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Biosensors for Biomolecular Computing: A Review and Future
Perspectives

Simone Aiassa12 · Rossana Terracciano13 · Sandro Carrara2 · Danilo Demarchi1

Abstract Biomolecular computing is the field of en-

gineering where computation, storage, communication,

and coding are obtained by exploiting interactions be-

tween biomolecules, especially DNA, RNA, and en-

zymes. They are a promising solution in a long-

term vision, bringing huge parallelism and negligible

power consumption. Despite significant efforts in tak-

ing advantage of the massive computational power

of biomolecules, many issues are still open along the

way for considering biomolecular circuits as an alter-

native or a complement to competing with Comple-

mentary Metal–Oxide–Semiconductor (CMOS) archi-

tectures. According to the Von Neumann architecture,

computing systems are composed of a central process-

ing unit, a storage unit, Input and Output (I/O). I/O

operations are crucial to drive and read the computing

core and to interface it to other devices. In emerging

technologies, the complexity-overhead and the bottle-

neck of I/O systems are usually limiting factors. While

computing units and memories based on biomolecular

systems have been successfully presented in literature,

the published I/O operations are still based on labo-

ratory equipment without a real development of inte-

grated I/O. Biosensors are suitable devices for trans-

ducing biomolecular interactions by converting them

into electrical signals. In this work, we explore the lat-

est advancements in biomolecular computing, as well as

in biosensors, with focus on technology suitable to pro-

vide the required and still missing I/O devices. There-

fore, our goal is to picture out the present and future

perspectives about DNA, RNA, and enzymatic-based

computing according to the progression in its I/O tech-
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nologies, and to understand how the field of biosensors

contributes to the research beyond CMOS.
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1 Introduction

Complementary Metal–Oxide–Semiconductor (CMOS)

technologies present some challenges to address the re-

quest for further increasing of computational power as

well as related miniaturization and power consumption.

Beyond CMOS, several completely new paradigms are

emerging to extend over the current limit the processing

speed, the size, or the energy consumption [1,2]. Break-

through ideas in processing, data storage, communica-

tion, and encryption resulted in several areas of uncon-

ventional computing [3]. For examples, quantum tech-

nologies [4, 5], molecular computing [6–8], memristive

computing [9], and magnetic circuits [10,11]. One of the

approaches, already proposed more than twenty years

ago, proposes the use of biomolecules as unit blocks to

create processing, storing and coding systems. This dis-

cipline is called biomolecular computing [12], not to be

confused with computational biology, where the focus

is to propose new computer science algorithms helping

in biological studies [13].

Biomolecules offer three main promising intrinsic

characteristics: massive parallelism, abundance in na-

ture, and self-assembly capabilities [12]. Nature devel-

oped several mechanisms to allow massive communi-

cation in a noisy environment with intrinsically bal-

anced loads, leading to parallelism in order to avoid pro-

cessing bottlenecks. Biomolecules are abundant since

they constitute the basis of life, and they show self-

assembly mechanism, hence, their physical implemen-

tation is simpler than the actual fabrication process

of CMOS [12,14]. Despite their exceptional properties,

biomolecular computing still presents open issues, e.g.,

limitations due to the complexity of the biomolecular

paradigm, especially at system level [15].
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So far, the Von Neumann architecture has been

proven to be the best architecture for developing com-

puting systems. As displayed in Fig. 1a, this architec-

ture is featuring an input device, a central process-

ing unit, a memory unit, and an output device [16].

Similarly, Fig. 1b displays the architecture for a com-

plete biomolecular computing complete system to be

interfaced to already existing technologies. On it,

the input is realized by converting the electrical in-

put information into biological or biochemical stim-

uli. The biomolecular-computing core is again the cen-

tral processor unit, while the information is stored in

a biomolecular-memory instead of a CMOS memory.

As output device, a biosensor converts back the en-

ergy/information from the biological/biochemical for-

mat into an electrical signal to produce a final output

suitable for the next incoming block in the computing

and communication chain.

