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Abstract
Nanoparticles have revolutionized biomedicine especially in the field of drug delivery due to their intriguing properties such 
as systemic stability, level of solubility, and target site specificity. It can, however, be both beneficial and damaging depending 
on the properties in different environments, thus highlighting the importance of nanotoxicology studies before use in humans. 
Different types of nanoparticles have been used in drug delivery, and this review summarizes the recent toxicity studies of 
these nanoparticles. The toxicological evaluation of three widely used nanoparticles in drug delivery that are metal, lipid, 
and protein nanoparticles has been discussed in detail. Studies have recorded several toxic effects of various nanoparticles 
such as metal-based nanoparticles have been linked to increased oxidative stress and have the potential to infiltrate the cell 
nucleus and protein-based nanoparticles have been observed to have hepatotoxicity and nephrotoxicity as their adverse effects. 
Considering the increasing application of nanoparticles in drug delivery and the growing concerns of regulatory authorities 
regarding the toxicity of nanocarriers in living organisms, it requires urgent attention to identify the gap in toxicity studies. 
The review highlights the gap in toxicity studies and potential focus areas to overcome the existing challenges.
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Abbreviations
DXR  Doxorubicin
HSA  Human serum albumin
RA  Rheumatoid arthritis
CLT  Celastrol
CPP  Cell-penetrating peptide
GNPs  Gelatin nanoparticles
RFRTs  Ferritin derivative apoferritin
TIMP-GLIA  Tolerogenic immune-modifying nanoparti-

cles containing gliadin
FNPs  Fibroin nanoparticles

SFN-DXR  Silk fibroin nanoparticle bearing 
doxorubicin

TSFN  Tween 80–coated silk fibroin nanoparticles
SF  Silk fibroin
HPLC  High-performance liquid chromatography
IC50  Half maximal inhibitory concentration
LD50  Median lethal dose

Introduction

The recent years have marked an unprecedented growth in 
nanotechnology due to its wide range of applications [1]. 
The rising popularity can be attributed to their astonish-
ing properties which sets them apart from any other mate-
rial. This has allowed their application to be expanded in 
the field of biomedicine, for the purpose of drug delivery, 
nutraceuticals, diagnostics/imaging, production of biocom-
patible materials, and much more [2, 3]. The technological 
advancements using nanoparticles have gained importance 
in such a short period due to impressive physical and chemi-
cal properties. A particle having size less than 100 nm (any 
one dimension) is characterized as a nanoparticle as per the 
new definition. These nanostructures possess great surface 
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to area ratio, show quantum effects, and are highly mobile 
when present in free state [4]. The conventional drugs face 
problems like low specificity, less bioavailability, and high 
toxicity. These problems can be substantially overcome by 
use of nanoparticle-based drug delivery systems [5]. Metal, 
non-metal, polymers, and biopolymers have been used 
for preparation of nanoparticles/nanoformulations [6, 7]. 
For therapeutics, a nanoparticle can be used in two ways 
by acting itself (1) as a drug or (2) as a carrier for another 
substance [7, 8]. Since these nanoparticles are entering the 
biological system, they interact with various biological path-
ways and biomolecules found within living beings. Where 
on one side the unique properties of nanoparticles makes 
them ideal for drug delivery, the same properties also raise 
challenges, if not optimized efficiently [9]. As mentioned 
before, nanoparticles have a great surface to area ratio, 
which in one case provides benefit of efficient drug loading, 
but on the contrary, it can also increase chances of interac-
tion with other biomolecules when present in a living organ-
ism. Some of the other properties that attract the concerns of 
scientists when using nanoparticles as drug delivery systems 
are their particle size (which allows easy access to various 
organs), charged surface (increasing chances of non-specific 
interaction), solubility, surface coating, and more. Various 
researches over the years support the claim that nanopar-
ticles can be a bane or boon. We mostly know about the 
tremendous benefits that nanoparticles offer, but there is 
very limited information about toxicity, non-specific pro-
tein interaction, translocation to secondary target organs, etc. 
[10]. Some of the in vivo and in vitro studies have already 
highlighted the toxic effects of silica, gold, silver, and tita-
nium nanoparticles. Since the size of the nanoparticles used 
in these studies is similar to the size used in biomedicine, it 
becomes imperative to assess the toxicological parameters. 
This review tries to highlight toxicity studies for some of 
the commonly used nanoparticles in drug delivery (Figs. 1 
and 2).

