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a b s t r a c t   

In the past two decades, the emergence of coronavirus diseases has been dire distress on both continental 
and global fronts and has resulted in the search for potent treatment strategies. One crucial challenge in this 
search is the recurrent mutations in the causative virus spike protein, which lead to viral escape issues. 
Among the current promising therapeutic discoveries is the use of nanobodies and nanobody-like mole
cules. While these nanobodies have demonstrated high-affinity interaction with the virus, the unpredictable 
spike mutations have warranted the need for avidity-inspired therapeutics of potent inhibitors such as 
nanobodies. This article discusses novel approaches for the design of anti-SARS-CoV-1 and −2 nanobodies to 
facilitate advanced innovations in treatment technologies. It further discusses molecular interactions and 
suggests multivalent protein nanotechnology and chemistry approaches to translate mere molecular affinity 
into avidity. 

© 2021 Elsevier Ltd. All rights reserved.    
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Introduction 

The past two decades have witnessed the emergence of many 
deadly coronavirus-associated (CoV) diseases on both epi- and 
pandemic levels in forms such as severe acute respiratory syndrome 
(SARS) and the middle east respiratory syndrome (MERS). The dis
ease, especially in the present decade, has warranted the search for 
potent antidotes such as vaccines [1–3] and therapeutics [4–6] to 
help combat the seemingly unending life loss. Antibodies and so
luble angiotensin-converting enzyme 2 (ACE2)- the virus receptor on 
the cell- are the most popular biologics suggested for coronavirus 
treatment. Also, several nanobodies have been reported as potent 
inhibitors of coronaviruses and present advantages in terms of size, 
solubility and stability. However, with the emergence of mutated 
virus strains capable of escaping inhibition by many monovalent 
blockers [7], it is presently highly expedient to probe into the design 
of potential inhibitors towards creating “avidity-inspired” ther
apeutics. We define an avidity-inspired therapeutic as one generated 
via the utilization of multivalent protein engineering and nano
technology approaches that translate mere molecular affinity into 
avidity of functional interactions for optimum cumulative perfor
mance. 

This article provides a general overview of coronaviruses, empha
sizing SARS-CoV-1 and −2 and their spike glycoproteins. The article 
follows to discuss nanobodies and their molecular architecture, high
lighting key benefits. It henceforward presents the impressive nano
bodies developed against the spike glycoprotein to date and suggests 

interesting multivalent approaches based on protein engineering and 
particulate nanochemistry to guide the development of treatment 
technologies against the challenges of spike mutations. 

Coronavirus disease: an overview of components, functions and 
mechanism of infection 

Coronavirus is a positive-strand RNA virus bound with a well-de
fined envelope. The virus belongs to the Coronaviridae family and is 
sub-classified into four genera: α-, β-, γ-, and δ-coronavirus [8]. The 
α- and β-coronaviruses appreciably infect mammals, whereas the γ- 
and δ-coronaviruses infect birds, fish and, at times, mammals. SARS- 
CoV-1 and −2 are β-coronaviruses and, thus, share similar structural 
and molecular architecture. As depicted in Fig. 1A, the β-coronaviruses 
possess protruding spike proteins that serve for receptor attachment 
and fusion to membranes. Their membrane glycoproteins shape the 
virion and support the nucleocapsid, whereas the envelope protein 
functions in viral assembly, release and pathogenesis [9,10]. As ex
pected, the viral genomic RNA harbours the replicative identity of the 
virus, whereas the nucleocapsid encapsidates the genome into the 
virus [9,10]. During infection (Fig. 1B), the spike protein interacts with 
the cell-surface ACE2 receptor and fuses with the cell membrane with 
the assistance of host cell proteases such as cathepsin L and TMPRSS2. 

Interestingly, the host invasion and virus propagation cycle would 
putatively be inefficient without the spike protein. Consequently, cell 
entry is preceded by viral RNA release, where the host transcription and 
translation machinery produce all components required for viral 

Fig. 1. Schematic description of β-coronaviruses (A) and their simplified cell entry and replication mechanism. Before cell invasion, the spike protein interacts with the ACE2 cell 
surface receptor (1) and fuses the cell membrane aided by enzymatic proteolysis (2). Next, the virus enters the cytosol and releases the positive-strand RNA (3), which adopts the 
host cell replicating and translation machinery (4) to propagate and package the virus (5). Finally, the matured virus exits through the exocytic pathway (6). 
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replication and packaging. The packaged virus then plies the exocytic 
pathway out of the cell to infect other healthy cells to continue the cycle. 

Spike glycoprotein: the molecular and structural similarities and 
differences 

The critical role of the spike (S) glycoprotein in the virus's life 
cycle is important for vaccine and therapy development, especially 
by understanding its molecular and structural characteristics. In 
general, the SARS-CoV-1 and −2-S glycoproteins are multidomain 
proteins consisting of 1255aa and 1273aa, respectively (Fig. 2A). The 
multidomain structure composes a signal peptide (SP) and S1 and S2 

sub-units from the N-terminus, respectively. In the native state, the 
structure forms a homotrimer. The S1 subunit harbours a rigid N- 
terminal domain (NTD) and a receptor-binding domain (RBD) re
sponsible for receptor attachment. On the other hand, the S2 sub- 
unit is known for host cell membrane fusion and thus comprises a 
fusion peptide (FP), heptapeptide repeat sequence (HR 1–2), and 
connecting domain (CD), transmembrane (TM) and cytoplasmic (CP) 
domains. One key distinguishing feature in SARS-CoV-2-S is the 
presence of a novel multibasic protease cleavage site (S1/S2) located 
at the junction of the S1 and S2 sub-units. Unlike the S1 cleavage site 
processible by cathepsin and TMPRSS2, the S1/S2 site has expanded 
proteolytic activation machinery, including Furin-like proteases  
[11,12]. The protease expansion is putatively liable for the stability 
and transmission of SARS-CoV-2. 

