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PERSPECTIVE

Biodegradation of Carbon-Based Nanomaterials: The 
Importance of �Biomolecular Corona� Consideration
Abbas Mokhtari-Farsani, Masoud Hasany, Iseult Lynch, and Mehdi Mehrali*

It has been over a decade since oxidative enzymes�were �rst used to degrade 
carbon-based nanomaterials (CBNs). Although enormous progress has been 
achieved in this �eld, many questions and problems remain unresolved 
that need to be answered to usher these materials toward their true destiny. 
Nanobioscience researchers now know that ignoring the biomolecular corona 
(BMC) in nanobiomedical studies, either inadvertently or intentionally, is by no 
means justi�ed. However, a major drawback to progress is that BMC e�ects 
on CBN biodegradation have been omitted from a large number of studies. 
What�s more, many studies in the �eld have eliminated the BMC source in 
the relevant experiments. Thus, the most critical question that one needs to 
probe is whether the BMC and its characteristics a�ect the biodegradability of 
CBNs? In this conceptual perspective paper, recent progress and signi�cant 
research in CBNs biodegradation are summarized. Then, the importance of 
the BMC and its possible impacts on the biodegradation of CBNs are thor-
oughly explored as a conceptual guide. Finally, remaining challenges and 
the direction of future research are provided, and barriers that need to be 
overcome to advance the �eld are discussed including recommendations 
regarding BMC considerations and study design and reporting guidelines.
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a great deal of attention in recent years 
in many areas of biomedical research, 
including drug delivery systems, regen-
erative medicine, biosensing, and anti-
microbial coatings.[���] Therefore, it is 
fundamental to recognize the potential 
health risks related to their human expo-
sure. Indeed, before these nanomaterials 
(NMs) can be safely applied in clinical 
applications, their biodistribution, bio-
compatibility, and biodegradation need to 
be carefully assessed.[�]

Similar to many other particulate mate-
rials, the bio-persistence of CBNs is a 
crucial factor in determining their health 
e�ects. In other words, successful bio-
degradation is one of the main factors 
governing the biological responses and 
the life span of NMs. In this regard, sev-
eral research groups have investigated the 
biodistribution pro�le of CBNs to quan-
titatively and qualitatively determine the 
accumulation site(s) of these materials 
and their associated toxicity.

Biodegradation of CBNs has been pursued extensively in 
the last few years in biomedical research, especially regarding 
the most commonly investigated CBNs, including CNTs and 
GBNs. However, very recently, in a published correspondence 
in Nature Nanotechnology, it was reported that CNTs became 
the �rst NM to be added to the SIN (�Substitute It Now�) List 
as a NM of very serious concern.[�] Although this addition and 
the classi�cation of CNTs as a single material category has been 

The ORCID identi�cation number(s) for the author(s) of this article 
can be found under https://doi.org/��.����/adfm.���������.

�. Introduction

Carbon-based nanomaterials (CBNs), such as graphene-based 
nanosheets (GBNs), carbon nanotubes (CNTs), carbon dots, 
nanodiamonds, and fullerenes are considered to be one of the 
key elements in many nanotechnology-related applications 
(Figure �a).[���] Due to their outstanding chemical, physical, 
optical, thermal, and electrical properties, CBNs have gained 
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criticized by many researchers in the �eld,[�,��] needless to say 
more attention has to be paid to the health concerns of CBNs 
before pushing their applications forward. Overall, it has been 
found that CBNs accumulate in di�erent tissues, especially the 
reticuloendothelial system organs.[�����] Thus, it is necessary 
to study the biodegradation of CBNs and their accumulation-
dependent toxicity, which may occur in di�erent organs and 
persist for a long time after administration.

Toward this direction, several groups have reported CBNs 
biodegradation by enzymatic catalysis via peroxidase enzymes 
(Figure� �b) such as human myeloperoxidase (MPO),[��] horse-
radish peroxidase (HRP),[�����] eosinophil peroxidase (EPO),[��] 
lactoperoxidase (LPO),[��] manganese peroxidase (MnPO),[��] 
lignin peroxidase (LiPO),[��] and microbial xanthine oxidase 
(XO).[��] However, studies on the biodegradation and fate of 
CBNs in vivo are still inconclusive or missing. To date, most 
studies on enzyme-catalyzed biodegradation have been per-
formed in vitro, and there are few in vivo studies on this 
subject. Needless to say, the results obtained from in vitro 
experiments cannot reasonably guarantee similar results in 
vivo, due to extensive signaling and feedback loops that can 
alter the enzyme concentrations and their functioning in real-
time as well as competition by other biomolecules for the CBNs 
surfaces which may reduce the e�ectiveness of the enzymatic 
degradation. Therefore, building reliable and consistent extrap-
olation procedures from in vitro results to in vivo is extremely 
important. However, contrary to this common wisdom, studies 

on the biodegradation of CBNs have not paid much attention 
to this vital aspect. In support of this claim, from the literature 
review of CBNs biodegradation performed herein, it is quite 
evident that serum-free cell culture media and bu�ers such 
as phosphate-bu�ered saline are the most common biological 
environments which have been considered for acellular in vitro 
and cell-based in vitro biodegradation experiments. Therefore, 
from a nano-bio interface point of view, it is clear that elimi-
nating serum or plasma as biomolecular corona (BMC) sources 
from the experiments could call into question the validity of the 
research process and results when we want to apply them in 
more clinically relevant applications. It should be noted that 
this type of study design may be due to the simpli�cation of 
experiments in the early stages of the �eld, although more 
than a decade has passed since the �rst study on degradation 
of CBNs was reported. Thus, it is expected that in the step-by-
step route of knowledge development, the BMC e�ects will 
increasingly be considered and measured in all NMs�biological 
interactions studies, including CBNs degradation studies.

