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Abstract: DNA nanostructures with programmable nanoscale 

patterns has been achieved in the past decades, and molecular 

information coding (MIC) on those designed nanostructures has 

gained increasing attention for information security. However, 

exerting steganography and cryptography synchronously on DNA 

nanostructures still remains a challenge to guarantee more security 

approach for MIC. Here, we demonstrated MIC in a reconfigurable 

DNA origami domino array (DODA), which can reconfigure intrinsic 

patterns but keep the DODA outline the same for steganography. 

When a set of keys (DNA strands) are added, the cryptographic data 

(e.g. Numbers “0 - 9”) can be translated into visible patterns within 

DODA. More complex cryptography with ASCII nanocodes definition 

within programmable 6×6 lattice is demonstrated to ensure the 

versatility of MIC in the DODA. Furthermore, a further anti-

counterfeiting approach based on conformational transformation 

mediated toehold strand displacement reaction is designed to protect 

MIC from decoding and falsification, presenting a unique high-security 

level approach for information processing. 

Introduction 

Information coding, which mainly involves in information 

storage and security, is of great importance in economic and 

military fields as well as in our daily life. The key requirements of 

MIC technologies are difficulty in duplication, less randomness, 

high data storage density, and uniqueness of the data verification. 

With advantages of programmable position and addressable pixel, 

structural DNA nanotechnology has been used to assemble 

diverse components for DNA nanostructure-based MIC[1].  

DNA origami[2], as one of popular structural DNA 

nanotechnology, is specially suitable in MIC. On one hand, the 

synthesis of DNA origami is actually an MIC process by folding 

the long DNA single scaffold with hundreds of short DNA strands 

(called staples) to form pre-designed shapes. Those specific 

shapes with MIC could not be duplicated only if the right staple 

library keys present. On another hand, apart from the bare DNA 

origami, each single staple can be modified with guest molecules 

such as Au nanoparticles[3], proteins[4], organic dyes[5], and other 

materials[6]. The modification makes DNA origami powerful in the 

addressability of specific sites on the structure with sub-

nanometer precision and accuracy, allowing the additional 

secured information to be tailored into the DNA origami without 

any randomness. Benefiting from the advantages of DNA origami, 

MIC, e.g. nano-encrypted Morse code[4], visible patterns 

information in static DNA origami by well-defined 2D AuNPs 

networks, digits[5b] and character[7] with high spatial resolution 

down to ~5 nm by DNA-PAINT have been achieved. More 

concretely, the process of MIC in static DNA origami is beneficial 

by the modification of selected staple strands (we call them as 

active handles). The coded information can be revealed by simply 

binding the guest molecules to active DNA handles. 

Consequently, the outputs are provided in a straightforward 

predictable manner, and the coded information can be read 

directly[8].  

To enhance the MIC security level, different functional DNA 

origami[9] presenting changeability properties, such as DNA 

origami nanoactuator[10], DNA walkers[11], and reconfigurable 

structures[12], have been applied. In this way, the pre-integrated 

information can be rearranged and displayed along with the 

dynamic behaviors of these mediums, and it is beneficial to 

information security. However, the majority of dynamic DNA 

origami is designed to contain mainly static template joined by a 

few small dynamic units to take only a single step or a few steps 

of transformation by using strand-displacement reactions[13] or 

environmental factors such as pH[14], light[15], electricity[16], 

magnetic field[17], etc. The dynamic behaviors of large-scale, 

complex DNA structures templates are still limited. And further 

advances in the ability to control the movement of DNA origami 

structures would open up new windows for information security. 

Thus, it is desirable to develop such dynamic DNA origami as 

information encoding substrate to store and encode important 

information for advanced information security.  

In this work, a novel MIC strategy based on our group’s 

previous reconfigurable DODA[18] was reported. The constructed 

DODA that transformed from one array conformation to another 

after adding a unique set of keys was especially a suitable 

candidate for advanced information security. The information was 

firstly stored and coded in the “Before” conformational DODA, 

after adding a set of decoding keys (DNA strands), the locations 

of pre-designed information were rearranged in the “After” 

conformational DODA, decoding the encoded information. 

