
through exocytosis. This process involves the fusion of 
intracellular vesicles containing NPs with the cell 
membrane, leading to the release of NPs into the 
extracellular environment. It is paramount to note 
that the cellular uptake and intracellular trafficking 
mechanisms can vary significantly depending on fac
tors such as nanoparticle size, surface properties, sur
face modifications, and the specific cell type involved. 
Thus, understanding these mechanisms is crucial for 
designing nanomaterials with desired cellular interac
tions, targeted delivery, and controlled release.

In summary, living cells utilize intracellular and extra
cellular biosynthesis mechanisms to synthesize NPs. 
These NPs can interact with cells, undergo cellular 
uptake through various endocytic pathways, traffic 
within the intracellular environment, and may eventually 
be released from cells through exocytosis. Studying these 
processes helps in developing strategies for nanoparticle 
synthesis, cellular targeting, and biomedical applications.

2. Animal cell-derived nanoparticles

2.1. Animal cell lines for nanoparticle production

Various types of animal cell lines have been employed 
for nanoparticle production, each offering distinct 
advantages and limitations. Here are some commonly 
used cell lines and their characteristics including mam
malian cell lines, insect cell lines, and marine organisms.

Mammalian cell lines, such as HeLa cells, the first 
immortal human cell lines cultured, or Chinese ham
ster ovary (CHO) cells, are extensively employed in 
the field of nanoparticle synthesis [42,43]. 
Mammalian cells demonstrate a high degree of com
patibility with human biology, rendering them suita
ble for various biomedical applications. Mammalian 
cells possess the necessary machinery to perform 
intricate post-translational modifications on pro
teins. This capability enables the production of func
tionalized NPs with specific properties. Additionally, 
mammalian cell lines exhibit elevated levels of pro
tein expression, which proves advantageous in the 
synthesis of protein-based NPs. Nevertheless, it is 
important to acknowledge that mammalian cell 
lines also have certain limitations, including, higher 
cost and complexity, lower growth rates, and genetic 
stability. The maintenance of mammalian cell cul
tures can incur greater expenses and demand more 
technical expertise compared to other cell lines. 
Mammalian cells generally display slower growth 
rates in comparison to other cell lines. This charac
teristic can have an impact on the overall productiv
ity of nanoparticle synthesis. Some mammalian cell 
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lines may exhibit genetic instability, resulting in var
iations in nanoparticle production over time.

Insect cell lines, particularly derived from the 
Spodoptera frugiperda (Sf9) or High Five 
(Trichoplusia ni) cell lines, are commonly used in 
conjunction with the baculovirus expression system 
for nanoparticle production [44,45]. Insect cells can 
produce high levels of recombinant proteins, includ
ing viral coat proteins used for nanoparticle synthesis. 
Moreover, insect cell culture can be easily scaled up to 
large volumes, facilitating industrial production. 
Additionally, the baculovirus expression system allows 
for the efficient production of recombinant proteins 
and the assembly of viral NPs. However, insect cell 
lines have certain limitations. Insect cells may not 
always perform the same post-translational modifica
tions as mammalian cells, which can affect the func
tionality and properties of certain NPs. Although 
insect cells are useful for various applications, their 
compatibility with human biology may be limited for 
certain biomedical purposes.

Marine organisms, such as diatoms and radiolarians, 
offer unique advantages for nanoparticle synthesis 
[46,47]. These organisms naturally produce intricate 
silica-based nanoscale structures. Marine organisms 
provide a natural source of NPs, such as silica-based 
structures, which can be utilized or modified for speci
fic applications. In addition, the marine environment 
hosts a vast array of organisms, offering a wide range of 
nanoparticle structures and properties. However, work
ing with marine organisms for nanoparticle synthesis 
also presents challenges, such as limited scalability, and 
difficulties in extraction and purification. Cultivating 
marine organisms can be more challenging and less 
scalable compared to traditional cell lines. Extracting 
and purifying NPs from marine organisms can be com
plex and time-consuming. The choice of cell line for 
nanoparticle synthesis depends on the specific require
ments of the intended application, where nanoparticle 
composition, desired properties, scalability, biocompat
ibility, and cost come into consideration.

In summary, mammalian cell lines offer biocom
patibility and post-translational modifications, 
insect cell lines provide high protein expression 
and scalability, and marine organisms offer natural 
nanoparticle synthesis. Understanding the advan
tages and limitations of each cell line aids research
ers in selecting the most suitable system for 
nanoparticle production based on their specific 
goals and requirements.

2.2. Nanoparticles synthesized by animal cells

Animal cells have the capacity to synthesize various 
types of NPs, including metal NPs, quantum dots, 
lipid-based and protein-based NPs. These NPs are 
produced through intricate biochemical and cellular 

processes within animal cells [48]. Here is an overview 
of the different types of NPs synthesized by animal 
cells and the underlying mechanisms involved in 
metal NPs, quantum dots, and lipid-based NPs.

Animal cells can synthesize metal NPs through 
processes similar to those observed in plant cells. The 
underlying mechanisms include: (i) Enzymatic 
Reduction: Animal cells produce enzymes, such as 
reductases, which catalyze the reduction of metal 
ions into metal NPs [8]. These enzymes utilize cofac
tors like NADPH to facilitate the reduction reaction. 
(ii) Biomolecule Interaction: Biomolecules within ani
mal cells, including proteins, peptides, and small 
molecules, interact with metal ions and act as reducing 
agents and stabilizers, resulting in the formation of 
metal NPs. (iii) Intracellular and Extracellular 
Synthesis: Metal NPs can be synthesized both inside 
and outside animal cells. Intracellular synthesis can 
occur within organelles such as the endoplasmic reti
culum or Golgi apparatus, while extracellular synth
esis can take place on the cell surface or within 
extracellular vesicles [49].

Quantum dots are semiconductor NPs with unique 
electronic and optical properties. Animal cells can 
synthesize quantum dots through different processes 
[5]. (i) Cellular uptake of precursors: Animal cells can 
take up precursor molecules, such as heavy metal ions 
and semiconductor precursors, from the extracellular 
environment via various transport mechanisms. (ii) 
Intracellular processing: Once inside the cell, these 
precursor molecules undergo specific intracellular 
processing steps, including ligand exchange, nuclea
tion, and growth processes, leading to the formation of 
quantum dots. (iii) Surface modification: Quantum 
dots synthesized within animal cells can be further 
modified with biomolecules or surface coatings to 
enhance their stability, biocompatibility, and targeting 
properties. Through biomineralization-assisted bot
tom-up strategy, mercapto group from cysteine pro
tein sources, such as bovine serum albumin, was able 
to fabricate high-density defects in quantum dots in 
the form of blue photoluminescent molybdenum sul
fide (MoS2) quantum dots [50]. This defect engineer
ing strategy demonstrates the potential of another 
parameter to control material properties in quantum 
dots. Additionally, a biodegradable cobalt sulfide 
quantum dot was engineered to be a sulfur defect 
and proved to be a powerful chemodynamic therapy 
against cancer [51]. It has improved photothermal and 
hyperthermal abilities which gave rise to having selec
tive therapeutic efficiency and with low side effects.

