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Figure 1.DNA-based structure switching probes for optical antibody detection. (A) The optical antibody-switch platform is designed to adopt a
two-tailed stemloop conformation in the absence of the target antibody. The two single-stranded tails act as an anchoring strand for DNA
complementary sequences that are conjugated at one end with an appropriate recognition element (i.e., digoxigenin antigen) for the target antib
(anti-digoxigenin antibody). The binding of one copy of a target antibody to the two recognition elements causes a conformational change resulti
in the opening of the stelmop conformation and in an increase in tlieescence signal intensity. (B) The antibody-switch sensor detects anti-
digoxigenin antibodies at low nhanomolar concentratioris) {®e modular nature of the platform allows the detectioneoénli targets by

changing the recognition element [C, dinitrophenol (DNP); D, eight-residue FLAG peptide; E, 13-residue epitope excised from HIV protein p17]
in a nanomolar concentration range, without anycsighcross-reactivity with the other nonspéaigets. Reproduced from A Modular, DNA-

Based Beacon for Single-Step Fluorescence Detection of Antibodies and Other Proteins. Ranallo, S.; Rossetti, M.; PiRiisIK, M/, ; Valle

Ricci, FAngew. Chem., Int. Bail5, Vol54, Issue 45 (re89). Copyright 2015 Wiley.

content of TAT/CGC triplets in the switchié&inally, DNA scaold that allows the attachment and conjugation of a wide
can be employed as a convenient recognition element for trenge of small and large molecules with high accuracy and
detection of transcription factors, proteins that control th@recision. This review intends to summarize the recent
transcription of genetic information and spalty recognize  advancements made in this direction by describing results
double-stranded or single-stranded DNA and RNA sequeachieved in the past 4 years and will serve as an important
ces? ©3 demonstration that synthetic DNA can indeed be used as a
The examples of DNA-based sensors described above véisatile scald for a wide range of sensing applications that
which DNA itself is used as recognition element, have beére not limited to the targets that are usually recognized by
recently summarized in several extremely complete r@NA probes. We will not focus on the conjugation strategies
views* 8 Although interesting for sensing applications@nd protocols used; we direct the readers to recentspeci
these examples also demonstrate that the range of targégews on this subjétf’ We will instead focus on the
that can be detected with DNA as a recognition element Ryactical analytical applications of DNAdddasystems. The
limited, and this can ultimately hamper further progress in tftxamples we have included in this review can be divided into
eld of DNA-based sensors. Recently, however, a novel usé6ge major classes. Initially, we will describe DNA-based
synthetic DNA has proven to be extremely advantageous fofStems belonging to the class of structure-switching probes
analytical use. DNA, in fact, contains several functional grodpat are mostly based on optical detection. We will then
that make it quite straightforward to modify a syntheticdescribe DNA-scalded electrochemical sensors aradly
nucleotide sequence at both ends or internally. A variety 8foW the potential of DNA nanostructures (origami) to
additional reactive groups can be introduced into DNAROSItion recognition elements in a highly precise way.
sequences, and most of these roatibns are currently
available in the catalogues of synthetic DNA oligonucleotide OPTICAL STRUCTURE-SWITCHING DNA
commercial vendors. For sensing applications, these functional SCAFFOLDS

groups can be used to conjugate signaling moieties (for Antibody Detection. The detection of speciantibodies
example,uorophore/quencher pairs or electrochemical redoxnd other diagnostic proteins plays a crucial role in the
labels) or anchoring tags (for example, thiol groups fadiagnosis of many diseases, infections, and pathbfGgies.
attachment to a gold electrode surface). As we will sho@espite their widespread use, however, current methods for
during the course of this review, this chemical versatility céime quantitative detection of specantibodies, including

also be used to attach and conjugaterefit recognition  enzyme-linked immunosorbent assays (ELISAs) and Western
elements to a synthetic DNA sequence, thus widely expandisigts, remain cumbersome, laboratory-bound prét€sses
the range of targets that could be detected with DNA-basdmtcause the formation of antiboalytigen complexes is not
sensors. In these cases, DNA is thus simply used as a verdatited to any easily measurable output. For this reason, current
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methods for antibody detection typically emfgapdwich uorescent signal in the stdoop conguration. The two
assdyformats in which in a multistep, wash-intensive processsingle-stranded tails of the stdact as anchoring strands for
conjugated secondar¥ antibody or antigen is used to genertite hybridization of two DNA complementary sequences that
an observable sighal’’ While these limitations have only are conjugated at one end with an appropriate recognition
modestly impacted the use of these approaches in industrielement (antigen) for the target antibody. To avoid the use of
ized countries, they sigrantly limit the applicability of these two di erent antigen-conjugated strands, thelsicatrands
technicgues in point-of-care applications and in the developimgre designed to have a® frame inversion at one end of
7879 To ensure rapid appropriate care for patientsthe stem. This ensures that the two tails theatl to hedd