Considering the current limits in CMOS technol-

ogy, researchers are now mainly focusing on develop-

ing new computing cores and new storage units. Mean-

while, the Input and Output (I/O) of the system is

essential to evaluate the capability, the feasibility, and

the performance of any new technology. The overhead

in complexity related to the I/O devices highly con-

tributes to the success or the failure of any emerging

technology [17]. In practice, the I/O devices must be

accessible by currently-existing interface devices, and

they must not down set the advantages of the pro-

posed computing-cores. For example, defective I/O de-

vices may limit the bandwidth, increasing the size of

the complete architecture, or increasing the total power

consumption of the resulting system.

In biomolecular systems, the output devices are

composed by a biosensor, which translates the biochem-

ical information in an electric signal. Today, the I/O

operations of biomolecular architectures are usually ob-

tained with bulky and costly laboratory instrumenta-

tion with the only scope of validating the core. On the

other hand, the field of biosensors for molecular detec-

tion has dramatically increased in sensing performance

and, at the same time, in reducing devices-size [18].

The birth of the field of BioCMOS [19] has paved the

road for a new generation of fully integrated biosensors,

which could now be the base of output technologies for

biomolecular computing devices as well.

In this review, we analyze the latest advancement in

biomolecular computing to understand how to integrate

central processing units and memories with biosensors,

assuring the development of complete systems of bio-

molecular computing, capable to interface other most

conventional electronic systems. Section 2 presents bio-

molecular computing cores and memories. Section 3

Fig. 1 Standard Von Neumann architecture (a) and a bio-
molecular computing system (b). Both architectures are com-
posed by I/O, core, and memory.

shows new biosensing technologies with a focus on in-

tegrated solutions that can be fruitfully used as output

devices. Finally, Section 4 describes the possible forth-

coming path in biomolecular computing, from current

approaches to future perspective.

2 Biomolecular Computing and Storage

Numerous are the mechanism provided by nature that

can be exploited to use a molecule as a logic gate, a com-

putational block, a cryptography key, or a memory cell.

An exhaustive and detailed description of all the possi-

ble related techniques is out of the scope of this review.

Instead, this work provides an overview to demonstrate

advantages in building central processing units through

biomolecules (see Fig. 1). Three main types of biomol-

ecular computing had shown good results: DNA (Sec-

tion 2.1), RNA (Section 2.2), and Enzyme (Section 2.3).

Then, we briefly review them in terms of their complex-

ity, size, and different mechanism of performing the core

operations.
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2.1 DNA Computing

DNA (DeoxyriboNucleic Acid) encodes the amino acid

sequence, their primary structure, and their interac-

tions. DNA is a double-stranded sequence of 4 nu-

cleotides: adenine (A), guanine (G), cytosine (C) and

thymine (T), where the pairs G and C, A and T are

complementary base pairs. These four bases encode all

the information required for life [20], similarly as a byte

encodes a character using ones or zeros in digital archi-

tectures. Considering the intrinsic properties of DNA,

this structure contains itself the element required for

computing. Indeed, every DNA sequence has a natu-

ral complement, due to its double-stranded nature, and

DNA mimics all the other Boolean operations through

enzymes which can denature, replicate and anneal the

DNA biomolecules. Moreover, the DNA structure al-

lows high parallelism because enzymes can work on

multiple DNA sequences [21]. Since the distance be-

tween nucleotides is around 0.35 nm, the DNA molecule

presents a high data density promoting it to be a highly

efficient storage unit.

In 1994, L. Adleman presented a solution to the

well-known-in-computation travelling-salesman prob-

lem using DNA and exploiting its properties [22]. Since

then, DNA has become a reference in biomolecular com-

puting, and several studies had explored several aspects

and challenges about computing as based on DNA. Nu-

merous review papers and books may be considered for

details about this research (E.g. [20,21,23]). Here, in the

following, we just review the main features that allow

the exploitation of DNA in biomolecular computing.

DNA was assembled to build up universal DNA

logic gates performing Boolean operations, and even

to build up more complex digital architectures [24,

25]. Using single DNA strands as inputs and lever-

aging on the complementarity between nucleotides,

logic gates called Molecular Beacon Units (MBU) had

been proposed [26]. DNA based XOR logic gates,

AND logic gates, and half adder relying on the DNA

strand displacement reaction have been proposed [27].