Animal cells can also produce lipid-based NPs, 
such as liposomes and exosomes, through complex 
cellular processes. For instance, animal cells can remo
del their cellular membranes via membrane remodel
ing, allowing the formation of lipid bilayers or lipid 
vesicles. This process involves the controlled 
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rearrangement of lipids and membrane proteins. 
Moreover, it has reported the encapsulation of cargo 
assay [52]. Lipid-based NPs, such as liposomes or 
exosomes, can encapsulate therapeutic molecules, 
nucleic acids, or imaging agents within their lipid 
bilayers or luminal compartments. Through another 
process involving specific biogenesis and secretion 
pathways, animal cells can produce exosomes. This 
process begins with endosomal membranes budding 
inwards, resulting in the formation of multivesicular 
bodies that release exosomes upon fusion with the 
plasma membrane.

The underlying biochemical and cellular processes 
involved in nanoparticle synthesis within animal cells 
are complex and highly regulated. Enzymatic reac
tions, biomolecule interactions, cellular uptake, intra
cellular processing, membrane remodeling, and 
biogenesis pathways play crucial roles in the formation 
and assembly of NPs. Understanding these processes 
allows for the optimization of nanoparticle produc
tion, surface modification, cargo loading, and the 
development of targeted delivery systems for various 
biomedical applications.

2.3. Importance of vasculatures and endothelial 
cells interaction with nanoparticles

Most NPs will eventually enter the bloodstream in 
three common ways. First by ingestion through food 
and water we consume, which eventually enter the 
gastrointestinal (GI) tract and are absorbed into the 
bloodstream [53]. Second, when injected as drugs 
directly into the bloodstream. Third, inhaled through 
the respiratory system which then cleared from the 
respiratory tract via the mucociliary escalator, which 
then enters the GI tract. When NPs are within the 
bloodstream, they will circulate the body through the 
vasculature, interact with endothelial cells, circulate, 
and migrate to other tissues and organs. The endothe
lial lining of blood vasculatures results in a high sur
face area for substances such as naturally occurring 
nutrients, cytokines, and NPs to exchange between the 
vasculature content and the surrounding tissues 
[54,55]. Therefore, the vasculature is considered 
a dynamic cellular ‘organ’ as the endothelium also 
regulates the blood flow and the trafficking of leuko
cytes during inflammation. As such, endothelial cells 
play a crucial role in nanoarchitectonics as they are 
involved in disease detection through endothelium 
imaging, tumor diagnosis, cancer treatment, and 
gene therapy which are further enhanced with NPs. 
The contributions of nanoarchitectonics, when 
coupled with, will enhance non-invasive disease detec
tion methods for diseases such as cancer and 
Parkinson’s [56].

To achieve malignant proliferation, solid tumors are 
able to hijack the nutrients in blood by stimulating the 

local angiogenesis, producing abnormal vessels with 
leaky characteristics known as the enhanced permeabil
ity and retention (EPR) effect [57]. This results in 
selective extravasation and retention of macromolecu
lar drugs, thus making EPR the ‘“gold standard”’ in 
drug designing to target tumors [58]. However, the 
EPR effect faces several limitations such as its depen
dence on mature tumors and its heterogeneous nature 
[59]. Therefore, the EPR effect should be further built 
on to extend the targeting to young tumors which 
would not present any EPR effect. Nevertheless, it is 
still paramount to target the tumor-related endothe
lium since microvascular endothelial cells are spread 
all over the body, allowing the closest contact interface 
for NPs circulating in the blood to achieve deep tissue 
targeting [60]. For instance, molecular markers of dis
ease that exist on the surface of the endothelium can be 
targeted by NPs decorated with corresponding antibo
dies. NPs engineered can have the ability to do mag
netic resonance imaging or X-ray, computed 
tomography, and high sensitivity of positron emission 
tomography. Cancer mass was reported to produce 
pro-inflammatory factors which subsequently stimulate 
endothelial cells expressing VCAM, ICAM, PECAM, 
and E- and P-selectin on their luminal side [60]. 
Therefore, it is possible to modify NPs to have suitable 
antibodies of tumor markers on the surface of endothe
lium through nanoarchitectonics, which can target and 
image the microvasculature of tumor mass [61].

2.4. Interactions of nanoparticles with 
vasculatures in animal cells

In recent years, synthetic NPs have been found to give 
antagonistic and protagonistic effects in the vascula
ture of normal and diseased blood vessels, and this 
study was called the nanomaterial-induced endothelial 
leakiness (NanoEL) effect [59,62]. Leakiness of 
endothelial cells could be an outcome of various dis
eases such as inflammation, cancer, atherosclerosis 
and acute respiratory distress syndrome [63]. Based 
on the nanoparticle design, it has the ability to induce 
direct pathological effects such as disruption of cell- 
cell junctions resulting in the promotion of cancer 
metastasis or onset of various invasive infections. It 
could also induce secondary pathological effects such 
as perturbed intracellular cell signaling, oxidative 
stress, and ultimately cell death, resulting in changes 
in molecular transport across the vascular walls and 
edema. On the other hand, this can also result in 
therapeutic effects with proper designing of NPs. 
This is because NPs can be designed to have desired 
physicochemical properties to make the leakiness pre
dictable and tunable, promoting leakiness only where 
it is needed, and also increasing target specificity, 
showing great potential in potential drug delivery for 
cancer treatment. Gold NPs were able to tune the 
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leakiness of tumoral vascular leakiness by disrupting 
the endothelial adherens junction [64]. Remarkably, 
the endothelial cells did not display any perceivable 
toxicity in this process.

By coupling gold NPs with liposomal doxorubicin 
(Lipo-Dox) therapy, the efficacy of the therapy 
increased as compared to treatment with free Dox, as 
the implanted mice tumor had decreased in size and 
even became undetectable after a period of treatment. 
To further understand the phenomenon behind can
cer treatment through NanoEL, Wang et. al discovered 
that besides interacting with the endothelial vessels, 
the interaction with tumor vascular basement mem
brane (BM) plays an important role as this membrane 
is another physiological barrier for NPs to overcome 
before accessing the tumoral environment [65]. After 
crossing the endothelial vessels, NPs would form NP 
pools in the subendothelial space, followed by a pool 
eruption which promotes extravasation of NPs into 
the tumoral environment. To control and enhance NP 
extravasation into tumors, local hyperthermia therapy 
(LHT) could promote the formation of NP pools on 
the subendothelial region, by disrupting the vascular 
endothelial (VE)-cadherin. The opened BM barriers 
encourage neutrophil infiltration, which leads to the 
aggressive explosion of trapped NPs from the NP 
pools, thus resulting in effective and deep penetration 
into the tumors. In summary, there has been an 
ongoing growth in the potential of applying endothe
lial leakiness in therapeutic applications. In fact, this 
leakiness can be induced in a myriad of modalities, 
including synthetic and nature-derived NPs, heat, 
ultrasound, photodynamic therapy, and radiotherapy 
[66]. By purposefully inducing endothelial leakiness 
coupled with a better understanding of the mechan
isms governing it, strategy for nanomedicine design 
could become safer, with lower potential side effects.