Carbon‑Based Nanoparticles

Nanoparticle-based drug formulations have become promi-
nent in recent years due to their properties of targeted and 
sustainable drug release, enhanced solubility of the drug, 
and minimum or no adverse drug reactions. Among numer-
ous nanocarriers, carbon nanotubes have been one of the 
major focuses because of their wide application in cancer 
therapies [11]. However, the application of carbon nanotubes 
has been also expanded to non-anticancer drugs, either as a 
carrier or as an adjuvant [12]. Carbon nanotubes are made 
from graphene sheets. These sheets are rolled into different 
shapes (such as ellipsoid, hollow, sphere, and tubes) and 
sizes. The carbon nanotubes are majorly classified into two 

types that are SNWCT (single-walled carbon nanotubes) 
and MWCNT (multi-walled carbon nanotubes) [11, 13, 14]. 
The advanced physical, mechanical, and chemical proper-
ties of CNT raise some concern among researchers when 
used in drug delivery systems. This is because CNTs can 
move across the cell membranes while commuting the car-
rier biomolecule. Therefore, understanding the cytotoxicity 
of CNTs becomes very crucial [15].

Studies have shown that CNTs can cause neurotoxicity, 
pulmonary toxicity, immune toxicity, embryotoxicity, geno-
toxicity, hepatotoxicity, and cardiovascular toxicity [16–22]. 
Gholamine et al. studied the toxicological impact of SWNTs 
and MWCNT in mice. The mice were randomized into five 
groups and injected with MWCNT and SWNTs suspended in 
PBS (phosphate-buffered saline). After 2 weeks of observa-
tion, mice of each group were evaluated for a brain factor 
known as the brain-derived neurotrophic factor (BNDF). The 
factors support overall neuron health by promoting sprout-
ing, improving survival, as well as controlling other aspects 
such as memory, learning, locomotion, and more. SWNTs 
and MWCNT showed anxiogenic and depression effects, 
while also impacting the gene expression of BNDF [16]. 
Fujita et al. conducted studies to understand the in vitro and 
in vivo pulmonary toxicity caused by SWNTS. It was found 
that SWNTS induced inflammation and slower recovery and 

Fig. 1  Biomedical applications of nanotherapeutics
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enhanced the expression of genes governing cell prolifera-
tion, inflammation, and reactive oxygen species generation 
However, the level of toxic impact is dependent on the size 
of SWNTs used [23]. Reproductive and developmental tox-
icity of CNTs was observed in mice after intravenous admin-
istration. Fetal malformations, miscarriages, and teratogenic 
and high levels of ROS were some of the observations [24]. 
A study by Shang et al. highlights damage caused to the 
kidney and brain by SWCNTs by promoting ROS in mice 
[25]. Zeinabad et al. studied the CNTs interaction with tau 
protein and PC12 cells. Results showed that both MWCNT 
and SWCNT induced different modes of cell death pathway. 
Moreover, CNTs led to neurotoxicity and protein confor-
mational changes [26••]. Cao et al. mention about the toxi-
cological impact of CNT to the vascular system, wherein 
they induce formation of atherosclerotic plaque, poor heart 
rate, and vasomotor dysfunction among animal models [27]. 
CNTs have been used effectively to deliver anti-tumor drug 
paclitexal in animal models. The study showed significant 
tumor suppression and effective release of the drug with 
minimal side effects. However, the study lacks any toxicity 
assessment for short-term or long-term period [28].

Metal‑Based Nanoparticles

Superparamagnetic iron oxide (SPIONS) is one of the FDA-
approved nanoparticles, used widely in diagnostics as well 
as therapeutic application (hyperthermia, magnetic drug 
delivery, treatment of anemia) [29]. However, the recent 
years have observed expansion of SPIONs as potential drug 
delivery systems to treat cancer and other diseases [30]. But, 
the concerns related to toxicity of SPIONS have somehow 
limited their use until their property is enhanced. This is the 

reason that some of the previously FDA-approved SPIONS 
for use in medical imaging have been pulled off concern-
ing their toxicity issues and anaphylactic reactions. Existing 
studies have demonstrated challenges like ROS, LDH leak-
age, inflammation, DNA damage, and alteration in mito-
chondrial functioning [31–33]. Currently, Feraheme™ or 
ferumoxytol of AMAG pharmaceuticals is the only approved 
drug used in anemic patients suffering from chronic kidney 
disease (CKD) [34–36]. Umirem, Gastromark, and Feridex 
are some of the other FDA-approved SPIONs used as imag-
ing agents [34, 37].

SPIONs are also known to impact the complement system 
leading to innate immunity-related side effects. One such 
SPION-based drug known to alter the complement system 
is Feridex™, which is now discontinued by FDA [38–40]. 
Another concern with use of SPIONs is they show well-
known Haber–Weiss and Fenton reactions as the free ions 
(Fe2 +) released after lysosomal ingestion react with oxygen 
or hydrogen peroxide in the powerhouse of cell (mitochon-
dria), forming free radicals which are responsible for geno-
toxicity, DNA damage, and cellular inflammation [41, 42].

