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Conditions for Self-Archiving 2D sequence-coded oligourethane barcodes for plastic materials labeling

Mixtures of uniform sequence-defined oligourethanes were evaluated as 2D molecular barcodes for labeling three different commodity polymers, namely polystyrene, polyvinylchloride and polyethylene terephthalate. Six different oligourethanes were synthesized by solid-phase iterative synthesis and were coded using a binary monomer alphabet.High-resolution mass spectrometrystudies indicated that all oligomers are uniform and sequence-defined. However, instead of using them as individual codedchains, oligomers with different chain-length mass and sequence were mixed into intentionally polydisperse libraries. In particular, a three-component and a four-component library were created to encode a 2-bytes model binary sequence. These 2D-coded libraries were incorporated in all commodity plastics via a simple solvent casting procedure. Furthermore, in all cases, the oligomer mixtures could be extracted from the host polymer films and deciphered by mass spectrometry, thus opening interesting avenues for anti-counterfeiting and traceability applications.

Introduction

Among the potential applications of sequence-controlled polymers, [1] it has been suggested that anti-counterfeiting technologies could be an interesting area of use. [2] Indeed, a macromolecule containing a perfectly defined sequence of monomers can potentially be used as a label or "barcode", [3] in which molecular information certifying authenticity can be included. For instance, DNA, which contains a defined sequence of nucleotides, is sold by several companies as an anti-counterfeiting solution for the labeling of high-value materials.

Since DNA strands can be selectively hybridized and amplified by polymerase chain reaction, DNA tags can be used in trace amounts for materials labeling. However, DNA is not stable in all conditions and may degrade during materials processing, e.g. in hot-melt extrusion, thermoset curing, photo-curing, 3D printing or sol-gel process. Thus, for many applications, DNA barcodes have to be encapsulated, for example in processable nanoparticles as developped by Grass and coworkers. [4][5] Alternatively, non-natural sequence-defined polymers may also be used as anti-counterfeiting barcodes. [2] Over the last years, we [6][7][8][9][10][11] and others [12][13][14][15] have demonstrated that a wide variety of uniform sequence-defined synthetic macromolecules can be synthesized using multi-step growth approaches. [16] In particular, our group has evidenced that such polymers can be used to store information. For instance, binary information can be easily written in synthetic sequence-defined macromolecules using two monomers that are defined as 0 and 1-bits. [17] In addition, the digital sequences can be easily read using a sequencing methodology [18] such as tandem mass spectrometry (MS/MS). [19][20][21] Among all the different types of digital polymers that have been reported by our group, sequence-coded oligourethanes (or oligocarbamates) appear as a very interesting class of polymers for anti-counterfeiting technologies. Uniform sequence-defined oligocarbamates can be synthesized using a variety of solid-phase iterative approaches. [14,[22][23][24] In a publication reported last year, [25] our group has shown that digital oligourethanes can be synthesized using a simple protecting-group-free iterative approach. [26] Furthermore, it was found in this study that the COOH-terminated oligomers prepared via this orthogonal approach are particularly easy to decode by negative-mode MS/MS sequencing. [25] In other words, sequence-defined oligourethanes can easily be both coded and decoded. Furthermore, classical polyurethanes constitute a well-known class of plastics with widely-described physico-chemical properties, including for example chemical resistance and thermal stability. Therefore, sequence-coded oligourethanes appear as ideal candidates for materials labeling. For instance, we have already demonstrated that oligourethane barcodes can be included in small amounts (typically less than a weight percent) in casted polystyrene films, [25] 3D-printed photo-cured methacrylate resins [25] and acrylate-based intraocular implants. [27] In all cases, it was also demonstrated that the barcodes can be selectively extracted from the host polymer materials and sequenced by MS/MS. Yet, in all these examples, the information sequence was included in a single oligomer chain (i.e. 1D-coding). In another recent study, our group has shown that information can also be written in a set of oligomers of different mass (i.e. 2D-coding). [28] In such a strategy, digital information is stored in a library of chains. The electrospray mass spectrometry (ESI-MS) analysis of these mixtures leads to an intentionally-polydisperse spectrum (i.e. first dimension fingerprint) and the MS/MS sequencing of eachindividual peakof this mass distributiongives access to the sequence-information included in each oligomer (i.e. second dimension fingerprint). This concept is powerful because (i) it does not require the synthesis of long coded oligomers and (ii) it gives access to an increased security level for anti-counterfeiting applications, as compared to standard 1D barcodes. However, this interesting 2D approach was not tested so far for materials labeling, mostly because the reported proof-of-concept was obtained with sequence-coded oligo(alkoxyamine amide)s, [28] which are thermolabile and thus very fragile oligomers. [10] Hence, in the present work, the 2Dcoding strategy was applied to sequence-defined oligourethanes and tested for the labelling of different commodity plastics such as polystyrene (PS), polyvinylchloride (PVC) and polyethylene terephthalate (PET).

