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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 first used to degrade 
carbon-based nanomaterials (CBNs). Although enormous progress has been 
achieved in this field, 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 justified. However, a major drawback to progress is that BMC effects 
on CBN biodegradation have been omitted from a large number of studies. 
What’s more, many studies in the field 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 affect the biodegradability of 
CBNs? In this conceptual perspective paper, recent progress and significant 
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 field 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.[4–6] 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.[7]

Similar to many other particulate mate-
rials, the bio-persistence of CBNs is a 
crucial factor in determining their health 
effects. 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 profile 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 first NM to be added to the SIN (“Substitute It Now”) List 
as a NM of very serious concern.[8] Although this addition and 
the classification of CNTs as a single material category has been 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202105649.

1. 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 1a).[1–3] Due to their outstanding chemical, physical, 
optical, thermal, and electrical properties, CBNs have gained 

© 2021 The Authors. Advanced Functional Materials published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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criticized by many researchers in the field,[9,10] 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 different tissues, especially the 
reticuloendothelial system organs.[11–13] Thus, it is necessary 
to study the biodegradation of CBNs and their accumulation-
dependent toxicity, which may occur in different 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  1b) such as human myeloperoxidase (MPO),[14] horse-
radish peroxidase (HRP),[15–17] eosinophil peroxidase (EPO),[18] 
lactoperoxidase (LPO),[19] manganese peroxidase (MnPO),[20] 
lignin peroxidase (LiPO),[21] and microbial xanthine oxidase 
(XO).[22] 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 effectiveness 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 buffers such 
as phosphate-buffered 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 simplification of 
experiments in the early stages of the field, although more 
than a decade has passed since the first study on degradation 
of CBNs was reported. Thus, it is expected that in the step-by-
step route of knowledge development, the BMC effects 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 fluids 
to form “a corona” that is the actual interacting surface with 
biological systems.[23–25] 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.[26,27] Indeed, NMs’ interac-
tion with biological systems such as organs, cells, and body 

Figure 1.  a) The most important CBNs applied in the field 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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fluids is mediated by the BMC (Figure 2).[23,28] 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 effects on the 
CBNs biodegradation process (Figure 3). This issue is not lim-
ited to CBNs biodegradation studies, and the BMC effects in 
many in vitro and in vivo toxicity and efficacy 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 affect each other, and none have 
an independent effect 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 effects 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 efficacy.

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 affect 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−–H2O2 
solution.[29] 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 2.  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 different cells 
and cellular receptors. To date, the effect 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.

Adv. Funct. Mater. 2021, 2105649
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protective effects 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.[30] 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.[31] 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)[32] also can prevent 
the proper interaction of peroxidase enzymes and oxidizing 

Figure 3.  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 affects CBNs biodegradation process.

Adv. Funct. Mater. 2021, 2105649
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agents with the surface of CBN through the spatial hin-
drance. Contrary to the studies cited above, Bhattacharya et al. 
reported the biodegradation of oxidized SWCNTs by mamma-
lian LPO enzyme and in the presence of pulmonary surfactant 
(consisting of 10% specific surfactant proteins and 85–90% of 
phospholipids). The authors also briefly mentioned that the 
presence of pulmonary surfactant does not prevent the bio-
degradation process.[19] However, they did not provide further 
details regarding the biodegradation efficiency, mechanism of 
enzyme–BMC interaction, or BMC characteristics. To the best 
of our knowledge, the last four articles cited above[19,29–31] are 
the only ones that refer to, though implicitly, the effect of some 
simple BMC models (and not their characteristics) on the 
biodegradation of CBNs. Therefore, the orientation of future 
studies to consider in more detail the impact and role of the 
BMC can reveal many details on the mechanisms involved in 
the biodegradation of CBNs.

As recognized in nano-bio interface science, the acquired 
BMC properties determine the most important character-
istics of NMs, for example, their blood circulation time, the 
rate of their cellular uptake, immune system stimulation, 
biocompatibility, biodistribution, and biodegradation.[33–37] 
In the path of translating CBNs from bench to bedside, all 
the properties mentioned above must be examined with the 
wisdom that these properties can be significantly altered by 
the BMC presence and its evolution as the CBNs are trans-
located and transported in biological systems, and of course, 
as the CBNs are degraded and the cells respond to the pres-
ence of the CBNs they secrete other biomolecules which may 
have a higher affinity for the CBNs thus displacing initially 
bound biomolecules.[38–40] In this regard, conceptual articles 
may provide guidance for researchers and command much 
more attention to overlooked factors in the field. Herein, 
after exploring the advances in CBNs biodegradation inves-
tigations, we specifically highlight the importance of BMC 
consideration in the field. Finally, the future directions and 
challenges that need to be pursued by the research commu-
nity are discussed.

2. Biodegradation of Carbon-Based Nanomaterials

An important and attractive part of nanomedicine research 
includes assessment of the biodegradation of CBNs in order to 
diminish their toxicity and simplify their biomedical applica-
tions. Until about a decade ago, scientists thought that CBNs 
are non-biodegradable due to their inert graphitic structure 
and strong resistance to degradation under physiological con-
ditions.[41,42] However, subsequent works in this domain con-
firmed the biodegradability of these materials by oxidative 
enzymes (i.e., peroxidases) acellular in vitro, cell-based in vitro, 
and in vivo.[43] In 2008, for the first time, Allen et  al. showed 
the enzymatic degradation of SWCNTs by HRP.[15] Following 
this pioneering report, degradation of various forms of CBNs 
(such as CNTs and GBNs) has been uncovered using many 
other peroxidase enzymes. As an example, in a recent study, 
Luan et al. demonstrated that carboxyl-functionalized graphene 
nanoribbons (GNRs) can be efficiently degraded by MPO or 
photo-Fenton reaction. The results showed that both MPO 
and photo-Fenton reactions degraded GNRs almost completely 
after 120  h.[44] Table 1 lists the enzymes studied to date, their 
source, and the redox potentials of their intermediates during 
the peroxidase cycle.[17,43,45,46] Previous studies in this domain 
have already elucidated these enzymes’ action mechanisms, 
especially HRP and MPO.[16,17,20,43,45,47] Briefly, as shown in 
Figure 4a, the respected enzymes have a heme group (Fe(III) 
protoporphyrin IX) as their active site while this group is con-
verted to the Fe(III) state when the enzyme is inactive. By the 
interaction of the inactive heme group with hydrogen peroxide 
(H2O2), Fe(III) is converted to Fe4+O, known as Compound I, 
which is a ferryl oxo iron porphyrin p cation radical. The degra-
dation process occurs due to the high redox potential of Com-
pound I. Finally, Compound I is reduced back to the resting 
state (Fe(III)) during the peroxidase catalytic cycle. In addition 
to Compound I, it has been determined that reactive radical 
intermediates such as hypobromous and hypochlorous acids 
(HOBr and HOCl), which result from the catalytic reaction of 
the enzyme and NaBr or H2O2, can contribute to the degrada-
tion of CBNs.[14,18,29,48,49]