2.5. Tuning endothelial leakiness with 
nature-derived nanoparticles

Besides lipid-based NPs, animal cells have a great 
capacity to produce proteins when a particular 
sequence of DNA is transcribed to mRNA, and then 
the mRNA is translated into a protein chain with the 
help of ribosomes. Employing this mechanism to cre
ate desired proteins has been incorporated in mRNA- 
based vaccines, which were widely used to combat 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2). The desired spike protein found on 
the virus’s outer membrane corresponding to SARS- 
Cov-2 was created by the cells when the person was 
inoculated with the corresponding mRNA vaccine. In 
contrast, human cells also created proteins that are of 
interest in studying their advantages and disadvan
tages physiologically. The aggregation of amyloid 
beta (Aβ) has been identified as the potential cause 

of Alzheimer’s disease (AD), a major neurodegenera
tion disease that is impacting the aging population 
worldwide. AD patients are observed to have 
increased deposition of Aβ in the brain, even though 
the protein exists naturally throughout the body and 
has hormone storage as one of its biological functions 
[67]. In a recent on-going investigation, our team 
investigated the pathological functions of Aβ and 
found similarities to the nanomaterials-induced 
endothelial leakiness (NanoEL). Together with colla
borators, we found that even non-synthetic NPs such 
as Aβ protein were able to interact with VE-cadherin 
located in the blood vessels in the blood-brain barrier 
(BBB), leading to transient gaps being formed thus 
making the BBB leaky thus resulting in the accumula
tion of Aβ protein in the brain [68]. Although Aβ in 
the brain is not healthy, due to its inherent NanoEL 
behavior, it could be incorporated into treatment 
where naturally-occurring materials is favored for 
NanoEL effect than synthetic NPs made from gold or 
titanium.

Liu et. al. discovered a strategy to potentially treat 
pulmonary arterial hypertension, which is associated 
with endothelial leakiness [69]. Her team proposed 
a strategy that would attenuate endothelial leakiness 
in the pulmonary vasculatures to slow down the pro
gression of pulmonary vascular remodeling. The main 
cause of the disease was the upregulation of protein 
Atg101, which is pro-autophagic and leads to apopto
sis of endothelial cells causing leakiness. Therefore, the 
strategy was to use functionalized DNA nanostruc
tures that can knock out Atg101. Remarkably, the 
DNA nanostructures that were conjugated with 
siAtg101 and aptamer were found to have high selec
tivity to diseased pulmonary endothelial cells. This 
resulted in high efficacy for the treatment of pulmon
ary arterial hypertension. This demonstrates that 
nucleic acids can have synergistic characteristics 
when forming complexes to support the delivery of 
drugs and other chemical cargo [4]. This particular 
study provided a glimpse into how nanomaterials such 
as DNA nanostructures have enhanced the targeting 
efficacy, and incorporating the knowledge of endothe
lial leakiness opens a window into the future of nature- 
derived nanomaterials that target diseased endothelial 
cells of various causes.

3. Animal cell membrane

As an essential component of all living cells, the cell 
membrane serves many functions such as protecting 
components of the cell from outside, regulating the 
transport of materials between the extracellular matrix 
and the cell, and interacting with the surrounding cells 
and organisms. To achieve these functions, the cell 
membrane contains a plethora of biomolecules such 
as proteins, lipids, and carbohydrates [70]. The 
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composition and specific functions of the cell mem
brane differ depending on the cell type. Some func
tions of the cell membrane can be transferred to NPs 
by combining the NPs with the cell membrane. The 
diversity of cell membranes provides a rich and versa
tile toolbox for nanoarchitectonics. A brief summary 
of the different cell types used as cell membrane source 
and their functions are given in Table 1.

One of the early explored functions of the cell 
membrane was its ability to cloak inorganic NPs, 
which would otherwise have been eliminated quickly 
by the immune system. For this purpose, the red blood 
cell (RBC) membrane was first tested [71]. Shielding 
inorganic NPs from the immune system by enveloping 
them with RBC membranes proved successful in 
prolonging the circulation time of these NPs in the 
bloodstream [71,72]. Longer circulation in the blood
stream and stronger immune evasion capability of the 
RBC-cloaked NPs were demonstrated in the study 
with macrophage cell culture [73]. Significant 
decreases in the number of RBC membrane-coated 
NPs taken up by the macrophage cells were reported. 
Following this initial discovery, other cell membranes, 
such as platelets and leukocytes, were shown to have 
similar immune evasion capabilities with the added 
function of targeting [74,75].

Cell membrane facilitates interactions with sur
rounding cells including recognition, signaling, target
ing, attachment, and exchange of cargo, by expressing 
some cell-specific biomolecules such as intrinsic and 
extrinsic proteins and glycolipids [79,80]. The target
ing function has been widely studied for drug delivery 
and targeted therapy applications, such as the homo
typic targeting ability of the cancer cell membrane. 
Zhu et al. demonstrated that even in the presence of 
two different tumors, NPs accumulated at the tumor 
that matched the cell membrane coating on the nano
particle [78]. By changing the cell membrane coating 
on the NPs, authors were able to dictate which treat
ment to deliver to which tumor. This demonstration 
endorsed the versatility of the cell membrane coating 
technology. Other cell membrane types have also been 
shown to target disease sites via heterotypic targeting. 

For example, the cell membrane of the mesenchymal 
stem cells was used to construct a nanostructure to 
treat prostate cancer and the macrophage cell mem
brane was employed for targeting the lung metastasis 
of breast cancer [52,77].

In addition to targeting specific cell types, cell 
membrane coating can be utilized for its ability to 
interact with biomolecules that are found in the extra
cellular matrix. This function of the cell membrane 
might be useful for the treatment of diseases that are 
strongly associated with inflammatory conditions. 
One such example was the use of neutrophil cell 
membrane-coated PLGA NPs (neutrophil-NPs) for 
the treatment of rheumatoid arthritis [9]. Neutrophil- 
NPs were able to infiltrate deeper into the inflamed 
cartilage in comparison to those coated with RBC 
membrane. Neutrophil-NPs could neutralize the 
inflammatory factors and provide effective chondro
protection against joint damage. The effect of specific 
cell membrane coating was demonstrated in another 
study in which the authors compared differently 
polarized macrophage cell membranes from the same 
macrophage source for their ability to absorb inflam
matory cytokines and facilitate the recovery of 
osteoarthritis [76]. It was found that the cell mem
brane of the M2 macrophage with anti-inflammatory 
properties could sponge up the TNF-α and IL1-β 
cytokines much more effectively than the cell mem
branes of native M0 macrophages and pro- 
inflammatory M1 macrophages. Effective removal of 
these cytokines alleviated osteoarthritis inflammation 
and facilitated matrix regeneration and recovery.

The functionality of cell membrane coating can be 
further enhanced by the strategic engineering of the 
membrane. One way of engineering cell membranes is 
by inserting selected biomolecules into the membrane. 
For example, the insertion of folate or the nucleolin- 
targeting aptamer AS1411 into the RBC membrane 
enabled the targeting of different cancer cells by the 
RBC-coated NPs [81]. Another method of engineering 
cell membranes is by combining selected cell mem
branes into one to create a hybrid membrane. By 
doing so, unique functions of different cell membranes 
can be collected in a single membrane. In a study done 
by Dehaini et al. the successful construction of 
a hybrid membrane was demonstrated using RBC 
and platelet (PL) membranes (Figure 3) [82]. In 
a follow-up study, this hybrid membrane was used as 
a surface coating to endow a nanorobot with the cap
ability of neutralizing various toxins and removing 
pathogens [83]. In another study, the above- 
mentioned cell membrane engineering methods were 
combined to create magnetic nanobeads for the cap
ture of circulating tumor cells (CTCs) [84]. For this 
construct, the platelet membrane was first fused with 
the leukocyte membrane. Then the hybrid membrane 
was further functionalized with CTC-targeting 

Table 1. Different cell types as a cell membrane source and 
their functions.

