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The importance of bioimaging and biosensing has been clear
with the onset of the COVID-19 pandemic. In addition to viral
detection, detection of tumors, glucose levels, and microbes is
necessary for improved disease treatment and prevention.
Bionanoparticles, such as extracellular vesicles and protein
nanoparticles, are ideal platforms for biosensing and
bioimaging applications because of their propensity for high
density surface functionalization and large loading capacity.
Scaffolding large numbers of sensing modules and detection
modules onto bionanoparticles allows for enhanced analyte
affinity and specificity as well as signal amplification for highly
sensitive detection even at low analyte concentrations. Here we
demonstrate the potential of bionanoparticles for bioimaging
and biosensing by highlighting recent examples in literature
that utilize protein nanoparticles and extracellular vesicles to
generate highly sensitive detection devices with impressive
signal amplification.

Address
Department of Chemical and Biomolecular Engineering, University of
Delaware, 150 Academy Street, Newark, DE 19716 United States

Corresponding authors: Sullivan, Millicent O (msullivan@udel.edu),
Chen, Wilfred (wilfred@udel.edu)
"These authors contributed equally to this work.

Current Opinion in Biotechnology 2021, 71:41-48
This review comes from a themed issue on Analytical biotechnology

Edited by Michael J Betenbaugh, William E Bentley, and Julian N
Rosenberg

https://doi.org/10.1016/j.copbio.2021.06.002
0958-1669/© 2021 Elsevier Ltd. All rights reserved.

Introduction

Bioimaging and biosensing facilitate our ability to inves-
tigate biological processes at a molecular level for identi-
fying disease progression and developing next-generation
therapeutics [1-3]. These processes employ sensing
agents to detect and transduce an output signal upon
recognizing a physiological target, with applications rang-
ing from labelling cancer cells [4-6] to detecting analytes
such as glucose or viral particles [1,4,7]. To improve the
signal and reduce the detection limit, these ‘signal

transducers’ are commonly grafted onto nanomaterials
[8]. Conventional polymer nanoparticles or liposomes
are usually polydisperse in size and may exhibit toxicity
[9]; however, bionanoparticles naturally serve as scaffolds
for cargo encapsulation [10,11] and molecular transport
[12,13], making them favorable platforms for biosensing
and bioimaging. Protein nanoparticles [14°%,15] and extra-
cellular vesicles (EVs) [16-18] are two naturally occurring
bionanoparticles that are commonly utilized because of
their amenability for genetic fusion and chemical modifi-
cation and capacity as readily internalized delivery vehi-
cles, respectively. By employing the expanding array of
bioconjugation strategies, these bionanoparticles can be
modified to accommodate imaging agents, analyte-pro-
cessing enzymes, and targeting moieties for a wide range
of bioanalytical applications [19,20].

Protein nanoparticles range from 10 to 100 nm in size and
serve numerous functions ranging from delivering car-
goes, such as small molecules, ions, and nucleic acids, to
docking proteins for assembling enzyme complexes [11].
Protein nanocages such as E2, ferritin, and virus-like
particles (VLLP) are particularly attractive because of their
physical stability, monodispersity, and capacity for both
interior and exterior decorations (Figure 1a) [15,21,22].
EVs, alternatively, are membrane-derived, 20-500 nm-
sized particles released by all cell types, ranging from
bacteria to mammalian cells [13], that encapsulate pro-
teins, nucleic acids and other cytoplasmic biomolecules to
subserve diverse functions, such as mediators for inter-
cellular communications in mammalian cells (Figure 1b)
[16,23]. EVs differentiate themselves from protein nano-
cages due to their structurally flexible lipid-bound archi-
tecture, allowing them to better tolerate sterically
demanding modifications and exhibit higher cargo load-
ing [24]. Furthermore, the negative surface charge from
the proteoglycan-modified and glycosaminoglycan-modi-
fied membrane in mammalian EVs can prolong iz vivo
circulation [25].

Bioimaging

Bioimaging is vital for elucidating biological structures
and cellular dynamics from small, intracellular scales to
larger, anatomical scales to glean information about how
biological systems function [4,25,27,28]. These insights
are particularly useful to probe the dynamics of tumor
progression by pinpointing tumor location, assessing cell
phenotype, and visualizing relevant biological processes
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Common bionanoparticles used for drug delivery applications. (a) Protein nanocages are well-defined protein nanostructures that natively serve as
protein scaffolds or delivery vehicles for small molecules, proteins, and nucleic acids. E2 nanocage adapted with permission from Ref. [26]
Copyright 2017 American Chemical Society. H-Ferritin, MS2 VLP, HBV VLP reprinted with permission from Ref. [21] Copyright 2014 Royal Society
of Chemistry (b) Extracellular vesicles are released from all cells — from bacteria to humans to plants — and serve to transport various cargoes,
such as nucleic acids, lipids, and proteins, for intercellular signaling and communication. Both nanoparticle platforms offer advantages based on
their physical and structural properties, providing options for different bioimaging and biosensing applications.