Illustratively, the visual patterns with number “0 - 9” and more 

complex ASCII barcodes “particular years” and “NO PAINS NO 

GAINS” messages were successfully presented in the 

reconfigurable DODA with high security performance. In addition, 
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a further anti-counterfeiting approach based on conformational 

transformation mediated toehold strand displacement reaction 

was designed to enhance the MIC complexity, and the anti-

counterfeiting patterns “S-J-T-U” were successfully decoded with 

two sets of DNA strands as keys. This elegant DODA is capable 

of bearing abound information and providing outputs not in a 

straightforward predictable manner, and the coded information 

cannot be read until after the specially designed decoding process, 

overcoming the key difficulties in MIC technologies. 

Results and Discussion 

Scheme 1 showed the specific advantages of MIC in 

reconfigurable DODA compared with that in the static DNA 

origami. In our group’s previous study[18], we reported the 

assembly and controlled, multistep, long-range transformation 

dynamic behaviors of reconfigurable DODA. As described therein, 

the DODA was assembled by interconnected modular dynamic 

units (anti-junctions) that could transfer their structural information 

to neighbors. And the dynamic behaviors may enable a range of 

applications such as information security. Based on it, we 

selected a 6×6 lattice, which also kept similar size and shape after 

transformation, for MIC (Scheme 1A). To clearly show the specific 

advantages of MIC in reconfigurable DODA compared with in the 

static DNA origami, we took the pattern of digit “4” as an example. 

As shown in Scheme 1B, readout of the coded digit “4” was 

accomplished by binding the small molecule to selected staple 

strands in the static DNA origami. While in the reconfigurable 

DODA, the coded digit “4” was decoded by taking advantage of 

the nanostructure transformation as a key (Scheme 1C). The 

controlled dynamic behavior of DODA enabled a more layer for 

information protection, providing a novel thought for information 

security. To further enhance the MIC complexity, an anti-

counterfeiting MIC was designed. The coded information could 

only be decoded with the two keys of conformational 

transformation and the activation of the inhibited DNA assembly 

simultaneously. Note that the activation of the inhibited DNA 

assembly could only be realized after the conformation 

transformation of DODA (Scheme 1D) 

 

Scheme 1. Schematic of MIC process in reconfigurable DODA.  (A) The 

encoding substrate reconfigurable DODA was constructed by the dynamic DNA 

unit called “anti-junctions”[19]. To realize the MIC process, we selected a 6×6 

lattice to carry information. (B) The process of MIC on static DNA origami. The 

coded information was revealed by binding guest molecules such as Au 

nanoparticles, proteins, organic dyes, and other materials to pre-designed DNA 

handles. (C) The process of MIC using reconfigurable DODA. Biotinylated DNA 

strands were incorporated into the array at selected locations to store coded 

information. After adding a set of decoding keys (DNA strands), the locations of 

biotinylated DNA strands were rearranged in the “After” conformational DODA, 

revealing the hidden information. (D) The anti-counterfeiting patterns “S-J-T-U” 

were only decoded with two sets of keys --- one for the conformational 

transformation and the other for activation of the inhibited information. Scale bar, 

100 nm. 

To realize the MIC process, it was prior to prepare the encoding 

substrate reconfigurable DODA. As shown in Figure 1A and 

Figure S1, different from the static DNA origami reported before[2], 

the self-assembled DODA was constructed by the dynamic DNA 

units called “anti-junctions” (the gray ones) [19],which could switch 

between two stable conformations - “Before” and “After” by adding 

the green trigger DNA strands. The transformation yield was high 

(＞93.2%, Figure S2 and Table S1). And such high transformation 

yield ensured the reliable decoding process. The native agarose 

gel electrophoresis (Figure 1B) indicated the successful formation 

of the two conformations of the DODA. And the same mobility of 

the two conformations bands could also indicate the size of them 

were similar to some extent. Confirmatively, the AFM images 

depicted in Figure S3 further revealed the “Before” and “After” 

conformational DODA were both in rectangular shape with 

approximately the same size. Consequently, it was difficult for the 

attacker to recognize them clearly unless they had the correct 

keys. In this way, we could also regard the encoding substrate 

DODA as a hiding medium. While in order to identify the two 

different conformational DODAs much more easily, the scaffolded 

loops (the orange curves in Figure 1A) were served as the mark. 

The AFM images (Figure 1C-D) clearly showed the changes 

between the two conformations of the DODA with the aid of NiCl2. 