Several studies have reported that the biodegradation of 
CBNs mainly depends on their aqueous dispersibility and func-
tionalization.[50,51] More precisely, the biodegradation of naked 
CBNs is strongly dependent on the types of surface function-
alities, oxygen percentage, thickness, defects, and size.[52,53] 
For example, it has been shown that oxidized CBNs (GO and 
oxidized CNTs) degrade more easily than their non-oxidized 
form.[50,54,55] Also, Kurapati et al. reported that the degradation 
of GO by MPO catalysis is significantly dependent on GO’s 
dispersibility in aqueous solutions and its colloidal stability. 
They observed that the enzyme failed to degrade the most 
aggregated GO samples while it successfully degraded highly 
dispersed GO.[51] Studies suggest two reasons for these find-
ings:[14,16,43,45] i) The first reason is related to the CBNs overall 
dispersity, which is mainly because of the inherent hydro-
phobicity of the pristine form of CBNs (such as non-oxidized 
CNTs, graphene, and reduced graphene oxide (RGO)). As a 
result of these hydrophobic interactions, there is a strong ten-
dency for their aggregation in an aqueous media which reduces 
accessibility of the surface for the enzyme and thus prevents 

Table 1.  Peroxidase enzymes used for CBNs biodegradation, their 
source, and redox potentials of their intermediates during the enzymatic 
catalytic cycle.

Enzyme 
name

State of peroxidase  
cycle

Reduction  
potential [E0, V]

Source

MPO Compound I/Resting state
Compound I/Compound II
Compound II/Resting state

1.16
1.35
0.97

Neutrophil

EPO Compound I/Resting state 1.10 Eosinophil
granulocyte

LPO Compound I/Compound II
Compound II/Resting state

1.14
1.04

Goblet cell

HRP Compound I/Compound II
Compound II/Resting state

0.94
0.96

Root of
horseradish

LiPO n.d.a) n.d. Phanerochaete chrysosporium

MnPO Compound I/Resting state n.d. Phanerochaete chrysosporium

a)Not determined.

Adv. Funct. Mater. 2021, 2105649
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enzymatic degradation of the material. ii) The second reason 
is related to the surface functional groups and their interac-
tion with the enzyme. Molecular modeling studies have shown 
that the negative charge of carboxyl groups on CBNs affects the 
enzyme’s binding orientation to carboxylated CBNs, and con-
sequently, brings the peroxidase enzyme’s active site closer to 
the NM surface. This mainly occurs due to the positive charge 
of arginine-178, which is located near the enzyme’s active site 

(Figure  4b–d). Therefore, as the enzyme’s heme active site 
is close to the material, the degradation efficiency is greatly 
enhanced. As proof of this view, Kotchey et  al. demonstrated 
that HRP succeeds in degrading GO, but fails in degrading 
RGO, probably for the reasons discussed above.[50] Furthermore, 
in a recent study by Kurapati et al., the effect of GO oxidation 
degree (the amount of oxygen-containing functional groups) 
on their degradation by EPO has been investigated. Consistent 

Figure 4.  a) Enzymatic catalytic cycle of EPO, MPO, and HRP that is triggered by H2O2. For EPO and MPO, by conversion of halide to hypohalite, com-
pound I is reduced directly to the resting state. Molecular docking experiments (AutoDock Vina) demonstrate the binding status between carboxylated 
SWCNTs with b) HRP, c) MPO, and d) EPO. Reproduced with permission.[43] Copyright 2013, Elsevier.

Adv. Funct. Mater. 2021, 2105649
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with the results of previous studies, they proved that GO with 
a higher degree of oxidation degraded more extensively and 
faster than those with lower oxygen functional groups.[46] But 
unexpectedly, it was recently shown by Kurapati et al. that the 
MPO enzyme is capable of degrading pristine graphene.[52] As 
discussed by the authors, biodegradation of pristine graphene 
is an astounding result because it was thought that pristine gra-
phene is very resistant to degradation. It should be noted that 
the pristine graphene used in their study had been synthesized 
in a different manner than the usual, which had a good dis-
persion state in water due to the presence of few oxygenated 
groups on its surface, and this is probably one of the main fac-
tors accelerating the graphene biodegradation. Also, contrary 
to previous reports, Zhang and coworkers showed that MnPO 
is capable of degrading pristine but not carboxylated SWCNTs. 
The authors attributed this phenomenon to the chemical insta-
bility of Mn3+ and its rapid interaction with carboxylic acid 
groups, which thereby leads to impairment of the enzyme’s cat-
alytic cycle.[20] Thus, it seems that much remains to be clarified 
regarding the interactions of CBNs with peroxidase enzymes 
and their reactive radical intermediates.

The thickness of CBNs also affects their biodegradation. 
Kurapati et  al. have recently studied biodegradation of single-
layer and few-layer pristine graphene by MPO, demonstrating 
that the degradation efficiency and the intensity of morpho-
logical changes in single-layer sheets are higher than the few-
layer ones after MPO treatment. As discussed by the authors, 
the lower thickness of the single-layer graphene and its better 
aqueous dispersibility is likely the reason for this result.[52] In a 
similar study, Zhang et al. investigated the biodegradation pro-
files of 11 types of CNTs based on their diameter (number of 
CNT layers) by sodium hypochlorite (as a key oxidizer of CNTs 
inside neutrophils and macrophages). The results showed that 
increasing CNT thickness results in the biodegradation pro-
cess occurring with more difficulty.[56] In our opinion, these 
two articles provide valuable results on the resistance of CBNs 
(single-layer or few-layer) to biodegradation, and considering 
the results of these studies, it can be stated that if the goal of 
the application of CBNs is faster biodegradation, single-layer 
CBN could be used, while in cases where the goal of high bio-
persistence to degradation is intended, few-layer CBN is more 
suitable than the single-layered one. In a comparative study, 
Modugno et al. studied the effect of oxidation degree, function-
alization, and length of CNTs on HRP-mediated degradation in 
test tubes. The authors reported that a significant copresence of 
defects and the functional sites, along with good dispersibility 
(due to the high degree of oxygenated groups), probably offers 
the best conditions for effective interaction between CNTs and 
the oxidative agents, which is followed by higher degradation 
rates.[57] Overall, the existing literature suggests that biodegra-
dation of CBNs is strongly influenced by the NM properties, 
especially its surface properties such as surface charge, func-
tional groups, hydrophobicity, and morphology (the presence or 
absence of defects), all of which affect the interaction with per-
oxidase enzymes and their reactive radical intermediates. With 
that in mind, as pointed out in the previous section, since BMC 
determines the surface characteristics of the NMs in biological 
environments, we re-emphasize the importance of BMC con-
sideration in CBNs biodegradation studies.