via the composition of cells and other biomarkers within
the tumor microenvironment [4]. To achieve this, differ-
ent bioimaging modalities are utilized as determined by
their respective spatial and temporal resolution [29-31].
Protein nanocages are particularly attractive as they can
be modified with multiple contrast agents and targeting
moieties for orthogonal detection and imaging of different
cellular markers (Figure 2a) [32-35,36°°]. T'o demonstrate
how these nanocages can be controllably modified on
both the interior and exterior to form multifunctional
nanoparticles, Ashley e a/. demonstrated the versatility
of MS2 bacteriophage virus-like particles (VLPs) for
theranostic applications. MS2 VLPs were functionalized
with hepatocellular carcinoma cell (HCC)-targeting pep-
tides, quantum dots, small-molecule fluorophores, and
other therapeutic agents for HCC-specific detection and
destruction (Figure 2b) [37]. For VLP surface modifica-
tion, Alexa Fluor 555 dyes (AF555) were chemically

conjugated onto exterior amine groups and for interior
modifications, Qdot 585 I'TK amino (PEG) quantum dots
were encapsulated via conjugation to a capsid-specific
RNA aptamer (pac site). The MS2 capsids were further
conjugated with 60 HCC-targeting peptides (SP94) to
impart 45 000-fold higher avidity to Hep3B HCC cells
compared to control hepatocytes, which resulted in
increased Hep3B uptake of targeted, quantum dot-loaded
MS2 VLPs. The controlled modification of both the
interior and exterior of MS2 VLPs highlight their versa-
tility as a bioanalytical platform, demonstrating how they
can be easily tailored with bioactive molecules to target
various cell types.

Fluorescent proteins are used extensively for bioimaging
due to their biocompatibility and potential genetic fusion
to protein nanoparticles for a simple, one-pot synthesis
(Figure 2¢), but may denature during /7 vrvo circulation
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Bioimaging with bionanoparticles. (a) Examples of various types of bioimaging modalities and their typical applications are provided. (b) MS2
virus-like particles are functionalized with SP94 targeting peptides and organic fluorophores and loaded with quantum dots for cancer cell
imaging. Adapted with permission from Ref. [37] Copyright 2011 American Chemical Society (c) DsRed is genetically fused at the exterior of
Hepatitis B VLPs to assess in vivo biodistribution via fluorescence in mice. Adapted with permission from Ref. [38] Copyright 2012 Elsevier (d) G

d-

DTPA complexes are conjugated on human ferritin nanocages to investigate in vivo biodistribution in tumor-bearing mice models via MRI. Adapted

with permission from Ref. [39°] Copyright 2020 American Chemical Society (e) Gluc and Alexa Fluor 680 are simultaneously incorporated to
exosomes and delivered to glioma-bearing mice to assess biodistribution using both bioluminescence and FMT. Adapted with permission from
Ref. [42] Copyright 2014 American Chemical Society (f) Exosomes are loaded with ['!"In] DTPA complexes for investigating tumor accumulation
via SPECT/CT in melanoma bearing mice. Adapted from Ref. [43°°] under Creative Commons Attribution license.

from serum protein adsorption. Yoo ¢ a/. demonstrated ~ 50% fetal bovine serum for five hours, retaining 80%

of

how incorporation of the DsRed fluorescent proteininthe  theinitial fluorescence level compared to the 10% relative
solvent-exposed loop of the hepatitis B virus (HBV) VLP  fluorescence of free DsRed. In mice, this enhanced
monomer enhanced protein stability, thereby formingred ~ fluorescence stability and circulation half-life yielded
fluorescent capsid nanoparticles (rFCNP) [38]. rFCNPs fluorescence at sampling times of 16 and 24 hour post-in-

demonstrated superior fluorescence when incubated in  jection, time points when free DsRed was undetectabl

c.
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While the HBV VLP in this example was designed to
stabilize and deliver DsRed for bioimaging, it can be
easily modified to incorporate other cargoes such as
therapeutic proteins. Furthermore, conjugating targeting
moieties or cell-penetrating peptides onto HBV can
greatly enhance the localization and internalization of
the fluorescent signal within targeted cells.

Protein nanocages are also utilized to reduce adverse
effects of toxic bioimaging modalities, such as gadolinium
— used in magnetic resonance imaging, by localizing
them on a nanoparticle and simultaneously facilitating
target-specific /z vivo localization. Cai e a/. chemically
conjugated diethylenetriamine pentaacetate (DTPA)-
chelated gadolinium (Gd-D'TPA) to human heavy-chain
ferritin (HFn) nanocages and demonstrated selective
accumulation in subcutaneous MDA-MB-231 breast
tumor xenografts in mice via the ferritin nanocage inter-
actions with transferrin receptors on cancer cells
(Figure 2d) [39°]. Within the tumor, HFn-Gd vyielded a
significant increase in signal-to-noise ratio for up to
60 min post-injection, whereas Gd-DTPA was non-
detectable over the same time range and demonstrated
negligible cytotoxicity when incubated with MDA-MB-
231 cells 7z vitro. Though they have a significantly smaller
interior cavity compared to VLPs, HFn nanocages are a
favorable alternative for delivery of small molecule car-
gos, such as Gd-D'TPA, because they exhibit negligible
immunogenicity as a result of their human origin [40].