Notably, the spike proteins of SARS-CoV-1 and − 2 exhibit dif
ferences in glycosylation levels (Fig. 2B). These glycans are host- 
derived and putatively play a role in protein folding, viral tropism 
and immune escape [13,14]. SARS-CoV-1-S has 23 N- 

acetylglucosamines (NAGs) per protomer vis-a-vis 22 NAGs per 
protomer for SARS-CoV-2-S [15,16]. In SARS-CoV-2-S, 20 out of 22 
glycans are conserved and distributed across both S1 sub-unit (i.e., 9 
out of 13 NAGs conserved) and S2 sub-unit (all the 9 NAGs con
served) [16,17]. Thus, the presence of the glycans has the penchant 
for causing specific epitope shielding that may weaken the neu
tralization abilities of potential blockers and cause viral immune 
escape. 

Notwithstanding, viral immune escape could also be caused by 
epitope-associated residue substitutions, deletions and insertions 
that lead to an altered epitope conformation, increased receptor 
binding affinity and overall antigenicity [18–21]. The concept of 
immune escape [22] and mutations of SARS-CoV-2 [23] have been 
excellently reviewed in recent papers for readers reference. 

Focusing on the RBDs, both SARS-CoV-1 and − 2 SRBDs compose 
of five-stranded anti-parallel β-sheets (β1–β4 and β7) core that is 
linked together by short connecting α-helices and loops and stabi
lized by three pairs of disulfide bonds [9,24,25]. Within this RBD 
structure lies the receptor-binding motif (RBM) positioned between 
β4 and β7. The RBM comprises a pair of β-strands (i.e., β5 and β6) and 
α-helices (i.e., α4 and α5) stabilized by a single disulfide bond at the 
distal end [24,25]. Interestingly, the RBD contains most of the re
ceptor contacting residues and is thus essential for vaccine and 
therapy development. There are about 16 and 17 receptors con
tacting residues in SARS-CoV-1-S and SARS-CoV-2-S, respectively  
[24]. Fourteen of the contacting residues share similarities. The en
tire individual contacting residues interact with 20 ACE2 residues, 
where 17 of the ACE2 contact points are similar for SARS-CoV-1 and 
− 2 [24]. Fig. 2C describes the β-sheets, α-helices and disulfide bond 
connections in SARS-CoV-2S RBD. 

Fig. 2. Spike glycoprotein characteristics. A: Schematic comparison of the multidomain spike glycoprotein structure of SARS-CoV-1 and SARS-CoV-2. B: Schematic representation 
of glycosylated site differences between SARS-CoV-1-S and SARS-CoV-2-S. C: β-sheets, α-helices and disulfide bond connections in SARS-CoV-2-S RBD. D: Closed and opened 
states of SARS-CoV-2-S ([17]; Reproducible under Creative Commons Attribution license CC0 1.0) Signal peptide (SP), N-terminal domain (NTD), receptor-binding domain (RBD), 
receptor-binding motif (RBM), protease cleavage sites (S1/S2, S’1), fusion peptide (FP), heptad repeat 1&2 (HR1&2), connecting domain (CD), transmembrane domain (TM) and C- 
terminal domain (CT). 
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In terms of conformation dynamics, both RBDs show similar 
changes, as represented in Fig. 2D. For instance, they assume an up 
promotor (receptor accessible; metastable) and down promoter 
(receptor inaccessible; stable) states in the similitude of a hinge  
[15–17,26]. However, the conformation of SARS-CoV-1 SRBD packs 
tightly against the N-terminal domain of the neighbouring promotor, 
whereas SARS-CoV-2 SRBD angles closer to the central cavity of the 
trimer [16]. To this end, the cryptic characteristics of the spike 
protein open up interest in nanobody therapy due to its ability to 
target cryptic epitopes and viral canyons. 

Nanobodies: molecular and structural characteristics 

Nanobodies are single-domain, antigen-specific fragments de
rived from the heavy-chain-only antibodies (HCAbs) of camelids, 
such as alpacas, llamas and dromedaries. These heavy-chain-only 
antibodies are a unique class of antigen binders serendipitously 
discovered during the retrieval of a single-chain variable fragment 
(scFv) from naive immunoglobulin (IgG) libraries [27]. Unlike ca
nonical antibodies, which are heterotetrameric, the structure of 
HCAbs is homodimeric and consists of two heavy chains fused to 
the constant fragment lacking the first constant domain (CH1) 
(Fig. 3A-B). In other words, the HCAbs structure is devoid of the light 
chain and the characteristic first constant domain (CH1) of the heavy 
chain polypeptide of canonical antibodies. The absence of these 
domains does not impair the specificity and affinity of HCAbs [28]. 
However, these characteristics make HCAbs interestingly mono
valent and smaller than conventional antibodies; thus, a promising 
candidate for disease diagnostics and therapeutics. 

Of note, nanobodies represent the smallest (~15 kDa; 2.5 nm 
width and 4.2 nm height), detachable, functional antigen binders 
that form the variable (VHH) domain of the HCAbs. Comparatively, 

antibodies (IgG) are about 150–170 kDa and with ~13.7 nm width 
and ~8.4 nm height [29]. Nanobodies fairly compare with antibody 
VH in size, affinity and biodistribution, but differs from scFv—a fusion 
protein consisting of antibody VH and VL (Fig. 3B). 