Some of the recent studies have highlighted that the tox-
icity of SPIONs can be reduced by use of coating agents. 
Polymers like polyethylene glycol (PEG), poly vinyl (PV), 
dextran, and chitosan can enhance the half-life and stabil-
ity of SPIONs and prevent aggregation within cells [42, 
43]. Recently, Ferreti et al. evaluated the biocompatibility 
of magnetic particles. The study finds that when magnetic 
iron nanoparticles are coated with zwitter-ionic ligands, they 
showed good stability and biodistribution and required levels 
of renal clearance [44]. Toxicity of SPIONs is a critical issue 
which needs to be considered before its extensive use as a 
drug delivery system. Though lots of research have been 
carried out to understand the toxicity relation, it is crucial to 

Fig. 2  Toxicity recorded by 
protein-based nanoparticles, 
lipid-based nanoparticles, and 
metal nanoparticles
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dig deeper to enhance their property further. This will lead 
to more safe use of SPION nanoparticles and FDA approval 
for drug-based purposes. Similar to SPIONs, other metal 
nanoparticles like titanium, gold, silver, and zinc have been 
used for drug delivery but showed significant toxicity.

Lipid‑Based Nanoparticles

Alec D Bangham discovered liposome back in the 1960s 
at the University of Cambridge (Babraham Institute). 
Liposomes are small and spherical structures forming an 
enclosed compartment, composed of phospholipid layers. 
The cavity formed at the center due the interaction between 
hydrophilic head and hydrophobic tail allows them to act as 
amphipathic nanocarriers for a wide range of drugs in thera-
pies [45, 46]. About more than 40 liposome-based drugs are 
either approved for use in the market or are undergoing clini-
cal trials [47, 48]. This increases interest in understanding 
the interaction of liposomes within the living system and so 
does their toxic effects. Upon entry into the living system, 
liposomes interact with a wide range of biomolecules such 
as LDL, HDL, and opsonins. The encounter with opsonins 
leads to activation of RES recognition, which further tries 
to eliminate it from the system. Other lipoproteins in the 
blood are known to reduce the stability of liposomes within 
the biological system by leading to rearrangement of sur-
face lipids. This is one of the major concerns when using 
liposomes as a drug delivery system [49]. To overcome this 
challenge, liposomes are PEGylated as they prevent opsoni-
zation and support evasion from phagocytic cells [47, 50]. 
Doxil® is an FDA-approved PEGylated liposome-based 
drug used for treatment of tumor [51]. However, Gabizon 
et al. highlighted that encapsulated doxorubicin alters par-
ticle clearance and phagocytic functioning of cells in the 
liver. Recently, FDA has approved emergency use of two 
lipid nanoparticle-based mRNA COVID vaccines of Pfizer-
BioNTech, proven to be 95% effective [52, 53]. However, a 
major challenge of vaccine instability has been observed. 
Adjustments of lipid nanoparticle structure would be neces-
sary to enhance and improvise the vaccine stability.

In 2018, FDA EC approved another lipid RNAi-based 
drug named ONPATTRO by Alnylam Pharmaceuticals for 
diseases caused due to altered TTR (Transthyretin) protein. 
Risk and safety studies associated with the drug use indi-
cate infusion-related reactions, which can be reduced with 
vitamin A supplementation and premedication with cer-
tain drugs like antihistamines and corticosteroids. Some of 
the common adverse reactions observed with use of drugs 
include respiratory symptoms, headache, and change in 
blood pressure. However, there are limited studies to under-
stand the use of this drug among pregnant women, patients 
with renal issues, etc. [48, 54, 55].

Some of the PEG-liposomal formulations are negatively 
charged; this often leads to complement activation, hyper-
sensitivity reactions (HSRs), cardiopulmonary distress, and 
anaphylactoid reactions. Hoven et al. studied the impact 
of negatively charged PEGylated liposome nanocarriers. 
Liposomes with variations in PEG in terms of liposomal 
size, chain length, surface concentration, and anchor mol-
ecule were done. While other variations caused no to mild 
effects, PEG anchored with cholesterol showed maximum 
complement activation [56]. Another similar study is con-
ducted by Szebeni et al., where they evaluated the doxil and 
hynic PEG liposomes for complement activation and hyper-
sensitivity [57].

Protein‑Based Nanoparticles

Protein-based nanoparticles have received much attention in 
recent times due to their biocompatibility, amphiphilicity, 
easy biodegradability, and reduced toxicity. Albumin, gela-
tin, ferritin, fibroin, and casein are some of the widely used 
protein-based nanoparticles for drug delivery [58].

Human serum albumin is a flexible protein that is used to 
make albumin-based nanocarriers (ANCs) for the adminis-
tration of cancer treatments [59, 60]. Because of the various 
drug binding sites found in the albumin molecule, a large 
amount of drug can be integrated into the particle matrix 
with serum albumin nanoparticles [61]. HSA may be a valu-
able analytical indicator for people with autoimmune dis-
eases. Thanks to breakthroughs in biotechnology and protein 
science, many albumin-associated pharmaceutical prepara-
tions, such as nab-paclitaxel (Abraxane®), albumin nano-
particles manufactured utilizing nab technology, are already 
on the market [62]. The FDA has also approved a paclitaxel 
formulation (Abraxane). Abraxane differs from previous 
paclitaxel formulations in that it is attached to albumin par-
ticles, which confer water solubility; previous formulations 
had to be administered in the solvent Cremophor®, which 
raised allergic reactions and limited dosing [63].