Besides protein nanocages, membrane vesicles (MV) are
used as nanocarriers for bioimaging contrast agents
because of their structural flexibility, in contrast to the
structural rigidity of their protein nanoparticle counter-
parts. This structural flexibility increases the potential
size of the surface modifications as well as their loading
capacity, due to the ability for lipid-bound nanostructures
to better tolerate steric stresses from surface modification
or cargo encapsulation [24]. Mammalian-derived extra-
cellular vesicles (EV) are extensively used for bioimaging
due to their biocompatibility, limited immunogenicity,
and potential for efficient, cell-selective uptake [41]. Lai
et al. demonstrated the versatility of the EV platform as a
multimodal imaging agent by fusing human Gaussia
luciferase (hGluc) and biotin acceptor peptide (BAP) to
a transmembrane domain, derived from platelet-derived
growth factor receptor (PDGFR), which was expressed
and anchored on the EV membrane (Figure 2e) [42].
Biotinylating BAP with a biotin ligase, the EVs were
further modified with an Alexa Fluor 680-conjugated
streptavidin for multimodal imaging, pairing the high
sensitivity and high signal-to-noise ratio of biolumines-
cence with the high spatial and temporal resolution of
fluorescence mediated tomography (FM'T) to better pin-
point biodistribution. When administered intravenously
in mice, both imaging modalities demonstrated EV local-
ization in the liver and spleen and circulation half-lives of

slightly less than 30 min. When human glioma cells
(Gli36) were subcutancously implanted into the left
and right chest regions of mice, the EVs exhibited tumor
accumulation via hGluc activity at comparable levels to
that of both liver and spleen at 60 min post-injection. To
achieve relatively high spatial and temporal resolution 7z
vivo, another commonly employed technique is single-
photon-emission  computed  tomography-computed
tomography (SPECT-CT), which utilizes radioactive
labels as contrast agents for /# vivo bioimaging. To over-
come poor circulation times of SPECT-CT agents, Far-
uqu ¢ al. radiolabeled melanoma (B16F10) cell-derived
exosomes with a bifunctional chelator, D'TPA-anhydride,
to bind indium-111 (Hlln) onto surface-exposed amines
on transmembrane proteins (Figure 2f) [43°°]. The result-
ing [""'In]DTPA-Exop;6 exosomes were radiochemically
stable in 50% fetal bovine serum, retaining 80% of the
initially chelated '''In at 24 hour. When administered to
melanoma-bearing C57BI/6 mice, ['''In]DTPA-Exog;s
demonstrated twice the radioactive signal at the tumor
site in 24 hour compared to free ['''In]DTPA. Further-
more, owing to its larger size, ["""In] DTPA-Exop6
accumulated more in the liver and spleen and had
reduced levels in excreted urine compared to its non-
conjugated counterpart. Mammalian-derived EVs are
attractive for bioimaging as they contain both surface-
exposed targeting moieties for preferential uptake in
specific cell types and the capacity for membrane fusion
for enhanced cell internalization of their cargo, which can
be selected for many applications of biomedical impor-
tance [17,41].

Biosensing

Biosensors can be used for a multitude of applications
including viral, disease, and bacterial detection, glucose
monitoring, and drug development [44]. A biosensor
consists of an input modality, which is able to bind to
the analyte, and an output modality for detection
(Figure 3a). Bionanoparticles are ideal scaffolds for bio-
sensing because of their potential to localize a high
density of input and output modules on their surface
for target binding and signal amplification, respectively
[45]. The surface of protein nanoparticles and membrane
vesicles are highly tunable and biocompatible making
them particularly attractive for biosensing.

Protein cages, such as E2 and ferritin, have recently been
utilized as biosensing scaffolds due to their heat resis-
tance, high stability, and surface modularity. E2 - a 60-
mer protein nanocage with a 24 nm diameter derived from
Bacillus stearothermophilus [46,47] - was genetically modi-
fied to create a highly modular nanoprobe [48]. Sortase A
mediated ligation [49] was used to attach a variety of
sensing domains, such as antibodies and aptamers, and
detection domains, such as nanoluciferase (NanoLuc) and
fluorophore dyes, onto the surface of the E2 nanocage to
detect thrombin and cancer cell markers. A 25-fold
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Biosensing with bionanoparticles. (a) Examples of input (sensing) and output (detection) modules commonly scaffolded onto bionanoparticle
sensing devices, along with common analytes and detection methods. (b) Fusion of nanobodies to the surface of ferritin cages to form fenobodies
for enhanced detection of H5N1 viral titer. Adapted with permission from Ref. [53] Copyright 2018 American Chemical Society (c) Fusion of an
IgG-specific repebody to the surface of ferritin cages for improved analyte specificity. Adapted with permission from Ref. [56] Copyright

2017 Elsevier (d) Site-specific ligation of Z-domain and NanoLuc to the surface of HBV though SpyCatcher/SpyTag binding for enhanced signal
amplification in the detection of thrombin. Thrombin was visibly detectable in the dark at concentration as low as 1 nM. Adapted with permission

from Ref. [14°°] Copyright 2020 American Chemical Society.

increase in signal amplification was observed when
22 Nanol.uc proteins were ligated to the surface of E2
as compared to just one, despite maintaining a constant
number of sensing modules. E2 functionalized with
immunoglobulin G (IgG)-binding Z-domains and elas-
tin-like peptides has since been used to quantify antibody
titer with UV—vis spectroscopy [50°].

