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Abstract: This paper investigates the transesterification of methyl 3-mercaptopropionate (MP-SH)
with tetraethylene glycol (TEG) and poly(ethylene glycol)s (PEG)s catalyzed by Candida antarctica
Lipase B (CALB) without the use of solvent (in bulk). The progress of the reactions was monitored
by 1H-NMR spectroscopy. We found that the reactions proceeded in a step-wise manner, first
producing monothiols. TEG-monothiol was obtained in 15 min, while conversion to dithiol took 8 h.
Monothiols from PEGs with Mn = 1000 and 2050 g/mol were obtained in 8 and 16 h, respectively.
MALDI-ToF mass spectrometry verified the absence of dithiols. The synthesis of dithiols required
additional fresh CALB and MP-SH. The structure of the products was confirmed by 1H-NMR and
13C-NMR spectroscopy. Enzyme catalysis was found to be a powerful tool to effectively synthesize
thiol-functionalized TEGs and PEGs.

Keywords: Candida antarctica Lipase B; transesterification; polymer functionalization; tetraethylene
glycol; poly(ethylene glycol)

1. Introduction

Poly(ethylene glycol) (PEG) is the most frequently used polymer for biomedical research and
applications because it is soluble in organic as well as aqueous media [1], is not cytotoxic and
immunogenic [2], and is easily excreted from living organisms [3]. Click chemistries and Michael
addition reactions are often used for PEGylation of drugs to make them more water soluble [4].
Thiol-functionalized PEGs have an important role in these reactions [5–10] and can be used as a ‘Michael
donor’ or in thiol-ene click reactions to synthesize conjugates for targeted drug delivery [7]. Other uses
include the following: An anti-fouling biosensor coating [8], to stabilize gold nanorods used to test
water for chemical pollutants [9], and to stabilize gold nanoparticles used as drug delivery vehicles [10].
Thiol-functionalized PEG is also a favorite to make self-assembling monolayers on gold surfaces [8].
Mahou et al. [11] reported the single synthetic strategy to obtain PEG-monothiol. They tosylated one
hydroxyl end-group of the PEG-diol using p-toluenesulfonyl chloride in the presence of silver oxide
and potassium iodide catalyst and toluene solvent. The tosylated PEG was then reduced with sodium
hydrosulfide at 60 ◦C to yield PEG-monothiol with 84% yield. PEG-dithiols have been synthesized
by various methods. In one method, the hydroxyl end groups were reacted with allyl bromide at
120 ◦C, followed by a radical-mediated addition of thioacetic acid and subsequent reduction to thiol
using sodium hydroxide/sodium thiomethoxide, with a 56% yield [12–14]. Another route reported
tosylation of the hydroxyl end groups, followed by a reaction with a xanthate and de-protection with
an alkyl amine that gave 98% yield [15,16]. The simplest method used esterification of mercapto-acids
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in toluene at 120 ◦C using p-toluenesulfonic acid or sulfuric acid as catalysts: An example is shown in
Figure 1 [17–25].
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These methods employ acid catalysts; and hence are not “green”. Against this background,
we investigated the synthesis of thiol-functionalized tetraethylene glycol (TEG) and PEGs by
transesterification of methyl 3-mercaptopropionate (MP-SH) under solvent-less conditions using a
heterogeneous catalyst, namely, Candida antarctica Lipase B (CALB). CALB-catalyzed functionalization
of low molecular weight polymers was first reported by our research group yielding pure products with
high efficiency [26–32]. For example, halogen-functionalized PEGs were made by the transesterification
of halo-esters with PEG monomethyl ether under solvent-less conditions at 65 ◦C for 4 h under vacuum
(70 milliTorr) [31]. Methacrylate, acrylate, and crotonate functionalization of PEGs was also achieved
under solvent-less conditions within 4 h at 50 ◦C by reacting PEG with the corresponding vinyl esters
(vinyl methacrylate, vinyl acrylate, and vinyl crotonate) in the presence of immobilized CALB [32].

Precise thiol-functionalization of TEG and PEGs by enzyme catalysis has not been reported
previously in the literature. This study presents the first examples of precision synthesis of TEG and PEG
monothiols and dithiols. In this study, two types of PEGs (Mn = 1000 g/mol and Mn = 2050 g/mol) were
used to evaluate the effect of PEG chain length on the kinetics of the CALB-catalyzed transesterification
reaction of methyl 3-mercaptopropionate (MP-SH) with PEGs at 50 ◦C, an optimum temperature for
CALB-catalyzed reactions [33]. MP-SH was selected because of its low cost and the convenient removal
of the methanol side product by vacuum. CALB supported on various carriers were reported to be
more effective than the native enzyme [34–36] and depending on the specific conditions were shown to
be recyclable four [37] or twenty times [36]. We have been using the only commercially available CALB
(20 wt% immobilized on a macroporous acrylic resin, Novozyme® 435).