Based on the results of the transformation, it clearly demonstrated 

that reconfigurable DODA could keep consistency in shape and 

size, while the structural information changed totally. Afterwards, 

we explored the designed reconfigurable DODA as information 

hiding medium, which could be advantageous in steganography 

and cryptography for advanced MIC.  

 

Figure 1. Conformation Transformation of DODA. (A) Schematic of DODA 

transforms from the “Before” to “After” conformation after addition of trigger 

strands. (B) The 1% agarose gel analysis of the two conformations of the DODA. 
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Lane M: 1kb DNA marker. Lane 1: scaffold P7560. Lane 2: “Before” 

conformation. Lane 3: “After” conformation. (C) AFM picture of the “Before” 

conformational DODA. (D) AFM picture of the “After” conformational DODA. 

Note that the AFM pictures were obtained with the aid of NiCl2. Scale bars, 100 

nm. 

To demonstrate the potential application of the designed 

reconfigurable DODA in MIC, we firstly created simple patterns, 

which allowed the visualization of a successful coding and 

decoding process by the transformation. Patterns, as one kind of 

expressions of information, could be created associating with 

DNA origami by various ways. One alternative way reported by 

Rothemund[2] was to bind the DNA scaffold and fold it into 

arbitrary shapes, then staple strands decorated the shapes with 

arbitrary patterns. Another popular way was to mix appropriate 

modified strands on the DNA origami. In principle, a variety of 

DNA modifications such as biotin, fluorophores, dumbbell hairpins 

and so on could serve as labels. Here we took advantage of 

simple streptavidin (STV)-biotin interaction (Figure S4) to create 

informational patterns in the reconfigurable DODA. In AFM 

images, STV attached biotin-staples gave greater height contrast 

(4 nm above the mica), and each protrusion observed on the 

DODA surface was a given location representing a piece of 

meaningful information.  

Based the above results that the two different conformational 

DODA kept consistency in shape and size, the DODA could be 

applied as the hiding medium in steganography. More specifically, 

as shown in Figure 2A, in the MIC process, firstly, the sender, who 

held the proper scaffold strand and information carried staple 

strands, encoded the plaintext into a braille-like spot pattern 

cipher in the “Before” conformational DODA, forming a 

camouflage medium. Afterwards, the camouflage medium 

(encoded “Before” DODA) was sent to the receiver, and the 

receiver started decoding the information via two steps: 1) adding 

the indictor STV to reveal the patterns. Note that the invisible 

biotinylated positions introduced additional protection by 

steganography. 2) adding the trigger DNA strands, transforming 

the conformation of DODA from “Before” to “After”. As a result, 

the transformation allowed the rearrangement of the information 

locations, thus decoded the information. Notably, benefiting from 

the consistency in shape and size of the two different 

conformational DODA, the transformational decoding process 

was completely confidential without raising any suspicions. We 

took the digit “4” as an example to present the details of the coding 

and decoding patterns in DODA (Figure 2B). Initially, we selected 

a 6×6 lattice, which also kept similar size and shape after 

transformation, for creating patterns (Figure S5, red ones). The 

specific biotin-modified staple strands that constituted digit “4” 

were selected from the 36 biotin-modified staple strands (Figure 

S10 and Table S3), while the others were still the original staple 

strands. Then the biotinylated DNA strands that coded pattern of 

digit “4” were incorporated into the array at selected locations after 

annealing process. After adding the indicator STV, an illegible 

digit “4” in “Before” DODA lighted up. Afterwards, after adding the 

decoding keys (green triggers) to change the conformation to 

“After”, the locations of biotinylated DNA strands coding digit “4” 

changed and thus decoded the digit “4”, making it much more 

legible. Figure 2B clearly illustrated the specifically dynamic 

transformation process. The 3D images of the pattern digit “4” 

(insets in Figure 2C and D) showed the changes between “Before” 

and “After” conformations. As for a further application in MIC for 

reliable transmission, it was crucial to calculate efficiency of the 

STV attachment in given sites. As STV attachment events 

occurred with an equal and independent probability for each biotin 

sites, the attachment histograms were expected to follow a 

binomial distribution, P(m), given by 

P(m) =
𝑛!