Ferritin - a 24-subunit protein nanocage 12 nm in diameter -
has also been genetically modified to incorporate output
moieties ranging from gold nanoparticles to quantum dots,
and input moieties capable of detecting cancer markers and
viral proteins [51,52]. Recently, ferritin was genetically
modified to display 24 nanobodies capable of binding to
the H5N1 virus, to create a particle termed fenobody
(Figure 3b) [53]. A 360-fold increase in the apparent

binding affinity and a 100-fold increase in immunoassay
sensitivity were observed for the fenobody compared to a
single nanobody when IgG capture antibodies were used
for detection. The same approach has since been used to
detect Newcastle disease virus (NDV) using fenobodies
and a nanobody-fused reporter, demonstrating the versa-
tility of this approach for detecting a variety of antigens
through nanobody selection [54°°]. In another example,
fluorescently labeled ferritin was fused with 24 IgG-specific
repebodies, leucine-rich repeat modules derived from anti-
bodies [55], resulting in three-order of magnitude higher
binding affinity compared to the free repebody for IgG
detection via immunoassays (Figure 3c) [56].

VLPs have also shown promise for biosensing applica-
tions [15,57,58]. VLLPs are often larger than other protein
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nanocages, making the number of potential surface mod-
ifications higher. For example, cowpea mosaic virus
(CPMV) has been utilized as a nanoscaffold for biosen-
sing applications due to the 300 reactive lysine residues
on its surface amenable to modification [59,60]. Other
commonly used VLLPs, HBV and bacteriophage P22, self-
assemble from 240 and 420 copies, respectively, of core-
forming proteins [61,62], and these VLPs have been
functionalized with up to 235 motifs for HBV [14°°]
and 150 motifs for P22 [63], higher decoration of P22
led to aggregation. In recent work, 240 SpyCatcher bind-
ing sites were inserted onto the surface loops of HBV.
SpyCatcher/SpyTag [64] conjugation was used to attach
12 Z-domains to recruit antibodies of interest, and the
remaining SpyCatcher sites were used to recruit an
increasing number of NanolLuc moieties, ranging from
42 to 211 copies, for detection [14°°]. The biosensor was
used to detect thrombin, a biomarker for diagnosis of
pulmonary metastases and coagulation abnormalities,
using a thrombin-specific antibody in an ELISA format.
Compared to a single Z-domain NanoLuc fusion, the
HBV-based biosensor showed up to 1521-fold amplifica-
tion in signal at 120 copies of NanoLuc. Visible detection
of thrombin at concentrations as low as 1 nM was
observed using HBV modified with 211 copies of Nano-
Luc, making this a highly attractive platform for low-cost
detection of waterborne pathogens (Figure 3d).

T'obacco Mosaic Virus (TMV), which forms filamentous
nanorods comprises 2130 coat proteins [65], has been
functionalized with up to 2000 modifications enabling
the scaffolding of enzymes for the detection of penicillin
[66,67], glucose [68], and antibodies [69,70]. Another
filamentous bionanoparticle, M13 bacteriophage, exhibits
angle independent color change properties, where expo-
sure to external chemicals can cause a color change due to
bacteriophage bundle swelling [71,72]. M13 can be genet-
ically engineered through phage display, allowing the
bionanoparticle to be used for recognition of a variety
of analytes [72]. These properties make M13 an ideal
candidate for biosensor platforms that utilize color sensors
[73], fluorescence [74], and surface plasmon resonance
(SPR) [75] for detection.

Conclusion and future outlook

Now more than ever, there is a pressing need to improve
diagnostics for detecting viruses, bacteria, and discases.
The COVID-19 pandemic has made it clear that our
current diagnostic tools need to be faster and more
affordable to reach populations around the world to
prevent mass infection. Bionanoparticles are intrinsically
biocompatible, stable, uniform, and tolerant of genetic
modifications, making high levels of surface functionali-
zation with sensing and detection modules possible.
Additionally, adding small ligation tags provides
the opportunity to tune the ratio of these modules for
signal enhancement and analyte specificity with high

modularity so diagnostics can be created rapidly when
new contagions emerge. Finally, bionanoparticles are
easy and affordable to manufacture and often do not
require severe storage conditions making rapid global
distribution possible.

While the benefits of bionanoparticles are clear, the next
generation of biosensor and bioimaging systems must
focus on making diagnostic tools that are more broadly
applicable with high specificity and sensitivity for rapid
detection. Engineering biosensing platforms capable of
rapid visual detection through signal amplification would
remove the need for expensive equipment, increasing the
scope of usage beyond biomedical applications toward
low-cost environmental detection. Additionally, bioima-
ging platforms often suffer from clearance and immune
cell phagocytosis, greatly reducing their signal. Immune
shielding and strategies to increase circulation half-life
could greatly improve their sensitivity and ease of use.
While most bioimaging applications have focused on
protein-based bionanoparticles and mammalian EVs, bac-
terial outer membrane vesicles (OMVs) have recently
shown promise as biosensor scaffolds because they can
tolerate sterically demanding modifications and demon-
strate high cargo loading and will likely play a role in
future biosensor design [18,76,77°°]. Engineering strate-
gies to further improve the modularity and toxicity of
bionanoparticles continue to be realized today strength-
ening their capabilities to act as drug delivery vehicles,
vaccine platforms, and biosensing and bioimaging scaf-
folds and will likely play a major role in diagnosis,
treatment, and even prevention of future contagions.

Conflict of interest statement
Nothing declared.

Acknowledgement

This review was supported by grants from the National Science Foundation
(DMR1609621 and CBE1911950).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Pu K: Biosenors and bioimaging. ChemBioChem 2019,
20:420-421.

2. Meng H-M, Liu H, Kuai H, Peng R, Mo L, Zhang X-B: Aptamer-
integrated DNA nanostructures for biosensing, bioimaging
and cancer therapy. Chem Soc Rev 2016, 45:2583-2602.