Cell membrane 
Source Cell

Functions of the cell membrane 
coating Reference

Red blood cells Preventing protein corona formation, 
increasing residence duration in the 

blood circulation

[71–73]

Platelets Evading immune system surveillance, 
targeting vascular wounds, catching 

circulating tumor cells

[74]

White blood 
cells

Evading immune system surveillance, 
neutralizing inflammatory cytokines, 

targeting secondary tumor sites

[9,52,75,76]

Stem cells Evading immune system surveillance, 
tumor targeting

[77]

Cancer cells Homotypic tumor targeting [78]
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antibodies. While the hybrid membrane coating pro
vided reduced interaction with white blood cells, 
incorporated antibodies enabled enhanced capture of 
CTCs, increasing captured cell purity from 66% 
to 96%.

Besides biological considerations such as which cell 
membrane to choose, from a nanoarchitectonics per
spective, other factors may affect the success of the 
nanoconstruct. Physical properties such as size, shape, 
and degree of cell membrane coverage are factors 
explored in the literature. The size of the RBC-coated 
NPs did not have a significant effect on the in vitro 
macrophage uptake and in vivo immune response [85]. 
However, it was found that with increasing size, the 
circulation time of the NPs was decreased, and liver 
accumulation was increased. The effect of shape on the 
targeting efficiency of the cancer cell membrane NPs 
was demonstrated using spherical and flattened con
structs [86]. It was shown that the flattened shape can 
target the tumor faster and achieve better treatment 
efficacy due to increased contact area between the 
NPs and the target cells (Figure 4(a)). Another physical 
factor that was explored was the cell membrane cover
age efficacy. NPs with various degrees of cell membrane 

coating coverage were prepared and the cell uptake 
mechanisms were investigated [87]. The NPs with 
a cell membrane coating degree of 50% or more were 
considered high coating degree, while a coating degree 
of 20–50% was considered a low coating degree. The 
NPs with a cell membrane coating degree of less than 
20% were labelled as very low coating degree. Through 
comprehensive experimentation and theoretical mod
eling, the authors concluded that NPs with high cell 
membrane coating degrees could be uptaken individu
ally (Figure 4(b)). On the other hand, NPs with low 
coating degree first need to aggregate into groups and 
these small chunks of NPs are uptaken into cells all at 
once. The NPs with very low coating degrees are 
thought to have been uptaken by the cells only if they 
aggregate together with the higher coating degree NPs.

4. Plant cell-derived nanomaterials

4.1. Plant cell cultures for nanoparticle 
production

Plant cell cultures, such as hairy root cultures and 
suspension cultures, have emerged as promising 

Figure 3. Schematic of membrane fusion of red blood cell (RBC) and platelet membranes to produce RBC-platelet hybrid 
membrane-coated NPs. Reproduced from [82]. With permission from John Wiley and Sons.

Figure 4. (a) Illustration of the difference of surface interaction between differently shaped cell membrane nanoparticles. 
Reproduced from Ref [86], with permission from the American Chemical Society. b) The possible endocytic entry mechanism 
for nanoparticles with different degrees of coating. Reproduced from Ref [87], with permission from Springer Nature.
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platforms for nanoparticle production. These cultures 
involve the growth of plant cells in a controlled envir
onment, allowing for the synthesis of various types of 
NPs. Here is an overview of the use of plant cell 
cultures for nanoparticle production and their advan
tages in terms of scalability, sustainability, and cost- 
effectiveness.

Hairy root cultures involve the induction of adven
titious roots in plants using Agrobacterium rhizo
genes. These cultures offer unique advantages for 
nanoparticle production such as the green synthesis 
of silver nanoparticles [10]. (i) Secondary Metabolite 
Production: Hairy root cultures can produce a wide 
range of secondary metabolites, including polyphe
nols, alkaloids, and flavonoids. These metabolites can 
act as precursors or stabilizers for nanoparticle synth
esis. (ii) Genetic Stability: Hairy root cultures exhibit 
genetic stability, allowing for consistent nanoparticle 
production over time. This stability is advantageous 
for long-term and large-scale nanoparticle synthesis. 
(iii) Enhanced Nutrient Uptake: Hairy roots have 
a high surface area-to-volume ratio, enabling efficient 
nutrient uptake and utilization. This promotes cell 
growth and enhances nanoparticle production. (iv) 
Sustainability and Cost-Effectiveness: Hairy root cul
tures offer sustainability benefits similar to suspension 
cultures, as they can be maintained in bioreactors 
without the need for extensive land or resources. 
Moreover, the scalability and cost-effectiveness of 
hairy root cultures make them attractive for large- 
scale nanoparticle production [10].

Suspension cultures involve the cultivation of plant 
cells in a liquid medium which is typically performed in 
bioreactors [88]. They offer several advantages for 
nanoparticle production. (i) Scalability: Suspension cul
tures can be easily scaled up to large volumes, making 
them suitable for industrial-scale nanoparticle produc
tion. Bioreactors can be employed to provide controlled 
growth conditions, nutrient supply, and continuous 
monitoring. (ii) High Biomass Yield: Plant suspension 
cultures can achieve high biomass yields, resulting in 
a substantial number of cells available for nanoparticle 
synthesis. This enables efficient production of NPs at 
a larger scale. (iii) Genetic Manipulation: Plant cells in 
suspension cultures can be genetically modified to 
enhance nanoparticle synthesis or introduce specific 
functionalities [89]. This flexibility allows for tailoring 
NPs to meet specific requirements. (iv) Sustainable and 
Cost-Effective: Plant cell cultures are sustainable as they 
provide a continuous supply of cells without the need 
for land, water, or other resources required for tradi
tional agriculture. Additionally, plant cell cultures can 
be more cost-effective compared to other cell culture 
systems.

The advantages of plant cell cultures lie in their 
scalability, sustainability, and cost-effectiveness. 
These systems provide a continuous supply of cells, 

offer genetic manipulation possibilities, and can 
achieve high biomass yields. Moreover, plant cell cul
tures can be cultivated in controlled environments, 
reducing the dependence on external factors, and 
ensuring consistent nanoparticle production. The sus
tainable and cost-effective nature of plant cell cultures 
makes them attractive for industrial applications, 
where large quantities of NPs are required for various 
fields, including medicine, agriculture, and environ
mental remediation.

4.2. Types of nanoparticles synthesized by plant 
cells

Plant cells have the remarkable ability to synthesize 
various types of NPs, including metal NPs, carbon- 
based NPs, and polymer NPs. These NPs are produced 
through complex biochemical and metabolic pathways 
within plant cells. Here is an overview of the different 
types of NPs synthesized by plant cells and the under
lying mechanisms involved.

Plant cells can synthesize metal NPs through 
a process called bioreduction [90,91]. This involves 
the conversion of metal ions present in the environ
ment into their metallic form by plant metabolites. For 
instance, plant cells produce enzymes, such as reduc
tases, that can catalyze the reduction of metal ions into 
metal NPs. These enzymes utilize cofactors, such as 
NADPH, to facilitate the reduction reaction. 
Moreover, phytochemicals, such as flavonoids, ter
penes, and phenolic compounds, along with various 
biomolecules like proteins and polysaccharides, act as 
reducing and stabilizing agents. They interact with 
metal ions, facilitating their reduction and subsequent 
stabilization as NPs [92]. In addition, metal NPs can 
be synthesized both intracellularly and extracellularly 
within plant cells. Intracellular synthesis occurs within 
specific compartments, such as vacuoles or endoplas
mic reticulum, while extracellular synthesis takes place 
in the apoplast or on the cell surface.