𝑚!(𝑛−𝑚)
𝑝𝑚(1 − 𝑝)𝑛−𝑚                 (1)[6a] 

where n was the given number of available biotin binding sites 

per digit and m was the number of actual attached STV. The 

average attachment probability, 𝑝, was given by 

𝑝 =
∑ 𝑎𝑡𝑡𝑎𝑐ℎ𝑒𝑑 𝑆𝑇𝑉

∑ 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑠𝑖𝑡𝑒𝑠
                                    (2)[6a] 

where the numerator was the total number of attached STV, and 

the denominator was the total number of available attachment 

sites. Firstly, the average attachment probabilities were 

calculated using eq 2 from the histogram data to be 0.87 for 

“Before” conformation and 0.95 for “After” conformation. The solid 

lines in Figure 2C-D plotted the calculated binomial distribution of 

eq 1 for each case, and the binomial distribution in “After” 

conformation (Figure 2D) displayed a better tendency than that in 

“Before” conformation (Figure 2C), indicating a better efficiency in 

“After” conformation. To further assess the degree of successful 

patterns, the pattern yield was also determined (Figure S16). The 

result illustrated that the pattern yield in the “After” conformation 

was higher than that in “Before” conformation. Note that when 

obtaining the pattern yield from the AFM images, the patterned 

origami could be counted as long as we could recognize the digits 

(Figure S6-S15). 

 

Figure 2. The patterns transfer in reconfigurable DODA. (A). Schematic of 

reconfigurable DODA as the hiding medium for steganography. The whole 
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process consisted of information coding and transformational decoding. (B). 

Schematic of reconfigurable DODA with 6 × 6 lattice (36 attachment sites) for 

transferring pattern of digit "4". (C-D). Histograms (bars) and calculated binomial 

distributions (lines) for the number of attached STV for DODA in “Before” (C) 

and “After” (D) conformation (digit “4” as an example). The insets were 3D AFM 

images of the digit “4” in “Before” (left) and “After” (right) conformation. N, the 

exact number of well-defined DODA. p, the average attachment probabilities, 

used to generate the calculated binomial distributions are indicated for each 

case. (E). AFM image of the complex sample containing all 0-9 digits in “Before” 

and “After” conformation (F). (G). High magnification AFM images of ten 

reconfigurable DODA displaying 0-9 digits transformed from “Before” to “After” 

conformation. Scale bars, 100 nm.  

When all the ten patterned samples were mixed, it was difficult 

to identify the individual digits in the “Before” conformation (Figure 

3E), while it was much easier to identify all the digits as soon as 

possible when the DODAs were transformed to the “After” 

conformation (Figure 3F). It is worth noting that the DODAs can 

be adsorbed on mica surface with the patterns facing up or facing 

down, and the scaffolded loops served as the markers for 

distinguishing mirror patterns (e.g. 2 and 5, 6 and 9). When a 

DODA lands on mica with its pattern facing up, the scaffolded loop 

appeared on its left side. If the scaffolded loop was observed on 

the right side of a DODA, the origami was adsorbed on mica 

upside down (Figure S17). These results all illustrated that the 

transformation of the DODA from “Before” to “After” successfully 

realized the patterns transfer, and helped to identify the 

informational patterns. (Table S4). Seen another way, if the 

information in the DODA was not simple patterns, but some 

important messages invisible to naked eye, it would be an 

ingenious way to do some cryptographic algorithms to deliver 

important information. 

Having demonstrated the feasibility for steganography strategy 

in reconfigurable DODA, we then explored its further application 

in cryptographic algorithm for information security. In our 

everyday lives, important information is usually coded before 

transmission and then decoded to reveal the original information 

to protect the privacy of the communications. From the application 

point of view, the fact that important information after decoding 

pellucid to the public can clearly limit feasible applications. In 

some cases, for example, only the receiver would want to know 

the results without sharing with the public. Therefore, some 

cryptographic algorithms such as Morse code and American 

Standard Code for Information Interchange (ASCII) would be 

needed to provide as a protection for completely secretive MIC. 

Here we used the popular and simple ASCII as the cryptographic 

algorithm. Figure 3A illustrated the cryptography in reconfigurable 

DODA. Without the cryptographic algorithm ASCII, even the 

information was decoded with the aid of transformation, the 

information was still something intuitively random, meaningless 

and unintelligible for attackers. Only the proper receiver who kept 

the cryptographic algorithm ASCII could reveal the original 

information. In other words, the encoded information cannot be 

read until after both the conformation transformation and ASCII 

cracking processes (Figure 3A). Additionally, the conformation 

transformation conditions and codes cracking algorithm are 

unknown to the public and only accessible to the authorized party, 

suggesting greatly enhanced information security of the 

reconfigurable DODA hiding medium. 