2.1. Acellular In Vitro Biodegradation of Carbon-Based 
Nanomaterials (Test-Tube Experiments)

In recent years, CBNs biodegradation studies have focused 
on discovering new peroxidase enzymes and developing new 
strategies based on surface engineering of NMs. In order to 
facilitate experiments and control the reaction conditions, most 
of these studies have been performed in test tubes. After dis-
cussing the main biodegradation approaches in the previous 
section, here we focus more on the latest acellular in vitro 
approaches regarding CBNs biodegradation. In a comparative 
work, Li et al. studied biodegradation of BSA- and PEG-coated 
GO and RGO by HRP and H2O2. Both BSA- and PEG-function-
alized graphene derivatives were resistant to degradation by 
HRP. The authors attributed this observation to the spatial hin-
drance provided by BSA and PEG, which prevents HRP access 
to the GO surface. To circumvent this, they conjugated an 
amino-terminated PEG to GO carboxylic acid groups by amide 
formation (Figure 5a). The key strategy in developing this nano-
hybrid structure (GO-SS-PEG) was to use a cleavable disulfide 
cross-linker, known as cystamine. Acellular in vitro experiments 
showed negligible toxicity of GO-SS-PEG and considerable 
degradability after the disulfide bond cleavage (Figure  5b).[31] 
One innovative approach to induce biodegradation of CBNs 
is to design a nanohybrid system that enhances the catalytic 
activity of peroxidase enzymes. In this regard, a concept enti-
tled “degradation-by-design” has recently been proposed by 
researchers, which is based on the NM chemical modification 
by appropriate molecules to increase the biodegradation of 
CBNs.[58–61] In line with this, in a recent study, Kurapati et  al. 
enhanced the catalytic activity of the enzyme by conjugation 
of two natural ligands of HRP (coumarin [AZC] and catechol 
[DHBA]) to the GO surface (Figure 5c). The degradation experi-
ments revealed that the functionalized GO has better biodeg-
radability over unmodified GO (Figure 5d). To understand the 
reason for this result, molecular docking and gel electropho-
resis were employed, and their results proved better binding 
of functionalized GO with the enzyme in the vicinity of the 
enzyme active site, which thereby leads to increased degrada-
tion.[42] In a similar work, Sureshbabu et  al. conjugated one 
catechol derivative (as a redox mediator) and two different 
azido coumarins (as potential reducing substrates) separately 
to multiwalled carbon nanotubes (MWCNTs) to enhance the 
catalytic activity of HRP and XO for the CNTs degradation. All 
the catechol and coumarin derivatives tested enhanced catalytic 
activity of HRP and XO and consequently increased CNTs deg-
radation compared to carboxylated MWCNTs.[22] More recently, 
Kurapati and Bianco employed a different approach by conju-
gating an artificial peroxidase-mimicking enzyme known as 
DNAzyme (a single-stranded DNA complexed to hemin) to 
the surface of GO (Figure 5e). The authors reported that DNA-
zyme had a similar peroxidase activity to HRP, which enabled 
it to degrade GO nanosheets (Figure  5f).[62] In an innovative 
work, Martín et  al. conjugated a chemotactic peptide entitled 
“N-formyl-methionyl-leucyl-phenylalanine (fMLP)” to the GO 
surface to prepare a biodegradable and targeted GO-based plat-
form for drug delivery, and found that conjugating fMLP to GO 
causes excellent targeting of Hela cancer cells, faster doxoru-
bicin delivery into cells, and more biodegradation than bare 
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GO against MPO enzyme and neutrophils.[60] Overall, given the 
above, it is quite evident that new strategies, based on CBNs 
surface engineering (such as conjugation of specific agents to 
the surface to perform particular functions), are emerging to 
increase the biodegradability. In addition, the use of valid and 
accurate techniques such as transmission electron microscopy 
(TEM) and 2D Raman mapping studies could be very useful, 
because using such techniques, the quantity and quality of 

biodegradation can be carefully analyzed based on the CBN, 
BMC, and enzymatic properties. For example, as we can see in 
Figure 5d, TEM images qualitatively demonstrated the degrada-
tion of functionalized GO samples during treatment with HRP/
H2O2, while 2D Raman mapping results (Figure  5f) provided 
valuable quantitative data on the extent of degradation. Another 
point that should be noted is the relationship between biodeg-
radation and immune biocompatibility of CBNs, so that in the 

Figure 5.  a) Schematic illustration of the preparation of GO-SS-PEG nanohybrid. b) TEM images of GO-SS-PEG pretreated with dithiothreitol (DTT). 
DTT was used to cleave the disulfide bond at day 0 (1 and 2) and day 4 (3 and 4). Reproduced with permission.[31] Copyright 2014, Wiley-VCH.  
c) Molecular structures of GO, GOTEG, GOAZC, and GODHBA. d) TEM images of functionalized GO samples during treatment with HRP/H2O2. Scale 
bars correspond to 500 nm. (triethyleneglycol diamine [TEG] used as a cross-linker). Reproduced with permission.[42] Copyright 2018, IOP Publishing 
Ltd. e) Schematic illustration of the GO-DNAzyme complex and its mechanism of action. f) 2D Raman mapping of GO sheets incubated with the 
complex/H2O2 on days 0 and 30 after treatment. Reproduced with permission.[62] Copyright 2018, Royal Society of Chemistry.

Adv. Funct. Mater. 2021, 2105649



www.afm-journal.dewww.advancedsciencenews.com

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2105649  (9 of 21)

synthesis strategies of nanohybrids immune biocompatibility 
and foreign body response (FBR) should also be considered 
in addition to biodegradation. In more detail, the synthesized 
nanohybrid should not only properly induce biodegradation 
but also reduce FBR. In this regard, FBR reduction strate-
gies including optimizing physical properties and formula-
tion approaches, drug-based approaches (such as co-delivery of 
nonsteroidal anti-inflammatory drugs by the NM), and surface 
modification of the CBN with biomaterials (such as alginates) 
that mitigate the FBR, can be used.[63,64]

Despite their innovative approaches, the studies mentioned 
above have not considered the effect or interaction of BMC with 
the conjugated agents and peroxidase enzymes and thus have 
not evaluated their efficacy under real biological conditions. 
Accordingly, several questions arise: Does BMC affect or even 
mask the function of the conjugated agents? And if so, are its 
effects consistent? Furthermore, does the acquired BMC affect 
the interaction of CBNs structure with peroxidase enzymes 
and their reactive intermediates? And in total, what will be the 
effect of different characteristics of the BMC on the interaction 
of CBNs and peroxidase enzymes? We can hypothesize that the 
effects will be complex, since the BMC can enhance dispersion 
of CBNs, but may block access of the enzyme’s active site to the 
CBN surface. Tailoring of the CBN properties to drive selective 
corona formation may also be an important route for further 
exploration to design-in biodegradability.[65,66] While the above 
questions could potentially be answered based on the probabili-
ties and hypotheses, such answers may cause more contradic-
tions and hamper reaching the correct answer to the questions, 
so we prefer not to engage in speculation. However, in Section 3 
of the present article, we have suggested strategies (such as the 
use of dedicated guidelines, microfluidics systems combined 
with analytical instruments, and computational models) that 
can be used to help answer these questions definitively.