While looking at the preferred outcomes, we must not 
ignore the drawbacks. Albumin NPs have been claimed to 
be unstable and extremely damaging to healthy cells. To 
overcome this and to lengthen their half-life in an aqueous 
environment and/or limit the development of protein macro-
aggregates, the freshly synthesized albumin NPs must be 
stabilized or cross-linked. Thermal treatment, high hydrody-
namic pressure, and enzymatic cross-linking using genipin 
or transglutaminase are some of the ways that can be used to 
stabilize protein nanoparticles. Glutaraldehyde cross-linking 
is one of the most commonly utilized ways for stabilizing 
albumin nanoparticles in general [64]. Steinhauser et al. used 
heat denaturation of HSA to produce particles loaded with 
ASOs and found out that HSA nanoparticles cross-linked 
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with glutaraldehyde exhibited no toxicity in cell culture at 
concentrations of up to 5 mg/ml [65].

Langer [66], used PH and buffer titration studies were 
used to assess the stability and electrical behavior of the 
HSA nanoparticles, with a typical titration profile of pre-
pared nanoparticles throughout a pH range of 3 to 10. The 
HSA nanoparticles’ isoelectric point (pI) was calculated to 
be 5.05. The nanoparticles became unstable at pH values 
around pI, as evidenced by PCS: particle diameter increased 
from 250 nm to roughly 2.7 m (Langer, 2003). Even at 
higher pH values when the nanoparticles had a strong sur-
face charge, the particle aggregation remained largely irre-
versible. They concluded that pH values that lead to neutral 
particle surface charges should be avoided when handling 
protein-based nanoparticles. In an HSA nanoparticle suspen-
sion, the pH value, as well as the buffer content, was found 
as critical criteria for particle stability [66].

Albumin nanocarriers are used in the treatment of a vari-
ety of disorders in addition to cancer. HSA-coupled TRAIL 
delivery, according to Byeon et al., could be a promising 
therapy for rheumatoid arthritis (RA), a chronic autoim-
mune disease marked by extreme synovial hyperplasia 
and joint destruction. They also found that rats given CLT-
encapsulated HSA nanoparticles had milder hepatotoxicity, 
nephrotoxicity, and cardiotoxicity than rats given CLT alone, 
according to serum analysis and histopathological examina-
tion [67].

Mesken et al. recently released a study on plasmid trans-
mission in HEK 293 T cells loaded onto HSA nanoparticles 
coated with cell-penetrating peptide (CPP). They were pre-
pared using the desolvation method. There was little cyto-
toxicity and no significant change in performance when 
nanoparticle-mediated transfection was examined at low 
plasmid concentration levels [68]. Even though numerous 
studies and tests have been conducted to assess the efficiency 
of HSA nanocarriers and their potentially hazardous effects 
at various doses, sufficient evidence suggesting the detri-
mental toxicity of this nano-carrier is still lacking.

Gelatin nanoparticles have recently been offered as a fea-
sible option for parenteral formulations due to their low cost, 
biocompatibility, biodegradability, minimal antigenicity, and 
application in a variety of formulations [69]. The US Food 
and Drug Administration considers gelatin to be a natural, 
biodegradable, and biocompatible substance that can be uti-
lized to deliver resveratrol, cycloheximide, doxorubicin, and 
other medications for tumor therapy [70].

In terms of nanoparticle formation, gelatin has low 
mechanical strength and a fast breakdown rate. To boost 
mechanical strength and minimize the rate of breakdown 
and solubility in aqueous solutions, gelatin nanoparticles 
must be physically, physiologically, or chemically cross-
linked with various cross-linking agents, such as GA [71]. 
In comparison to uncross-linked particles, cross-linking of 

GNPs is necessary to provide stability, spherical shape, and 
increased in vivo circulation time. GNPs that have not been 
cross-linked have been discovered to be unstable and to 
agglomerate during storage. Furthermore, substantial appli-
cations of GNPs as a drug/vaccine delivery vehicle have 
been explored in a variety of sectors. However, there is still a 
serious issue with the usage of animal-derived gelatin, which 
poses a danger of infection with transmissible spongiform 
encephalopathy [72].

Experiments on the toxicity of GNPs after administration 
have been carried out. In a study, paclitaxel-loaded gelatin 
nanoparticles were used to treat dogs with intravesical blad-
der cancer, and they achieved a 2.6 higher drug concentra-
tion in tumors than control dogs given Cremophor EL with 
commercial paclitaxel injection. Intraperitoneal injections 
of doxorubicin-loaded glutaraldehyde cross-linked gelatin 
nanoparticles into rats were used in the experiment. The 
electrocardiograms and body weights of the animals were 
monitored for side effects, and the results revealed that con-
trol nanoparticles (no medication) had no toxicity. Although 
the anticancer drug’s potency was increased, repeated 
administration of the formulation (doxorubicin-loaded gela-
tin nanoparticles) revealed substantial cardiotoxicity [73].