world!
simple, inexpensive, and quantitative tools for the detection(@f-end to 3-end), thus allowing a single recognition element-
specic antibodies are thus urgently needed. Apart from thmodi ed strand sequence to populate both recognition sites.
obvious application for disease diagnostics, platforms fbhe binding of one copy of a target antibody to the two
antibody detection could also be used for other importanecognition elements on the std causes the opening of the
purposes. In recent years, for example, immunotherapy tssm loop conformation, thus resulting in an increase in the
attracted a great deal of interest because of its promisiingensity of the uorescence signal due to the fact that the
expectations for the treatment of various forms of cancer ouorophore is forced away from the quencher. In this example,
other diseasé$.%? Indeed, immunotherapy represents athe modularity of DNA is thus used to design a sensor that is
powerful tool, either as a monotherapy or as a combinatiartomposed of multiple units each with ardnt purpose. The
therapy with chemotherapy or radiation. At the end of 201&caold unit provides signaling and the conformational
nearly 60 antibody drugs had been approved by the Food asgitching mechanism. The antigen-conjugated strands, instead,
Drug Administration, and many more are currently in clinicgirovide the recognition ability for the target antibody. While
trials’® Recently, bioengineered bisgeantibodies (BsAbs) the sensing idea of such a platform is simple, its rational design
containing two derent binding sites within a single moleculeand optimization is not straightforward and requires the careful
seem to oer the potential to improve therapeuticacy and  observation of the following general rules. fEheule applies
promise to be the next generation of immunoth&&py. to all structure-switching sensors and is related to sensitivity.
From this perspective, it would be extremely important to b&he thermodynamic switching equilibrium of the dtep
able to measure, during immunotherapy treatment, the levelsaold between the closed and open conformation is in fact
of therapeutic antibodies at designated time intervals and ¢oucial to achieving a high sensitivity and a good signal-to-
maintain a constant drug ncentration in a patieat noise ratio. In this specicase, a weak background and a large
bloodstream, thereby optimizing individual dosage regimesignal change can be achieved when the switching equilibrium
and clinical outcomes in pati€fit§® For the reasons is shifted toward the closed conformation (i.e., when the
mentioned above, point-of-care (POC) methods for theequilibrium switching constalt = [open conformation]/
detection and quantiation of therapeutic antibodies would [closed conformation], is <0°f)However, an overstabiliza-
improve the characterization and monitoring of immunotherdion of the closed conformation also increases the energetic
pies, improving their eacy with subsequent great societalbarrier that antibody binding must overcome to cause the
and medical bents. conformational switch, thugating sensitivity. A compromise
Motivated by the considerations mentioned above, rén the optimization of the switch is thus required, and usually,
searchers have recently been strongly devoted to employthg lowest limits of detection can be achieved Wibfa 1,
the advantageous features of synthetic DNA to design andhich gives a maximum signal gain of 50% (because 50% of
develop rapid and sensitive analytical platforms for antibotlye switch is already in theperi conformation in the absence
detection. In all of these examples, DNA is not employed a& input) while decreasing the observeditg only 2-fold
recognition element but merely as acddao attach the  compared to the intrinsic mity of the target antibody’”
specic recognition element and to signal the presence of the The second rule that needs to be considered in the design of
target antibody through a conformational change that takestibody switches is the distance that the two recognition
advantage of the spatial geometry common to most antibodiefements should span in the open conformation to allow
All IgG and IgE antibodies, in fact, share the same y-shapegtimal binding of the antibody. In this regard, we note that
structure with two identical binding sites separated bthe hinge region that links the Fc and Fab portions of an
approximately 12 nm. This simple and yet often antibody is aexible tether that allows a quite independent
overlooked feature of antibodies has been instrumental imovement of the two Fab arms, thus making the distance
cleverly designing novel direct systems for antibody detectibatween the two binding sites (present at the end of the Fab
based on the use of synthetic DNA cids and dierent  arms) quite variabié?® Despite this, the common y-shaped
sensing strategies. structural view of an IgG or IgE antibody shows the two
DNA-Based Structure Switching Probes for Optical binding sites separated by approximatelft2l@m. This
Antibody Detection. We have recently rationally designed adistance should thus be taken as a reference for the rational
DNA-based platform for the optical single-step and quantitdesign of the antibody-switch.
tive detection of antibodies based on a target-induced Both of the design rules described above can be easily met
conformational change mechafiis®ur analytical platform, by taking advantage of the versatility of synthetic DNA, which
which we named antibody-switElg(re A), is comprised of allows one to ne tune the stability of the stelmop
a 66-nucleotide sadd DNA sequence (black) containing two conformation by simply changing the length of the stem and
ve-nucleotide internal, complementary regions. Thiddsca its TA versus GC content and to span a quite precise distance
forms, in the absence of the target antibody, a two-taildzktween the recognition elements by changing the number of
stem loop structure Kigure A). A uorophore/quencher nucleotides in the loop. To optimize the switch according to
pair was internally conjugated at two thymines at the end tfie rules mentioned above, digoxigenin was initially used as
the stem portion so that the sola provides a weak antigen and anti-digoxigenin antibodies were employed as
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Figure 2.Nucleic acid-based co-localization probes for optical antibody detection. (A) Here thedN#& ecgloyed in conjunction with an
antibody-induced co-localization mechanism. The modular nature of the recognition platform allows for the detection of any antibody for which a
antigen can be conjugated to a nucleic acid strand. (B) Simultaneous orthogonal multiplexed detection of anti-DIG, anti-DNP, and anti-HIV-1 p1
antibodies using DNA scéds modied with three dierent uorophore/quencher pairs. (C) Signal gain of the three nanoswitches obtained by
adding each antibody (50 nM) in elient combinations. Filled and empty circles are used to identify the antibody added in solution. Reproduced
from Porchetta, A.; Ippodrino, R.; Marini, B.; Caruso, A.; Caccuri, F.; Ricci, F. Programmable Nucleic Acid Nanoswitches for the Rapid, Single-St
Detection of Antibodies in Bodily FluidisAm. Chem. S2@18 14Q 947 953 (ref98). Copyright 2015 American Chemical Society.