Like canonical antibodies, nanobodies perform their binding 
functionalities with the help of their hypervariable complementary 
determining regions (CDR1-CDR3) encoded by the IGHV gene or 
generated via V-D-J gene recombination [30]. Both nanobodies and 
IgG VH have four framework structures (framework regions, FRs) 
which enclose the CDRs (Fig. 3C). Clearly, there is a high sequence 
resemblance between the human/mouse VH and camelid VHH gen
erated for the same antigen. However, there is a pronounced pre
sence of solvent-exposed, hydrophilic amino acid units in the FR2 of 
nanobodies (F42, E49, R50, and G52) which contrast with the hy
drophobic residues of human VH (V42, G49, L50, and W52). This 
sequence variation does not cause any conformational alterations of 
the backbone [31]; nevertheless, the hydrophilic inclusions make 
nanobodies highly water-soluble [32,33]. On the other hand, anti
body VH often suffers aggregation tendencies and stickiness [34–36]; 
its associated scFv versions are no different since they inherit the 
intrinsic properties of corresponding VH-VL domains [37,38]. Im
portantly, the intrinsinc hydrophilicity in nanobodies facilitates their 
facile production, especially in forms such as multimers to confer 
avidity (see subsequent discussions). As such, several groups have 
incorporated the hydrophilic residues of nanobodies into IgG VH 

with resounding outcomes [39–41]. 
In terms of the CDR architecture, antibody VH has short-looped 

CDRs, whereas nanobodies (especially CDR1 and CDR3) are known to 
be flexibly extended such that they are capable of accessing catalytic 
sites of enzymes and cryptic epitopes such as viral surface canyons  
[42–45]. In nanobodies, the CDR1 and CDR3 are often linked by an 
interloop disulfide bond through Cys23 and Cys94, respectively  

Fig. 3. Characteristics of nanobodies and nanobody-like structures. A: Schematic description of camelid heavy-chain only antibody (HCAbs) demonstrating the nanobody (VHH) 
section and its cartoon. The HCAbs lacks the CH1 domain. B: Schematic description of IgG antibody showing heavy-chain (VH) section and its cartoon. C: Schematic comparison of 
VHH and VH, showing the complementary determining regions (CDR1–3), framework regions (FR1–4) and the hydrophilic residues (F42, E49, R50, and G52) and its hydrophobic 
(V42, G49, L50, and W52) counterparts in VHH and VH, respectively. The disulfide bond linkage in VHH is also shown. D: Schematic arrangement of the CDR loops within the nine β- 
stranded (β1–9) core architecture of VHH. Variable light (VL), constant chains (CH1-CH3), antigen-binding fragment (Fab); and single-chain variable fragment (scFv). 
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[32,46]. This interloop disulfide bond is conserved among all nano
bodies, and it serves a dual purpose of stabilizing the overall nano
body structure and rigidifying the base of the flexible CDR3 loop to 
facilitate a stronger epitope interaction [47]. The presence of the 
disulfide bond could also be the rationale for the thermal and che
mical stability of nanobodies, and its removal does not significantly 
compromise the stability [48]. It is worth noting that dromedary- 
derived nanobodies sometimes have an additional stabilizing dis
ulfide bond linking the CDR2 and CDR3 in a solvent-exposed fashion 
to prevent aggregation [47,49]. Fig. 3D shows the arrangement of the 
CDR loops within the nine β-stranded core architecture of a typical 
nanobody. The presence of the β-hairpin within the CDR3 con
tributes to the totemic cryptic epitope meandering. 

In production terms, initial approaches for raising nanobodies 
shared similarity with the laborious conventional techniques for 
antibodies [50]. The method required the immunization of the ca
melid with an immunogen of interest followed by blood lymphocyte 
isolation and mRNA extraction for cloning and gene library con
struction. Positive clones were selected via panning or immunoassay 
techniques prior to the final soluble nanobody expression. But the 
expression of nanobodies from this stage has been relatively 
straightforward, unlike the stringent methods for antibody produc
tion, which often suffers from batch-to-batch variability, instability, 
specificity, and selectivity. Interestingly, recent advancements in 
nanobody technology has seen an immense transformation aided by 
high-throughput sequencing, in silico translation and LC-MS/MS 
techniques to expedite nanobody identification and production  
[51,52]. These have resulted in a robust pipeline facile production of 
nanobodies in systems such as high-order eukaryotic cells [53–55], 
yeast [53–56], Escherichia coli [57] and Aspergillus [58]. These 
achievements put nanobodies in a position of commercial relevance 
for all ailments, including coronavirus disease. Lastly, nanobodies' 
smaller size and stability characteristics offer high tissue penetr
ability advantages and allow the delivery of nanobody therapeutics 
through alternative routes (e.g., pulmonary via nebulization), which 
is hardly achievable by other products [44,56]. 