In another study, healthy rats were exposed to doxoru-
bicin-loaded gelatin nanoparticles that had been cross-linked 
by glutaraldehyde. The researchers discovered that linking 
DXR to gelatin nanoparticles boosted the drug’s cardio-
toxicity in the lab. The significant toxicity of DXR-loaded 
nanoparticles might be due to the drug’s covalent binding 
to the carrier since DXR was attached to the protein matrix 
of nanoparticles through glutaraldehyde [74].

Gelatin nanofibers have also been proposed for wound 
healing processes in tissue engineering. Although electro-
spun pure gelatin nanofibers have been successfully devel-
oped, their poor mechanical characteristics and quick dis-
integration profile have limited their use in wound healing. 
Many people have tried to combine gelatin with other natural 
and synthetic polymers to take advantage of gelatin’s excel-
lent biocompatibility while increasing the mechanical and 
physical qualities of nanofibers [75].

Ferritin has unique qualities in various disciplines, such 
as restricted synthesis, nanodevices, disease detection and 
therapy, drug delivery, vaccine development, and bioas-
say. These qualities make ferritin a suitable and powerful 
nanoplatform [76]. Given its presence not just within every 
cell of the human body but also in the extracellular space 
and circulating plasma, the iron storage protein ferritin is 
likely the greatest prospect for therapeutic use among NPs. 
The production of ferritin nanoparticles in microorganisms 
necessitates time-consuming purifying procedures. As a 
result, producing ferritin nanoparticles in large quantities is 
challenging. Furthermore, ferritin nanoparticles’ high drug 
loading capacity is limited by their tiny size [77].
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The most widely studied technique for anticancer drug 
delivery is doxorubicin (DXR) encapsulation in ferritin 
nanocages. DXR is a commonly used cytotoxic medica-
tion that has good anticancer activity and is used to treat a 
variety of solid cancers. However, because it is linked with 
numerous significant toxicities when supplied at large dos-
ages, its usage is dose-limited. This tailored nanoformulation 
enhances the drug tumor uptake and accumulation, tumor 
growth suppression, and circulation half-life and decreased 
DXR cardiotoxicity [78].

In the experiment conducted by Todd et al., an excep-
tional tumor inhibition rate of 83.64 percent was re-counted 
when a genetically improved ferritin derivative apoferritin 
(RFRTs) was photo-irradiated by a 671-nm laser. Toxicity 
of the skin is one of the most prevalent side effects of photo-
dynamic treatment; with this RFRT formulation, they found 
low toxicity to the skin and other tissues [79].

Although ferritin-based drug delivery has been employed 
for cancer therapy, ferritin was nearly always supplemented 
with recognition ligands to accomplish tumor-specific target-
ing in practically all published studies. It causes problems 
because these additional surface changes undermine the 
inherent tumor-specific binding of natural ferritin and dis-
rupt its in vivo performance and biocompatibility due to the 
changed surface physicochemical characteristics of ferritin 
nanoparticles. Furthermore, many existing approaches for 
drug loading into ferritin include dismantling ferritin nanoc-
ages under a harsh acidic pH, which irreversibly destroys 
ferritin protein cages and causes harm to the spherical pro-
tein surface. Ferritin’s irreparable destruction will signifi-
cantly impact their in vivo stability and medication delivery 
efficiency [80].

Despite the fact that numerous researches, in their clinical 
trials, have revealed that this NP can decrease the harmful 
effects of cytotoxic medications, there is little information 
on its harmful effects. Before the probable application of this 
substance in humans, the safety profile, including pharma-
cology and toxicology, should be thoroughly examined. The 
development of gliadin NPs has benefitted medication deliv-
ery and controlled release applications [81]. Although the 
desolvation approach can be used to make gliadin particles, 
it has significant drawbacks, such as limited drug loading 
efficiency and the difficulty to separate particles from the 
aqueous phase [82]. Antisolvent precipitated gliadin NPs are 
vulnerable to pH, heating, and salt effects, resulting in aggre-
gation and instability. They were particularly susceptible to 
aggregation at pH 6.0–7.0, with a rapid rise in particle size 
and even the formation of a precipitate [83].