targets. While we note that this is not a clinically relevarti erent applications such as point-of-care diagnostics and in
target, the use of the digoxigenin/anti-digoxigenin couple i8vo imaging. It is versatile and can be easily adapted to the
perfect for optimization purposes for the following reasondetection of a wide range of antibodies. It is rapid and
First, digoxigenin is a small molecule that does euitthe reagentless and does not require washing steps. The use of
overall stability of the stetoop scaold. Second, digoxigenin synthetic DNA makes it also quite stable and xive.
is a widely used hapten in biotechnéfomyd contains more  Obviously, together with the positive features mentioned
than one functional group that allows a simple and inexpensifeove, there are limitations that should be considered. First,
conjugation to synthetic DNA&i¢ure B). the lack of any amptiation step makes the detection limit
Once the antibody-switch is optimized, its modular naturachievable with this platform not comparable to that observed
o ers the possibility of generalizing the platform for thevith other homogeneous assays for the detection of antibodies
detection of other antibodies. Indeed, by simply changing thsed on enzyme amgidition steps (e.g., ELISA). In this
recognition element on the sad, one can create a platform regard, we note that the detection limit achieved with the
for the measurement of potentially any antibody. This wamntibody-switch is in the wonanomolar range, which
demonstrated by using as recognition elements not only smadpresents the limit of detection of commonly used
molecules but also geptides. Spelty, the small molecule uorescence detectors. Second, the platform is obviously
dinitrophenol (DNPJ,” which is recognized by the anti-DNP sensitive to the size of the antigen employed, the largest
antibody and the Fgftﬁnd p17 peptidéérecognized by the  antigens employed so far being peptides of <13 residues (p17).
anti-Flag antibody and the anti-HIV antibody, respectivelfihe use of larger recognition elements (for example, entire
were employed-{gure € E). All the switch variants respond proteins) would surely result in the need for reoptimization of
rapidly (<10 min) to their specitargets with low nanomolar the entire scald unit.
a nity for their targets, with a comparableiency in 90% of Nucleic Acid-Based Co-Localization Probes for
blood serum, and very important for sensing purposes, they digtical Antibody Detection. To overcome the practical
not exhibit any sigrdant cross-reactivity with the other limitations aecting the platform described above and to
targets. Such an antibody-switch platform presents seveamaprove the advantages of using DNA-based switching probes
advantages that make it well-positioned among other dirdor diagnostic applications, a new approach that couples the
assays and suggest that it may be of utility in a range pdsitive features of DNA-based conformational switching
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probes (nanoswitches) with those of co-localization amnd conjugated with a pair of antigens. The binding of the
proaches was recently proposed by our Group.this target antibody to the two RNA-conjugated antigen strands
specic case, the spatial geometry of the target antibody is allows the constitution of the active conformation of the
fact used to induce an increase in thetave concentration of Spinach aptamer and leads toient binding of DFHBI with
two DNA-based modules each conjugated with a recogniti@n consequent increase in the intensity of tieeescence
element (i.e., an antigen). Considering also in this cases@gnal. The templated assay was tested for the detection of two
distance of approximately 1@ nm between the two binding di erent antibodies (anti-digoxigenin and anti-dinitrophenol
sites of a single antibody, one can predict that the two moietiastibodies), producing an mty in the low nanomolar
bound to a single antibody will be awd in a zeptoliter range®* The performance of the assembly process was also
volume thus leading to areetive concentration in the high tested in RPMI cell culture medium and HelLa cell whole
micromolar rang€. This increase in ective concentration lysates, and this test revealed similar performances in terms of
can be employed to trigger a signaling reaction that, otherwitiee sensitivity and observed signal, suggesting the potential use
will be silent. The system is composed of two synthetic nucle€ this assay for bioimaging and bioanalytical purposes.
acid modulesHigure 2). A rst module (reporter module) DNA-Based Scaolds for Antibody-Controlled Reac-
that comprises aiorophore/quencher-modd DNA hairpin tions, Logic Gates, and Circuits. Apart from the analytical
(#1) is designed to hybridize with a synthetic nucleic acidpplications described above, DNA-basedldsathat
strand {2) conjugated to an appropriate recognition elementespond to antibodies or other macromolecular targets can
(an antigen). The second module (input module) isalso be used to control reactions, molecular circuits, logic gates,
conjugated with another copy of the antigen and containsamd load/release of molecular cargos. Gothelf and co-workers
domain complementary to the loop sequence of gttand proposed a general method that employs DNA-based strand
Upon binding to the target antibody, the reporter and inputlisplacement competition reactions (SDCs) for the detection
modules are co-localized in a oed volume, thereby of small molecules and protéfidhe assay principle is based
increasing their local concentrations and allowing tieéne on the conjugation of a recognition element to a DNA strand
hybridization. Such antibody-induced hybridization forces thevolved in a classic strand displacement reaction. The binding
opening of the hairpin, enhancing the switeclorescence of a macromolecular target (i.e., a protein or an antibody) to
(300-fold increase) and allowing for the rapid (within 2 min)such a recognition element shifts the equilibrium of the DNA-
and sensitive detection of the antibody in the low nanomoldrased strand displacement competition reaction, and this
range. The modular nature of the platform permits one toesults in a measurable optical output. The authors
easily change the recognition element in the two moduledemonstrated nanomolar detection of antibodies or protein
allowing the detection of drent antibodied={gure B). By targets and, through a competitive approach, the nanomolar
using dierent uorophore/quencher pairs, the multiplexed detection of small molecules such as biotin, digoxigenin,
detection of dierent target antibodies in an orthogonal wayvitamin D, and folate, in ber and in plasma. The method is
was also demonstratddgure Z). The platform has been exible and provides an interesting way to use DNA as a
employed to monitor the immune response elicited from HIVscaold for sensing applications.
positive patients enrolled in a medical trial and treated with aln a follow-up work, Gothelf and co-workers demonstrated
peptide-based (AT20 peptide) phase | therapeutic vaccinihe development of hybridization chain reaction (HCR) for
Recently, the use of this platform has also been demonstratkd detection of derent target¥* The sensing principle
for the detection of small molecules through a competitiveelies on the use of DNA reaction initiator strands conjugated
assay. Specally, a competitiveuorescence single-step with small molecule ligands. The binding of the target protein
detection of environmentally relevant small target analytés this recognition element provides a steric hindrance to the
was developéd® The modular system consists of the sameinitiator strand resulting in a retarded HCR. This assay allows a
two modules described above that are designed to be aesponse within nanomolar concentrations of the small
localized in a coned volume in the presence of a targetmolecules in <5 min even in 50% human plasma.
antibody. The presence of free recognition element molecule§he group of M. Merkx, which pioneered the development
(i.e., antigen) competing for the same antibody bindingf protein-switches for antibody detecfiort’® has recently
prevents the reporter and input modules from being in thdemonstrated the design of bivalent pediitié\ conjugates
proximity, which leads to a decreaseilescence emission. that can act as molecular locks to control the activity of an
Similar proximity-based strategies have been demonstrasedibody. They originally designed dsDNA bivalently con-
in the past 20 years for analytical purposes. In this regard, gngated with two antigen peptides spanning a distance of 10
of the main representative examples is the protein-fragmér& nm. These bivalent peptidsDNA conjugates could bind
complementation assay that allows one to monitor bimoleculiar the target antibody 500-fold more strongly than a
interactions through the use of a reporter protein initially splinonovalent peptide, allowinge&tive blocking of the antigen
into two halves, each one tethered to a spemtognition binding sites in a noncovalent manfiefhe cleavage of the
element. The interaction between the two recognitiotinker between the peptide epitope and the DNA could restore
elements, or with a third interactive species, induces the dbe activity of the antibody. The same group extended this
localization and the assembly of the two protein halves @pproach by designing novel DIgAptide conjugates that
constitute the active signaling protein. Inspired by this, arould block the antibody activity through hybridization. This
antibody-templated assembly of a functional RNA structusdlowed the easy activation and/or inhibition of the antibody
was recently proposed by our gréufo do so, a Spinach by toehold strand displacement reactidtigufe 2).**°
aptamer (a GFP-like RNA minﬁ%ﬁ,which speccally binds Employing yeast as a cellular model system, reversible control
to a synthetic copy [3,5-dbro-4-hydroxybenzylidene imida- of antibody targeting was demonstrated with low nanomolar
zoline (DFHBI)] of the natural GFRiorophore, leading to  concentrations of peptideNA locks and oligonucleotide
the display of GFP-likeiorescence properties, has been splidisplacer strands$-igure B). Introduction of two derent
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! argo strand. (B) Fine modulation of release of the cargo by varying