2. Results and Discussion

2.1. CALB-Catalyzed Transesterification of MP-SH with TEG

First, MP-SH was transesterified with TEG under solvent-less conditions using CALB as the
catalyst. The catalytic triad for transesterification of CALB was shown to consist of serine (Ser105),
histidine (His224), and aspartate (Asp187) [38]. Figure 2 illustrates our rendition of the mechanism of
transesterification of MP-SH by TEG [33]. The top (dark shaded) portion of the enzyme is the so-called
“carbonyl pocket” while the bottom (lighter shaded) is the “hydroxyl pocket”. First, the nucleophilic
serine (Ser105) in the free enzyme interacts with the carbonyl group of the thioester, forming the first
tetrahedral intermediate (THI-1) that is stabilized by the so-called oxyanion hole (three hydrogen
bonds: One from glutamine (Gln106) and two from threonine (Thr40)) [38]. In the second step, the
ester bond in THI-1 is cleaved to form an acyl-enzyme complex (AEC) that releases the first product,
methanol in this case, which is removed due to the applied vacuum (420 Torr), making the reaction
irreversible. In the third step, the HO- group of the diol positioned in the hydroxyl pocket interacts
with the carbonyl group of the AEC, forming the second tetrahedral intermediate (THI-2), which is also
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stabilized by the oxyanion hole. In the last step, the enzyme is deacylated to form a TEG-monothiol
that is released from the THI-2 and the enzyme is regenerated.

The second -OH group of the TEG-monothiol will then be converted to thiol in a second cycle
in a similar manner as the first cycle as shown in Figure 3. However, the first and second cycle may
proceed simultaneously in a competitive reaction between the hydroxyl groups of unreacted TEG and
TEG-monothiol. Thus, we first studied the kinetics of CALB-catalyzed transesterification of MP-SH
with TEG.
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2.1.1. Kinetics of CALB-Catalyzed Transesterification of MP-SH with TEG

The progress of the reaction was monitored by 1H-NMR spectroscopy. At time 0, the protons
from MP-SH (thiol proton triplet at 1.60 ppm (a), methylene protons—quartet at δ = 2.73 ppm (b) and
triplet at δ = 2.61 ppm (c)) can be seen together with the proton signals of TEG (CH2 protons next to
the -OH end group at δ = 3.57 ppm (e) and at δ = 3.64 ppm (f) and the internal CH2 protons of TEG
at δ = 3.63 ppm (g)). The methyl protons of MP-SH (h) also appear in this region at δ = 3.66 ppm,
overlapping with the methylene proton signals (f) of TEG. It can be observed from Figure 4 that
the intensity of the signal at δ = 3.57 ppm (e) gradually decreases as the reaction time increases.
The formation of the ester bond is demonstrated by the appearance of a new signal at δ = 4.23 ppm,
corresponding to the methylene protons next to the carbonyl group in the product (e’, Figure 4).
The proton signals (b) and (c) slightly shift to 2.75 ppm (b’) and δ = 2.64 ppm (c’). After 15 min of
reaction time, the ratio of the internal CH2 protons of TEG at δ = 3.61 ppm (g) to (e’) in the product
was 8:1.98, indicating the formation of TEG-monothiol. After the formation of TEG-monothiol, the
reaction slowed down considerably. Complete conversion to dithiol took 450 min, and the relative
integrals of (g): (e’) at 8:3.88 indicated the formation of TEG-dithiol (Figure 4).
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3.61 (8H)].

We theorize that in the second cycle the carbonyl group of the free MP-SH competes with the
carbonyl group of the TEG-monothiol for complexation in the carbonyl pocket of CALB, thereby
slowing down the second cycle of the reaction. Another reason might be the deactivation of CALB
by the methanol released in the reactions that is not completely removed in the vacuum. Thus, the
reaction proceeds sequentially in a consecutive manner.

2.1.2. Synthesis of TEG-monothiol and TEG-dithiol

Figure S1 shows the 1H- and 13C-NMR spectra of TEG-monothiol synthesized with a reaction time
of 15 min after filtering the enzyme and removing the excess thioester but without further purification
(93% reaction yield because some material is lost with the enzyme). In the 1H-NMR spectrum of the
monothiol (Figure S1A), the ratio of the integral of the methylene protons next to the SH group in
the product at 2.75 ppm (b’) and δ = 2.64 ppm (c’) to the integral of the methylene protons next to
the carbonyl group at δ = 4.23 ppm (e’) is 4.00:2.00, indicating the formation of the TEG-monothiol
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with 100% conversion. In the 13C-NMR spectrum of the monothiol (Figure S1B), signals corresponding
to the carbons in the thiol end group (B, C, D, E’ and F’) and the carbons next to the -OH end group
(E and F) appears distinctly, that demonstrates the formation of the TEG-monothiol.