2.2. Cell-Based In Vitro Biodegradation of Carbon-Based 
Nanomaterials

In the past several years, intracellular and extracellular degrada-
tion of CBNs has been reported through cell-based in vitro bio-
degradation studies.[43] In this context, biodegradation of these 
materials with peroxidase enzymes secreted by immune cells 
such as neutrophils is highly regarded since these cells repre-
sent the first line of defense against foreign body intrusion.[67] 
As pointed out in Table  1, in addition to neutrophils, other 
inflammatory cell types, such as eosinophils and macrophages, 
have also been used to investigate CBNs biodegradability. It is 
well known that different immune cells play different roles in 
the immune response, and of course, they have different mech-
anisms of action against foreign bodies. For example, MPO can 
be secreted both inside and outside neutrophils to eliminate 
invading microbes,[68] whereas activated eosinophils exocytose 
EPO to destroy parasites.[46] As another example, it has been 
shown that macrophages are relatively poor in MPO generation 
compared to neutrophils; and the studies in this domain have 
reported that this type of immune cell may use different mech-
anisms, such as employing peroxynitrite generators, to degrade 
CBNs.[43,69] Therefore, given the above facts, it is worth noting 

that understanding the interaction of CBNs with immune cells 
is of particular importance to an overall understanding of their 
bio-persistence and biodegradation. Along this line, recently, 
Kurapati and coworkers showed that MPO-rich human neutro-
phils could degrade pristine graphene extracellularly.[52] Before 
that, Mukherjee et  al. had shown that GO nanosheets with 
different lateral dimensions are extensively degraded extra-
cellularly by activated human neutrophils. Furthermore, the 
authors observed that the degradation by-products of GO are 
not genotoxic to human lung cells.[70] Zhang et  al. examined 
the biodegradation of carbon nanohorns (CNHs) by two types 
of macrophage cell lines (THP-1 and RAW 264.7), and reported 
biodegradation of CNHs (with an efficiency of nearly 30%) by 
both THP-1 and RAW 264.7 macrophage cells within 9 days.[71] 
Yang et  al. investigated time-dependent degradation and cyto-
toxicity of SWCNTs after uptake by primary rat Kupffer and 
RAW 264.7 cells. The results showed that CNTs were degraded 
(with an efficiency of 25–30%) within the first 4 days after 
uptake, and no further degradation was observed between days 
4 to 7. It was also observed that CNTs’ intracellular degradation 
rate is inversely related to the amount of ROS generation and 
cytotoxicity.[72]

In an ingenious work, Farrera et al. investigated the biodeg-
radation of SWCNTs by another defense mechanism of neu-
trophils, showing that stimulated human neutrophils entangle 
oxidized SWCNTs in their extracellular traps (NETs) (Figure 6a,b). 
The authors also observed that the trapped SWCNTs were 
degraded by MPO (Figure 6c).[73] In line with these studies, the 
biodegradation of CBNs by eosinophils,[18] macrophages (such 
as THP-1,[69,74,75] RAW 264.7[72,74,76,77] cells, and Kupffer cells[72]), 
and primary glial cells[78,79] has also been reported. However, it 
is worth noting that in most of these studies, the biodegrada-
tion experiments have been performed in serum-free cell cul-
ture media, especially regarding neutrophils and eosinophils. 
Indeed, as previously mentioned, not paying attention to the 
BMC means ignoring the nano-bio interface which ignores 
competitive interactions, steric effects from biomolecule 
binding and potential reduction of access of active sites to the 
CBN surfaces all of which reduce the enzyme efficacy. As an 
example to clarify the importance of the BMC and its charac-
teristics, in the article by Farrera et al. mentioned above, it was 
shown that oxidized SWCNTs are trapped in NETs, and subse-
quently are degraded by MPO.[73] But how are SWCNTs cap-
tured in NETs? It is assumed that the entrapment of oxidized 
SWCNTs in NETs depends on the electrostatic forces. In fact, 
the hypothesis about the mechanism is that the presence of his-
tones in the NETs structure (composed of secreted DNA formed 
into fibers) bestow positive charge upon NETs that significantly 
enhances their interaction with negatively charged oxidized 
SWCNTs or GO.[73,80,81] Therefore, the difference in the elec-
trical charge traps the oxidized SWCNTs in NETs. Accordingly, 
now the question is: How will be the oxidized SWCNT charge 
after BMC formation? The answer to this question is likely to 
further highlight the importance of BMC in CBNs biodegra-
dation studies. The vast majority of NMs corona studies have 
shown that formation of the BMC results in the particles zeta 
potential becoming close to neutral although remaining slightly 
negative (typically around −7 mV) irrespective of the initial sur-
face charge on the NMs.[82] From a nano-bio interface point of 

Adv. Funct. Mater. 2021, 2105649



www.afm-journal.dewww.advancedsciencenews.com

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2105649  (10 of 21)

Figure 6.  a) The immunofluorescence staining of NETs produced by MPO-rich human neutrophils. The cell nucleus has been visualized in blue (DAPI) 
and NETs in red (Alexa-594 labeled antibodies). b) SEM images showing NETs and a cluster of oxidized SWCNTs trapped in NETs. c) TEM images of 
oxidized SWCNTs incubated for 24 h under the following conditions: H2O (i); NETs (ii); H2O2 (iii); H2O2/NaBr (iv); H2O2/NaBr + NETs (v,vi). Repro-
duced with permission.[68] Copyright 2014, Royal Society of Chemistry. d) Confocal Raman mapping of the accumulated GO sheets in mice spleen 
sections at days 1, 30, and 270 post administration. Scale bars represent 200 µm. e) Immunostaining coupled with Raman spectroscopy of the splenic 
marginal zone macrophages (green) which contained GO, at different time points. DAPI-stained cell nuclei are visualized in blue. Scale bars represent 
50 µm. f) TEM images of GO biodegradation by splenic macrophages at different time points (days 1, 30, and 270) after i.v. administration at a dose 
of 7.5 mg kg−1. Scale bars represent 1 µm. Reproduced with permission.[94] Copyright 2020, American Chemical Society.
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view, there are more questions in cell-based in vitro studies 
that need to be addressed in future investigations. For example, 
one step before the interaction of BMC-coated CBNs with the 
enzyme and its reactive intermediates: how does any acquired 
BMC affect immune cell interaction and stimulation? How 
does the BMC affect the biodegradation mechanism employed 
by immune cells (intracellularly or extracellularly)? How and to 
what extent does the BMC affect immune cell viability? All in 
all, what will be the effect of different characteristics of BMC 
on the interaction of CBNs and immune cells? Through what 
mechanisms?