a s;]ngle—strand%lcri}éll?/lNAk OUtEUI and kprorplote DNfA Strﬁn(fhe concentration of the triggering antibody. (C) Reversible load and
exchange reacti erkx.and co-workers nave periormed &,qjaase of the molecular cargo by cyclically adding the triggering

detailed characterization of the ATSE reaction that allowed tBgtihody and the free antigen in a solution containing both the
e_stak_)llshment of a com_prehenswe model descrlblng th@nomachine and the cargo strand. (D) Stesp antibody-
kinetics and thermodynamics of ATSE as a function of toeholégulated DNA nanoswitches mediwith two antigen tags at the
length, antibodyepitope anity, and concentration. Such two extremities and containing the intercalating domain for
antibody-controlled DNA-based molecular circuits introducdoxorubicin. The binding of the specantibodies to the two
complex signal processing capabilities beyond those that ca@fjéggen moieties pushes the conformational equilibrium between the

achieved in conventional immunoassays and thus might prokgad and “Releasestate toward the latter, thus triggering the
ease of doxorubicin. (E) Variants witlergint stabilities of the

. . . . . |
particularly suitable for antibody-based diagnostics. Ti% ; V nt €
: : . ad state show derent a nities for doxorubicin. (F) Doxorubicin
authors demonsirated also in this case logic gates a ease at increasing concentrations of the antibaabtsréhe

muI_upIex de_tect|o_n but other_types_ of S|gr!qls could bﬁi erent behavior of the three variants. Panes r&printed by
envisioned, including thresholding, signal aapdin, feed-  permission from Macmillan Publishers Ltd. Ranallo, SostPre
back, and signal modulation. Tremblay, C.; Idili, A.; VadleBdisle, A.; Ricci, ANat. Commun.

Our group has also recently demonstrated the possibility 2017,8, 15150 (refl12. Copyright 2017. Panels B reproduced
using DNA scalds to promote the release of molecularfrom Rossetti, M.; Ranallo, S.; Idili, A.; Palleschi, G.; Porchetta, A.;
cargos with antibodie¥ More specically, we have Ricci, FChem. S2017,8, 914 920 (ref113, with permission of
engineered a modular DNA-based nanomachine designedTie Royal Society of Chemistry.
load a DNA strand and release it exclusively in the presence of
a specic antibody. The system is based on a DNA sequenantigen tags induces a conformational change that destabilizes
that can bind a speciDNA cargo strand forming a triple- the Hoogsteen interactions and leads to the release of the
helix structure involving both Wats@nick and Hoogsteen cargo Figure 8). We have demonstrated the release of a
interactions. The DNA sequence presents a pair of antigendA cargo strand employing threeedént triggering
the two ends that act as recognition elements for acspeciantibodies with high spegity and selectivity even in complex
antibody Figure 4). The binding of the antibody to the two media (90% serum). We have also demonstrated that our
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nanomachine can load and release the cargo in a reversthiget antibody concentration. Because this is based on an
fashion by cyclically adding the speantibody and the free electrochemical output, this sensor behaves well even in
antigen Figure €). The modular nature of our approach complex samples (i.e., whole blood), making it superior to
allows the development of nanomachines that can respondsienilar optical approactésA limitation of this approach is

di erent antibodies in an orthogonal way and to substitute th@e e ect of the nanoswitstdensity on the electréglsurface
recognition module through a toehold-mediated stranghat aects signaling.

displacement reaction. DNA Sca olds for Electrochemical Antibody Detec-

Using a similar approach, we have also recently demajbn Based on Steric Hindrance. More recently, Vade
strated the antibody-triggered release of doxorubicin fromggiisie described a highly selective DNA-based electrochemical
DNA-based nanoswitch. The nanoswitch is designed to sensor in which the detection of large macromolecules is based
adopt a stemloop conformation and is used as aidato on steric hindrance ects at the nanosc&fé.The sensing
attach the sped recognition elements (i.e., antigens) at bomprinciple of the platform exploits the high spitgiand
ends. The nanoswitch mutually adopts two conformations: Qectivity of DNA hybridization. Spealy, the binding of a
“Load conformation containing a doxorubicin-intercalatingarge macromolecule, such as an antibody, to a signaling DNA
domain and &Releaseconformation stabilized upon binding 450 generates steric hindraneets that limit the ability of
of the antibody to the two antigen tag&y(re D). The i HNA to hybridize to a surface-attached complementary
binding of the sped antibody, in fact, causes a conforma~g g Figure ®). The authors demonstrated that the
tional change that opens the sterap conformation allowing e ciency of this hybridization is inversely correlated with the

the release of the intercalated doxorubiéguie &,F). We . ) ;
have achieved a controlled release of the molecular cargo Thg:ul of the molecule attached to the signaling DNA strand

antibody concentration-dependent fashion. Our approat;&

augments the current tool kit of smart drug releas § §

mechanisms regulated byedent biological inputs. et R g In whole blood
The possibility of using antibodies as new triggering inpu protein 5 - "‘“‘“f@ . No Protein

to control DNA-based reactions and nanomachines represe / -

a great novelty in theld of functional DNA nanotechnology 222222 / 2

and may nd applications in point-of-care diagnostics, — S Gl wmF With Protein

controlled drug release, and in vivo imaging. Moreover, tt q:\ L 08

control over the function of the antibody-released DNA stran wget B Zgzzg S To 2 S B %o

open new routes to assembly dynamic and static DNA-bas o &9 O A "2 Tme (mn)