Figure S2 shows the 1H- and 13C-NMR spectra of the TEG-dithiol that was synthesized with a
reaction time of 7.5 h (88% reaction yield). The ratio of the integral values of signals (b’) + (c’) to (e’)
are 8.00:3.88, indicating the formation of the TEG-dithiol. The 13C-NMR spectrum in Figure S2B shows
only the signals corresponding to the thiol end groups, with only traces of signals corresponding to the
carbons next to the -OH (E and F) at δ = 72.38 ppm and δ = 61.16 ppm, possibly from traces of residual
TEG-monothiol, indicating 100% conversion of the -OH groups to the thiols.

In summary, CALB-catalyzed transesterification of MP-SH with TEG in bulk yielded
TEG-monothiol in 15 min with 93% reaction yield, and TEG-dithiol in 7.5 h with 88% reaction yield
and 100% conversion without purification, such as column chromatography.

2.2. CALB-Catalyzed Transesterification of MP-SH with PEGs

2.2.1. Kinetics of CALB-catalyzed transesterification of MP-SH with PEG

MP-SH was reacted with PEG1000 using enzyme catalysis, and the reaction was monitored over
24 h with 1H-NMR spectroscopy (see Figure 5). Because low molecular weight PEGs (<3000 g/mol)
are liquid at the reaction temperature and are miscible with MP-SH, no solvent was necessary as a
medium for the reaction. The main chain protons (g) and the methylene protons next to the –OH
(e and f) and the thioester (f’) appear at δ = 3.61 ppm. For PEG1000-monothiol, the new methylene
protons next to the carbonyl group (e’) appear at δ = 4.23 ppm, which makes the integral value of
internal protons of PEG1000 (g, e, f, and f’): 88 − 2 = 86. Therefore, the integral value of the internal
protons was set to 86 for calculating the extent of the reaction. Based on the integral ratio of (g, e,
f, and f’): (e’), about 60% of the PEG1000 was converted to PEG1000-monothiol in 60 min (Figure 5).
Then the reaction slowed down, and it took 8 h to convert all PEG1000 into monothiol. Dithiol was not
detected even after 24 h. The mechanism presented in Figure 2 for TEG also applies for PEG. Thus, we
theorize that in the second cycle the carbonyl group of the free MP-SH competes with the carbonyl
group of the PEG-monothiol for complexation in the carbonyl pocket of CALB, thereby slowing down
the second cycle of the reaction. In addition, the CALB may be deactivated by the methanol released
in the reactions that is not completely removed by the vacuum.
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MP-SH was also transesterified with PEG2050 and the reaction was monitored over 24 h by
1H-NMR spectroscopy (not shown). Similarly to the PEG1000, only monothiol was obtained. In addition,
complete conversion to monothiol was achieved in 16 h, which suggests higher molecular weight
required longer reaction time.

2.2.2. Synthesis of PEG1000-monothiol

The 1H-NMR of the PEG1000-monothiol is shown in Figure 6A. The integral ratio of (b’) + (c’) to
the methylene protons in the new ester bond at δ = 4.23 ppm is 4:00:1.86, indicating the formation
of PEG1000-monothiol. Figure 6B shows the 13C-NMR spectrum of PEG1000-monothiol. Signals
corresponding to the carbons next to the thioester (E’ and F’) and –OH end groups (E and F) appear
simultaneously, indicating the formation of monothiol.
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The product was further analyzed by MALDI-ToF mass spectrometry and Figure 7 shows the
spectrum. There are two major distributions of peaks (Figure 7A), each separated by 44 m/z units
(Figure 7B). The peak at m/z 1097.63 corresponds to the Na complex of the 22-mer fraction of PEG1000

monothiol [1097.63 = 22 × 44.03 (C2H4O repeat unit) + 89.14 (HSC2H4CO- end group) + 17 (HO- end
group) + 22.99 (Na+)]. The peak at m/z 560.31 corresponds to the doubly charged Na complex of the
22-mer fraction of PEG1000 monothiol [560.31 = [(1097.63 ([M + Na]+) + 22.99 (Na+)]/2]. The small
distribution of peaks appearing under the doubly charged Na complex distribution corresponds to
traces of unreacted PEG1000 from the reaction mixture (<5%) that could not be detected by NMR. Thus,
based on the MALDI mass spectrometry data, over 95% conversion of one of the OH groups to thiol
was achieved in 24 h. No traces of PEG-dithiol were found. Therefore, it can be concluded that the
product was exclusively PEG1000-monothiol with no traces of dithiol, with 100% yield.
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2.2.3. Synthesis of PEG1000-dithiol