Modular electrochemical logic gates were implemented

through DNA polymerization/nicking machines, for ex-

ample, single-strand DNA prevented or started the

DNA polymerization/nicking to synthesize as output

G-quadruplex sequences [28]. A reversible Feynman

gate leveraging on the interaction between graphene ox-

ide and DNA has been proposed [29]. G-quadruplexes

inputs, interacting with hairpin-modified gold nanopar-

ticles, linked to magnetic particles in developing DNA-

based arithmetic operations [30]. Moreover, hairpin-

based gates, with the simple addition of extractors,

are renewable to maintain such a consistent perfor-

mance of biomolecular circuits during time [31]. A

DNA nanotripod-graphene oxide platform was realized

with three-input majority gates, multiple elementary

logic gates, and combinatorial gates, assembling multi-

ple DNA probes, massively simplifying the assembly of

the gates too [32]. Domain-based encoders have been

developed with differential information of four homolo-

gous oligonucleotides [33].

One of the most promising fields of application of

DNA computing is storage. DNA stores a consider-

able quantity of digital information, for example, en-

capsulating the DNA in an inorganic matrix [34, 35],

with a density up to three orders of magnitude higher

than CMOS [36]. Random-access memories were im-

plemented with several primers that enable individ-

ual recovery of different files stored within DNA se-

quences [37]. The first patents on DNA memories ap-

peared in 2019 [38, 39], proving the industrial interest

on this approach. DNA storage in living cells opens in-

stead of the possibility of new frontiers, where the cel-

lular history and environment variation were directly

logged inside biological cells [40, 41].

DNA molecules were used as carriers for high-

density information [42] and data transmission error

correction [43]. The most catching results using DNA

in communication is the increase of security, as due to

the slow diffusivity of the molecules. The DNA cryp-

tography is a new field of study, where the properties

of the strand are applied to encrypt information in a

new, faster, and highly secure way [44]. For example,

encryption of keys in DNA microdots raises cost and

effort to hackers well beyond traditional digital protec-

tions [45]. Polymerase Chain Reaction (PCR) technique

was adopted to secure images [46], and DNA encoding

provided a solution to the problem of security flaws in

the Internet of Things (IoT) [47].

2.2 RNA Computing and Ribocomputing

RNA (Ribonucleic Acid) is another building block of

biomolecular computer circuits. RNA is a polymeric

molecule naturally coding and decoding genes’ expres-

sion [48]. In the year 2000, RNA was introduced as the

optimal molecule for solving propositional logic prob-

lems [49], as an alternative to DNA proposed to the

very same aim [22]. Nowadays, set of logic circuits are

proposed as synthetically produced inside living mam-

malian cells [50], and in escherichia coli cells as well [51],

by using microRNA. Similarly to DNA, RNA showed

high capability in encryption techniques, for both text-

messages [52] and images [53].

The term Ribocomputing appeared quite recently,

as the best of our knowledge, only in 2016 [54]. Ribo-
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computing devices were defined as circuits to compute

complex logic operations in living cells. Ribocomput-

ing leverages on a new class of synthetic RNA called

toehold switches [55], which mimics messenger RNAs

whose transport information from the DNA to protein

translators [56]. The synthetic usage of toehold switches

brought to logic gates (NOT or AND) in a single layer,

without delays and reduced diffusion-mediated signal

losses [57].

2.3 Enzyme-Based Computing

In enzyme-based computing, a complete logic set of op-

erations was defined digitalizing a chemical reaction in

two levels of concentrations of chemical substances. For

example, the absence of reacting species can be con-

sidered as a logic state 0, while the presence of that

species as logic state 1. In particular, enzyme-based

computing represented the two logic states through

low molecular weight substrates at two different con-

centration levels. The enzymes convert substrates into

products in biocatalyzed-reaction, so performing the

computing [58]. Katz published in 2019 a book about

enzyme-based computing [59], which exhaustively cov-

ers the field. Just a few examples of enzyme-based com-

puting are presented here.