Results and Discussion

Two libraries of sequence-coded oligourethanes were used as 2D barcodes for the labelling of thin plastics films (Figure 1). Each oligomer was prepared via a solid-phase orthogonal iterative process, as described in an earlier publication. [25] In this approach, two monomers are used as a binary alphabet. In the formed oligourethanes, a 1-bit corresponds to a methylated synthon, whereas a 0-bit corresponds to its non-methylated analogue (Figure 1).Combining this 14 Da mass difference with the specific dissociation pattern of sequencedefined oligourethanes in the negative ion mode, the nature of these synthons as well as their respective locations along these oligomeric chains can readily be distinguished in MS/MS sequencing, as reported earlier. [25] In the present work, the model digital sequence 01000001 01000010 was encoded in oligurethanes. In order to show the versatility of the 2D barcoding concept, this sequence was written in two different libraries, containing either three of four components, as shown in Figure 1.The four components library contained the oligomers P1-P4 (Figure 1 and Table 1), with sequence α-01, α-000, α-0010 and α-1000010, to be combined from the smallest to the largest one in order to compose the model digital sequence. [28] Alternatively, but using the same writing rules, [28] this sequence was generated with oligomers from the three components library, namely P1, P5 and P6 (Figure 1 and Table 1), with sequence α-01, α-000001 and α-01000010, respectively. In all oligomers, the prefix α in these sequences denotes a short spacer obtained after resin cleavage, as defined in previous works. [25,27] Table 1.ESI-HRMS characterization of the sequence-coded oligourethanes. a All the oligomers composing these libraries were first individually analyzed by electrospray ionizationhigh resolution mass spectrometry (ESI-HRMS). In all cases, the main signal could be assigned to the desired oligomer based on elemental composition derived from accurate measurements performed in the positive ion mode (Table 1).Moreover, all samples were highly monodisperse, although some impurities were sometimes detected as shown by mass spectra recorded in the negative ion mode (Figures S1-S6). Furthermore, the monomer sequence of each digital oligourethane was confirmed by negative mode ESI-MS/MS (Figures S7-S12).

Sequence

As mentioned in the introduction, three model commodity polymers were tested as host-matrices for the 2D-coded oligourethane libraries, namely polystyrene, poly(vinyl chloride) and polyethylene terephthalate. In order to show the versatility of the 2D-barcoding concept, both the three-component and the four-component oligourethane libraries were tested for labelling these three different polymers (i.e. six different samples were studied).For optimal anti-counterfeiting and traceability applications, the amount of barcodes that is included inside a product shall be as low as possible in order to not alter the physico-chemical properties of the host materials and to not be too easily spotted by potential infringers. Still, the embedded amount of the molecular barcode shall be sufficiently high to allow its extraction from the host matrix and its analytical detection. Following these prerequisites, the global oligourethane content was kept below 1 wt% in all studied films (i.e. 0.6-0.7 w% for the three-component library and 0.7-0.9 w% for the four component library).The sequencecoded libraries were incorporated in the polymer matrices using a simple solvent casting procedure. Typically, the host matrix and the oligourethanes constituting the chosen coded library were dissolved in a common good solvent(i.e. tetrahydrofuran for PS and PVC, phenol for PET) and mixed together. In most cases, it was necessary to heat the solutions in order to obtain a good dissolution of the oligourethanes, and eventually of the host matrix (e.g. for PET in phenol). The solutionswere then poured into glass plates and the solventswereevaporated to form homogeneous thin films.For PS and PVC, evaporation was performed at room temperature, whereas heating was necessary to form the PET films. It shall be noted that these mild thermal treatments (i.e. in the 50-90°C range) are not leading to noticeable oligourethane degradation. Indeed, as demonstrated in an earlier work, [25] the thermal decomposition of sequence-coded oligourethanes starts to occur around 150°C. In all cases, dried polymer films -transparent for PS and PVC and white for PET -were easily obtained via this solvent casting procedure. The formed films were then analyzed in order to verify the presence and the readability of the 2D barcodes within the host matrices. First, it was important to verify that the oligourethanes were homogeneously dispersed within the films. Taking into account the Coded library 2: 
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very low weight fraction and the very short chain-length of the oligourethanes that wereembeddedin the host matrices, phase segregation shall not occur within the films.