Nanobody interaction with coronavirus spike 

The interaction of nanobodies with the coronavirus spike protein 
could be classified into three main groups: receptor binding site 
(RBS), non-receptor binding site (nRBS), and the overlapping cahoot 
interactions. For the RBS category, the nanobody competitively binds 
to the ACE2 receptor-associated epitope on the spike RBD to pre
maturely trigger the fusion machinery in the absence of ACE2. The 
result of this decoy interaction may not alter the RBD architecture 
but leads to the abrogation of cell membrane fusion and virus entry. 
On the other hand, the nRBS class interacts with the other sections of 
the spike protein to distort the spike protein’s conformational liberty 
and thus render it defective towards cell membrane interaction. 
Finally, the overlapping cahoot sits between RBS and nRBS, where 
the nanobody-spike protein interaction occurs at the boundary be
tween the two previous scenarios discussed. In this case, the effect is 
a combination of blocking and distortion of conformation liberty. 

The RBS category is the most explored and reported interaction. 
For example, Huo et al.[59] reported two closely related nanobodies, 
H11-H4 and H11-D4, from naïve llama library that recognized the 
same epitope in the SARS-CoV-2-S RBD. The nanobodies interacted 
with the spike protein unevenly using all three CDRs. It is interesting 
to note that the structures of nanobody-spike complexes were in
distinguishable, although these nanobodies have sequence varia
tions, especially in the extended CDR3 loops. Between the two 
constructs, H11-H4 showed a higher binding affinity (KD) of 12 nM 
compared to 39 nM for H11-D4, and this was evident from the 
presence of bonds such as salt-bridging, π–cation and hydrogen 
bonds identified between the interacting surface. Also, Koenig et al. 

[60] isolated four RBS categorized SARS-CoV-2 nanobodies, namely 
VHH E, VHH U, VHH V and VHH W. Herein, the VHH E and VHH U interact 
with distinct epitopes on the RBD in the ‘open’ conformation state 
(Fig. 4B), which leads to the induction of the premature fusion state 
dynamics. This characteristic makes VHH E and VHH U promising for 
tandem pairing (see subsequent discussion). Notably, the VHH E is 
llama-originated, whereas the others are alpaca derived. VHH E uses 
its CDR1 and extended β-hairpin containing CDR3 to interact with 
the ACE2 binding site via polar, hydrophobic and hydrogen bonding, 
sharing 16 RBD residue contact points with ACE2. Conversely, VHH U 
binds the RBD using all three CDRs but shares identical RBD residue 
contact points between SARS-CoV-1 and −2 SRBD, although it does 
not block the former. VHH V and VHH W were also alpaca-derived and 
thus shared a similar structure and binding interface with VHH U. 
Similarly, Hanke et al. [61] isolated an alpaca-derived RBS nanobody, 
Ty1, that specifically bound the individual RBDs in the ‘open’ spike 
trimer state. Ty1 showed an unchanged molecular orientation in 
their binding state, although binding to two “down” and one “up” 
RBD conformations within the spike trimer. Ty1 bound the RBD 
epitope using CDR1 and CDR3 loops that contacted “T470, V483- 
E484” and “Y449, F490, Q493” RBD residues, respectively. Con
versely, the CDR2 was found to mainly stabilized the CDR1 con
formation in the RBD complex. 

For the nRBS associated and the overlapping cahoot nanobodies, 
there has not been many reports and characterizations. Dwelling on 
the few reported, Wrapp et al.[62] identified nanobody VHH-72 that 
interacts with SARS-CoV-1 SRBD away from the footprint of ACE2 
binding interface (Fig. 4C). The VHH-72 is llama-derived and interacts 
with its CDR2 and CDR3 in such a way that its backbone groups 
reinforce the hydrogen bonding with the spike. Similarly, Xiang et al. 
[64] isolated nanobody Nb95 among several others and discovered 
through epitope mapping analysis that Nb95 associates with the 
spike NTD to possibly restrict the conformational flexibility of the 
spike trimer. Herein, it is opined that the Nb96 related restriction of 
RBD conformation contributes to a compromised membrane fusion 
mechanism. Also, Mast et al.[65] reported 16 nRBS nanobodies that 
show potent neutralization of SARS-CoV-2. However, the molecular 
determinants of their binding are not available yet. 

Lastly, for the overlapping cahoot (Fig. 4D), Schoof et al. [63] 
reported an ultrapotent synthetic nanobody, Nb6. This nanobody 
was able to contact two adjacent RBDs in the spike trimer. All three 
CDRs participated in the interaction, but most of the contacting re
sidues reside within the CDR1 and CDR2. However, it is the CDR3 
that meanders its way across the two adjacent RBDs. 

Avidity-inspired approaches for effective viral blocking 

Protein engineering approaches 

Immunoglobulin (Ig) Fc fusion approach 
The fusion of molecules to Fc domains of human im

munoglobulin (Ig) is not uncommon because the fused Fc passes on 
antibody-like characteristics such as the recruitment of effector 
functions, complement activation and long serum circulatory half- 
life to resultant molecules [66–69]. Moreover, in relation to cor
onavirus disease, the approach multimerizes the efficiency and 
neutralization potency of ACE2 decoys and antibodies, as reviewed 
elsewhere [70–72]. 

In terms of nanobodies, Wrapp et al.[62] engineered a bivalent 
form of VHH-72 via fusion to the human IgG Fc domain. Compared to 
the monovalent state, the bivalent VHH-72 firmly bound SARS-CoV-2 
RBD and neutralized SARS-CoV-2 pseudoviruses with a half-max
imal inhibitory concentration (IC50) of approximately 13 nM. In 
the quest to boost the reported potency, the authors further mod
ified VHH-72-Fc using computational modelling in a subsequent 
study [73]. Herein, the affinity-matured modified molecule 
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(VHH72_S56A-Fc) neutralized SARS-CoV-1 and −2 at the sub
nanomolar level. Interestingly, the new design bound other serba
covirus clades and strongly prevented both SARS-CoV-2 wild type 
and virulent mutant variants in hamsters. 