Plant cells can also produce carbon-based NPs, 
including carbon dots and carbon nanotubes [93,94]. 
The mechanisms of carbon-based nanoparticle synth
esis involve pyrolysis, carbonization, and biomolecule 
functionalization. Plant cells possess carbon-rich com
pounds, such as sugars, cellulose, lignin, and proteins, 
which can undergo pyrolysis or carbonization pro
cesses under controlled conditions. These processes 
result in the formation of carbon-based NPs. In addi
tion, plant-derived biomolecules, such as proteins, 
polysaccharides, and phenolic compounds, can serve 
as precursors or templates for the synthesis of carbon- 
based NPs. Functionalization of these biomolecules 
leads to the formation of carbon NPs with unique 
properties for bioimaging, and antimicrobial and anti
oxidant capabilities [93]. Furthermore, nanoporous 
carbon materials, utilized in supercapacitor 
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applications, can be derived from plants like lotus seed 
and Terminalia chebula seed, contributing to the 
advancement of clean energy storage [95,96].

Plant cells can synthesize polymer NPs through the 
metabolism and polymerization of specific monomers 
[97]. For instance, plant cells possess metabolic path
ways that produce monomers, such as phenolic com
pounds, flavonoids, and terpenes. These monomers can 
undergo enzymatic or non-enzymatic polymerization 
reactions within plant cells, resulting in the formation 
of polymer NPs. Furthermore, some plant-derived 
polymers have the ability to self-assemble or undergo 
coacervation, forming NPs. This process involves the 
spontaneous aggregation of polymer chains driven by 
factors like pH, temperature, or ionic strength.

The specific metabolic pathways and mechanisms 
involved in nanoparticle synthesis within plant cells 
are still being explored and vary depending on the 
nanoparticle type. Plant cells utilize their enzymatic 
machinery, phytochemicals, biomolecules, and meta
bolic pathways to facilitate the reduction, carboniza
tion, or polymerization of precursor materials, 
resulting in the formation of NPs. Understanding 
these underlying mechanisms is crucial for harnessing 
plant cell-based nanoparticle synthesis for various 
applications, including medicine, agriculture, and 
environmental remediation. It allows researchers to 
optimize nanoparticle production, tailor nanoparticle 
properties, and explore sustainable and eco-friendly 
approaches to nanoparticle synthesis.

5. Photosynthetic system

Plants not only have the ability to produce NPs 
through plant cultures or synthesizing NPs, but the 
components within the plant cell also have the ability 
to become functional NPs, in the photosynthetic 

system [11]. The photosynthetic system, where light 
energy is converted to chemical energy for the plant’s 
essential functions, is of great interest and will be 
further explored in this review through the roles and 
potential of thylakoids and chlorophyll.

5.1. Thylakoid and light reaction

Thylakoids are specialized membrane-bound com
partments found within chloroplasts, playing 
a crucial role in the light reactions of photosynthesis. 
These structures contain pigments, particularly chlor
ophyll, that efficiently absorb light energy. The 
absorption of light triggers the excitation of electrons 
in chlorophyll molecules, initiating a sequence of elec
tron transfer events within an embedded electron 
transport chain [98,99]. This electron transport pro
cess generates a proton gradient across the thylakoid 
membrane, enabling the synthesis of ATP through 
ATP synthase complexes (Figure 5). Moreover, the 
light reactions involve the photolysis of water, result
ing in the release of molecular oxygen as a byproduct. 
Furthermore, the excited electrons are utilized to 
reduce nicotinamide adenine dinucleotide phosphate 
(NADP+) to NADPH, a high-energy electron carrier 
[100]. NADPH, along with ATP, provides the chemi
cal power necessary for the subsequent reactions of the 
Calvin cycle, facilitating carbon dioxide assimilation 
and carbohydrate synthesis. Thus, thylakoids play 
a pivotal role in ATP synthesis, NADPH production, 
and oxygen evolution. Collectively, these processes 
enable the conversion of light energy into chemical 
energy and provide the essential components for car
bon fixation during photosynthesis. Consequently, 
thylakoids can serve as versatile structures capable of 
supplying general therapeutic molecules, namely ATP, 
NADPH, and oxygen, to diseased cells.

Figure 5. Photosynthetic electron transport on the thylakoid membrane which synthesizes ATP through the ATP synthase 
complexes.
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However, under conditions of excessive light inten
sity, the efficiency of the electron transfer chain in 
converting all excited electrons into stable chemical 
energy, such as ATP, NADPH, or O2, becomes limited 
[101]. As a result, reactive oxygen species (ROS) are 
generated. Although thylakoids possess an antioxidant 
system on their membranes, primarily catalase, the 
overproduction of ROS can overwhelm the antioxi
dant system and impair the functioning of the light 
reactions themselves. This further reduces electron 
conversion efficiency and leads to the accumulation 
of ROS. Consequently, thylakoids can also serve as 
light-driven ROS generation structures with destruc
tive implications.

5.1.1. Nano-thylakoid for cancer treatments
Fragmented thylakoids in nano-size, referred to as 
nano-thylakoids (NT), retain several original func
tions such as oxygen evolution, enzymatic reactivity, 
and ROS overproduction, making them suitable for 
cancer elimination and normalization of the tumor 
microenvironment. The first reported NT was in 
2018 by Jiang et al. They isolated thylakoids from 
spinach and fragmented them into NT using ultraso
nication and membrane filtration techniques 
(Figure 6) [102]. The produced NT particles had an 
average size of approximately 50 nm with 
a polydispersity index (PDI) of around 0.11. 
Remarkably, the catalase enzyme originally located 
on the thylakoid membrane was preserved within the 
NT and exhibited enzymatic activity in converting 
H2O2 to O2. Moreover, when coupled with chlorophyll 
electron excitation, the oxygen produced by the cata
lase enzyme reaction transfers into singlet1O2, 
a powerful ROS. Consequently, NT was applied as 
a photodynamic therapy (PDT) agent to convert H2 
O2 within the hypoxic tumor microenvironment into 
toxic ROS under external light irradiation. Near- 

infrared radiation (NIR) was chosen as the light source 
in this case, as tumors are commonly located deep 
within tissues, beyond the penetration capacity of 
visible light. The efficacy of NT was evaluated 
in vitro using a stage IV human breast cancer cell 
line, 4T1, as well as in vivo by BALB/c mice bearing 
4T1-derived tumors. The NT combined with light 
irradiation successfully increased the hypoxia levels 
both in vitro and in vivo. Additionally, the tumor 
sections from mice demonstrated up-regulation of 
the hypoxia-related protein HIF-alpha. Amazingly, 
the tumor size was significantly reduced to its original 
size within 15 days of treatment, which was markedly 
lower compared to mice receiving liposomes contain
ing only chlorophyll with NIR irradiation. While this 
research reveals the potential therapeutic effect of NT, 
the authors did not include the photosynthetic func
tion in their therapeutic strategy, leading to limited 
differences between NT and a simple liposome carry
ing chlorophyll and catalase.