3. Wolfbeis OS: An overview of nanoparticles commonly used in
fluorescent bioimaging. Chem Soc Rev 2015, 44:4743-4768.

4. Kherlopian AR, Song T, Duan Q, Neimark MA, Po MJ, Gohagan JK,
Laine AF: A review of imaging techniques for systems biology.
BMC Syst Biol 2008, 2.

5. Hahn MA, Singh AK, Sharma P, Brown SC, Moudgil BM:
Nanoparticles as contrast agents for in-vivo bioimaging:
current status and future perspectives. Anal Bioanal Chem
2011, 399:3-27.

Current Opinion in Biotechnology 2021, 71:41-48

www.sciencedirect.com


http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0005
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0005
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0010
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0010
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0010
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0015
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0015
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0020
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0020
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0020
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0025
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0025
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0025
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0025

10.

11.

12.

13.

14.

Patra JK, Das G, Fraceto LF, Campos EVR, Rodriguez-

Torres MDP, Acosta-Torres LS, Diaz-Torres LA, Grillo R,
Swamy MK, Sharma S et al.: Nano based drug delivery systems:
recent developments and future prospects. J Nanobiotechnol
2018, 16.

Yao J, Yang M, Duan YX: Chemistry, biology, and medicine of
fluorescent nanomaterials and related systems: new insights
into biosensing, bioimaging, genomics, diagnostics, and
therapy. Chem Rev 2014, 114:6130-6178.

Holzinger M, Le Goff A, Cosnier S: Nanomaterials for biosensing
applications: a review. Front Chem 2014, 2.

Jain AK, Thareja S: In vitro and in vivo characterization of
pharmaceutical nanocarriers used for drug delivery. Artif Cells
Nanomed Biotechnol 2019, 47:524-539.

Diaz D, Care A, Sunna A: Bioengineering strategies for protein-
based nanoparticles. Genes 2018, 9.

Bhaskar S, Lim S: Engineering protein nanocages as carriers
for biomedical applications. NPG Asia Mater 2017, 9.

Truffi M, Fiandra L, Sorrentino L, Monieri M, Corsi F,
Mazzucchelli S: Ferritin nanocages: a biological platform for
drug delivery, imaging and theranostics in cancer. Pharmacol
Res 2016, 107:57-65.

Gill S, Catchpole R, Forterre P: Extracellular membrane vesicles
in the three domains of life and beyond. FEMS Microbiol Rev
2019, 43:273-303.

Hartzell EJ, Lieser RM, Sullivan MO, Chen W: Modular hepatitis B
virus-like particle platform for biosensing and drug delivery.
ACS Nano 2020, 14:12642-12651

HBVs decorated with IgGs and nanoluciferase provide highly sensitive
visual detection of thrombin.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Raeeszadeh-Sarmazdeh M, Hartzell E, Price JV, Chen W: Protein
nanoparticles as multifunctional biocatalysts and health
assessment sensors. Curr Opin Chem Eng 2016, 13:109-118.

van Niel G, D’Angelo G, Raposo G: Shedding light on the cell
biology of extracellular vesicles. Nat Rev Mol Cell Biol 2018,
19:213-228.

Zhang Y, Liu YF, Liu HY, Tang WH: Exosomes: biogenesis,
biologic function and clinical potential. Cell Biosci 2019, 9.

Chen Q, Rozovsky S, Chen W: Engineering multi-functional
bacterial outer membrane vesicles as modular nanodevices
for biosensing and bioimaging. Chem Commun 2017, 53:7569-
7572.

Stephanopoulos N, Francis MB: Choosing an effective protein
bioconjugation strategy. Nat Chem Biol 2011, 7:876-884.

Lieser RM, Yur D, Sullivan MO, Chen W: Site-specific
bioconjugation approaches for enhanced delivery of protein
therapeutics and protein drug carriers. Bioconjugate Chem
2020, 31:2272-2282.

Schoonen L, van Hest JCM: Functionalization of protein-based
nanocages for drug delivery applications. Nanoscale 2014,
6:7124-7141.

Rohovie MJ, Nagasawa M, Swartz JR: Virus-like particles: next-
generation nanoparticles for targeted therapeutic delivery.
Bioeng Transl Med 2017, 2:43-57.

de Jong OG, Kooijmans SAA, Murphy DE, Jiang LL, Evers MJW,
Sluijter JPG, Vader P, Schiffelers RM: Drug delivery with
extracellular vesicles: from imagination to innovation. Acc
Chem Res 2019, 52:1761-1770.

Li RZ, Liu Q: Engineered bacterial outer membrane vesicles as
multifunctional delivery platforms. Front Mater 2020, 7.

Gangadaran P, Hong CM, Ahn B-C: An update on in vivo imaging
of extracellular vesicles as drug delivery vehicles. Front
Pharmacol 2018, 9.

Sarker M, Tomczak N, Lim S: Protein nanocage as a pH-
switchable pickering emulsifier. ACS Appl Mater Interfaces
2017, 9:11193-11201.

Bionanoparticles for biosensing and bioimaging Yur et al. 47

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sreejith S, Tran Thi Mai H, Borah P, Zhao Y: Organic-inorganic
nanohybrids for fluorescence, photoacoustic and Raman
bioimaging. Sci Bull 2015, 60:665-678.

Yi YW, Lee JH, Kim S-Y, Pack C-G, Ha DH, Park SR, Youn J,
Cho BS: Advances in analysis of biodistribution of exosomes
by molecular imaging. /Int J Mol Sci 2020, 21.