It has been well established that a selected group of bio-
molecules rapidly covers NMs in contact with biological �uids 
to form �a corona� that is the actual interacting surface with 
biological systems.[�����] The corona is a very selective layer of 
proteins and other biomolecules (such as lipids, sugars, and 
nucleic acids), which strongly adsorbs on NMs surface and 
confers a new identity to the NMs.[��,��] Indeed, NMs� interac-
tion with biological systems such as organs, cells, and body 

Figure �. a) The most important CBNs applied in the �eld of nanomedicine. In this group of NMs, CNTs and GBNs have attracted most attention 
in biomedical applications. b) Schematic representation of graphene nanosheet biodegradation by a peroxidase family enzyme. Peroxidase-mediated 
biodegradation of CBNs was proven more than a decade ago.
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�uids is mediated by the BMC (Figure �).[��,��] Consequently, 
it is expected that the BMC and its characteristics, as critical 
determinants in nano-bio interfaces, must always be consid-
ered in nanobiomedical studies. However, contrary to this 
expectation, as we mentioned above, the commonly used bio-
logical environments in CBNs biodegradation experiments lack 
serum or plasma (BMC origins). Hence, to date, biodegradation 
investigations appear not to have focused on BMC, its charac-
teristics (such as composition, conformation, charge, surface 
concentration, thickness, the binding strength to the surface, 
and type of intermolecular cross-linking), and its e�ects on the 
CBNs biodegradation process (Figure �). This issue is not lim-
ited to CBNs biodegradation studies, and the BMC e�ects in 
many in vitro and in vivo toxicity and e�cacy studies are still 
not well considered. What makes these kinds of measurements 
more complex is that all of the characteristics listed above for 
the BMC are interrelated and a�ect each other, and none have 
an independent e�ect on BMC function. Therefore, a change 
in any of these characteristics can cause a change in the other 
characteristics, and as a result, a change in intermolecular 
interactions such as electrical, chemical, and physical interac-
tions will alter the interaction of NMs with peroxidase enzymes 
and oxidizing agents during the biodegradation process. 
Among the potential impacts of the BMC on biodegradation are 
reduced enzyme binding due to competition for the CBN sur-
face leading to lower access to the sites for degradation, as well 

as indirect e�ects related to the corona composition including, 
for example, incorporation of dysopsonizing proteins that 
reduce uptake by macrophages or other specialist cells involved 
in biodegradation of the CBNs, or other proteins that trigger 
CBN escape from lysosomes, for example, that can reduce the 
biodegradation e�cacy.

Of course, it should also be borne in mind that the process 
of biodegradation is like a double-edged sword. Because in 
some applications of CBNs, such as tissue engineering and 
theranostics, where the nanobiomaterial needs to be more bio-
persistent, enzymatic degradation may be problematic. There-
fore, an important challenge in this regard is to engineer the 
biodegradation period of CBNs in an appropriate time frame, 
and of course, the BMC will a�ect this process, positively or 
negatively, we do not yet know how to control this, which is 
clearly a knowledge gap that needs to be investigated. We, 
therefore, speculate that the absence of this overlooked factor 
(BMC) in biodegradation studies hinders accurate interpre-
tation of biological readouts in CBNs studies based on avail-
able acellular in vitro and cell-based in vitro knowledge. Along 
this line, it was shown by Vlasova and coworkers that human 
serum albumin (HSA) could inhibit the degradation of single-
walled carbon nanotubes (SWCNTs) against MPO-Cl��H�O� 
solution.[��] In a similar study, Lu and colleagues reported that 
the binding of HSA to the surface of nanotubes prevented 
acellular in vitro biodegradation of the SWCNTs due to the 

Figure �. Schematic representation of the concept of the present article. Similar to other types of NMs, just milliseconds after their injection into the 
bloodstream, the surface of CBNs is coated with a BMC whose constituents depend on the nature of the functional groups and physical properties 
of the CBNs. The BMC mediates the biological behaviors of CBNs, such as their preferred accumulation site and their interactions with di�erent cells 
and cellular receptors. To date, the e�ect of the BMC on the interaction of CBNs with cells involved in their degradation process (such as neutrophils, 
eosinophils, and macrophages) has not been investigated.
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protective e�ects of HSA against oxidants. Furthermore, it was 
pointed out that coating with HSA stimulated neutrophils to 
release MPO and generate OCl�, and also increased the cellular  
uptake of the nanotubes.[��] Likewise, Li et� al. demonstrated 
that both bovine serum albumin (BSA)- and polyethylene 
glycol (PEG)-coated graphene oxide (GO) are resistant to 

HRP-induced biodegradation, mainly as a result of the spatial 
hindrance provided by the coating molecules.[��] With this in 
mind, and on the subject of the present article, we note that 
BMC and even metabolized BMC substances (biodegraded 
biomolecules originating from the BMC)[��] also can prevent 
the proper interaction of peroxidase enzymes and oxidizing 

Figure �. Schematic demonstration of CBNs and BMC properties. The BMC formed on the surface of CBNs determines their biological behavior/
fate and interaction with tissues and cells. The identity that the BMC confers on a CBN depends on a set of BMC characteristics that are absolutely 
dependent on the NM physico�chemical properties. Examining each of BMC characteristics will help to understand exactly how and to what extent the 
BMC a�ects CBNs biodegradation process.

Adv. Funct. Mater. ����, �������




