Furthermore, when it comes to achieving the desired 
outcome with the usage of gliadin nanoparticles while 
avoiding serious side effects, it is critical to pay attention 
to the dosage. TIMP-GLIA tolerance was investigated in 
mice after immunization by Freitag et al. TIMP-GLIA was 

given several hours after priming (day 0) and again after 
immunization on day 7. While 0.025 mg/mouse (1.25 mg/
kg) therapy failed to show effect, dosages of 0.25–2.5 mg/
mouse (12.5–125 mg/kg) were linked to significant reduc-
tions in ear edema when compared to controls. Experiments 
using gliadin recall also revealed a dose-dependent impact. T 
cell proliferation was unaffected in spleen cells from animals 
given 0.025 mg/mouse TIMP-GLIA, but two infusions of 
0.25–2.5 mg/mouse/dose resulted in a considerable reduc-
tion of T cell growth. TIMP-GLIA had no observed adverse 
impact level of 75 mg/kg, according to the study [84].

Multiple studies have been conducted to determine the 
stability of GNPs [85]. In line with the research, the gliadin 
nanoparticle suspensions showed fair stability to aggregation 
and sedimentation over a very slim pH range that is from pH 
4.5 to 6.0, when exposed to a selection of food processing 
conditions. Short-term thermal handlings at temperatures 
above 40 °C disrupted particle suspensions, increasing the 
size of the particle and sedimentation. The increased hydro-
phobic attraction between the protein particles and/or the 
increased particle collision frequency may have caused the 
instability seen at higher temperatures. The protein nanopar-
ticles’ poor aggregation stability in pH, salt, and temperature 
conditions often encountered in food products would be a 
serious issue for their use in many real-world food systems. 
As a result, more tactics are needed to improve aggrega-
tion stability. Coating gliadin nanoparticles with pectin is 
a viable method of creating stable functional ingredients, 
particularly for application in the food sector [86].

The creation of fibroin nanoparticles (FNPs) for a vari-
ety of biomedical applications has recently received a lot 
of attention. FNPs can encapsulate a variety of medicinal 
chemicals, including small and large molecules, proteins, 
enzymes, vaccines, and genetic elements, due to their ver-
satility and chemical modifiability [87]. Pandey et al. used 
the MTT assay to assess the cytotoxicity of the medication 
containing silk fibroin nanoparticles on the rat and human 
glioblastoma cell lines C-6 and LN-229, respectively. They 
also calculated the capacity of free and drug-bearing nan-
oparticles to impede cell growth. SFN-DXR had an IC50 
value of 3.68 M and 1.44 M for 24 and 48 h against C-6 rat 
glioma cell lines, respectively, which was lower than DXR. 
Similarly, when TSFN (Tween 80–coated silk fibroin nano-
particles) with DXR is compared to free DXR, the TSFN 
with DXR has a considerably larger cytotoxicity impact [88].

Similarly, Mishra et al. used solvent precipitation proce-
dures to make curcumin-loaded SF nanoparticles and tested 
their efficiency in triggering apoptosis in a metastatic breast 
cancer cell line in vitro. Curcumin release from nanoparti-
cles indicated an initial burst release of more than 50% in 
the first 24 h, with curcumin release continuing for up to 
7 days. Although lower concentrations of curcumin-loaded 
SF nanoparticles seemed to be less hazardous after 96 h of 
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treatment compared to 24 h of therapy, prolonged exposure 
to greater concentrations of curcumin-loaded SF nanopar-
ticles resulted in noteworthy cell viability reductions [89].

Several previous studies have shown that fibroin nanopar-
ticles can be used as a nanocarrier to minimize toxicity and 
improve the bioavailability of many medications. Although 
the silk fibroin protein nanoparticles have many advantages, 
they also have certain drawbacks. Dong et al. employed 
HPLC to measure the amount of free and encapsulated ibu-
profen in liposomes after separation and learned that silk 
fibroin-coated liposomes had a lower drug encapsulation 
efficiency than liposomes. It was found out that the presence 
of SF reduced drug encapsulation, which could be the result 
of SF hydrophobic chains being inserted into lipid bilayers, 
causing breaking in the liposomes’ outer layers, resulting in 
medication leakage following methanol treatment. The drug 
release rate was positively associated with SF dissolving 
time, but negatively with SF concentration, according to the 
results of an in vitro release investigation [90].

The delayed degradation of the fibroin crystalline antipar-
allel sheet domain has also been reported to be a drawback 
in some applications that need the removal of nanoparticle 
carriers quickly and completely. Furthermore, because fibrin 
is a protein, it can be attacked by immune systems such as 
macrophages and giant cells, resulting in encapsulation and 
granuloma development inside these cells, which can lead 
to drug release outside the target. Finally, while fibroin can 
be extracted from a variety of sources, comprising those that 
are similar to other natural products, the nature of each batch 
may differ slightly due to post-conversion process alterations 
in both species and entities [91].

Casein is a fascinating protein because it has excellent 
structural and physicochemical features that make it ideal for 
drug delivery. Gandhi et al. made casein nanoparticles with 
doxorubicin, an anticancer medicine. The team used fluores-
cence studies with varied quantities of DXR combined with 
a 2% casein solution to maximize DXR binding to casein. 
Casein NP was found to be an efficient drug delivery carrier 
at both physiological and acidic pH levels [92].