Fessler E, Dijkgraaf FE, Melo FDE, Medema JP: Cancer stem cell
dynamics in tumor progression and metastasis: is the
microenvironment to blame? Cancer Lett 2013, 341:97-104.

Yachida S, lacobuzio-Donahue CA: Evolution and dynamics of
pancreatic cancer progression. Oncogene 2013, 32:5253-5260.

Marusyk A, Polyak K: Tumor heterogeneity: causes and
consequences. Biochim Biophys Acta Rev Cancer 2010,
1805:105-117.

Abello J, Tuyen Duong Thanh N, Marasini R, Aryal S, Weiss ML:
Biodistribution of gadolinium- and near infrared-labeled
human umbilical cord mesenchymal stromal cell-derived
exosomes in tumor bearing mice. Theranostics 2019, 9:2325-
2345.

Bellini M, Riva B, Tinelli V, Rizzuto MA, Salvioni L, Colombo M,
Mingozzi F, Visioli A, Marongiu L, Frascotti G et al.: Engineered
ferritin nanoparticles for the bioluminescence tracking of
nanodrug delivery in cancer. Small 2020, 16.

Hu H, Zhang Y, Shukla S, Gu Y, Yu X, Steinmetz NF: Dysprosium-
modified tobacco mosaic virus nanoparticles for ultra-high-
field magnetic resonance and near-infrared fluorescence
imaging of prostate cancer. ACS Nano 2017, 11:9249-9258.

Khoshnejad M, Greineder CF, Pulsipher KW, Villa CH, Altun B,
Pan DC, Tsourkas A, Dmochowski IJ, Muzykantov VR: Ferritin
nanocages with biologically orthogonal conjugation for
vascular targeting and imaging. Bioconjugate Chem 2018,
29:1209-1218.

Pang HH, Huang CY, Chou YW, Lin CJ, Zhou ZL, Shiue YL,
Wei KC, Yang HW: Bioengineering fluorescent virus-like
particle/RNAi nanocomplexes act synergistically with
temozolomide to eradicate brain tumors. Nanoscale 2019,
11:8102-8109

Fluorescent protein-loaded QR virus-like particles were used to visualize
glioblastomas in mice.

37.

38.

39.

Ashley CE, Carnes EC, Phillips GK, Durfee PN, Buley MD, Lino CA,
Padilla DP, Phillips B, Carter MB, Willman CL et al.: Cell-specific
delivery of diverse cargos by bacteriophage MS2 virus-like
particles. ACS Nano 2011, 5:5729-5745.

Yoo L, Park J-S, Kwon KC, Kim S-E, Jin X, Kim H, Lee J:
Fluorescent viral nanoparticles with stable in vitro and in vivo
activity. Biomaterials 2012, 33:6194-6200.

CaiY, Wang YQ, Zhang TW, Pan YX: Gadolinium-labeled ferritin
nanoparticles as T-1 contrast agents for magnetic resonance
imaging of tumors. ACS Appl Nano Mater 2020, 3:8771-8783

Gadolinium-ferritin nanocage complexes facilitates enhanced in vivo
cancer imaging.

40.

41.

42.

43.

Wang ZT, Gao HY, Zhang Y, Liu G, Niu G, Chen XY: Functional
ferritin nanoparticles for biomedical applications. Front Chem
Sci Eng 2017, 11:633-646.

Meng WR, He CS, Hao YY, Wang LL, Li L, Zhu GQ: Prospects and
challenges of extracellular vesicle-based drug delivery
system: considering cell source. Drug Delivery 2020, 27:585-
598.

Lai CP, Mardini O, Ericsson M, Prabhakar S, Maguire CA,

Chen JW, Tannous BA, Breakefield XO: Dynamic biodistribution
of extracellular vesicles in vivo using a multimodal imaging
reporter. ACS Nano 2014, 8:483-494.

Faruqu FN, Wang JT-W, Xu L, McNickle L, Chong EM-Y, Walters A,
Gurney M, Clayton A, Smyth LA, Hider R et al.: Membrane
radiolabelling of exosomes for comparative biodistribution
analysis in immunocompetent and immunodeficient mice - a
novel and universal approach. Theranostics 2019, 9:1666-1682

Passively targeted Indium-111 labeled exosomes enables visualization of
melanoma tumors in vivo.

www.sciencedirect.com

Current Opinion in Biotechnology 2021, 71:41-48


http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0030
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0030
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0030
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0030
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0030
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0035
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0035
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0035
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0035
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0040
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0040
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0045
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0045
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0045
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0050
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0050
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0055
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0055
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0060
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0060
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0060
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0060
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0065
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0065
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0065
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0070
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0070
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0070
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0075
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0075
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0075
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0080
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0080
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0080
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0085
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0085
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0090
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0090
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0090
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0090
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0095
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0095
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0100
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0100
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0100
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0100
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0105
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0105
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0105
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0110
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0110
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0110
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0115
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0115
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0115
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0115
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0120
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0120
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0125
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0125
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0125
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0130
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0130
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0130
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0135
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0135
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0135
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0140
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0140
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0140
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0145
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0145
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0145
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0150
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0150
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0155
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0155
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0155
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0160
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0160
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0160
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0160
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0160
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0165
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0165
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0165
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0165
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0170
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0170
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0170
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0170
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0175
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0175
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0175
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0175
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0175
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0180
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0180
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0180
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0180
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0180
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0185
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0185
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0185
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0185
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0190
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0190
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0190
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0195
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0195
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0195
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0200
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0200
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0200
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0205
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0205
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0205
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0205
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0210
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0210
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0210
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0210
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0215
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0215
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0215
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0215
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0215

48

44,

45.