Nevertheless, homogeneity was verified using a simple qualitative 1 H NMR analysis. For this, small pieces of the films were cut at different locations and placed in a deuterated solvent. It shall be noted that the chosen deuterated solvent shall not necessarily fully solubilize the host films but shall solubilize the oligourethanes. The PET and PVC membranes were studied in DMSO-d 6 , whereas the PS membrane was studied in THF-d 6 .For all types of host matrices, the NMR spectra indicated the presence of the oligourethanes in all studied regions of the films, thus ruling out the possibility of an inhomogeneous distribution(Figures S13-S15).More importantly, the possibility to extract the 2D-oligourethane mixtures from the films was studied. To do so, all films were incubated in a methanolic solution of ammonium acetate (3 mM) for 10 min. Methanol is a non-solvent for PS, PVC and PET but it partially solubilizes oligourethanes at room temperature. Composition of this incubation solution allows optimal ionization of oligourethanes in the negative ion mode and was hence specifically selected to enable direct injection of extracts in the ESI source with no prior dilution. Figure 2 shows the MS spectrum that was obtained for the PET membrane labeled with the three-component oligourethanes library. It appears clearly that the three oligomers P1, P5 and P6 of the library can be clearly identified as deprotonated species [M-H] -at m/z values of 375.2, 835.5 and 1079.6, respectively. Due to their intentional mass differences, these three oligomers lead to a detectable first-dimension fingerprint in MS. [28] Furthermore, each peak of this mass distribution can be individually sequenced by MS/MS. Figure 2a-c shows the MS/MS spectra that were obtained for the three oligomers. Their digital sequence can be very easily deciphered, showing that neither solvent casting nor matrix-storage affected their structural integrity. In the present case, the model protection sequence 01000001 01000010 was unequivocally found, as evidenced in Figure 2.Comparable results were obtained for all types of films and all coded libraries (Figures S16-S20). It shall be mentioned that MS spectra obtained for PVC films showed oligourethanes signals of with much lower intensity compared to the other two membranes and exhibited noticeable impurities, which were initially present in the commercial PVC samples as supported by MS data recorded for the extract of a non-labeled PVC film (Figure S21).

Conclusions

In summary, uniform sequence-coded oligourethaneswere used as anti-counterfeit tags in commodity polymer matrices, i.e. PS, PVS and PET. However, instead of using one type of coded oligomer as reported before, [27] multicomponent libraries containing oligomers with different chain-length, sequence and mass were used. These coded libraries could be dispersed in all types of polymer matrices using facile solvent casting procedures.

Furthermore, the oligomer mixtures could be extracted in all cases from the films and analyzed by mass spectrometry. In particular, a combination of MS and MS/MS analysis allows to reconstruct a complex digital sequence included in the whole library. These results are important because they indicate that oligourethane barcoding is not restricted to singlecoded-chains but can be extended to more complex oligomer mixtures. Furthermore, the results of this communication evidence that the concept is relatively universal and can be applied to very different types of host plastics. Indeed, the selective solvent-extraction protocols described in this work are practicaland allow direct MS analysis of the sequencecoded barcodes (i.e. without requiring barcode amplification or other pre-analysis treatments).These results open up interesting new horizons for the identification and traceability of plastic-based or plastic-containing products.
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 1 Figure 1. Sequence-coded oligourethane libraries used in this work for the labelling of plastic
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  All accurate mass measurements were performed in positive mode ESI-MS, for either b [M+H] + or c [M+NH 4 ] + .
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 2 Figure 2.Mass spectrometry analysis of a PET membrane labeled with the three-
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