nanostructures upon clinical inputs. 'O

DNA SCAFFOLD PROBES AS ELECTROCHEMICAB
SENSORS

DNA-Based Switches for Electrochemical Antibody 1.2+
Detection. The past few years have witnessed an explosion
the number of electrochemical sensors targeting antibc _ 0.94>
ies’3114 116 Thjs interest is mainly due to the many positive =
features of electrochemical detection that include their lo £ g
level of interference in complex matrices, the low cost « 5
instrumentation, and the possibility of having mass-producit 034
sensors that make these 2platforms particularly suitable -
point-of-care applicationt$.*** One of the rst demonstra-
tions in this direction is represented by a versatile, DNA-bas 00.1 . 7 o il
electrochemical platform for the single-step measurement Size (kDa)

specic antibodies directly in undiluted whole blood at

clinically relevant low nanomolar concentrdtiérshairpin . : . .
DNA nanoswitch that acts as a stchfor the conjugation of Figure 5.DNA-based sensors 'for electrochemical antlbod_y detectlon.
(A) DNA-based electrochemical sensor based on steric hindrance

the electrochemical tag (in this specase methylene blue) e ects for the detection of large macromolecules. The electrochemical

and of the thiol group for eient attachment to a gold assay is composed of densely packed surface-bound capturing DNA
electrode surface was immobilized onto the surface of a galehnds (purple) and a free complementary signaling DNA strand

electrode. The DNA nanoswitch is rationally designed to adogjreen) that is dually labeled with a small recognition elenjent (

a stem loop conformation in the absence of the sptariget and a signaling redox label).(In the presence of large target
antibody, thus supporting @ent electron transfer of the molecules, such as an antibody, the signaling strands are captured by
methylene blue redox molecule. The nanoswitch is aldle large macromolecules through binding of the recognition element,
deSlgned to have two ta”s to Support hybrldlzatlon of twg'lus Slgnlcantly ||m|t|ng their abl“ty to hybr|d|ze tO the Capturlng
DNA strands with two antigens conjugated at their ends ?éand on the electrode surface due to the steric hindraocd®)

. : : e electrochemical signal measured is inversely correlated with the
that the antigens are located in the middle of the two strands ize of the molecule attached on the signaling strand. Reproduced

the. stem. qun banIng of the a_ntlbody to one of theseﬁom Mahshid, S. S.; Camige; Ricci, F.; VadlBdisle, A. A highly
antigens, the highective concentration of the second antigensejective electrochemical DNA-based sensor that employs steric
provides the driving force to open the switch and thus separgf@idrance escts to detect proteins directly in whole bldodm.

the reporter elements. This results in a decrease in tlhem. So@015 137 15596 15599 (ref123. Copyright 2015
observed electrochemical signal that is proportional to themerican Chemical Society.
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Figure 6.DNA-scaolded enzymes. (A) DNA double-helix and (B) 2D DNA-based nanostructures. Controlling the position of anchored
molecules in terms of (B) spacing distances, (C) relative angles, and (D) geometric arrangements. (E) Spatial organization of two enzymes (G
and HRP) on a rectangular DNA origami tile with a 10 nm spacing distance. (F) AFM characterization of the eadyB®iEAnodi
nanostructure. The GOMRP assembly results in brighter spots due to the increased height. (G) Schematic of a two-enzyme/cofactor complex on
a 2D origami scald. The NAD-modi ed single-stranded DNA is positioned halfway between the two enzymes to facilitate the transfer of
hydrides. (H) Normalized cascade activities for the multienzyme assembly when one of the components is free in solution (G-M + NAD; G-NALC
+ M; NAD-M + G) compared to the fully assembled system (G-NAD-M). Reprinted by permission from Macmillan Publishers Ltd. Fu, J.; Yang, Y.
R.; Johnson-Buck, A.; Liu, M.; Liu, Y.; Walter, N. G.; Woodbury, N. W.; Nah,Manotechn@D14,9, 531 536 (ref127). Copyright 2014.

(Figure B). The platform enables the one-step quantitativenanostructures on the electrode surface. Moreoverethe e
detection of four derent macromolecules (with sizes rangingof nanostructured microelectrodes enhanced the size-depend-
from 50 to 150 kDa) with a low nanomolar detection limitent hybridization rate of DNA complexes and, thus, the
within 10 min directly in whole blood. Moreover, theresponse time of the platform. For all of the features
simultaneous detection of multiple antibodies directly wagentioned above, the deployment of nanostructured micro-
achieved by employing three electrodes, each functionaligléictrodes in this assay allows rapid time to answer, higher
with a spect capturing strand and used to simultaneouslgensitivity, and lower detection limits for the detection of
detect dierent antibodies. Given all these advantages, thigacromolecules compared to the properties of the previously
novel, highly selective, steric hindrance-based assay could @@gloped platform.

be adapted in POC diagnostic sensors as well as into various

formats such asuorescent and surface plasmon resonance- DNA NANOSTRUCTURES AS SCAFFOLDS FOR
based sensors. SENSING APPLICATIONS

Recently, the use of this platform has also been \,ienzyme Complexes on Two-Dimensional (2D)
demonstrated for the detection of small molecules through.a 4 Three-Dimensional (3D) DNA Origami Scaolds.

competitive assay directly in complex matfitepecically,  The connement of enzymes to minimal spatial environments,
the sensor comprises the capturing DNA strands, attacheddQ.n as on biological membranes, organelles, and other
the surface of a gold electrode, the complementary signalifgnoscale compartments, is a key component of controlling
DNA strand, which is dually labeled with the small analytghe complex network of chemical reactions within the cell.
target (i.e., an antigen) and the redox moiety, and thecspeciinspired by nature, a number of strategies tme@nzymes
antibody. In the absence of a competing antigen, the signalifgiwo- and three-dimensional DNA nanostructuredldsa

strand is bound to the antibody and, due to the steriqave been adopted to control the spatial coordinates and
hindrance, this large conjugate is less able to bind the capturmamic temporal actuation of enzymatic activity. DNA-
strand, generating a weak electrochemical signal. Conversgiyolded enzymes have great potential for the generation of
the presence of the free recognition element moleculgglvanced active nanomaterials with application in fuel cells,
competing for the same antibody allows the signaling straptbsensors, and drug delivery systems.