46.

47.

48.

49.

50.

E2 protein nanoparticles were generated to enable rapid quantification of

Analytical biotechnology

Vigneshvar S, Sudhakumari CC, Senthilkumaran B, Prakash H:
Recent advances in biosensor technology for potential
applications - an overview. Front Bioeng Biotechnol 2016, 4:9.

Berckman EA, Hartzell EJ, Mitkas AA, Sun Q, Chen W: Biological
assembly of modular protein building blocks as sensing,
delivery, and therapeutic agents. Annu Rev Chem Biomol Eng
2020, 11:35-62.

Izard T, Aelig, Varsson A, Allen MD, Westphal AH, Perham RN, de
Kok A, Hol WGJ: Principles of quasi-equivalence and Euclidean
geometry govern the assembly of cubic and dodecahedral
cores of pyruvate dehydrogenase complexes. Proc Nat/ Acad
Sci U S A 1999, 96:1240-1245.

Milne JLS, Shi D, Rosenthal PB, Sunshine JS, Domingo GJ,

Wu XW, Brooks BR, Perham RN, Henderson R, Subramaniam S:
Molecular architecture and mechanism of an icosahedral
pyruvate dehydrogenase complex: a multifunctional catalytic
machine. EMBO J 2002, 21:5587-5598.

Sun Q, Chen Q, Blackstock D, Chen W: Post-translational
modification of bionanoparticles as a modular platform for
biosensor assembly. ACS Nano 2015, 9:8554-8561.

Mao HY, Hart SA, Schink A, Pollok BA: Sortase-mediated protein
ligation: a new method for protein engineering. J Am Chem Soc
2004, 126:2670-2671.

Swartz AR, Chen W: Rapid quantification of monoclonal
antibody titer in cell culture harvests by antibody-induced Z-
ELP-E2 nanoparticle cross-linking. Anal Chem 2018, 90:14447-
14452

antibody titers.

51.

52.

58.

54.

Ferritin cages functionalized with a high density of nanobodies for New-

Hwang MP, Lee JW, Lee KE, Lee KH: Think modular: a simple
apoferritin-based platform for the multifaceted detection of
pancreatic cancer. ACS Nano 2013, 7:8167-8174.

Aslan TN, Asik E, Guray NT, Volkan M: The potential application
of gold-apoferritin nanocages conjugated with 2-amino-2-
deoxy-glucose for imaging of breast cancer cells. J Biol Inorg
Chem 2020, 25:1139-1152.

Fan KL, Jiang B, Guan Z, He JY, Yang DL, Xie N, Nie GH, Xie C,
Yan XY: Fenobody: a ferritin-displayed nanobody with high
apparent affinity and half-life extension. Anal Chem 2018,
90:5671-5677.

Ji PP, Zhu JH, Li XX, Fan WQ, Liu QQ, Wang K, Zhao JK, Sun YN,
Liu BY, Zhou EM et al.: Fenobody and RANbody-based
sandwich enzyme-linked immunosorbent assay to detect
Newcastle disease virus. J Nanobiotechnol 2020, 18:19

castle disease detection.

55.

56.

57.

58.

59.

60.

Lee SC, Park K, Han J, Lee JJ, Kim HJ, Hong S, Heu W, Kim YJ,
Ha JS, Lee SG et al.: Design of a binding scaffold based on
variable lymphocyte receptors of jawless vertebrates by
module engineering. Proc Nat/ Acad Sci U S A 2012, 109:3299-
3304.

Kim JW, Heu W, Jeong S, Kim HS: Genetically functionalized
ferritin nanoparticles with a high-affinity protein binder for
immunoassay and imaging. Anal Chim Acta 2017, 988:81-88.

Kim SE, Jo SD, Kwon KC, Won YY, Lee J: Genetic assembly of
double-layered fluorescent protein nanoparticles for cancer
targeting and imaging. Adv Sci 2017, 4:10.

Park JS, Cho MK, Lee EJ, Ahn KY, Lee KE, Jung JH, Cho YJ,
Han SS, Kim YK, Lee J: A highly sensitive and selective
diagnostic assay based on virus nanoparticles. Nat
Nanotechnol 2009, 4:259-264.

Sapsford KE, Soto CM, Blum AS, Chatterji A, Lin TW, Johnson JE,
Ligler FS, Ratna BR: A cowpea mosaic virus nanoscaffold for
multiplexed antibody conjugation: application as an

immunoassay tracer. Biosens Bioelectron 2006, 21:1668-1673.

Soto CM, Blaney KM, Dar M, Khan M, Lin BC, Malanoski AP,
Tidd C, Rios MV, Lopez DM, Ratna BR: Cowpea mosaic virus

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

nanoscaffold as signal enhancement for DNA microarrays.
Biosens Bioelectron 2009, 25:48-54.

Walker A, Skamel C, Nassal M: SplitCore: an exceptionally
versatile viral nanoparticle for native whole protein display
regardless of 3D structure. Sci Rep 2011, 1:8.

Kang S, Uchida M, O’Neil A, Li R, Prevelige PE, Douglas T:
Implementation of P22 viral capsids as nanoplatforms.
Biomacromolecules 2010, 11:2804-2809.