To test the feasibility of this idea, we created ACSII barcodes to 

realize the secret communication between the sender and 

receiver. Following the STV attachment (represent binar ‘1’s) and 

no STV attachment (binary ‘0’s) that made up ASCII (Figure S18 

and Table S5), we constructed barcodes including digicipher and 

complex messages in reconfigurable DODA. To construct such 

barcodes, it was crucial to understand the reading rules of binary-

coded DODA firstly. As shown in Figure S19, the four STV 

attachment sites (black ones) on top left of DODA were the 

starting marker for reading. Just like barcodes, each spot in the 

pattern represented a distinct digit of the binary numbers 

encoding the information. The ASCII values were read along the 

length of the DODA and the final codes were read along the width. 

Then we selected the 4×4 lattice and 5×5 lattice to construct 

barcodes. Interestingly, during the decoding process, we found 

there were two modules. One was if the STV attachment sites 

were central symmetry, the coded and decoded message kept the 

same. Otherwise if the STV attachment sites were not central 

symmetry, the coded and decoded message were different in the 

two different conformations. To be more specific, taken the 4×4 

lattice which could be regarded as a 4×4 matrix (Figure S20A), as 

an example, each STV attachment site represented as 𝑎𝑖𝑗 , (i, j =

1,2,3,4) When the STV attachment sites were central symmetry 

(as long as satisfied the equation  ∑ (𝑖𝑘 + 𝑗𝑘)𝑛
𝑘=1 = 5𝑛 (𝑛 =

2,4,6 … ), the digicipher in the reconfigurable DODA kept the same 

after decoding. Two examples were given (1248-1248, 8421-

8421, Figure S20B and Figure S21-22) to verify this module. For 

the other module, four examples were given (0192-2016, 0193-

2017, 1082-2018, 1083-2019, Figure 3B and Figure S23-26).  

 

Figure 3. An illustration of the barcodes in reconfigurable DODA. (A). 

Schematic of reconfigurable DODA with 4×4 lattice for coding and decoding 

barcodes. The whole process consisted of information coding and information 

decoding. The information in the DODA can be regarded as barcodes. The 

ASCII value was read along the length of the DODA, and the barcodes was 

obtained along the width of the DODA. The public key was the ASCII, which 

helped to encode and decode the information. The private key is the 

transformation, which helped to decode the information. (B). The designed 
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barcodes for special years (2016-2019) were different in the two different 

conformations. (C). AFM images of DNA origami in “Before” conformation 

displaying coded messages “CCCA, QFBCM, CCCA, AFRS” (up ones) and 

decoded messages “NO PAINS NO GAINS” after transformation (bottom ones). 

Scale bars, 100 nm. 

To transfer more complex message, a 5×5 lattice was then 

selected (Figure S27). As the basic principle of digicipher 

described above, if we wanted to transmit important message 

such as “NO PAINS NO GAINS”, the original message was 

encoded into ciphertext “CCCA, QFBCM, CCCA, AFRCW” in 

“Before” conformational DODA, and then decoded it into “NO 

PAINS NO GAINS” with the transformation key and ASCII key 

(Figure 3C, Figure S28-30).  

In order to enhance encoding complexity and security, a more 

sophisticated two-step anti-counterfeiting approach was further 

demonstrated. As shown in Figure 4A, after the decoding by the 

conformational transformation, the encoded information needs to 

be further decoded by the second step of information recovery, 

which was realized by toehold-medicated strand displacement 

reactions. The detailed scheme was described in Figure 4B-C. 

The DNA strand T3 was blocked with T1 and T2 initially (the 

complex formed by T1, T2, T3 was called an “inhibited DNA 

assembly”; Figure 4C). After the conformational transformation 

bringing the inhibited DNA assembly to close proximity of strand 

T4 (from 17.7 nm before the transformation to 5 nm after the 

transformation) and the subsequent addition of the second 

decoding key, the inhibited DNA assembly was activated and the 

DNA strand T3 bound to the T4 strands via a toehold-mediated 

strand displacement reaction, which made the T2 strand available 

for the subsequent hybridization with biotin-labeled T5 strand for 

the visualization of the recovered final information. To further 

demonstrate the versatility of this new method, we designed and 

demonstrated the coding and decoding of “S-J-T-U” patterns by 

using the anti-counterfeiting scheme (Figure 4D, Figure S31-S46).  

