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Abstract
Ternatin, a highly N-methylated cyclic heptapeptide has promising potential for cancer treatment. However, its efficiency in biological treatment is limited due to its poor solubility and high degradation in aqueous solution. In this present study, methoxy polyethylene glycol (mPEG)-ternatin conjugate abbreviated as mPEG-ternatin was synthesised by direct esterification between a carboxyl end group of methoxy polyethylene glycol, mPEG-COOH and a hydroxyl group in the β-position of ternatin biomolecule which enhanced its solubility and decreased the degradation of ternatin biomolecule in aqueous solution while retaining its inherent anticancer properties. To this end, mPEG-ternatin linked through ester bond was further confirmed using various analytical techniques including FTIR, UV-Vis spectroscopy and HPLC. Importantly, in the solubility and stability studies, the solubility of mPEG-ternatin conjugate was found to be 8% higher than unconjugated ternatin. Furthermore, mPEG-ternatin conjugate exhibited a decreasing percentage of degradation of ternatin biomolecule by 1.9-fold lower than unconjugated ternatin after incubation in 10 mM HEPES pH 7.4 buffer solution at 37 °C for 6 hours. Ultimately, the enhanced properties of ternatin biomolecule by conjugating with a mPEG segment is expected to become new fundamental study in related fields as well as provide new insight into cancer treatments. 
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Abstrak
Ternatin, dengan kandungan N-metil siklik heptapeptida yang tinggi mempunyai potensi untuk rawatan kanser. Walau bagaimanapun, keberkesanannya terbatas dalam rawatan biologi disebabkan rendah keterlarutan dan kestabilannya di dalam air. Dalam kajian ini, konjugat diantara metoksi polietilena glikol (mPEG) dan ternatin, mPEG-ternatin telah disediakan melalui proses pengesteran secara langsung diantara kumpulan karboksil dari metoksi polietilena glikol, mPEG-COOH dan kumpulan hidroksil di posisi β dalam biomolekul ternatin. Hal ini demikian, untuk meningkatkan keterlarutan dan kestabilan molekul ternatin di dalam larutan akues tanpa mengganggu sifat anti kansernya. PEG-ternatin yang dihubungkan melalui ikatan ester disahkan melalui pelbagai teknik analisa yang telah dilakukan iaitu FTIR, spektroskopi UV-Vis dan HPLC. Hasil daripada kajian ini, keterlarutan biomolekul ternatin di dalam konjugat PEG-ternatin didapati ⁓8% lebih tinggi daripada molekul ternatin bebas. Sementara itu, melalui ujian kestabilan konjugat, PEG-ternatin menunjukkan penurunan peratusan degradasi molekul Ternatin sebanyak 1.9 kali ganda lebih rendah daripada molekul ternatin bebas. Kesimpulannya, penambahbaikan sifat molekul ternatin dengan kaedah konjugasi secara terus dengan molekul mPEG akan memberikan peluang baru dalam rawatan kanser. 

Kata kunci:  polietilena glikol, ternatin, konjugat, esterifikasi, keterlarutan, kestabilan
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Introduction
In recent years, the research community has been working to create biomimetic materials that mimic the features present in nature. Moreover, a breakthrough has come out in recent development of polymer chemistry using a fundamental theory of polymer phase behaviour at site-specific modification of peptide, synthetic biology, and single-chain polymer [1, 2]. However, there had been slight changes in obtaining successful selective molecular transport, hierarchical structure control, modulated responsiveness to small perturbation, and long-term enzymatic activity [1]. Therefore, researchers had agreed that polymer-biomolecule conjugate would improve this limitation. Mostly polymer-biomolecule conjugates are performed by site-specific, direct conjugation, which allow precise control of the biomolecule to the polymer. Currently, few bioconjugation methods have been discovered, for example, click chemistry, amidation, thiol-maleimide conjugation and esterification [1, 5 - 8]. A biomolecule is chemically conjugated by the conjugation method to form a stable linker or a degradable linker, such as an ester, disulphide, or peptide [9 - 11]. Despite that, esterification is seen as a better alternative due to its simplistic nature, where further modification on biomolecule is not required. Therefore, polymer-biomolecule conjugates formed by direct covalent conjugation via esterification process are a likely-looking new class of materials since one component complements each other.