In another study involving llama and nanomice, Xu et al.[74] re
ported two groups of interesting nanobodies: Group 1 and 2. The 
Group 1 versions bound highly conserved epitopes within Serbacov
iruses that are inaccessible to conventional antibodies. Also, the na
nobodies bypass the antigenic drift associated with the spike variant 
E484K and N501Y. The Group 2 versions were strictly ACE2 inhibitors. 
However, they fail to neutralize SARS-CoV-2 variants bearing E484K or 
N501Y mutations within the ACE2-binding site of the spike RBD. 
Nevertheless, the Group 2 nanobodies elicited remarkable neu
tralization activity against these variants in their homotrimer-IgG Fc 
fusion state and showed an IC50 of 4–538 pM. This enhanced neu
tralization prowess is a result of enhanced avidity and concomitant 
crosslinking of multiple viral spike proteins. Also, Dong et al. en
gineered several humanized nanobody-Fc fusions based on isolated 

llama-derived nanobodies that prevent ACE2-RBD [75,76]. Among the 
versions ranging from monoclonal VHH-Fc to tri-specific VHH-Fc, the 
tri-specific version showed significantly better blocking and neu
tralization of SARS-CoV-2 pseudoviruses than the others. Similar 
concepts were published by other groups [77,78], where the multi
valent nanobody-Fc fusions showed affinities (KD) and IC50 ranging 
from 59.2 to 250 pM and 43–111pM, respectively. There is also the 
possibility to tither both ends of the Fc domain with nanobodies via 
engineered linkers to circumvent notorious incorrect pairing problems 
that may arise with direct bi or tri-specific nanobody-Fc. 

On a different dimension, polyvalent immunoglobulins Fc of IgA 
and IgM could also be employed in ‘avidifying’ nanobodies since they, 
respectively, form dimers and pentamers in the presence of the joining 
chain (J-chain). For instance, the IgA-Fc approach was utilized for 
engineering ACE2 decoy receptors, where the ACE2-IgAFc neutralized 
both wild type and mutated variants (N501Y, L452R; N501Y and 
E484K) [79]. Also, Xu et al.[80] engineered SARS-CoV-2 IgA and IgM by 
stitching previously identified SARS-CoV-2 IgG1 monoclonal 

Fig. 4. Nanobody interaction with coronavirus spike. A: Receptor binding site (RBS) associated nanobodies ([59]; PDB 6YZ5; Reproducible under Creative Commons Attribution 
license CC0 1.0). B: Promising tandem RBS nanobody pairs ([60]; PDB 7B17; Reproducible under Creative Commons Attribution license CC0 1.0). C: Non-receptor binding site 
(nRBS) associated nanobody ([62]; PDB 6WAQ; Reproducible under Creative Commons Attribution license CC0 1.0). D: An example of the overlapping cahoots ([63]; Reproducible 
under Creative Commons Attribution license CC0 1.0). 
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antibodies onto IgA-Fc and IgM-Fc scaffold, respectively. Both en
gineered IgA and IgM strongly inhibited live SARS-CoV-2 virus better 
than their IgG–based counterparts. In particular, the work reported 
IgM-14 as the most potent neutralizer, where the enhanced avidity 
effect successfully neutralized the South African B.1.351, Brazilian P.1 
and UK B.1.1.7 variants by 374-, 547- and 45-fold, respectively, in 
comparison with their IgG counterparts. Furthermore, IgM-14 neu
tralized other resistant viruses and 21 generated RBD mutants, of 
which numerous reported antibodies fail to recognize. To even make 
smaller pentameric versions, research can consider using the 18- 
amino acid secretary tailpiece of the IgM to scaffold nanobodies in a 
similar fashion done in other areas [69,81–86]. 

Nanobody cocktail approach 
The use of protein cocktails presents a promising avidity ap

proach to thwart SARS-CoV-2 mutational escape, as demonstrated 
for antibodies [87–89]. In this case, the concocted antibodies achieve 
the optimum neutralization benefit if they bind to distinct and non- 
overlapping epitopes. Also, this approach offers conformational 
freedom to the blocking molecule, which may be advantageous. 
Given the promising features of nanobodies against the variants of 
concern, a combinatorial mixture of multiple non-overlapping na
nobodies could offer superior protection in the fight against muta
tional escape. For instance, Pymm et al. [90] showed that a pairwise 
combination of four non-competing alpaca-derived nanobodies or 
their Fc-fusion versions potently neutralize wild-type SARS-CoV-2 
and variants with N501Y and D614G mutation. The researchers re
ported a 104-fold reduction in the viral load of these strains in mice 
studies. Similarly, Dong et al. [75,76] showed via in-silico pairwise 
combinations that their llama-derived nanobodies synergistically 
block SARS-CoV-2. 

In another study that raised llama-derived nanobodies against 
individual spike protein subunits such S1, S2, and non-RBD [65], the 
researchers demonstrated the effect of cooperativity and synergism 
in cocktail therapies. Herein, the work identified nanobodies 71, 16 
and 26 having high-affinity interaction (KD < 1 nM) with S1 RBD, S1 
non-RBD region, and S2 SARS-CoV-2, respectively. Furthermore, a 
pairwise binary combination of these nanobodies successfully 
blocked escape mutants and variants of concern. These results 
confirmed that careful selection of non-competing nanobodies is a 
plausible way to combat future SARS-CoV-2 recalcitrance. 