 

Figure 4. Schematic of anti-counterfeiting MIC in DODA. (A) The anti-

counterfeiting MIC is decoded with two sets of keys.  (B) The detailed scheme 

of the decoding process of the anti-counterfeiting MIC. (C) The sequences of 

the inhibited DNA assembly (T1, T2, T3), T4 foothold, and biotin-labeled strand. 

The inset showed the assembly of the inhibited DNA assembly and its activation 

by the second key (T0). (D) AFM images and schematic diagrams showing 

before-decoding and after-decoding origami arrays with hidden information of 

“SJTU”. 

Firstly, the original patterns “S-J-T-U” was encoded into cipher 

patterns “  ” in the “Before” DODAs. To decode, the 

patterns were changed to “  ” with the addition of the first 

transformation key. At this time, the patterns were only partially 

revealed, and can carry intentionally designed decoy information. 

The actual “S-J-T-U”. patterns were revealed by the addition of 

the second decoding DNA key. The decoding yields were 38.5%, 

35.9%, 29.1% and 40.4% for the patterns of “S”, “J”, “T”, and “U”, 

respectively (Table S7-S10). This non-reversible information 

recovering process also provides an anti-counterfeiting 

mechanism: Even if skilled counterfeiters decoded the information, 

the intended receiver can verify the authenticity of information and 

whether it has been compromised. 

 

Conclusion 

Overall, the reconfigurable DODA provides an excellent 

encoding substrate for secured information storage, transfer, and 

recovery. The efficiency of the DODA transformation from “Before” 

to “After” conformation is as high as 93.2%, providing a solid 

foundation for its applications in MIC. At the same time, some of 

the main challenges in MIC, such as duplication, high data 

storage density, and anti-counterfeiting, can also be addressed 

by using the highly adaptable reconfigurable DODA. Along with 

advantage of high data storage density in those the bare DNA 

origami [20] (offers density of up to 1018 bytes per mm3), the 

modification of their staple strands allows more complex of data 

formats to be tailored. For anti-counterfeiting, the two-step 

decoding scheme of MIC provides additional safety for storing 

information in DODAs. Overall three key anti-counterfeiting 

features in DODAs improve the cryptographic security: 1) The 

geometry of the DODAs remains the same before and after the 

transformation; 2) A unique cryptographic algorithm (e.g. with 

ASCII) can be used to code and decode the information; 3) Two 

sets of orthogonal DNA keys are required to transfer the DODAs, 

and to recover the information via toehold-medicated strand 

displacement reactions. DNA nanostructures (e.g. DNA origami 

and SST structures) of larger sizes can be further used to extend 

the data storage capacity. Larger DNA origami can be designed 

by the using of long scaffolds [21], hierarchical assembly of DNA 

origami [22], surface-assisted large-scale assembly of DNA 

origami. [23], and base-stacking hierarchical assembly[24], etc. 

Alternatively, SST (DNA bricks) allows the assembly of prescribed 

nanostructures without size limitation caused by DNA scaffolds [25].   

Despite the application in information security, the 

reconfigurable DODA can also be used in other fields such by 

assembly of different functional nanomaterials. For example, in 

molecular biology field, it can be utilized as a platform to analyze 

and control biomolecular interactions[26] (e.g., enzymatic reactions, 

chemical reactions, fluorescence resonance energy transfer, etc) 

at a single-molecule level, especially allows novel biological 

experiments aimed at modelling complex protein assemblies and 
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examining the effects of spatial organization. This will hold a great 

potential to complete more complex and difficult tasks for clinic 

diagnostics and bioanalytical applications. 
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Entry for the Table of Contents 

 

We demonstrated a novel steganography and cryptography molecular information coding strategy in a reconfigurable DNA origami 

domino array (DODA) synchronously. This strategy opens new opportunities for high-density information storage as well as information 

security against decoding, duplication and forgery, overcoming the key difficulties in MIC technologies.  
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