Ternatin is a highly N-methylated cyclic heptapeptide, a natural compound extracted from the mushroom Coriolus versicolor. Ternatin biomolecule has been receiving great attention due to its anti-tumour, anti-inflammatories and anti-diabetic properties. Besides, the researchers have discovered that ternatin biomolecule appears to have a fat accumulation inhibitor that can be used to study the structure-activity relationship (SAR) of the ternatin biomolecule [2 - 5]. Furthermore, Shimokawa et al. revealed that the presence of hydroxyl group located at D-Leu7 derivative shows lower inhibition activity than that without this moiety, whereby the presence of the hydroxyl group in the D-Leu7 derivative of this moiety is not essential. Therefore, make its availability to install with a new functional group. Moreover, until now, the chemical modifications of the Ternatin biomolecule have been discovered to enhance its biological properties, for example modification of Ternatin biomolecule as molecular probe and biotinylation of Ternatin biomolecule using click chemistry [6, 12, 13]. However, no study has been reported on the conjugation of Ternatin biomolecule with a polymer unit to improve the solubility and stability properties of Ternatin biomolecule.

In polymer-based drug delivery with stealth characteristics, PEG is the most extensively utilised non-ionic hydrophilic and biocompatible polymer [14]. PEG possess an excellent solubility in water as well as in organic solvents making it suitable for the conjugation of polymer-biomolecule. Moreover, the biological inert characteristic of PEG with low toxicity makes PEG perfect for biological applications [14, 15]. Previously, Bayard et al.  reported a successful conjugation between mPEG with low molecular weight hydrophobic biomolecules including hormones and antioxidants through esterification leading to excellent drug pharmacokinetic properties [15]. Moreover, there is no fact-finding discussion on the conjugation of Ternatin biomolecule with a polymer unit to the best of our knowledge. Therefore, the remaining challenge inspired this study to develop the direct conjugation of a Ternatin biomolecule with a polymer and investigate its physicochemical properties as well as explore its potential applications. 

In the present work, mPEG-Ternatin conjugate was synthesised via direct esterification between a carboxyl group of mPEG end group and a hydroxyl group in the D-Leu7 derivative of the Ternatin biomolecule using Steglich condition. The reaction was conducted in 10 mM of HEPES with pH 7.4 buffer solution utilising a water soluble carbodiimide with the assistance of HOBt as coupling reagents. The general route employed for the synthesis of mPEG-Ternatin conjugate is shown in Figure 1. The mPEG-Ternatin conjugate was evaluated by their physicochemical properties through high-performance liquid chromatography (HPLC) analysis, Fourier transfer infrared (FTIR) analysis, and ultraviolet- visible (UV-Vis) spectrophotometer analysis, as well as solubility and stability studies. The results showed that a unit of polymer mPEG was successfully conjugated with a Ternatin biomolecule through esterification, and this conjugated mPEG improved the solubility and stability of Ternatin biomolecule. This new construction of molecular design in this present work is expected to be useful in the related field study such as in bioorganic and medicinal chemistry studies.
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[image: ]Figure 1.  Synthetic design of mPEG-Ternatin


Materials and Methods
Materials
Ternatin was acquired from Cayman Chemical (Michigan) and used as received. Methoxy polyethylene glycol carboxyl (mPEG-COOH) was acquired from Advanced BioChemicals (USA). 1M N-(2-Hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid) (HEPES), Phosphate buffer saline (PBS), 4-dimethyl aminopyridine (DMAP), 1-Hydroxybenzotriozole hydrate (HOBt), N-ethyl-N’-(3-dimethyl aminopropyl) carbodiimides (EDC), and ethanol were acquired from Sigma-Aldrich (USA) for the conjugation. Throughout the reaction and the purification process, ultra-pure water obtained from the Milli-Q water purification system was used. All the chemical agents, with an analytical grade were acquired from commercial sources in Malaysia.

Synthesis of methoxy polyethylene glycol and ternatin conjugate 
The synthesis of mPEG-Ternatin conjugate was made based on the reported methodology with few modifications [1, 2]. Firstly, 30 mg of mPEG-COOH was dissolved in 4 mL mixture of 10 mM HEPES with pH 7.4 buffer solution. The mixture was vigorously stirred using a magnetic bar stirrer for 20 hours at 25 °C. To this, 1 mg, and 3 mg of HoBt and EDC were added after fine suspension of PEG were visible. Then, the carboxylate group was activated by continuously stirring the reaction solution for 3 hours. At the same time, the stock solution of Ternatin was prepared in 1 mL of 10 mM HEPES by dissolving 1 mg of Ternatin. Under a nitrogen condition, the mixture of 13.624 µM of Ternatin and 10 mM HEPES was gradually added to the activated PEG while stirring. The mixture was continuously stirred for 20 hours at 25 °C ambient temperature. The final product was purified against 10 mM HEPES, followed by deionised water using an Amicon Ultra-15 Centrifugal Filter Unit (Membrane NMWL= 3KDa) to remove the unreacted molecules. Then, mPEG-Ternatin conjugate was further analyse using various analytical technique including FTIR, UV-Vis Spectroscopy and HPLC.