2.3. In Vivo Biodegradation of Carbon-Based Nanomaterials

Understanding the behavior and fate of CBNs in vivo is 
imperative to facilitate employment of these materials in a 
clinical setting. Despite the fact that the fate of NMs in vivo 
largely depends on their degradation capacity, the biodegrada-
tion ability of CBNs in vivo has not been studied enough until 
now.[83,84] However, studies performed so far have reported the 
in vivo biodegradation of CNTs and GO.[85–89] In a pioneering 
work, Shvedova and coworkers employed MPO knockout (MPO 
k/o) versus wild-type (w/t) mice to determine the role of MPO 
in the biodegradation of SWCNTs in mice lungs 28 days after 
pharyngeal aspiration. For both mice types, 24 h after the expo-
sure, neutrophil accumulation in the lungs was observed. By 
quantitative imaging, it was determined that the clearance of 
SWCNTs from MPO k/o mice lungs was noticeably less than 
w/t mice, which indicated the MPO-dependent biodegrada-
tion of the NM in vivo. After observing a much lower biodeg-
radation rate in MPO k/o mice, the authors speculated about 
the possible involvement of other peroxidase enzymes such 
as LPO and EPO in the in vivo biodegradation of SWCNTs.[90] 
Consistent with Shvedova and coworkers’ study, Nunes et  al. 
reported biodegradation of surface-aminated CNTs following 
stereotactic administration in the mice brain cortex. Raman 
spectroscopy and TEM were used to analyze the tissue sections. 
Unexpectedly, the results showed widespread degradation of 
the nanotubes within 2  days post-injection, which is a very 
short time for the biodegradation of such material, and it seems 
that more investigations and verifications need to be conducted 
in this regard.[91] Recently in an innovative work, Peng et  al. 
investigated the biodegradation of GO in the zebrafish gastro-
intestinal tract. They employed nos2a knockout versus wild-
type zebrafish to determine the mechanism or biomolecules by 
which GO biodegradation in the gastrointestinal tract occurs. 
The results showed that the process is nitric oxide-dependent, 
reducing gastrointestinal inflammation. Inhibition of the nos2a 
(encoding the inducible nitric oxide synthase) gene increased 
inflammation and neutrophil accumulation in the gastrointes-
tinal tract.[92] Zhang et al. examined the kinetic biodistribution 
and clearance of small- and large-diameter SWCNTs after intra-
venous injection into mice over 60 days in the lungs, spleen, 
and liver. The histological analysis and near-infrared light 
absorption results showed that the larger-diameter SWCNTs 
accumulated in the spleen and liver, while the smaller-diameter 
SWCNTs accumulated more in the lungs, suggesting that the 
biodistribution of SWCNTs is diameter-dependent. Moreover, 

it was determined that the quantities of both SWCNTs in the 
lungs and liver decreased over 60 days, while no significant dif-
ference was observed in the CNT quantity in the spleen. Taken 
together, these results indicate the potential biodegradation of 
the SWCNTs in mouse lungs and liver.[88] Girish and colleagues 
utilized confocal Raman microscopy to investigate the fate of 
intravenously administered GO in mice models. They reported 
that the highest accumulation and the most significant biodeg-
radation are attributed to the lungs and spleen, respectively. 
Accordingly, the authors reasoned that as the spleen is the main 
unit of phagocytic defense, the high biodegradation of GO in 
the spleen may be related to the accumulation of more immune 
cells in this organ.[93] Consistent with this, very recently, in the 
latest in vivo study on biodegradation of CBNs, Newman et al. 
investigated the possible effects of GO accumulation in the 
spleen and its biological fate over a 9-month period. By confocal 
Raman mapping of tissue sections, TEM, and immunohisto-
chemistry coupled with Raman spectroscopy, it was determined 
that splenic macrophages are the predominant cells responsible 
for bioaccumulation and subsequently intracellular biodegrada-
tion of GO sheets (Figure 6d–f).[94]

Similar to the acellular in vitro and cell-based in vitro studies, 
the limited in vivo studies to date have also not examined the 
effect of BMC and its characteristics on the biodegradation 
of CBNs, although of course, in this case, a BMC will have 
been acquired by the CBNs upon introduction into the ani-
mals whose composition depends on the administration route. 
Accordingly, similar to the previous sections, several questions 
arise: Apart from the effect that BMC has on the biodistribu-
tion, accumulation, and excretion of CBNs, and after CBNs 
accumulation in tissues, does BMC affect the mechanism of 
the onset of tissue inflammation and its intensity? Does BMC 
affect the type and the number of immune cells that accumu-
late in the inflamed tissue? Since the biodegradation efficiency 
of CBNs varies in different tissues, could BMC be one of the 
factors behind this difference? Since the BMC source (e.g., sick 
or healthy person) determines its composition and content, 
could personalized BMC affect CBNs biodegradability? And in 
total, what will be the effect of different characteristics of BMC 
on in vivo biodegradation of CBNs?

Overall, as a consequence of all the above mentioned aspects, 
we speculate that the next paradigm shift in CBNs biodegrada-
tion investigations will be to find answers to such questions. 
In particular, efforts to connect the acquired BMC composition 
in terms of its composition of opsonizing and dysopsonizing 
proteins and their ratio may provide important insights into the 
activation of immune responses and recognition by phagocytic 
cells, and may also affect the organ biodistribution based on 
the initially acquired BMC related to the route of exposure or 
administration of the CBNs.

3. The Challenges and Prospects of Biomolecular 
Corona Consideration in Carbon-Based 
Nanomaterials Biodegradation Studies

As briefly pointed out in the introduction, pristine NMs during 
their journey into and around the body would be transformed 
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into new NMs by the acquisition and evolution of the BMC. 
Therefore, the overall physicochemical properties and bio-
logical identity of NMs will be overshadowed by their surface 
“bio-transformation.” The first studies on the BMC concept 
were conducted by Bangham and Vroman in the 1950s and 
60s, proving that protein adsorption plays a substantial role in 
overall biological interactions and responses to pristine surfaces 
and materials.[39] But, in a more modern conception of BMC, it 
was the group of Dawson that first explained that the formed 
protein corona is unique and that its composition depends on 
NM surface chemistry, and the main part of the corona con-
sisted of less than five proteins.[95,96] 13 years after defining this 
concept, it is now well accepted that NM physicochemical prop-
erties such as surface charge (zeta potential), size, and shape 
(morphology), are affected by BMC.[23,97,98] Following changes 
in the aforementioned characteristics, the biological behav-
iors of NM such as blood circulation time,[99] immune system 
stimulation,[34,100] biodistribution,[99,101] accumulation,[102] excre-
tion,[103] cellular uptake,[104,105] biodegradation,[106] and biocom-
patibility[102] are also altered. For example, in line with the 
present article’s subject, it has been determined that the surface 
charge of CBNs is a key factor in the interaction of peroxidase 
enzymes with NMs.[43,45,73] Therefore, it is expected that BMC, 
as a critical determinant in nano-bio interfaces, must always be 
considered in nanobiomedical investigations, including assess-
ment of biodegradation of NMs.