Engineered linker fusion approach 
Immunoglobulin-based fusion may not be devoid of aggregation 

due to woolly pairing of intra- and inter-chain disulphide bonds. 
Also, methods to quantitatively identify proportionate cocktails may 
be exponentially laborious, requiring a sophisticated multi
dimensional synergy framework, modelling and in-silico design to 
achieve batch-dependent dosage estimations. Moreover, the inclu
sion of cocktails components targeting the same epitope may de
ceptively display additive effects instead of an expected synergized 
low-concentration benefits. However, the use of engineered linker 
fusions obviates these challenges and presents extra advantages in 
relation to molecular proximity, especially when epitopes within the 
same spike protein are to be targeted. Moreover, strategic linking of 
nanobodies into bivalent, trivalent, bispecific and tri-specific formats 
becomes straightforward towards avidity-inspired therapeutics. 
With knowledge of intra-epitope distances on SARS-CoV-2 spike 
protein [91] and rational linker length engineering [92], the much- 
needed avidity-inspired nanobodies can be engineered to crosslink 
spike proteins in the prevention of immunity escape. For example, 
Colton et al. [93] assembled synthetic non-overlapping SARS-CoV-2 
nanobodies into bi-paratopic and multivalent formats with linkers 
and reported approximately 600- and 1400-fold increase in spike 
protein binding affinity and virus neutralization potency, respec
tively. Herein, the most potent trivalent nanobody neutralized live 

SARS-CoV-2 virus with an IC50 of 4 nM. Koenig et al. [60] also en
gineered linker based multivalent and bi-paratopic nanobodies from 
the four individual nanobodies already mentioned. The engineered 
multivalent nanobodies displayed high avidity towards the spike 
protein and were 100-fold more potent than their monomeric na
nobodies in neutralizing the SARS-CoV-2 virus. Impressively, bipar
atopic nanobody fusion (EV and VE) prevented escape mutant 
compared to binary nanobody cocktails E + U, E + V and E + W. Also, 
Xiang et al. [64] isolated ultrapotent anti-SARS-CoV-2 nanobodies 
with pico- to femtomolar affinities to SARS-CoV-2-S and inhibited 
live the SARS-CoV-2 virus at sub-nanogram per millilitre con
centration. The researchers further engineered linker-based homo-, 
heterodimeric and homotrimeric nanobodies out of Nb20 and Nb21, 
using flexible linkers such as (GS)25 and (EK)31. The resulting mul
tivalent nanobodies showed exceptional avidity and ultrahigh neu
tralization potency against SARS-CoV-2 virus. The authors showed in 
a subsequent report that their homotrimeric Nb21 (PiN-21) require 
low-dosage (0.2–0.6 mg/kg) to protected infected Syrian hamster  
[94]. Many other recent studies have demonstrated and confirmed 
the potential of linker-based bi-paratopic or multi-paratopic nano
bodies for enhanced blocking and neutralization of SARS-CoV-2 
variants [63,95–97]. 

Of note, the success of this approach indispensably dwells on im
pressive linker design and engineering techniques. As such, the nature, 
design and functionality of selected linkers contribute to the con
formational freedom, expression yield, stability, bioactivity and phar
macokinetic profiles of the recombinant fusion protein [98,99]. 
Furthermore, the length and composition of the linker could also affect 
the cytotoxicity of the fusion protein [99]. Over the years, selection 
considerations include flexible, rigid, and in vivo cleavable linkers 
depending on the intended application. However, flexible glycine- 
serine rich linkers are the most preferred options for antibody frag
ments engineering to date. Readers are referred to Rosmalen et al.  
[100] and Gräwe et al. [92] for guidance in rational flexible linker 
design approaches in relation to multidomain protein engineering. 

Multimeric domains and non-immunoglobulin scaffolds 
So far, it is apparent that avid spike protein binding and viral 

blocking are enhanced as oligomeric assemblies and valency of na
nobodies increase. In line with this, protein engineers have access to 
several beneficial higher oligomerization domains that could confer 
nanobodies with high-avidity abilities for SARS-CoV-2 treatment 
and mutational escape prevention. In addition, some of these scaf
folds also allow steric complementary binding in the correct or
ientation for diverse complexities, passing on much-needed stability 
and protease cleavage resistance to involving molecules. Notably, 
stability and protease cleavage resistance are important for drug 
delivery purposes. Interestingly, some of these oligomeric domains 
have been utilized for multivalent antibodies engineering in other 
therapeutic applications as reviewed elsewhere [70,71]. However, 
despite these enormous efforts in searching for ultrapotent multi
valent nanobodies against the SARS-CoV-2 virus, these oligomeric 
domains are yet to be utilized. Below are some straightforward oli
gomeric domain technologies capable of improving the valency of 
nanobodies from 2 through to 10. 

For instance, helix-turn-helix motif leucine zipper dimerization 
peptide domains (Fos or Jun) can be used to generate mono-, bis
pecific, bivalent and tetravalent nanobodies imitating the Y-shape of 
antibodies [101]. Also, trivalent nanobodies can be generated by 
fusing a single nanobody to the N-terminal of trimeric domains such 
as foldon[102], triple-helical bundle, [103] viral capsid protein SHP  
[104], and collagen XV, VIII or triplex-forming peptide [105–107]. 
These resulting multivalent nanobodies could potentially bind and 
lock the trimeric spike protein to render the virus defective. For 
tetramerization, mono or bivalent nanobodies can be genetically 
fused to p53 protein TD [108], GCN4 amphipathic coiled-coil helix  
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[109], and streptavidin core [110]. Moreover, biparatopic hexavalent 
nanobodies can be generated by fusing nanobodies to both exposed 
N- and C-terminus of trimeric TIEXVIII collagen domain [111]. 