A similar design was reported by Liu et al. in 2021. 
They incorporated the thylakoid membrane with 
extracellular vehicles (EV) derived from pro- 
inflammatory M1 macrophages, creating TK@M1. 
TK@M1 was utilized to re-polarize pro-tumoral M2 
macrophages into an anti-tumoral M1 phenotype 
[103]. This activation of the tumor microenvironment 
led to continuous H2O2 production, which was then 
decomposed into O2 by the catalase on the thylakoid 
membrane. This hybrid bio-nanovesicle facilitated 
immune regulation for PDT treatment. The incor
poration of M1 EV significantly increased the specific 
tumor accumulation of TK@M1 and enhanced the O2 
production in tumor tissues. This was possible due to 
the M2 macrophage re-education and the native 
tumor-targeting capabilities. Consequently, the 
in vivo PDT performance of TK@M1 was significantly 
improved compared to bare thylakoid nanovesicles, 

Figure 6. (a) Illustration of the production of nano-thylakoids (NT) and the mode of action of PDT-based cancer treatment. (b) 
Chemical structure of chlorophyll. Reproduced from Ref [102]. With permission from the Royal Society of Chemistry.
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providing a practical application of the thylakoid 
membrane in tumor therapy.

Similarly, Lin et al. also utilized NT primarily for its 
catalase activity. They constructed a mannose- 
decorated hollow mesoporous Prussian blue (HMPB) 
nanoplatform (Man-HMPB) with the encapsulation of 
an autophagy inhibitor hydroxychloroquine (HCQ) to 
target and polarize tumor-associated macrophages 
(TAMs) [104]. In vitro studies shown that Man- 
HMPB/HCQ could significantly enhance cellular 
internalization of TAMs and induced the polarization 
of M2-TAMs into M1 phenotypes. To reduce uptake 
by the reticuloendothelial system, alleviate hypoxia, 
and induce membrane rupture within the tumor, the 
researchers prepared a hybrid membrane by combin
ing macrophage membrane and thylakoid membrane, 
resulting in TK-M@Man-HMPB/HCQ. The macro
phage membrane facilitated exceptional tumor target
ing distribution, localized membrane rupture, 
controlled nanoparticle release, and hypoxia allevia
tion within the tumor microenvironment. In vivo 
studies demonstrated that TK-M@Man-HMPB/HCQ 
could suppress tumor growth through TAM polariza
tion, hypoxia alleviation, infiltration of cytotoxic 
T lymphocytes, and a decrement of regulatory 
T cells. Although the strategies for tumor targeting 
and killing were improved and became more intricate 
in these three consecutive yet independent studies, the 
role of NT remained primarily as a provider of catalase 
and chlorophyll, while the delicate photosynthetic 
functions were overlooked.

On the other hand, Zheng et al. recognized the 
oxygen evolution capacity of thylakoids and created 
a photosynthetic leaf-inspired abiotic/biotic NT 

(PLANT) system. This was done by combining syn
thetic NPs with the O2-generating thylakoid mem
brane to achieve efficient in vivo O2 production 
(Figure 7) [105]. Comparative analysis revealed that 
PLANT significantly exhibited higher O2 production 
upon irradiation by 660 nm laser as compared to tra
ditional O2-generating materials such as MnO2 or 
CaO2. In a multicellular tumor spheroid model, 
PLANT alleviated apparent tumor hypoxia while con
currently restraining cell migration and inhibited 
anaerobic respiration. Metabolic analysis further 
showed that PLANT could restore oxygen supply 
and could in vivo readjust the abnormal tumor micro
environment. Additionally, this optically controlled 
tumor oxygenation material was combined with O2- 
related therapies, including phototherapy and anti- 
angiogenesis therapy, for enhanced tumor treatment. 
Although the mechanism behind the improved oxy
gen evolution with nanoparticle assistance was not 
fully explained, this pioneering research represents 
the first attempt to utilize the photosynthetic functions 
of NT, namely oxygen evolution, offering a novel 
strategy for cancer treatments.

5.1.2. Nano-thylakoid for other diseases
In 2018, Zhang et al. [106] reported a novel application 
of photosynthetic NT aimed to target energy-deficient 
diseases by supplying ATP, the “molecular unit of cur
rency. To achieve this, they focused on the key photo
synthetic reaction in the thylakoid membrane, which 
involves a linear electron transfer to produce ATP upon 
light irradiation. They constructed a highly efficient 
intracellular opto-driven system called HELIOS in 
short, which could generate cytosolic electrons to 

Figure 7. Schematic diagram of the normalization of tumor induced by the PLANT system. When irradiated by light, photo
synthetic enzymes in PLANT catalyzed the water-splitting reaction and produced O2 in situ. Reproduced from Ref [105]. With 
permission from the American Chemical Society.
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significantly enhance intracellular ATP levels upon 
light irradiation. A proteo-liposome-like structure was 
synthesized by combining thylakoid fragments from 
spinach with phosphocholines and cholesterol. The 
thylakoid enzymes in HELIOS were speculated to use 
optical energy and transform generated electrons into 
electron acceptors (NADPH) within the system. These 
electrons were then transported through the malate- 
aspartate shuttle system into mammalian mitochondria 
to generate ATP (Figure 8). In various cell lines, the 
addition of HELIOS was observed to significantly 
increase the intracellular ATP generation when exposed 
to light irradiation. This treatment could also enhance 
cellular functions such as fluorescent protein synthesis, 
cell movement, and insulin secretion. Besides providing 
ATP during ischemia, HELIOS was able to perform 
organ powering in rats. The behavioral experiments 
performed on zebrafish also demonstrated the potential 
of this strategy to be translated to other living animals. 
In plants, the primary purpose of photosynthesis is to 
absorb light energy and store abundant solar energy 
into chemical energy as fuel for cell metabolism, namely 
ATP and NADPH in light reactions which are further 
converted into more stable chemical energy in the form 
of glucose or starch. This work was indeed the pioneer
ing work that applied plant-origin NT as 
a photosynthetic platform to convert light energy into 
chemical energy that can be utilized by mammalian 
cells, proving NT as a promising candidate in treating 
energy-deficient diseases. The author claimed that such 
energy supply was enabled by the photosynthetic gen
eration of NADPH and this NADPH diffused into 
mitochondria and participated in the tricarboxylic 
acid cycle (TCA) cycle in generating ATP, which was, 
however, problematic. First, only the reduced nicotina
mide adenine dinucleotide (NADH) can be directly 
utilized by the TCA cycle to power ATP synthesis. 
Mitochondrial conversion of NADPH into NADH 
was slow and only accounted for a minimal amount 
of ATP synthesis. Second, NADH cannot be produced 

in light reaction as the author claimed, hence the 
NADPH-powered ATP synthesis would not be possi
ble. Instead, ATP itself in light reaction will be gener
ated in photosystem II (PSII). Therefore, the energy- 
supplying effect in vitro or in vivo in this research might 
mainly come from ATP produced by NT rather than 
from mitochondria in the targeted cell.