Similarly to DNA computing, various Boolean op-

erations have been mapped by through of enzyme-

catalyzed reactions [60–62]. For example, NOT [63]

ports were built directly on a semiconductor transducer,

while NXOR were created controlling the biocatalytic

reaction by varying the pH of the input signals [64].

Enzymatic reaction cascades half-adders and a half-
subtractors have also been realized by assembling more

logic gates [65].

The logic capability of enzymes was directly linked

in-situ with biological targets of biosensors. In this way,

it is possible to create real intelligent biosensors with

embedded logic, like in [66], where a personal glucose

meter was designed using enzymes based logic blocks.

In 2015, a universal interface between enzymatic and

DNA computing had been presented [67], fostering the

possibility of a system capable of leveraging indepen-

dently on both the technologies.

3 Biosensors

Section 2 introduced the advantages of biomolecular

computing core and biomolecular memories in com-

parison to CMOS central processing units and mem-

ory units, and Section 2 presents today approaches in

building those components. Concerning Fig.1, the I/O

devices are still mostly missing in many of the biomol-

ecular architectures proposed so far by the literature.

In any biomolecular computation, the input devices are

typically composed by stimuli, e.g., electrical or optical,

while the output devices need to be a biosensor. The

term biosensor refers here to a variety of systems able to

detect or measure biological compounds for monitoring

concentrations of biomolecules, typically for applica-

tions in medicine [68], environment monitoring [69], or

in production-control or quality-control in industry [70].

In this work, we focus on sensing technologies for DNA,

RNA, enzyme, and molecules produced by their inter-

actions, which are the main molecules exploited in bio-

molecular computing.

Section 3.1 shows the considered biological probes

and the techniques to measure target molecules. More-

over, since biomolecular computing requires maintain-

ing scalable size and feasible fabrication, this review

focuses mainly on the field of BioCMOS [19], which is

presented in Section 3.2 along with the architectures

and technologies for the related electronic read-outs.

3.1 Sensing Bioprobes

Biosensors provide low-cost, efficient, and easy-to-use

devices for fast measure and monitoring of patients [71–

73]. Several techniques can be implemented to con-

vert the biological information into an electrical signal,

leveraging on electrochemical reaction or displacement

of charge. As well as patients’ metabolism, most of the

biomolecular computing approaches exploited catalytic

reactions, molecular aggregation, and other chemical

interactions to assure information transfer, processing

and storing. Hence, metabolites, amino acids, peptides,

and proteins are just some of the possible products that

biomolecular computing is interested in. All these com-

pounds are detectable and, in some cases, also mea-

surable by through probe functionalization. If the de-

tection is done with the correct electrochemical tech-

nique, it may be implemented with CMOS technologies

for easy and integrated transduction to electrical sig-

nals [19]. In literature, several reviews described these

techniques in detail; here, we briefly highlight some of

the more recent advancement in biosensing technology.

Much work has been done on metabolites sensing,

and it was possible to identify human pathogen through

real-time in vitro metabolites detection [74]. For exam-

ple, a composite modified glassy carbon electrode was

proposed to determine the presence of an amino acid

essential in neuroregulation (Tryptophan) [75]. Electro-

chemical methods allow the detection of beta-amyloid

peptides and aggregates [76], and peptides were used
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to functionalize the sensor surfaces to detect antibod-

ies [77]. Electrochemical Impedance Spectroscopy (EIS)

is used to evaluate binding interactions among peptides

and proteins [78]. In Microelectromechanical Systems

(MEMS) technologies, assay system based sensor helps

in rapid analysis of C-reactive proteins [79]. MEMS are

indeed a significant breakthrough because they enable

fast detection of several biomarkers [80, 81]. MicroR-

NAs gained consideration due to their importance in

early-stage diagnosis [82]. Today, several options exist

for detecting microRNAs through simple and integrated

technologies [83, 84]. Electrochemical biosensors target

DNA sequences or mutated genes as related to several

disease [85]. The DNA is also detected by considering

the interactions at the nanoscale [86]. For example, a

DNA sensor through was developed by exploiting redox

activity on graphene electrodes [87], while nanoparticles

carbon nanotubes showed excellent detection potential

on DNA as well [88]. DNA-mediated charge transport

chemistry is considered for the displacement of charges

among molecules according to the base pair affinity in

the DNA-strand [89, 90], and this allowed the develop-

ment of DNA impedance-based sensors [91,92]. Finally,

G-quadruplex is exploited in electrochemical biosensors

because their response is particularly sensitive to the

DNA structural changes biosensors in the evaluation of

molecules, proteins, and cells, with increased selectivity

and sensitivity [93].