Microspheres made of hydrophobic proteins, casein, may 
easily encapsulate hydrophobic pharmaceuticals like proges-
terone, and the release rate and amount of drug molecules 
may be regulated by adjusting the glutaraldehyde-to-protein 
ratio and particle size [89, 93].

Pealva et al. explored the use of casein NPs as resvera-
trol transporters. Once the nanoparticles were created by 
coacervation, they were then refined and spray-dried. The 
mean size of NPs was calculated to be roughly 200 nm with 
a resveratrol payload of roughly 30 g/mg. The experiments 
that took place in vitro indicated that the release of resvera-
trol from casein nanoparticles did not show any effect by the 
pH and followed a kinetic of zero order. When resveratrol 
was loaded with casein nanoparticles, its oral bioavailability 

resulted in 10 times greater than the polyphenol delivery as 
an oral solution, thus proving the hypothesis of improved 
efficacy of casein nanoparticles as oral carriers [94].

Toxicity and therapeutic efficacy such as the IC50, LD50, 
and EC50 of the casein can be evaluated by standard phar-
maceutical techniques. A 3-month dose-repeated toxicity 
test was conducted to examine the safety of casein nanopar-
ticles when administered orally to animals. It was reported 
that the males and females treated with the maximum dose 
of 500 mg/Kg bw developed comprehensive hyperchloremia 
after almost a month. A few cases of hypernatremia in the 
females were also reported. It was concluded that the for-
mation of drug aggregates with casein nanoparticles results 
in highly localized concentrations at the sites of deposition 
that are associated with local toxicity [95]. This study indi-
cates the side effects of protein-based nanoparticles, casein, 
although further studies are required for the detailed analysis 
of casein nanoparticle’s toxicity and adverse effects.

Polymeric Nanoparticles

Polymeric nanoparticles are made from natural or synthetic 
polymers and are especially evident in smart drug delivery. 
They are being studied extensively in the pharmaceutical 
industry as carriers for controlled/sustained release in medi-
cation delivery systems. Safety difficulties, toxicity threats, 
inadequate biocompatibility, and physiological challenges 
all contribute to the activity of these nanopharmaceuticals 
being limited [96]. The downside of these nanoparticles is 
toxic monomer aggregation, residual material linked with 
them, and toxic degradation process [97].

Polymeric NPs’ toxicity is affected by quantum size 
effects, which are linked to oxidative stress, cytotoxicity, 
and genotoxicity [98]. Upon investigation of the toxicity of 
a variety of poly(lactide-co-glycolic acid) (PLGA) nano-
particles on human-like THP-1 macrophages, Nadège et al. 
found that the slightly cytotoxic chitosan polymer conferred 
significant cytotoxicity to PLGA nanoparticles when used 
as a nanoparticle stabilizer. Poly vinyl alcohol and polox-
amer 188 polymers also conferred significant cytotoxic-
ity to PLGA nano. These findings revealed that stabilizers 
employed in the formulation of PLGA nanoparticles have a 
significant toxicological role when used at high concentra-
tions, which could have consequences for local toxicity of 
PLGA-based nanomedicine [99].

The differential lung toxicity of positively and nega-
tively charged PEG-polylactic acid (PLA) nanoparticles 
was explored following daily endotracheal instillation of 
BALB/c mice while examining the impacts of nanoparticle 
surface charge for polymeric particles. PEG-PLA nanopar-
ticles based on cationic stearylamine induced higher local 
and systemic harmful effects [100]. Synthetic nanoparticles 
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and organic solvents that have been demonstrated to be 
harmful are employed to manufacture these nanoparticles. 
Natural polymers and synthesis methods using less harmful 
solvents have been investigated as potential alternatives to 
synthetic polymers [101]. Because of their poor circulation 
stability and targeting inefficiency, using polymeric NPs as 
chemotherapeutic drug delivery vehicles is generally diffi-
cult [102]. Multiple experiments have been going on in order 
to address these issues such as Palanikumar et al. developed 
biocompatible and biodegradable pH-responsive hybrid 
NPs. A cross-linked bovine serum albumin shell was added 
to these nanosystems based on a drug-loaded PLGA core to 
decrease interactions with serum proteins and macrophages. 
As a result, the drug-loaded NPs demonstrated strong anti-
cancer action both in vitro and in vivo while causing no 
harm to healthy tissue [103].