Building upon this research, Chen et al. further inves
tigated the photosynthetic ATP production of NT and 
applied it to power cellular anabolism and promote 
cellular metabolic reprogramming [107]. They devel
oped a nanosized plant-derived photosynthetic system 
based on NT that was independent and controllable. To 
enable applications on other species, they used chondro
cyte membrane, a specific mature cell membrane, for 
camouflage encapsulation. The study demonstrated that 
these membrane-coated NT entered chondrocytes 
through membrane fusion, avoiding lysosome degrada
tion and achieving rapid penetration. Exposure to light 
increased intracellular ATP levels in situ, leading to 
improved anabolism in degenerated chondrocytes. The 
NT corrected energy imbalance systemically, improved 
cartilage homeostasis, restored cellular metabolism, and 
protected against the pathological progression of 
osteoarthritis. This therapeutic strategy successfully uti
lized a natural photosynthetic system to enhance cell 
anabolism by providing key metabolic and energy car
riers. Thus, demonstrating the potential and feasibility of 
the transplantation of a plant-derived photosynthetic 
system across the other species. This approach has 
potential applications in degenerative diseases related to 
abnormal anabolism or metabolism.

5.2. Chlorophyll

Diving into the pivotal molecule and pigment found 
inside the thylakoid, crucial for the photosynthesis pro
cess, chlorophyll is abundantly present in plant species, 
especially those that exhibit green pigmentation. With 
approximately a quarter of the world’s land area 

Figure 8. Schematic of HELIOS. (a) Isolating the plant photosystem. (b) The assembly into a nanoparticle, through the conversion 
of optical energy to ATP chemical energy to power cells. Reproduced from Ref [106]. With permission from John Wiley and Sons.
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covered by forests, the potential reservoirs of chloro
phyll are vast. This essential pigment can be extracted 
from a diverse array of plant sources. Chlorophyll a and 
chlorophyll b usually exist in plant species, while chlor
ophyll c, chlorophyll d, and chlorophyll f usually exist 
in various algae and microalgae (Figure 9) [108,109]. 
The abundant reserves of chlorophyll in nature and its 
inherent fluorescence have spurred numerous investi
gations into its various possible applications.

The fluorescence intensity of chlorophyll serves as 
an indicator of its content, enabling a rapid assessment 
of photosynthetic performance. This innovative 
approach has allowed researchers to enhance crop 
development by efficiently gauging photosynthetic effi
ciency through chlorophyll fluorescence measurements 
[110]. Moreover, chlorophyll’s versatile properties 
extend beyond its role in plants. Through strategic 
blending with other materials, chlorophyll has contrib
uted to the development of artificial photosynthesis 

systems. This innovative application capitalizes on 
chlorophyll’s light-capturing capabilities, mirroring 
the natural photosynthetic process, and holds potential 
for advancements in various fields [13,111]. In addition, 
Pheophorbide-Appending Cellulose was used to make 
nanorods to work as light absorbers [112]. The constant 
exploration of chlorophyll’s attributes underscores its 
significance as a fundamental natural resource that 
continues to inspire new scientific inquiries and appli
cations. In addition to the application in crops, this 
review will focus more on the application of chlorophyll 
and its derivatives in biomedicine.

Chlorophyll is characterized by a cyclic tetrapyrrole 
structure, prominently featuring a homocyclic five- 
membered ring [113]. This unique structural aspect, 
referred to as a macrocycle, serves as a focal point of 
chlorophyll research. Investigations predominantly 
center around the macrocycle, leading to the creation 
of numerous chlorophyll derivatives through 

Figure 9. Molecular structures of various chlorophyll molecules. (a) Molecular structure of chlorophyll a.(b) Molecular structure of 
chlorophyll b. (c) Molecular structure of chlorophyll c. (d) Molecular structure of chlorophyll d. (e) Molecular structure of 
chlorophyll f.
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modifications. The chemical attributes of these deri
vatives are significantly altered by factors such as the 
extent of macrocycle reduction, metal ion coordina
tion, and the presence of substituents. These modified 
derivatives offer a range of valuable functionalities and 
traits. Notably, they exhibit potent antioxidant cap
abilities, effectively serving as scavengers for free radi
cals. Additionally, these derivatives possess light 
absorption properties, rendering them valuable photo
sensitizers for inducing light-triggered cell damage, 
a trait pivotal in applications like PDT [114]. The 
diverse outcomes achieved by manipulating the 
macrocycle of chlorophyll highlight the potential for 
multifaceted applications, spanning from antioxidant 
interventions to advanced therapeutic strategies invol
ving light-mediated cellular responses, which will be 
discussed further [115].

5.2.1. Antioxidant capability
Substantial research has demonstrated that both 
chlorophyll and its derivatives play a pivotal role in 
mitigating oxidative stress by activating cellular anti
oxidant pathways. These compounds exhibit consid
erable efficacy in neutralizing diverse free radical 
species, including hydrogen peroxide (H2O2), 

hydroxyl radical (·OH), and singlet oxygen (1O2) 
[116]. Hence, chlorophyll and its derivatives are effec
tive as potent antioxidants capable of diminishing 
ROS levels. To further explore the naturally occurring 
chlorophyll as an antioxidant, researchers studied the 
reactions and enzymes responsible for the production 
and dissemination of ROS as shown in Figure 10(a) 
[117]. The antioxidant reactions were catalysed by 
antioxidant enzymes such as superoxide dismutase 
(SOD), catalase (CAT), glutathione peroxidase 
(GPx), glutathione reductase (GR), the redox state of 
glutathione of reduced glutathione (GSH) and oxi
dized glutathione (GSSG). However, when compared 
with other antioxidants like carotenoids and tocopher
ols, chlorophyll and its derivatives exhibit a relatively 
lower antioxidant potency at equivalent concentra
tions [108,117]. To attain antioxidant effects on par 
with those of carotenoids and tocopherols, it is neces
sary to extract higher concentrations of chlorophyll 
and its derivatives. The mechanisms of antioxidant 
effects of carotenoids are illustrated in Figure 10(b,c). 
Electrons are conveyed from the carotenoid to the 
photosystem reaction center, resulting in the genera
tion of an excited state. Figure 10(c) demonstrates its 
proficiency in quenching singlet oxygen [117].

Figure 10. The mechanisms delineating the antioxidant action of chlorophyll and carotenoid in diverse processes. (a) The reactive 
oxygen species (ROS) generation and propagation of chlorophyll antioxidant and the participating reactions and enzymes. (b) 
Depicts the electron transfer from the characteristic conjugated polyenic chain of carotenoids (Car) to chlorophylls (Chl). (c) This 
entails the physical quenching of singlet oxygen [117].
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5.2.2. Photodynamic therapy (PDT) effect
Tetrapyrrole macrocycles exhibit distinct absorption 
spectra in the visible and near-infrared regions, charac
terized by two prominent bands: the B-band or Soret- 
band around 400 nm and the Q-band occurring within 
the range of 600–800 nm. This spectral behavior denotes 
that longer wavelengths hold greater penetration cap
abilities, while shorter wavelengths offer higher energy 
levels. The inherent cyclic tetrapyrrole structure with 
a five-membered ring within chlorophyll contributes 
to its remarkable light-absorption proficiency. Notably, 
research has demonstrated that derivatives of chloro
phyll possess robust light-absorption capabilities. When 
subjected to light of specific wavelengths, both chloro
phyll and its derivatives undergo excitation, transition
ing from a ground state to a transient excited state, thus 
engendering a PDT effect seen in Figure 11 [118–120].