to e ciently hybridize to most capturing strands, thus |n 2014, the group of H. Yan pioneered the design of
generating a large electrochemical current increase. To furth@iiltienzyme complexes on a 2D DNA nanostructudsca
increase the eiency and the kinetics of DNA hybridization in which a DNA-based swinging arm allows faiest

upon detection of the specitarget antibodies, Kelley and hydride transfer between a two-enzyme cascade consisting of
Vallee-Béisle proposed a similar approach employing nanajlucose-6-phosphate dehydrogenase and malic dehydrogenase
structured microelectrodés.As expected, detection sensi- (Figure $.*?%'%” Before this demonstration, DNghzyme

tivity improved the morphology-induced blockiegte of the ~ assemblies were used only to control cascades of enzymatic
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Figure 7 Enzyme complexes on 3D DNA origamiaddsa. (A) 3D rendering and size of the DNA nanocontainer in the closed and open states. (B

and C) Controlling the permeability of the DNA nanostructure as a functimmesicent DNA cargo release using DNA invaderedi

sizes. The black arrow indicates addition of invaders. (D and E) Monitoring the proteolytic enzymatic activity in either closed and opened state
(F) Supramolecular protein encapsulation into a DNA hollow nanostructure. The encapsulated DegP protein in its monomeric form is constitute
by three domains: protease (red), PDZ1 (green), and PDZ2 (blue) domains. (G) Schematic of the assembly and activities of a DNA nanocag
encapsulating a pair of GOx (orange) and HRP (green) enzymes. Hangfsifted by permission from Macmillan Publishers Ltd. Grossi, G.;
Jepsen, M. D. E.; Kjems, J.; AndersenN&at.32ommur20178, 992 (refl47). Copyright 2017. Panels F and G reprinted by permission from
Macmillan Publishers Ltd. Sprengel, A.; Lill, P.; Stegemann, P.; Bravo-Rodriguaew€i3S&hpMerdanovic, M.; Gudnason, D.; Aznauryan,

M.; Gamrad, L.; Barcikowski, S.; Sanchez-Garcia, E.; Birkedal, V.; Gatsogiannis, C.; EhrmaBni\it.; Saweau017 8, 14472 (ref4§.

Copyright 2017.

reactions by changing the relative distance and orientationefidence was frequently ascribed to facilitated transport, or so-
enzymatic elemerits’ *** In this work, the authors called substrate channeling, where a proxiraity eetween
demonstrated the ability to control both the position and thehe coupled enzymes leads to a faster transfer of produced
stoichiometry of a NABmodi ed DNA arm, together with  intermediate molecules that act as the substrate of the second
the interenzyme distance on the DNAalda By doing so, enzymé?° **” Taking a dierent approach, Zhang et al.
they showed an e_nhancement of the activity of the enzymagigamined the proximity et using a GOXRP conjugate
cascade (90-fold increase) compared to that of an enzymenediated by a small molecule linker without relying on DNA
system in the presence of freelyging NAD. The self-  nanostructur’® They placed two enzymes within 2 nm of
assembly properties of DNA have also been employed Q¢ other and demonstrated that the catalytic activity of both
create 3D"plug-and-pldy DNA nanoboxes capable of on,ymes s preserved without any enhancement of cascade or
encapsulating enzymes. In 2016, Yan and co-workers Wete . s instrate transfer. Because the proximityveas not

able to eng'CIOSe active enzymes within a multilayered DN served, the authors indicated pH dependence as the source
nanobox?>? demonstrating an increased turnover number for L
activity enhancement observed by Yan and co-workers.

both individual enzymes and co-localized enzyme cascages. .
The authors described the inverse correlation between the 3USe of the many negative charges on Iarge DNA structures,
enzymatic activity enhancement and the size of the protein ad1g PH close to the surface of a DNA origami experienced by

stabilizing eect of the negatively charged DNA surface on th&N2YMes is much lower (L5 pH units) than that in the bulk ,
active enzyme conformation. In this context, new studig@lution because the protons are attracted to the negatively

suggested that theseets could be ascribed to an improved charged interface. According to evidence showing an incregs_ed
a nity of the substrate for the DNA template and to maximal turnover rate of tested enzymes under more acidic
intermolecular interactions that often are enzyme- and DNgenditions, the authors suggested that the origin of the
sequence-speci>*3* improvement of enzymatic activities on a DNAoktas

In fact, the mechanistic understanding of the enhancemdikely the microenvironment pHeets on the surface of the
of enzymatic activities on DNA nanostructures is still not cleasfigami where enzymes operate. Although the question is still
and this issue is attracting growing interest. The reportezben to debate’’ *** consistent with theseadings it is now
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well established that a DNA sid alters the enzyme co-workers reported the formation of an enzyme cascade on
characteristics and the local environfiént. DNA triangle prism nanostructures grafted onto microbeads.
In 2013, the group of Desideri demonstrated the The resulting system is capable of performicigre catalytic
example of temperature-controlled encapsulation and relegseduction of nitric oxide in the microreattor.
of the horseradish peroxidase enzyme (HRP) in a DNA cage.The examples reported above indicate that the ordered co-
In this work, the authors show the encapsulation (closedcalization, supramolecular assembly, and encapsulation of
conformation at 4C) and release (open conformation at 37 enzymes and/or cofactors into controlled 2D and 3D DNA
°C) of an enzyme cargo in a hairpin-mediioctahedral  nanostructures can dramatically enhance overall cascade
nanocag¥.*** Recently, the same research group alseatalysis, leading to higher selectivity and potentially improving
investigated the selective mechanism of cellular uptake tite analytical performance, for instance, of next-generation
cells of pristine DNA nanocages expressing low-denséyizyme-based electrochemical biosensors. In this regard, self-
lipoprotein receptor-1 (LOX-1), a scavenger receptoassembly properties of DNA nanostructures can lead to an
associated with cardiovascular dis€ds€he stability of  easier and more eient organization of enzyme cascade
the nanostructure in the biologicalids and ecient reactions on the surface of the electrode resulting in enhanced
internalization in vesicles expressing the spemieptor  electrochemical featuteSNevertheless, despite this progress
were demonstrated. Later, in 2017 Kim and co-authorsnd industrial interest to turn toward more advanced and
incorporated switchable domains on a tethraedral DNA cage cient multistep enzyme-catalyzed procéésesling up
to achieve stimulus-responsive opening and closing activityti@se DNA-organized enzyme cascade reactions to real
control the protease-mediated degradation and bindiitg a  analytical applications remains challenging.
of the protein with the speciantibody counterpaft?
Recently, Andersen and co-workers also designed DNA-
based nanocontainers with programmable structural and
dynamic properties that can cage enzymes and control the
interactions with their specisubstrat&’” To do so, the
authors designed a large and isolated cavity into a DNA
origami device and loaded the enzyme in this strueimmes(
7), showing the ability of such DNA nanocages to protect the
catalytic enzymatic activity from deactivation in the presence
of proteases and to prevent enzyme aggregation under
challenging biological conditions. This system represents the
rst example of an enzyme encapsulated within switchable
DNA nanostructures capable of controlling its catalytic activity.
The enzyme in fact can interact with free substrate molecules
only when the DNA cage opens in response to Gpeci
molecular cues. Although this approach should allow a wide
range of enzymsubstrate systems to be controlled as a