3.2 BioCMOS Interfaces

The development of integrated CMOS interfaces is

growing at a similar speed than biosensors and probe

technologies. Merging different transducing mecha-

nisms to CMOS read-out electronics, several integrated

biosensing devices have been developed to enhance de-

centralized point-of-care diagnostic [94,95]. The lab-on-

chip technology paved the road in terms of low-cost

and high-throughput analysis of biomolecules [96]. Both

chip size and power-consumption are scaling down sig-

nificantly, pushing down as well the implantable sensing

technologies [97]. Several different solutions for imple-

menting highly integrated fully autonomous systems for

biosensing have been proposed, for example, integrated

potentiostat for amperometric measurment [98,99] and

also implantable dust size chip [100] or extremely minia-

turized DNA readers [101, 102]. Electrode arrays [103]

or also nanogap-based arrays [104–109] are interesting

to the scope, since their driving, in term of both sam-

pling and transmission, is a real challenge for more effi-

cient output detectors for applications in biomolecular

computers. Fortunately, fully integrated neuromorphic

chips have been proposed to manage the interface to

such complex array [110]. At the same time, the inte-

gration of micro-nano electrodes promoted highly dense

electrochemical sensing techniques [111].

4 Biomolecular Output Units

In the field of biomolecular computing, much effort was

spent on developing new methods for computation, pro-

cessing, and storing, as summarized in Section 2. Con-

sidering the actual readiness level of this technology, the

focus at the system level has been not surprisingly too-

low so far. Recent reviews on biomolecular computing

even do not mention about the inter-connectivity of the

system while just focus on the computational units and

methods [20, 21, 55, 59]. Nevertheless, if the final aim

is to develop a complete device, then the system inter-

connection to the computing core has to be taken into

account. For this reason, we will describe in next Sec-

tion 4.1 the current approaches for developing output

devices for biomolecular systems, while in Section 4.2,

we will draw some possible future perspectives about.

4.1 Current Approaches

Any biomolecular system requires an output device

as depicted in Fig. 1. Currently, the output devices

are provided by laboratory instruments, methods, and

procedures that covert biochemical information from

the biomolecular computing core into an electrical

signal. To this aim, colorimetry [112, 113], fluores-

cence [114], chemiluminescence [115,116], electrochemi-

luminescence [117], and electrochemistry [28, 64] are
usually used. However, these methods are not necessar-

ily translatable in an easy manner into integrated sys-

tems for real applications of biomolecular computing.

For example, fluorescence sensing is used in DNA nan-

odevices due to the sensitive and quantitative nature of

the read-out. However, DNA sensing with modified fluo-

rophores is usually too-highly expensive for low-cost ap-

plications and requires complex photodetector systems.

Easy and label-free detection has been exploited with

reduced cost for computing technology, but still keeping

the same read-out complexity [118]. Excitation light at

a given wavelength activated DNA devices, while the

light is also a useful carrier to transport e communicate

the information [119].

On the other hand, electrical transducers are better

links to the BioCMOS paradigm, since easy electrical

detection was demonstrated in label-free operation ap-

plied to a DNA and nanopore system in droplet net-

work [120], including electrochemical logic gates by in-

tegrated read-outs [28]. Cyclic Voltammetry (CV) am-
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Table 1 State of the art of biomolecular computing, focusing on output sensing method and its integration.