Pheophorbide, a derivative of chlorophyll, holds 
substantial potential for biomedical applications. 
Research has illuminated that pheophorbide exhibits 
an intriguing capability: tumor cells display a higher 
uptake of pheophorbide compared to normal cells. 
This differential absorption provides a remarkable 
opportunity to harness pheophorbide’s therapeutic 
potential in a targeted manner. A noteworthy study 
conducted on myeloma cells exhibited a distinct pre
ference for pheophorbide uptake over normal spleen 
cells. This observation demonstrated that pheophor
bide indeed has enhanced affinity for tumor cells, 
effectively enabling selective absorption by these cells 
as opposed to normal cells [121]. Subsequently, this 
selective uptake of pheophorbide by tumor cells is 
harnessed to leverage the PDT effect of pheophorbide, 
thereby instigating tumor cell destruction and, conse
quently, achieving therapeutic objectives in tumor 
treatment [122].

In addition to the field of tumor treatment, chlor
ophyll and its derivatives play a significant role in the 

food industry. When chlorophyll was incorporated 
into a food packaging film development, it was able 
to generate active oxygen species after being irradiated 
by light to sterilize and protect food [123,124].

Researchers have harnessed the unique structure 
and properties of chlorophyll and its derivatives to 
induce antibacterial effects through PDT. This strategy 
capitalizes on the ability of chlorophyll and its deriva
tives to absorb light and generate ROS upon activa
tion. When exposed to specific wavelengths of light, 
these compounds transition from their ground state to 
an excited state, triggering the generation of ROS that 
can induce oxidative stress and cellular damage in 
bacteria. This targeted mechanism of action makes 
PDT a promising avenue for combating bacterial 
infections while minimizing the risk of antibiotic resis
tance. By ingeniously utilizing the inherent properties 
of chlorophyll and its derivatives, researchers are 
exploring novel ways to address the challenge of bac
terial infections in both medical and environmental 
contexts [125].

5.2.3. Antimutagenic capability
Chlorophyll possesses a range of potential benefits that 
extend beyond its well-established photodynamic and 
antioxidant properties. Studies have shed light on its 
remarkable capacity to counteract mutagenesis, parti
cularly its role in preventing liver cancer, especially in 
individuals exposed to aflatoxins, which is a potent 
mutagen that is often present in certain foods. The 
antimutagenic capability of chlorophyll is attributed to 
its unique ability to selectively bind with mutagens in 
the digestive tract. This binding action not only 
reduces the availability of mutagens but also hinders 
the body’s absorption of aflatoxins. Consequently, this 
process results in a reduction in DNA damage, effec
tively mitigating the risk of mutagen-induced harm. 
Additionally, the impact of chlorophyll extends to the 

Figure 11. Type 1 and type 2 reactions in photodynamic therapy (PDT) [119]. Upon excitation, the photosensitizer undergoes a 
transition from its ground state to a transient excited state, thereby initiating a PDT effect. This process involves two pathways: 
Type I reactions generate radicals and radical anion species (such as O2

• – and HO•), whereas Type II reactions produce singlet 
oxygen (1O2) from molecular oxygen (O2).
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modulation of enzyme activity, further contributing to 
its protective effects against mutagenesis [126]. This 
multifaceted approach strengthens the potential of 
chlorophyll in combating mutagenic processes, ulti
mately playing a pivotal role in the prevention of liver 
cancer and promoting overall health.

6. Current gaps and future perspectives of 
nature-derived nanomaterials

The synthesis efficiency and scalability of nanoma
terials derived from animal and plant cells can vary 
depending on several factors. In this section, we 
compare the factors and strategies for optimizing 
production yield. The synthesis of nanomaterials 
derived from animal cells can involve complex cellu
lar processes, which may require specialized culture 
conditions, extended incubation times, and specific 
enzymatic reactions. Factors such as cell viability, 
enzyme activity, and the specific biochemical path
ways involved can influence the efficiency of synth
esis. In contrast, the synthesis of nanomaterials from 
plant cells often involves simpler processes, such as 
the extraction and purification of natural plant com
ponents or enzymatic reactions. Plant cells are amen
able to large-scale cultivation, producing abundant 
biomass, which contributes to higher synthesis 
efficiency.

Scaling up the production of nanomaterials from 
animal cells can be challenging due to factors like limited 
cell availability, complex culture systems, and the need 
for stringent quality control. Optimization of cell culture 
parameters, media composition, and bioreactor design 
may be required. Furthermore, nanomaterials derived 
from plant cells offer better scalability due to the abun
dance and rapid growth of plant biomass. Large-scale 
cultivation using conventional agricultural practices 
makes it easier to meet the demand for nanomaterial 
production. Plant-based systems can also be engineered 
for enhanced production of target nanomaterials.

The production yields of both animal and plant cell- 
derived nanomaterials can be influenced by various fac
tors, including the choice of specific cells or plant tissues, 
cell viability, growth conditions, and genetic variability. 
Moreover, the efficiency of extraction methods employed 
to isolate nanomaterials from cells or tissues can influence 
production yields. Optimization of extraction techniques, 
such as selection of solvents, pH conditions, and mechan
ical disruption, can enhance yields. Understanding and 
manipulating the cellular metabolism and pathways 
involved in nanomaterial synthesis can impact production 
yields. Modulating enzyme activity, precursor availability, 
and cofactors can optimize yields.

As many of these nature-derived nanomaterials 
have biomedical endpoints, maintaining consistency 
in the quality across batches can be a significant 
challenge, even after addressing the scaling-up issues. 

Compartmentalization into multiple streams in par
allel batch processing through microfluidics techni
ques might be able to solve these consistency issues. 
When multiple streams are deployed, individualized 
level sampling of the parallel streams can be carried 
out to ‘reject’ streams that do not meet the standards 
from entering the final merging of the product 
stream, ensuring the fidelity of the overall final 
product.

Regarding nano-photosynthesis systems derived 
from either from plant or cyanobacterial, their stabi
lity under room temperature as well as storage con
ditions remains a significant area for optimization. 
Meanwhile, the isolation procedure could be opti
mized to maximally preserve the delicate light- 
harvesting system in the intact thylakoid membrane. 
Additionally, preventing the formation of ROS, a by- 
product of light-chemical energy conversion, is cru
cial to avoid potential damage to the bioactivity of 
NPs and the target cell itself. If not addressed, this 
could pose a threat even without causing cell death. 
Therefore, addressing the prevention of ROS forma
tion is an essential task.

While animal cell-derived nanomaterials may have 
more complex synthesis processes and scalability chal
lenges, plant cell-derived nanomaterials offer advan
tages in terms of scalability, ease of cultivation, and 
availability of biomass. Strategies for optimization 
should focus on genetic engineering, bioprocess opti
mization, enzyme engineering, downstream proces
sing, and scale-up approaches to enhance production 
yields for both types of nanomaterials.

Last but not least, while all of these nanomaterials 
are derived from nature and in fact some of these 
materials are food in normal circumstance, they may 
or may not be safe. Safety needs, therefore, need to be 
ascertained since these are meant for biomedical 
applications. As the possibilities of cell derived nano
materials are tremendous, advanced testing meth
odologies may need to be developed to catch up 
with the possible tsunami of these novel candidates. 
Advanced methodologies of using induced pluripo
tent stem cells (iPSCs) to better represent the target 
organ of interest and artificial intelligence driven 
data pattern recognition may be deployed to cope 
with the possibly large influx of data.

7. Conclusion

Nature has much to offer to the materials scientists. 
Materials syntheses that have taken eons to perfect can 
be employed to create new materials at an accelerated 
pace. Nature has a ready-to-use toolbox and treasure 
trove of novel and unique structures for our imagina
tive use and applications. Through this, we may be 
able to better expand the possibilities far beyond our 
current horizons.
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