Silica Nanoparticles

Properties like ease of surface modification, synthesis, tun-
able pore size, efficient thermal stability, and biocompatibil-
ity make silica nanoparticles a great choice for drug delivery 
[104, 105]. Recently, silica nanoparticles have been used 
to deliver cargos like anti-cancer drugs (camptothecin and 
doxorubicin in breast cancer treatment), nucleic acid, and 
proteins (e.g., RGD peptide and aptamers) via controlled 
released method [106–108]. The growing application often 
demands assessment of potential risks of toxicity associ-
ated with the nanoparticles. Some studies have highlighted 
the toxicity of silica nanoparticles which leads to lung dis-
eases and neurotoxicity and impacts the immune system. 
The physicochemical properties of silica nanoparticles are 
known to induce toxicity at cellular level. In a study by Ban-
cos et al., the impact of silica nanoparticles on macrophages 
was evaluated using the RAW 264.7 cell line. Exposure to 
10-nm silica nanoparticles led to reduced phagocytosis and 
impacted cytokine production [109]. Gonzalez et al. identi-
fied that silica nanoparticles induce cytotoxic effects on lung 
carcinoma cells [110]. Similar studies by Yang et al. high-
light cytotoxicity in human vascular endothelial cells due to 
silica nanoparticles [111]. Micronucleus assay and in vitro 
comet-based analysis have been carried out in some studies 
to understand the damage caused by silica nanoparticles at 
DNA level. It was observed that silica nanoparticles show 
dose-dependent genotoxic effects in these studies on lung 
cells [112]. In another study, Lucarelli et al. used U-937 cells 
and ELISA-based assay to evaluate the change in response 
to silica nanoparticles; they observed M1 polarization and 
altered IL-1 beta and TNF-alpha production [113]. Xifei 
et al.’s study highlights that silica nanoparticles lead to 
increased levels of reactive oxygen species and depletion 
of glutathione at intracellular levels [114]. Thus, it is very 

important to evaluate and regulate the toxicity assessment 
of nanoparticles before use in humans.

Challenges and Future Prospects

The field of nanotechnology has seen remarkable improve-
ment post-1980 as many nano-based drug delivery prod-
ucts have been approved in the market. However, a range 
of challenges are faced before these nano-based agents 
enter into the market which include efficient development 
of nano-carriers, toxicity assessment, and ethical and regu-
latory requirements. The safety and risk ratio both to the 
patient and to the manufacturer is not yet clearly defined. 
The risk/benefit ratio itself faces challenges in laying the 
details as a strong framework for evaluation has not been 
demarcated. For nano-based products to be used, it is very 
crucial that the pre-clinical and clinical testing guidelines 
be set in detail. Nanoscience has recently stepped in drug 
delivery and understanding of toxicity, pharmacology, and 
immune responses of these nano-products still need a lot of 
deep research.

One common challenge in defining the safety and risk of 
nanoparticles is that they have different properties depend-
ing upon their size, surface area, and surface charge, mak-
ing them difficult to categorize the risks. Moreover, nan-
oparticles can move within the biological system easily 
due to their effective biocompatibility. They can cross cell 
membranes, placenta, blood–brain barrier, and more, thus 
increasing the chances of non-specific interaction, which can 
eventually lead to unwanted accumulation and toxicity at 
cellular level. Clinical trials to assess these risks can be of 
great advantage, but the current scenario faces challenges of 
efficient risk assessment, risk management, and risk commu-
nication. Sometimes, extrapolation of animal-based studies 
into humans can be detrimental. For example, a study involv-
ing monoclonal antibodies showed severe illness among the 
human subjects, even though the results were promising in 
animal subjects. Learning from these kinds of cases needs 
to be considered when working with nanomedicines. Post-
clinical trials, the side effects need to be informed to the 
respective safety agency to avoid potential risks.

Despite the above challenges, it can be anticipated that the 
efficiency of nanomedicines will make their demand grow 
further in coming years. The application of nano-carriers in 
cancer treatment has attracted the eye of many researchers, 
which becomes more evident from the fact that most of the 
FDA-approved nano-based drugs were cancer related. All 
in all, the coming years will see a rise in the application of 
nano-based drug delivery agents for a variety of diseases, 
and there will be significant growth in the market size of 
nanomedicines.
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Conclusion

Over decades, nanoparticles have been considered to be a 
wonder of modern science due to their wide applications. 
The use of nanoparticles in biomedicine has very well 
marked that standard, as superior therapeutic systems have 
emerged, helping us conquer various diseases and enhance 
the quality of human life. However, there still exist many 
challenges to effectively utilize the full potential of nano-
particles. Toxicity of nanoparticles is one the major barriers 
that need urgent attention. The safety assessment is vital for 
use in living beings to recognize potential risks and create 
preventive measures. As we have seen, there is very limited 
data available for certain types of nanoparticles used in drug 
delivery. Therefore, before pushing nanoparticles into the 
therapeutic market, it is crucial to assess the risk to benefit 
ratio. Another reason is that the property of nanoformula-
tions within a biological system is yet to be studied in great 
detail. This has made the regulatory authorities take neces-
sary steps which emphasizes understanding the safety and 
toxicity concerns associated with nanoparticles used in drug 
delivery systems. Thus, toxicological studies are needed to 
provide a more detailed analysis of nanoparticles used in 
drug delivery. It will help researchers to enhance the proper-
ties of nanoparticles further to reduce the toxicity and create 
nanoformulations which are effective but also non-toxic for 
therapeutic use.
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