Implemented technology Computing method Output method Reference

Logic gate, adder DNA Fluorescence [27]
Logic gate DNA Electrochemical [28]
Logic gate DNA Fluorescence [29]
Logic gate DNA Fluorescence [30]
Logic gate DNA Fluorescence [31]
Logic gate DNA Fluorescence [32]
Memory DNA Fluorescence [35]
Data transmission DNA Fluorescence [43]
Encryption DNA N/A [44]
Logic gate RNA Fluorescence [50]
Logic gate RNA Fluorescence [51]
Encryption RNA N/A [53]
Logic gate RNA Fluorescence [56]
Logic gate RNA Fluorescence [57]
Logic gate Enzyme Chemiluminescence [58]
Logic gate Enzyme Electrochemical [63]
Logic gate Enzyme Chemiluminescence, electrochemical [64]
Adder Enzyme Chemiluminescence [65]
Logic gate DNA Colorimetry [112]
Logic gate DNA Colorimetry [113]
Logic gate DNA Fluorescence [114]
Logic gate DNA Chemiluminescence [115]
Logic gate DNA Chemiluminescence [116]
Logic gate DNA Electrochemiluminescence [117]
Logic gate DNA Fluorescence [118]
Logic gate DNA Fluorescence [119]
Logic gate DNA Electrochemical [120]
Logic gate, encoder, decoder DNA Electrochemical [121]

perometric techniques were also implemented as read-

outs in designing of logic gates [121]. Table 1 presents

a summary of the sensing techniques adopted so far

in literature by recent works about biomolecular com-

puting. None of those works, however, shows a system

integration between the computing core and the output

devices. All the cases require still external laboratory

instrumentation. Moreover, in Table 1 just a small por-

tion of the biosensing techniques used in literature ap-

pears, meaning that there is still unexplored room for

several more unexploited possibilities.

4.2 Future Perspective

An endless number of possibilities may easily extend

the limit of current systems for output conversion by

exploiting the many biosensing technologies not yet

proposed so far for applications to biomolecular archi-

tectures. It is possible to fit already existing biosensor

in the proximity of biomolecular core or memory. For

most of the measurement techniques used today, and

briefly presented in Section 4.1, solutions already exist

to move from laboratory instrumentation to integrated

devices. In the near future, the interaction of DNA at

nanoscale may be used to interrogate the output of in-

dividual MBU. DNA detection label-free systems may

provide small, efficient, and low cost approaches for

reading vast arrays of DNA memories. G-quadruplex

electrochemical biosensors may contribute to the devel-

opment of G-quadruplex DNA-based arithmetic proces-

sor. Meanwhile, logic outputs of catalyzed reaction in

enzymatic processors may be read-out by electrochemi-

cal biosensors. MicroRNAs sensor and microRNAs logic

gates may perform computation directly inside living

cells returning kind of living computer. In BioCMOS,

the biomolecular-interface is straightly in contact with a

CMOS reader. Therefore, integrated design is an excel-

lent opportunity for taking advantages of biomolecular

technologies and enlarge capability and power of CMOS

computing since the logic output of the biomolecular

computation will be then directly read in the usual

form of electrical signals as well as in CMOS compu-

tation. Extensive arrays of biosensors directly embed-

ded in neuromorphic chips will then allow simultaneous

direct detection of numerous biochemical reactions, fos-

tering the possibility of programmable biomolecular de-

vices. Forthcoming biosensor systems will start to reach

performance that will reduce power, area, and delay

overhead, which is nowadays limiting the application of

biomolecular processor. Moreover, the complexity will

drastically scale down to provide lower cost as well.
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5 Conclusion

The biomolecular computing is attempting to broaden-

ing the horizon well beyond CMOS approach, but the

complexity overhead as related to interactions among

biomolecules is still an obstacle to its success. We

presented in this paper the efforts done by the re-

search community for building computing architectures

based on biomolecular solutions, and discussed what is

still missing with respect to the current state-of-the-

art in literature. We pointed out that I/O technol-

ogy is often left unaddressed in the present research

in the field. Meanwhile, biosensors are the most nat-

ural input/output devices for biomolecular comput-

ing systems, having already shown their high power,

reliability, and capabilities in other fields of appli-

cation. We envisioned a future path that may over-

come the present limitations of the I/O systems in

biomolecular computing by reviewing both biomolecu-

lar computing-cores/memories and biosensing technolo-

gies. In this path, biosensor and bio-nano-technology

may largely contribute to the development of better

devices with higher data density, lower power con-

sumption, increased processing speed, reduced cost, and

lower environmental impact.
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