Physicochemical characterisation: Reverse phase high-performance liquid chromatography analysis
Reverse phase high-performance liquid chromatography (HPLC) using an Ultimate 3000 DIONEX chromatograph equipped with a WPS-3000 autosampler a TCC-3100, a thermostat column compartment, Diode Array Detector DAD-3000, and LGP-3400 RS dual-pump fluid control module, was used to identify the purity of the unconjugated Ternatin and mPEG-Ternatin conjugate (Shelton, USA). The Chromeleon 6.80 software (Dionex Corporation) was used for the data acquisition. RP-HPLC analysis was performed using a reversed-phase C18 column as the stationary phase (Brownlee Analytical C18 5µm, 150 mm × 4.6 mm) connected to a guard column (Brownlee Analytical C18) (PerkinElmer Life and Analytical Sciences, Shelton, USA). The analysis of mPEG-Ternatin conjugate using HPLC was carried out following the method from previous literature with some modifications [2, 19, 20]. The mobile phase consisted of two components, A: 0.1% HCOOH in H2O and B: 0.1% HCOOH in MeCN. The ratio of the components A and B was set at 40:60 (v/v), the flow rate was set at 1 mL/minute, and the total analysis time was 15 minutes. The volume of injection was 10 µL, the temperature of the sample and column were set at 25 °C ambient temperature, and the detector of UV-visible was set at 200nm and 280 nm to detect the content of unconjugated Ternatin and mPEG-Ternatin conjugate.

UV-Vis analysis
UV-Vis analysis of the emission and absorption spectra of the unconjugated ternatin and mPEG-ternatin conjugate was carried out on a double beam PerkinElmer Lambda EZ210 spectrophotometer using 1 cm length of quartz cuvette in a range of 200 nm to 400 nm to identify the wavelength and absorbance range of the conjugate. The mPEG-Ternatin conjugate was analysed at room temperature, and all the spectra were corrected to the blank data.

Fourier transform infrared spectroscopy analysis
Fourier transform infrared (FTIR) spectroscopy was used to identify the chemical structure characterisation between ternatin biomolecule and mPEG using PerkinElmer Spectrum RX1. The aim of chemical structure characterisation was to analyse different functional groups that vibrate at a particular frequency. In this experiment, the spectra were obtained by analysing mPEG-ternatin conjugate using FTIR with a range of 250-4000 cm-1 and a spectral resolution of 1 cm-1 at 25 °C ambient temperature with a single beam purgeable, single compartment.

Solubility analysis
1 mL of PEG-ternatin conjugate was added into 4 mL water and followed by stirring, sonicating and vortexing until the conjugate was fully dispersed in water. Next, the mixture was shaken in a constant shaking incubator for 24 hours before being centrifuged at 14,000 rpm for 5 minutes. The reaction solution was diluted two times lower than initial concentration. The obtained mPEG-ternatin conjugate was calculated from its concentration based on a ternatin calibration plot (R2 = 0.996) by UV–Vis spectrometer at λ = 200 nm.

Stability analysis
1 mL of mPEG-ternatin conjugate was added into 4 mL of 10 mM HEPES pH 7.4 buffer solution and subsequently, the solutions were incubated at 37 °C for 6 hours. In an hour interval, the sample of mPEG-Ternatin conjugate was taken and the change of absorbance of the conjugate was determined and analysed by UV-Vis Spectrometer.

Results and Discussion
Characterisation of mPEG-ternatin conjugate
The mPEG-ternatin conjugate that was performed in 10 mM HEPES with pH 7.4 buffer solution utilising EDC as coupling reagent with the assistance HOBt at 25 °C for 20 hours was collected and purified by RP-HPLC and centrifugation, respectively. The conjugation percentage was confirmed and identified by HPLC spectra of ternatin absorption wavelength at 280 nm. Figure 2(a) depicts the HPLC spectrum of unconjugated ternatin exhibiting a sharp peak at the 1.55 min of elution time indicating the presence of ternatin biomolecule. Meanwhile, Figure 2(b) indicates the presence of mPEG-ternatin conjugate at 2.3 min of the elution time. The percentage conjugation of mPEG-ternatin conjugate was calculated based on ternatin biomolecule’s standard calibration curve. As a result, the percentage of concentration of mPEG-ternatin conjugate was found to be 49%. This indicates that the direct esterification reaction between the carboxyl group of mPEG, and the hydroxyl group in the β-position of ternatin biomolecule using the Steglich condition was confirmed to be successful and was further confirmed by UV-Vis and FTIR analyses. 

Moreover, in order to double confirm the conjugation, UV-Vis study of the emission and absorption spectra was performed from 190 nm until 330 nm for unconjugated ternatin and mPEG-ternatin. The characteristics of the UV-Vis absorption spectrum of unconjugated ternatin and mPEG-ternatin are shown in Figure 3. The peak of UV-Vis absorption of unconjugated ternatin biomolecule was observed at wavelength of 200 nm, whereas after being conjugated, the peak shifted to 280 nm. The emergence of a new absorption peak indicated the covalent conjugation and confirmed the successful conjugation of mPEG-ternatin. The change in the position of these bands reveals the conformational change in ternatin biomolecule after conjugation with mPEG.