function of a number of chemlcal Cues, th? low cargo Io‘r’.‘d”ljﬁggure 8.Tetrahedral DNA nanostructure as aadaof electro-
due to unfavorable reaction conditions in the constrain€themical platforms. (A) Protein detection (PSA) using a tetrahedral
cavity of the cage and the permeability of the DNApNA scaold. Antibodies are conjugated on TDNs and employed as a
nanocontainer to freely dsing molecules require further recognition probe for protein detection. This architecture displays
developments. improved anity compared to that of antibody-medi single-
Saccand co-authors also reported one of the largest DNA stranded DNA probes anchored on the gold surface. (B) Linearity
protein complexes that is spatially controlled by suprdange of PSA detection using a sandwich type immunoassay. (C)
molecular interactions through the decoration of the innef\ntibody-conjugated gold nanoparticles for highly sensitive electro-

: : ; : ; emical detection of PSA. Reproduced from Chen, X.; Zhou, G.;
surface of a DNA origami nanostructure with multiple ligan ong, P.: Wang, J.: Gao, J.: Lu. J.: Fan, C. H. IXChem.

that specically interact with their corresponding binding site ; . .
on the protein surface with programmable symnietyré Sé(c))(l:?e?yé 7337 7342 (refl60Q. Copyright 2014 American Chemical

7F). Results showed high speity in the hostguest
recognition mechanism and the capability of controlling
protein release in the presence of a spewlecular cue. DNA Tetrahedral Scaolds for Sensing Applications.
Because naturally occurring hgaest complexes generally Biosensing interfaces play a crucial role in the development of
rely on noncovalent interactions between complementagfectrochemical biosensors because the binding of molecular
shapes, mimicking this approach provides a means of trappiagyet occurs at the interface between the surface where the
the guest molecule (i.e., enzyme) in its native form angesponsive probe is immobilized and the bulk solution.
overcoming limitations concerning the chemistry of DNA Focusing on DNA-based biosensing interface, researchers
protein conjugation. However, it is important to note that thidhave established that one of the main limitations in developing
strategy is not easy to generalize to other enzymes and requirigh-performance DNA sensors is the high heterogeneity of
a highly speai molecular design of the nanocontafffer. DNA immobilization on the surface. Fan and co-workers
To further explore the advantages of enzymes immobilizpibneered the use of tetrahedral DNA nanostructure (TDN)
on a nucleic acid sedd compared to free, non-immobilized to overcome such a challenging limitation. The group of C.
enzymes, Collins et al. developed a simple and robust metheah developed dirent TDN-based sensing platforms able to
for the formation of a DNA-crowded enzyme complex usindetect multiple-level biomarkers, including nucleic acid targets,
hybridization chain reactittiiMore recently, L. Zhou and his proteins, and small molecules with potential for early
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Figure 9.Proximity-based sensing platform using DNA as adsq#) Reusable electrochemical proximity-based platform for single-step
detection of protein in biological matrices. (B) SWV scans for insulin quantitation in murine blood serumci{jeSpégi challenging the
electrochemical sensor with proteins with a similar structure. Reproduced from Hu, J.; Yu, Y.; Brooks, J. C.; Godwin, L. A.; Somasundaram,
Torabinejad, F.; Kim, J.; Shannon, C.; Easley, @ni. Chem. S214 136 8467 8474 (reflL6§. Copyright 2014 American Chemical Society.

(D) Schematic representation of proximity-based DNA-templated bioluminescent energy transfere(EBREMPlassay for PSA using
antibodies as anity elements. Reproduced from Li, Y.; Yang, P.; Lei, N.; Ma, Y.; Ji, Y.; Zhu, @Qn&/\ChNen2018 90, 11495 11502 (ref

169. Copyright 2017 American Chemical Society.

diagnostics and personalized medicine® DNA tetrahedra  adsorption or covalent conjugation of the biomolecular
are a type of nucleic acid framework that can be easiyobe that does not support the proper orientation of the
produced using either tile or origami assembly and show maprobe or reduce its overall activity. Hence, Fan and co-workers
advantages compared for instance to self-assembled masimployed TDN-engineered interfaces to site-sphygi
layers. First, TDNs can act as a discretelddar site-speat anchor DNA-conjugated antibodies through binding with a
chemical/biochemical functionalization of small moleculespmplementary DNA bridge. On the basis of this new strategy,
antibodies, proteins, and nanopatrticles either at the edges othiry measured an improvement of approximatglprelers
the cavity. Second, thiol-mal TDNs can be linked on the of magnitude for a variety of analytes compared to routine
surface of a gold electrode with high reproducibility andhethodologies (i.e., tumor necrosis fagtprostate-speci
stability over time. Finally, TDN-based sensing platformsntigen, and-fetoprotein).°
improve the sensitivity of detection by several orders of Proximity-Based Assembly of DNA Scaolds for
magnitude because of the higher accessibility of the targetSensing Applications. As discussed above, one of the most
the probe. Hence, TDNs have been extensively characterizegblored natural strategies for controlling protein activity
to design a number of DNA-based interfaces for a variety exploits co-localization and aement in an extremely small
sensing and in vivo applicatibils. volume, which results in an increase of thettiee local