Furthermore, pentameric nanobodies can be generated via fusion 
to the N-terminus of non-toxic verotoxin B-subunit [112]. Fusion to 
both the N- and C- terminus results in bivalent decameric molecules  
[113]. Lastly, heptavalent nanobodies can be exploited by N-terminus 
fusion with heptameric ring-like protein IMX313[114] and hepta
meric domain of Archaeal RNA binding protein Sm1 [115]. Besides 
these interesting possibilities, we anticipate that a higher-order ex
pression system such as yeast may be required to overcome poten
tial challenges such as incorrect domain swapping, stoichiometry 
mismatch and aggregation problems. 

Docking ligands also offer a flexible, alternative avenue to create 
multimeric proteins. For instance, SnoopTagIr-DogTag [116], SpyTag- 
SpyCatcher [117], barnase–barstar [118] and dock-and-lock (DNL) as
sembly approach [119] can be exploited to design bivalent, trivalent 
and multi-specific tetravalent anti-SARS-CoV nanobody candidates 
with permanent, stable and robust pairing/association. However, in all 
these examples, the immunogenicity and overall safety are yet to be 
accessed appropriately. We, therefore, refer readers to Löfblom et al. 
[120] for more information on non-immunogenic scaffolds. 

Protein cages and virus-like particles 
Protein cages, viral-like particles (VLPs) and protein nanoparticle 

scaffolds serve as ideal platforms for multimerizing protein mole
cules. This attribute stems from their interesting properties, 

including optimal size and space orientation, tunable surface area 
and valency, biocompatibility and stability, monodispersity, and 
many others [121,122]. These hallmarks make it interesting to at
tempt their use for avidity-inspired nanobodies therapeutics. An
other hallmark of these platforms is that they can assemble and 
display up to 72 monomeric nanobody units if properly engineered. 
Thought-provokingly, since the SARS-CoV-2 viral architecture con
tains 24  ±  9 spike trimer units [91], this multi-affinity nanobody 
approach may uniquely crosslink several viruses into a defective 
state. In this case, protein cages such as ferritin (24-mer) [123], di
hydrolipoyl acetyltransferase [124], and Lumazine synthase (60- 
mer)[125] could be exploited. Notably, these scaffolds have pre
viously been used to display several proteins [126–129]. 

In the context of coronavirus disease, Rujas et al.[130] genetically 
fused an already reported VHH-72 to the N-terminal light chain of 
human apoferritin protomer to generate an ultrapotent SARS-CoV-2 
neutralizer. Herein, the modular unit successfully assembled 24 co
pies of VHH-72 into homogenous spherical particles with high avidity 
towards SARS-CoV-2-S. Remarkably, the 24-mer VHH-72 particle 
showed approximately 10,000-fold blocking potency in comparison 
to the IgG counterparts. In terms of VLPs, many useful scaffolds such 
as VP1, MS2, HPV, HbsAg and AP205 are available to display more 
than 60 copies of nanobody for SARS-CoV-2 neutralization applica
tions. However, VLP-based super-scaffolds (72-mer) have not been 
applied yet in light of nanobody presentation. Nevertheless, they 
find applications in diverse antigen presentation as reviewed already 
reviewed [131]. Fig. 5 summarizes the protein engineering 

Fig. 5. Some protein engineering approaches. A: Immonoglobulin Fc and linker tandem fusions. B: Scaffolds and protein cages. VHH-VP1Δ63 spontaneously forms pentamers. The 
structure is capable of forming 72-mer. VHH-Ferritin scaffolds up to 24 molecules. A co-expression with unfused ferritin enhances the spatial orientation of scaffolded molecules. 
C: Benefits of an avidity-inspired nanobody for coronavirus treatment. Using soluble nanobodies may suffer from issues of viral escape, which can easily be prevented with an 
avidity-inspired design. 
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approaches and associated benefits. Table 1 summarizes recent high 
avidity and ultrapotent anti-SARS-CoV-1 and −2 nanobodies re
ported in literature. 

Particulate nanotechnology approaches 

Herein, advancements in particulate nanotechnology in areas 
such as inhalable [135–137] and injectable [138,139] nanomaterials 
show tremendous promises for applications in medicine. These 
materials include, but are not limited to, liposomes, dendrimers, 
polymers, fullerenes, nanoribbons, carbon nanotubes and dots 
(Fig. 6A). Although these nanomaterials possess excellent bioavail
ability and pharmacokinetics of medicinal relevance [140], yet they 
remain to be fully utilized. Also, the surface area of these nanoma
terials is highly available for implanting a plethora of ligands at high 
densities for avidity-inspired drug delivery purposes. 