Given the limitations associated with experimental tech-
niques in vivo, most studies regarding the BMC evaluation 
have been conducted in vitro; though, there are always some 
limitations and challenges with in vitro studies. For example, 
the origin of the used plasma (or serum) needs to be taken into 
account.[107,108] Although the homology of the human, mouse, 
and bovine proteins is rather high,[109,110] the use of mouse and 
bovine plasma for BMC evaluation can be questioned in the 
scope of evaluation of NMs for human biomedical applications. 
But beyond the cross-species difference of the plasma origin, 
the personalized plasma (disease-specific plasma) that results 
in a personalized BMC has recently attracted much atten-
tion.[111,112] In proof of this view, Hajipour and colleagues exam-
ined the effect of different disease-specific plasmas on the BMC 
composition formed onto GO sheets and the relevant biolog-
ical effects. It was reported that the differences in the plasmas 
associated with different disease states significantly affected 
the BMC composition and subsequently the cellular responses 
toward the corona-coated GO sheets.[113] Therefore, attention 
to personalized BMC seems to be of particular importance in 
future investigations about biodegradation and biocompat-
ibility of CBNs. This consideration may also open the way to 
new approaches and directions for the design and engineering 
of safe CBNs with tailored acquisition of BMCs to enhance 
or modulate their biodegradability to the needs of the specific 
application.

Another unconsidered challenge in BMC studies is the 
inconsistency of the experimental environment and analysis 
methods employed in the related published articles.[114–116] For 
example, plasma concentration,[117,118] temperature,[96,119] incu-
bation time,[96] pH,[96] type of separation method (e.g., in gel 
or on-particle),[115] type of informatics database, and statistical 
analysis methods[115] are some of the parameters that differ 

widely in the published literature. To minimize these incon-
sistencies, Lynch and coworkers have suggested a guideline 
entitled “Minimum Information about Nanomaterial Bio-
corona Experiments (MINBE)” to enhance interoperability, 
reproducibility, and utility of BMC characterizations.[115] In 
line with this, inspired by this guideline and other guidelines 
such as MIRIBEL (Minimum Information Reporting in Bio-
Nano Experimental Literature),[114] we envisage that providing 
a dedicated guideline for CBNs biodegradation studies could 
be useful for systematic debugging of nano-bio interfaces in 
future studies, and may significantly accelerate the successful 
translation of the NMs into clinical settings and in a wide 
range of therapeutic and diagnostic applications. The current 
article takes the first step toward this goal by providing a check-
list of reporting considerations for acellular in vitro, cell-based 
in vitro, and in vivo CBNs biodegradation studies (Table 2).  
This checklist, which we will refer to as “Minimum Infor-
mation Reporting in Biodegradation Investigation of CBNs” 
(MIRBIC) consists of specific components that are categorized 
into three sections: i) CBNs physico–chemical properties, ii) 
experimental conditions, and iii) common reporting standards 
for biodegradation characterization of CBNs. In the first sec-
tion, the physico–chemical properties of CBNs that influence 
their interactions with biological systems have been provided. 
In the second section, essential information and details related 
to the biodegradation experiments conditions of the CBNs in 
the three modes of acellular in vitro, cell-based in vitro, and in 
vivo have been presented. The third section is focused on the 
importance of reporting details about CBNs biodegradation 
assessment methods/techniques along with BMC characteri-
zation conditions. It should be noted that, regarding the BMC 
reporting section, we have referred the readers to the MINBE 
guideline, which thoroughly deals with what/how to report 
information and details related to the BMC analysis. We believe 
that each component should be included as part of published 
research on CBNs biodegradation, and reporting these compo-
nents in the relevant studies will help to eliminate ambiguities 
and inconsistencies between different studies, facilitating data 
integration and meta-analysis.

Due to the aforementioned experimental limitations, only 
some studies have investigated the BMC formed on NMs 
in vivo. Therefore, a major challenge in this area is devel-
oping new strategies and techniques for in vivo evaluation of 
the BMC. Currently, one of the most common strategies for 
in vivo assessment of BMC is the recovery of NMs from the 
blood circulation (usually by cardiac puncture) and subsequent 
examination and characterization of BMC by analytical tech-
niques such as mass spectrometry.[120–122] However, there are 
some challenges in this approach, such as the limited amount 
of NMs recovered post-administration, limitations on the time 
of blood sample collection, and the difficulty in NMs isolation 
from the blood, which may itself alter the BMC composition. 
Also, it is important to bear in mind that in this strategy, only 
the NMs in the blood circulation are examined, whereas NMs 
accumulated in the organs may have a different composition 
of BMC depending on tissue types. Thus, especially regarding 
CBNs biodegradation studies, it is essential to develop new and 
functional strategies and methods to evaluate the BMC formed 
on tissue-accumulated NMs.
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Despite laudable efforts, the nano-bio interface science suf-
fers from the limitations of experimental methods in vivo and 
desperately needs new tools to uncover nano-bio interactions 
between NMs and body components. With this in mind, and 
on the subject of the present article, if the aim is to investigate 
the effect of BMC and its characteristics on biodegradation of 
CBNs in vivo, we face a major and complex challenge regarding 
the recovery of the accumulated NMs from tissues, and also the 
investigation of the BMC effect on the biodegradation process 
over time. But, on the flip side, recent technological advance-
ments such as microfluidics can benefit the BMC field by 
mimicking in vivo conditions within an in vitro device. Micro-
fluidic systems not only can simulate 3D microenvironments 
with controlling continuous flow, chemical gradients, and local 
microenvironment as well as partitioning of multi-organs, but 
also can offer a cost-effective and efficient opportunity to rapidly 
screen NMs and their interaction with biological environments 
(Figure 7).[123–126] As shown by recent investigations, the com-
position and properties of BMC differ in vitro and in vivo.[39,122] 
Actually, it has been emphasized that shear stress created by 
dynamic flow is one of the most important factors affecting the 
BMC characteristics.[37,127–129] Therefore, controlling shear stress 
by microfluidic devices could help imitate in vivo behavior and 
the fate of NMs more accurately. In this direction, Digiacomo 
and colleagues have recently compared the human BMC  