In 2014, Fan and co-workers tested a TDN-based sensiogncentration. This naturally occurring mechanism has been
platform to site-specally anchor DNA-conjugated antibodies widely reproduced and exploited for sensing applications.
via complementary DNA strandsg(re 8 This approach  Simultaneous binding of two nucleic acid-radda nity
tackles one of the major problems in protein assays (ELISWgands to a single target molecule can dramatically increase
protein microarrays, etcrgpresented by the physical their local eective concentrations and trigger the assembly of
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Figure 10.DNA scaold for synthetic nanopores. (A) Design of a DNA-based T pore composed of a double-layered top plate and long stem

spaning the membrane. (B) Schematic representation of a DNA-based pore interacting with small unilamellar vesicles. (C) Current sign
generated in a single DNA channel bound to a lipid bilayer membrane in the presence and absence of target analytes. Reprinted by permission 1
Macmillan Publishers Ltd. Krishnan, S.; Ziegler, D.; Arnaut, V.; Martin, T. G.; Kapsner, K.; Henneberg, K.; Bausch, A. R.; Dietz, H.; Simmel, F. (
Nat. Commur2016,7, 12787 (refl71). Copyright 2016. (D) Schematic of a DNA sfththat supports peptide nanopores. (E) The DNA

scaold can be displaced in the presence of a reducing agent. Reprinted by permission from Macmillan Publishers Ltd. Spruijt, E.; Tusk, S. |
Bayley, HNat. NanotechndB, 739 745 (ref172. Copyright 2018.

nucleic acid strands that would otherwise be impossible tobust Eigure & C).*°® The sensor can be regenerated
achieve at low concentrations. A number of homogeneous agnkzymatically up to 20 times on a single gold electrode. Wen et
heterogeneous assays that exploit proximity-based bindiag- also proposed a similar approach based on photo-
induced DNA assembly have been developed for the detectiglectrochemical detection on an ITO/F@IS electrode
of proteins, pathogens, and other molecules. Other reviews ¢anthe monitoring of insulin, displaying a linear range from 10
give a more detailed overview of therte and development fM to 10 nM and a detection limit of 3.0 fM without the need
in the eld*®* ***Here we focus only on recent works (fewerfor a washing stép’ Furthermore, proximity-dependent
than ve years old) that demonstrated single-step detection obmplementation of DNAzyme has also been successfully
target analytes through proximity-based DNA assembigsted to generate a chemiluminescence-based (CL) imaging
without relying on any enzymatic ancplion step (i.e., method for the rapid and high-throughput detection of protein
gPCR). targets in bioanaly$i§. Most of these examples reported

In 2015, the Sodemberg group engineered a methoabove take advantage of the use of a RRN#body
(proxHCR) that allows the sensitive detection of interactingonjugate, but ecient chemical methods for producing
proteins through the combination of proximal binding withhigh-quality conjugates from commercially available antibodies
hybridization chain reaction (HCR) for signal acation’®° are still lacking. This problem often results in nonsakci
Specically, they employed oligonucleotide hairpin probetabeled antibodies showing-target binding and rapid
conjugated to antibodies that come into the proximity of eactiearance for in vivo applicatichs.
other after target protein detection. This triggers a chain More recently, Y. Li et al. developed a modular strategy for
reaction of hybridization that results in an aetbluorescent  amplied BRET detection of protein biomarkers in human
output. To demonstrate the feasibility of this sensing systeperipheral blood samples triggered by the simultaneous co-
they performed in situ analysis of post-translational modbcalization of NanoLuc luciferase (Nluc) and mNeonGreen as
i cations (PTMs) and proteiprotein interactions (PPIs) luminescent proteins fused with sjpezinc nger domains
using dierent cell lines anaw cytometric analysis. Although (Figure ® E). BRET-based assays have many advantages
the approach is interesting and less expensive compared to¢hmpared, for instance, to claagicescent systems. First, the
classic proximity ligation assay, the design of the systemsignal emission is independent of external excitation sources
complicated and the protein detection still requires th@nd exploits only the light emitted by enzymatic luciferase
introduction of a single-stranded DNA initiator and multipleactivity as internal excitation energy. Second, emissions of light
recognition events, thus limiting its applicability in badlily from both the donor and the acceptor can be used for
or in tissue sections. ratiometric quantcation of target analytes. Here the authors

Hu et al. reported an electrochemical proximity assay for tliesigned a proximity-based DNA-templated bioluminescent
real-time and single-step quaatiion of protein in the low method in which ecient energy transfer between two
picomolar range of concentration in complex matrices. Squamitting proteins acting as an energy donor (luciferase) and
wave voltammetry measuemts require <5 min, and an energy acceptor (greamrescent protein, GFP) provides
calibration over derent electrodes was demonstrated to bea means of measuring prostate-spantigen (PSA) with the
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detection limit in the picomolar range using a smartphonwith di erent shapes and functionalities. Taking advantage of

camera. The proposed sensing platform takes advantage ofttieepredictability of DNA interactions and recent progress in

co-localization of both luminescent signaling modules to ththe conjugation of DNA sequences with biomolecules and

same ampled DNA resulting from the HCR ampétion small molecules, we are now ablen&dy control the spatial

circuit’®® Although BRET-based assays appear as powerfilganization of responsive molecular components into a DNA-

tools for sensing, imaging, and biological applicationbased nanostructure or nanodevice acting asoll seere

luminescent proteins emitting akedént wavelengths showing we showed a number of programmable DNAlgcsystems

similar performance of luciferase are necessary to mowéh di erent levels of complexity (2D DNA nanostructures,

forward multicolor imaging of multiple anafyfes. DNA origami, tetrahedral DNA, beacons, etc.) employed to
DNA Sca olds for Creating Synthetic Nanopores for organize derent molecules (i.e., enzymes, antigens, and

Single-Molecule Biosensing.The construction of stable and peptides) with nanometer precision and generate analytical

versatile scalds is an important nanotechnology goal for thetools and control reactions with potential sensing and drug

development of functional membrane-spanning nanopordslivery applications.

with a wide range of potential single-molecule label-free

biosensor applications such as DNA and protein sensing or the AUTHOR INFORMATION

characterization of protelDNA and proteinprotein inter- Corresponding Authors

actions. However, this is generally complicated by compleg-mail:alessandro.porchetta@uniroma2.it
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