Synthesis of mPEG-ternatin conjugate was achieved by direct esteriﬁcation of mPEG-COOH and ternatin biomolecule was conﬁrmed by FTIR spectrum as shown in Figure 4. As a result, Figure 4(a) shows the FTIR spectra of unconjugated ternatin in which a broadband at a range of 3000 cm-1 to 3500 cm-1 was assigned to O-H stretching. Figure 4(b) portrays the FTIR spectrum of mPEG-Ternatin conjugate in which the peak relatively sharper at a range of 3000 cm-1 to 3500 cm-1 than Figure 4(a) that indicates that the conjugate contains O-H moieties from the ternatin biomolecule. The peak owing to the aliphatic C-H stretching appeared around 2900 cm-1 in produced mPEG-ternatin. mPEG-ternatin linked through ester bond is proven using FTIR with the existence of C-O and C=O carboxylate stretching frequencies at 1100 cm-1 and 1650 cm-1. The appearance of peaks of ester linkages in FTIR spectra indicated the successful of mPEG-ternatin conjugation.
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Figure 2.  HPLC spectra of (a) unconjugated ternatin and (b) mPEG-ternatin
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Figure 3. 	UV-Vis absorption spectrum of unconjugated ternatin and mPEG-ternatin conjugate in 10 mM of HEPES with pH 7.4 buffer solution


[image: ](b)
(a)

Figure 4.  FTIR spectra of (a) unconjugated ternatin and (b) mPEG-ternatin conjugate
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The solubility of mPEG-ternatin conjugate
The poor water solubility of Ternatin biomolecule is one of the main obstacles limiting this hydrophobic drug’s further medical application. Herein, the solubility of conjugation of ternatin biomolecule with mPEG was explored. PEG conjugation considerably enhances the solubility of several anticancer drugs, which further improve their bioavailability and antitumor activities. Furthermore, due to the hydrophilic nature of PEG, it forms a hydrophilic outer layer by holding the hydrophobic ternatin biomolecules, which is formed by direct esterification in aqueous medium. As a result, the solubility of conjugation of mPEG-ternatin was 1.15 µg/mL and unconjugated Ternatin content was calculated to be 1.06 µg/mL. This shows that mPEG-ternatin was ⁓8% higher than that of unconjugated Ternatin due to the strong solubility of PEG. Therefore, the dramatically improved solubility has pushed one step ahead for the medical application of Ternatin biomolecule.

The stability of mPEG-ternatin conjugate
In order to further investigate the ability of mPEG-ternatin conjugate, the stability test was conducted in the mimicking biological environment. Ternatin biomolecule and mPEG-ternatin conjugate stability test was conducted by dissolving in 10 mM HEPES buffer with pH 7.4 and incubated at 37 °C for 6 hours. An adequate amount of samples was taken every hour, and subsequently, the changes were monitored using UV-Vis spectrophotometer. The percentages of the degradation unconjugated ternatin were calculated based on the initial absorbance of the samples. The result shown in Figure 6 revealed that the percentages of remaining ternatin of mPEG-ternatin conjugate after 6 hours of incubation at 37 °C (61%) was 1.9 times higher compared to the unconjugated ternatin, which is 32%. The higher stability of mPEG-ternatin compared to the unconjugated Ternatin could suggest that the conjugated PEG at the vicinal Ternatin provide a protection to the Ternatin biomolecule in the biological environment. 
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Figure 5.  The concentration of unconjugated ternatin and mPEG-ternatin conjugate
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Figure 6. 	The degradation of unconjugated ternatin and mPEG-ternatin conjugate in 10 mM HEPES buffer pH 7.4 at 37 °C for 6 hours
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Conclusion
In summary, mPEG-ternatin conjugate was synthesised by direct esterification between the carboxyl group of methoxy polyethylene glycol, mPEG-COOH and the hydroxyl group at the D-Leu7 derivative of the ternatin biomolecule, increasing the aqueous solubility and stability of the ternatin biomolecule relative to unconjugated ternatin. The mPEG-ternatin conjugate significantly improved their solubility, which was ⁓8% higher than unconjugated Ternatin due to the strong solubility of mPEG. Meanwhile, the stability studies exhibited that mPEG-ternatin conjugate was 29% more stable than unconjugated ternatin due to 1.9 times lower degradation compared to the unconjugated ternatin. Therefore, reported conjugation of mPEG-ternatin conjugate was proven to significantly enhance solubility and stability, thereby promising their future in biological application. Further studies on this topic are now in progress. 
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