features formed onto gold nanoparticles (AuNPs) statically and 
dynamically. The authors reported that the BMC formed under 
static incubation was thinner and less negatively charged than 
the BMC formed in a microfluidic chip. Furthermore, nano-LC 
MS/MS and SDS-PAGE results revealed that in the dynamic 
mode (microfluidic environment), immunoglobulins are the 
most abundant proteins in the BMC composition, while tissue 
leakage proteins were the most abundant proteins when the 
BMC was formed under static mode.[130] Microfluidic chips 
can also be combined with a wide range of characterization 
techniques for the dynamic characterization of NMs at nano-
bio interfaces. In order to monitor inter- and intra-molecular 
reactions occurring in microfluidic systems, they have been 
coupled with light scattering,[131] small-angle X-ray scattering 
(SAXS),[132] Förster resonance energy transfer,[133] spectroscopic 
methods,[134] and surface-enhanced Raman spectroscopy detec-
tion.[135] In this context, Rodrigues et  al. employed a micro-
fluidic extensional approach coupled with a high-speed video 
microscopy system to evaluate the haemocompatibility of iron 
oxide NPs (Figure 8a). The results revealed that the microflu-
idic tool could determine the rigidity of red blood cells more 
accurately than traditional haemotoxicity analysis. In fact, the 
employed microfluidic system proved to be superior to the con-
ventional techniques by showing higher sensitivity in detecting 
small changes in red blood cells.[136] Recently, Huang et  al. 

Table 2.  Reporting standards for biodegradation research of CBNs.

CBNs physico-chemical propertiesa) Synthesis method, size, hydrodynamic radius, shape, thickness, edge-to-area ratio, C:O ratio, surface charge, degree of defects, 
chemical composition, hydrophobicity, polydispersity index, crystalline structure, functionalization type and degree, optical 

properties, ion contamination, storage history, and drug loading and release

Reporting component Description

Experimental conditions Acellular in vitro [test tube] Enzyme specifications Type, source, and catalytical activity

Reaction conditions I.	 Type and concentration of buffers and other applicable supplements, 
flow condition (static/dynamic), pH, and temperature

II.	 Concentration of CBN, enzyme, enzyme activators, and substrates 
(such as H2O2), and treatment time

III.	 Number of replicates

Cell-based in vitro Cell specifications Type, source, sex, age, growth conditions, passage number,  
and storage conditions

Reaction conditions I.	 Type and concentration of buffers and other applicable supplements, 
culture medium specifications, and cell incubation conditions 
(culture dimensions, static/dynamic condition, pH, temperature, 
and O2 and CO2 percentages)

II.	 Concentration of CBN, substrates, and cellular stimulants 
(such as phorbol 12-myristate 13-acetate [PMA] and N-formyl-methionyl-
leucyl-phenylalanine [fMLP] tripeptide), treatment time, and cell density

III.	 Number of replicates

In vivo Animal specifications Type, race, age, sex, and weight

Animal care conditions Feeding regime/food, ambient temperature, light/dark cycle

Characteristics of 
injection sample

CBN concentration, specifications of the injection buffer/medium, pH, 
volume, temperature, and details of sterilization of the injection solution

Treatment conditions Administration route, treatment time, and number of replicates

Sampling details Tissue type, macroscopic appearance of the tissue, and the method used 
to prepare tissue samples for biodegradation evaluation

Common reporting standards for 
biodegradation characterization of CBNs

•	 Details of biodegradation assessment methods/techniques (such as TEM and Raman spectroscopy) and data analysis
•	 Reporting standards for BMC characterization should be followed based on MINBE[115]

a)When evaluating these properties, specifications of buffer/medium used for CBNs dispersion need to be reported in detail.
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developed a spheroid-on-chip system to investigate the effect 
of the exterior flow, BMC, and NP surface charge on the pen-
etration and accumulation of polystyrene NPs into the tumor 
model (Figure 8b,c). The chip was fabricated on a glass layer for 
real-time tracking of the changes in the multicellular spheroids 
with confocal laser scanning microscopy. Briefly, the results 
showed that all three parameters (flow, BMC, and NP surface 
charge) significantly affected the penetration and accumulation 
of the NPs into the multicellular spheroids.[137] In an interesting 
work, Stehle and coworkers developed a droplet-based micro-
fluidic device coupled with SAXS to analyze the concentration, 
shape, and size of AuNPs dispersed within water-in-oil emul-
sion droplets (Figure  8d). Briefly, the SAXS pattern showed 
the successful application of this system in the analysis of the 
concentration, shape, and size of the NPs. Furthermore, the 
authors mentioned that this approach can be utilized to study 
nanocarriers, biomacromolecules, and any other arbitrary 
sample.[132] These studies, taken together, demonstrate that the 
potential of microfluidic models to probe dynamic nano-bio 
interactions can bolster our understanding of how BMC affects 
nano-bio responses including biodegradation. We therefore 
believe that inspired by these strategies, the challenges and bar-
riers regarding BMC consideration in biodegradation of CBNs 
can be overcome.

A thorough understanding of the relationships between 
NMs’ physicochemical properties and their biological behavior 
is mandatory to design efficacious and safe nanomedicines. To 
this end, quantitative structure–activity relationship (QSAR) 
methods provide one option for establishing such correla-
tions.[138] QSAR is a statistical technique that tries to predict the 
reactivity, activity, and properties of an unknown set of mole-
cules based on analysis of an equation connecting the measured 
property and activity of a set of structurally similar molecules 

to their structures.[139] Compared with observational methods, 
computational methods such as QSAR are faster and reduce the 
monetary and ethical costs related to animal testing, but they 
are data-driven and thus need to be developed based on robust 
initial datasets. Therefore, researchers will be able to make 
more accurate predictions of NMs in the physiological milieu 
using these methods (Figure 9a).[140,141] QSAR has been suc-
cessfully developed to predict the biological behavior of many 
different NMs such as CNTs, surface modified iron oxide NPs, 
and metal oxide NPs.[142] Very recently, in an ingenious work, 
Yan et al. inspired by face recognition technology, developed a 
computational workflow to predict hydrophobicity, zeta poten-
tial, protein adsorption capacity, and cellular uptake potential 
of 147 unique and pre-evaluated NMs (Figure  9b). To do this, 
they used detailed atom information of the NMs to construct 
protein data bank (PDB) files, and then developed a program 
to automatically convert PDB files to uniform nanostructure 
images. Ultimately, by developing a convolutional neural net-
work model, the critical image features were directly learned 
from the images to predict biological activities and physico-
chemical properties of the NMs. The results showed a highly 
accurate prediction of the relationships between the nano-
structures and their biological activities using the constructed 
convolutional neural network model.[143] Likewise, in a recent 
study, Lazarovits and colleagues developed a workflow to eval-
uate how BMC composition can predict the in vivo biological 
fate of PEGylated AuNPs (Figure 9c). Following injection of the 
NPs into rats, blood was extracted at different time points, and 
the NPs were separated from the blood by centrifugation. An 
LC−MS/MS assay was developed to evaluate the BMC. ICP-MS 
was used to quantify the NPs in the blood, liver, and spleen at 
the end of the experiment. Finally, the proteins’ label-free quan-
titative intensities were used as inputs, and the ICP-MS results 