Kim H, Choi H, Bae Y, Kang S: Development of target-tunable
P22 VLP-based delivery nanoplatforms using bacterial
superglue. Biotechnol Bioeng 2019, 116:2843-2851.

Zakeri B, Fierer JO, Celik E, Chittock EC, Schwarz-Linek U,
Moy VT, Howarth M: Peptide tag forming a rapid covalent bond
to a protein, through engineering a bacterial adhesin. Proc Nat/
Acad Sci U S A 2012, 109:E690-E697.

Klug A: The tobacco mosaic virus particle: structure and
assembly. Philos Trans R Soc Lon Ser B Biol Sci 1999, 354:531-
535.

Poghossian A, Jablonski M, Koch C, Bronder TS, Rolka D,
Wege C, Schoning MJ: Field-effect biosensor using virus
particles as scaffolds for enzyme immobilization. Biosens
Bioelectron 2018, 110:168-174.

Koch C, Poghossian A, Schéning MJ, Wege C: Penicillin
detection by tobacco mosaic virus-assisted colorimetric
biosensors. Nanotheranostics 2018, 2:184-196.

Backer M, Koch C, Eiben S, Geiger F, Eber F, Gliemann H,
Poghossian A, Wege C, Schoning MJ: Tobacco mosaic virus as
enzyme nanocarrier for electrochemical biosensors. Sens
Actuators B Chem 2017, 238:716-722.

Fan XZ, Naves L, Siwak NP, Brown A, Culver J, Ghodssi R:
Integration of genetically modified virus-like-particles with an
optical resonator for selective bio-detection. Nanotechnology
2015, 26:9.

Zang F, Gerasopoulos K, Brown AD, Culver JN, Ghodssi R:
Capillary microfluidics-assembled virus-like particle
bionanoreceptor interfaces for label-free biosensing. ACS
Appl Mater Interfaces 2017, 9:8471-8479.

Oh JW, Chung WJ, Heo K, Jin HE, Lee BY, Wang E, Zueger C,
Wong W, Meyer J, Kim C et al.: Biomimetic virus-based
colourimetric sensors. Nat Commun 2014, 5:8.

Moon JS, Choi EJ, Jeong NN, Sohn JR, Han DW, Oh JW:
Research progress of M13 bacteriophage-based biosensors.
Nanomaterials 2019, 9:18.

Moon JS, Park M, Kim WG, Kim C, Hwang J, Seol D, Kim CS,
Sohn JR, Chung H, Oh JW: M-13 bacteriophage based
structural color sensor for detecting antibiotics. Sens
Actuators B Chem 2017, 240:757-762.

Jin H, Won N, Ahn B, Kwag J, Heo K, Oh JW, Sun YT, Cho SG,
Lee SW, Kim S: Quantum dot-engineered M13 virus layer-by-
layer composite films for highly selective and sensitive turn-on
TNT sensors. Chem Commun 2013, 49:6045-6047.

Yoo SY, Oh JW, Lee SW: Phage-chips for novel optically
readable tissue engineering assays. Langmuir 2012, 28:2166-
2172.

Gujrati V, Kim S, Kim SH, Min JJ, Choy HE, Kim SC, Jon S:
Bioengineered bacterial outer membrane vesicles as cell-
specific drug-delivery vehicles for cancer therapy. ACS Nano
2014, 8:1525-1537.

Huang Y, Liu H, Chen W, Nieh M-P, Lei Y: Genetically engineered
bio-nanoparticles with co-expressed enzyme reporter and
recognition element for IgG immunoassay. Sens Actuators Rep
2019, 1:100003

OMVs decorated with IgGs and an encapsulated enzyme reporter as a
simple immmunoassay for thrombin.

Current Opinion in Biotechnology 2021, 71:41-48

www.sciencedirect.com


http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0220
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0220
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0220
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0225
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0225
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0225
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0225
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0230
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0230
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0230
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0230
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0230
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0235
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0235
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0235
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0235
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0235
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0240
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0240
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0240
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0245
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0245
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0245
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0250
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0250
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0250
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0250
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0255
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0255
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0255
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0260
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0260
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0260
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0260
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0265
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0265
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0265
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0265
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0270
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0270
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0270
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0270
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0275
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0275
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0275
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0275
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0275
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0280
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0280
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0280
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0285
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0285
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0285
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0290
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0290
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0290
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0290
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0295
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0295
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0295
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0295
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0300
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0300
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0300
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0300
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0305
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0305
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0305
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0310
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0310
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0310
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0315
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0315
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0315
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0320
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0320
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0320
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0320
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0325
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0325
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0325
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0330
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0330
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0330
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0330
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0335
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0335
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0335
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0340
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0340
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0340
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0340
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0345
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0345
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0345
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0345
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0350
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0350
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0350
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0350
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0355
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0355
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0355
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0360
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0360
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0360
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0365
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0365
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0365
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0365
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0370
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0370
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0370
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0370
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0375
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0375
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0375
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0380
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0380
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0380
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0380
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0385
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0385
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0385
http://refhub.elsevier.com/S0958-1669(21)00080-X/sbref0385

	Engineering bionanoparticles for improved biosensing and bioimaging
	Introduction
	Bioimaging
	Biosensing
	Conclusion and future outlook
	Conflict of interest statement
	References and recommended reading
	Acknowledgement