Focusing on inhalable nanoparticles by virtue of their potential in 
curbing lung-associated diseases, many incredible chemistries could 
be applied on these nanoparticles in tandem with anti-SARS-CoV-1 
and − 2 nanobodies towards achieving avidity responses. In fact, the 
past two decades have seen several efforts towards achieving or
thogonal, site-specific multivalent molecules through chemical ex
ploitation of inherent reactive functional groups [141–145], genetic 
code expansion [146–149] and enzymatic approaches [150–152]. 
There is, therefore, no right time but now to consider these options 
for improving the avidity of viral blocking molecules such as nano
bodies. In the case of avidity-inspired nanobodies, the chemical 
functionalization approach will be preferable for carrier nanoparticle 
modification, whereas the genetic code expansion and enzymatic 
approaches would favour protein modification due to the mild re
action requirements. In the genetic synthesis approach, aminoacyl 
tRNA synthetases (aaRS) are used to recognize and replace specific 
codons (e.g., amber UAG) with an unnatural amino acid that bears 
the required orthogonal reactive handle [153]. Enzymatic ap
proaches such as proximity-dependent biotinylation [154–157] and 
sortase A (Srt A) transpeptidation [158–161] facilely append handles 
necessary for multimerizing nanobodies on nanocarriers. For in
stance, in proximity-dependent biotinylation (Fig. 6B), enzymes such 
as biotin ligase (BirA) attach biotin molecules via nucleophilic in
teraction onto Avi-tag (GLNDIFEAQKIEWHE) bearing proteins using 
Mg2+ and ATP as cofactors [162]. The biotinylated protein can then be 
multimerized onto nanoparticle carriers exploiting the strong 
binding affinity between biotin and strept(avidin) (KD 4 × 10−14 M;  
Fig. 6C) [163,164]. Herein, the approach has been used to produce 
tetrameric molecules for cancer treatment [165,166]. In Srt A 
transpeptidation (Fig. 5D), the enzyme recognizes the C-terminal 
peptide motif (LPXTG) on target molecules, cleaving between 
threonine (T) and glycine (G), and ligates available molecules bearing 
N-terminal glycine repeat. The “X” is preferentially aspartic acid (D), 
glutamic acid (E), alanine (A), asparagine (N), glutamine (Q) or lysine 
(K). The transpeptidation mechanism is mostly Ca2+ dependent, but 
there is a Ca2+ independent variant available [167]. In view of this, 
several applications associated with protein multi-functionalization  
[161], protein cyclization [168], protein lipidation [169], and cell- 
surface labelling [170,171] have been attempted. Modifications such 
as C- to N-terminal [172,173], N- to C-terminal [174,175], and un
natural C- to C- and N-to N-terminal [176] are available. The method 
could be complemented with click chemistry to load functional 
nanobodies onto nanoparticles to obtain avidity-inspired ther
apeutics, as depicted in Fig. 6E. These products can easily be for
mulated and delivered via the nasal route at low dosages for 
coronavirus and respiratory infections. In line with these ap
proaches, Moliner‐morro et al. [177] has reported bivalent (Ty1-Ty1 
and Ty1-PEG-Ty1) and 4-arm polyethylene glycol (PEG) tetrameric 
construct using combined Srt A transpeptidation and strain pro
moted azide-alkyne click chemistry. Herein, the bivalent formats Ta
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yielded a similar potency as Ty1-Fc fusion, whereas the tetrameric 
Ty1 construct dramatically neutralized SARS-CoV-2 at IC50 = ~13 pM. 
The group has further reported that their bispecific nanobody in
duces spike trimer dimerization [95]. Having these toolsets available, 
it is important to note that bioconjugation approaches for medical 
applications must be orthogonal and site-specific, yielding safe and 
quantitative products. Therefore, safety verifications of the final 
product are mandated. 

Avidity-inspired nanobody therapeutics: outlook 

Recently, traditional antibody therapeutics for viral disease 
treatment has shown the potential to intensify viral infections or 
cause detrimental immunopathology via a phenomenon known as 
antibody-dependent enhancement (ADE). Simply put, ADE results 
from an antibody-Fc receptor (FcR) complex-mediated virus uptake 
into phagocytic cells, which results in heightened inflammation and 
tissue injury (reviewed in [178–180]). Whiles ADE is improbable for 
nanobody therapeutics bearing no Fc domains, multivalent nano
bodies fused with immunoglobulin Fc may exhibit some potential 
danger. However, there is no direct evidence of COVID-19 or SARS- 
related ADE reported for nanobody-Fc fusion to date, partly because 
of inadequate knowledge of ADE and assessment techniques. Since 
the ADE effect is generally overlooked, we suggest that a careful 
selection, engineering and optimization of immunoglobulin Fc do
mains that offer improved potency and safer routes be considered. 
For instance, Yamin et al. [181] and Pinto et al. [182] have ex
ceptionally demonstrated approaches to circumvent detrimental 
immunopathology, which may prove helpful for avidity-inspired 
therapeutics. 

Also, with the potential of nanobodies to prevent viral escape 
with no autoimmune responses, the future of avidity-inspired na
nobody therapeutics remains oceanic. For instance, we foresee an 
overflow of exploitation of de novo protein design strategies  
[183–186] that have the potential to generate complex non-im
munogenic protein scaffolds for use in avidifying nanobodies in no 
distant future. A case in point is reported by Divine et al. [187], 

where antibodies were computationally clustered within a protein 
super-structure for SARS-CoV-2 neutralization. Many more in line 
with this is anticipated. 

Conclusion 

Nanobody technology remains a versatile therapeutic approach 
of high potential in the emergence of coronavirus disease and as
sociated variants of concern. Considering the trajectory of cor
onavirus, with different variants appearing quarterly, the focus now 
is on approaches to easily multimerized these potent inhibitors into 
high-avidity therapeutics. Many highlighted approaches concerning 
protein engineering and nanoparticle chemistry are available and 
ready to be explored towards advanced innovations in treatment 
technologies. With uncompromised safety implemented, the pro
duct can be formulated and delivered via the nasal route at low 
dosages to treat coronavirus and other respiratory infections. 
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