Figure 7.  Steps for clinical development of NMs, and comparison of conventional and microfluidic approaches from bench to clinic. Microfluidics 
significantly diminishes the time and cost of the evaluation of NMs on the path to clinical development. Using microfluidic systems in biodegradation 
studies of CBNs, the in vivo conditions of this process can be simulated with high accuracy, and the effects of BMC on the interaction of CBNs with 
immune cells, peroxidase enzymes, and oxidizing agents can be studied carefully.
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Figure 8.  a) Schematic view of a microfluidic device with the hyperbolic channel, which is coupled to a high-speed video microscopy system to ana-
lyze the haemocompatibility of iron oxide NPs. Reproduced with permission.[136] Copyright 2016, Springer. b) The microfluidic chip consisted of three 
layers (i). The chip contains four chambers each of which houses five semicircular weirs and two apertures to trap the spheroids (ii). Schematic of the 
semicircular weir and microscopic image of the trapped spheroids. The scale bar is 50 µm (iii). c) Confocal images of spheroids treated with amine-
modified (PSD) and carboxylate-modified (PSM) polystyrene NPs after 2 h of NP penetration under static/flow conditions and with/without protein 
corona. The scale bar is 50 µm. Reproduced with permission.[137] Copyright 2017, American Chemical Society. d) A droplet-based microfluidic device 
coupled with SAXS. Reproduced with permission.[132] Copyright 2013, Royal Society of Chemistry. Using such a strategy, the changes made to CBNs 
(such as changes in the shape, size, surface-to-volume ratio, and distribution) during the degradation process, and the effects that BMC exerts on this 
process can be studied with high precision and in real-time.
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Figure 9.  a) The process of developing a QSAR neural network model to predict the biological fate of NMs in physiological environments, or to elu-
cidate biological mechanisms and processes. Reproduced with permission.[140] Copyright 2013, Elsevier. b) Schematic of the computational workflow 
which consists of four main parts: NMs data curation, PDB file construction on the basis of the NMs attributes such as type of core material and 
chemical structure of surface ligand, generation of uniform nanostructure images, and prediction of NMs nano-bio interactions such as protein adsorp-
tion and cellular uptake by the convolutional neural network model. Reproduced with permission.[143] Copyright 2020, American Chemical Society. 
c) Injection and recovery of PEGylated AuNPs, and subsequently, analysis of BMC and tissue accumulation of the NPs by LC−MS/MS and ICP-MS, 
respectively. The mass spectrometry protein library was used as input for the neural network, while the NP clearance from circulation and its tissue 
accumulation were used as outputs. Ultimately, the NPs biological behavior was predicted by the neural network. Reproduced with permission.[121] 
Copyright 2019, American Chemical Society.

Adv. Funct. Mater. 2021, 2105649



www.afm-journal.dewww.advancedsciencenews.com

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2105649  (17 of 21)

(NPs biological fate) were considered as outputs for the com-
putational model. The computational analysis results showed 
that the spleen and liver uptake mechanisms depend on a large 
set of specific protein patterns formed onto the NPs surface. To 
put it more clearly, the model determined that the removal of 
NPs from circulation depends mainly on the protein patterns 
and not individual proteins.[121] Taken together, such studies 
demonstrate the potential of computational models for the pre-
diction of biological behavior based on NM design. In order 
to achieve this, as recently suggested by several researchers in 
the field,[144,145] the development of a NM BMC database would 
be extremely beneficial for nanobiomaterials research. Such a 
database will contain properties of NMs, BMC fingerprints, and 
corresponding biological outcomes, as well as computational 
parameters related to protein and small molecule binding affin-
ities. Such a database is under development as part of the EU 
H2020 projects NanoCommons and NanoSolveIT (NanoPharos, 
https://db.nanopharos.eu/Queries/Datasets.zul). We believe 
that by building such databases, it will be possible to predict the 
BMC composition and characteristics for a wide range of NMs 
(especially CBNs) in different biological environments (e.g., 
disease-specific plasmas that result in personalized BMC), and 
determine how the specific BMC will affect the biodegradation, 
biocompatibility, and the overall performance and fate of the 
NMs. Ultimately, we are confident that newly developed experi-
mental methods coupled with computational models can help 
address the challenges and barriers regarding the integration of 
BMC composition and role in the biodegradation of CBNs.

4. Conclusions

In this conceptual perspective article, after discussing the latest 
progress and strategies regarding application of a variety of 
peroxidase enzymes for the biodegradation of CBNs and their 
associated mechanisms, it was highlighted that the biodegrada-
tion of CBNs is strongly influenced by their surface properties. 
In view of the fact that NMs acquire a BMC immediately upon 
contact with living systems, whose composition is determined 
by the surface properties of the NMs, we reasonably concluded 
that eliminating or not thoroughly considering the BMC in 
CBNs biodegradation studies (whether inadvertently or inten-
tionally because of the field infancy), especially acellular in vitro 
and cell-based in vitro, could call into question the validity of 
the research process, would hamper providing an appropriate 
correlation with in vivo results, and limit the validity of con-
clusions drawn from them. However, considering the pace of 
knowledge development and establishment of advanced equip-
ment and measurement methods, it is envisaged that BMC 
effects will be being taken into account and measured in CBNs 
degradation studies in the near future.

To facilitate progress, we called for a number of conceptual 
and fundamental questions about the ambiguities raised by 
the absence of consideration of the BMC effects in the existing 
literature. We believe that the questions presented herein lay 
the groundwork for the next paradigm in CBNs biodegradation 
investigations through incorporation of the role of the BMC. 
But the flip side is that considering BMC in nanoscale biodeg-
radation is very challenging and requires new and dedicated 

strategies (especially in vivo) to analyze the biodegradation 
process and the effects of BMC and its characteristics on this 
process. Hence, ultimately, we recommend the use of the dedi-
cated guideline (MIRBIC), presented in this article for the first 
time, and new technologies such as microfluidics systems com-
bined with analytical instruments, and computational models 
in order to overcome the challenges and barriers. We are con-
fident that the advantages offered by such strategies are too 
compelling to ignore. As a final word, we hope that the present 
article stimulates more conceptual and empirical attention to 
the importance of BMC and its characteristics in CBNs biodeg-
radation investigations.
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