PEG1000-dithiol was obtained by reacting PEG1000-monothiol with fresh MP-SH and CALB for
24 h under solvent-less conditions. Figure 8 shows the 13CNMR spectrum of the PEG1000-dithiol.
The disappearance of the signals (F and E, Figure 6) at δ = 72.66 ppm and δ = 61.72 ppm, corresponding
to the methylene protons next to the hydroxyl end-groups from the PEG1000-monothiol indicates full
conversion to PEG1000-dithiol in 24 h with 85% reaction yield.
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Figure 8. 13C-NMR of PEG1000 dithiol [13C-NMR (500 MHz, CDCl3): δ 171.3, 70.4, 68.9, 63.6, 38.3, 19.6].

PEG2050 mono- and di-thiols were also synthesized as described in the Experimental section.
The 1H-NMR spectra shown in Figure S3 verified the structure of the PEG2050 mono- and di-thiols that
were obtained with 100% and 94% reaction yield.

3. Materials and Methods

3.1. Materials

Candida antarctica Lipase B (CALB, 33273 Da, 20 wt% immobilized on a macroporous acrylic
resin Novozyme® 435) was obtained from Sigma Chemicals (St. Louis, MO, USA). Poly(ethylene
glycol)s (PEG1000, Mn = 1000 g/mol, Ð = 1.14; and PEG2050, Mn = 2050 g/mol, Ð = 1.09), and
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methyl-3-mercaptopropionate (MP-SH, 98%) were obtained from Aldrich Chemicals (St. Louis, MO,
USA). Tetraethylene glycol (TEG) and tetrahydrofuran (THF, ≥99%) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Diethyl ether (95.8%) was obtained from Fisher Chemicals (Hampton, NH, USA).
Deuterated chloroform (CDCl3, D 99.8%) was obtained from Cambridge Isotope Laboratories Inc.

3.2. Methods

3.2.1. CALB-catalyzed transesterification of MP-SH with TEG

1. Kinetic study

TEG (1.9782 g, 10.2 mmol) was dried under vacuum (Schlenk line) at 65 ◦C and 0.2 Torr until
bubble formation ceased. It was then mixed with MP-SH (3.6204 g, 30.1 mmol) at 50 ◦C and 420 Torr
in the presence of CALB (0.2549 g resin @ 20 wt% enzyme, 0.0015 mmol). After 1 min, the vacuum
was removed, N2 gas was passed through the system and an aliquot was collected. The vacuum was
reinstated, and the procedure was repeated to collect aliquots at 3, 5, 10, 15, 30, 60, 120, 240, 300, 390,
and 450 min. 1H-NMR spectroscopy was used to check the extent of the reaction.

2. Synthesis of TEG-monothiol

TEG (3.8805 g, 20 mmol) was dried under vacuum (Schlenk line) at 65 ◦C and 0.2 Torr until bubble
formation ceased. It was then mixed with MP-SH (7.4007 g, 61.6 mmol) at 50 ◦C and 420 Torr in the
presence of CALB (0.4912 g resin @ 20 wt% enzyme, 0.0029 mmol). After 15 min, the reaction mixture
was diluted with 3 mL of dried THF, filtered over a Q5 filter paper and then dried under vacuum
(Schlenk line) at 50 ◦C for two hours. The product was then dried in a vacuum oven for further analysis
(4.1685 g, 93% reaction yield).

3. Synthesis of TEG-dithiol

TEG (1.9782 g, 10.2 mmol) was dried under vacuum (Schlenk line) at 65 ◦C and 0.2 Torr until
bubble formation ceased. It was then mixed with MP-SH (3.6204 g, 30.1 mmol) at 50 ◦C and 420 Torr
in presence of CALB (0.2549 g resin @ 20 wt% enzyme, 0.0015 mmol). After 450 min, the reaction
mixture was diluted with 3 mL of dried THF, filtered over a Q5 filter paper and then dried under
vacuum (Schlenk line) at 50 ◦C for two hours. The product was then dried in a vacuum oven for
further analysis (3.5327 g, 88% reaction yield).

3.2.2. CALB-catalyzed transesterification of MP-SH with PEG

1. Kinetic study

• PEG1000

PEG1000 (3.9893 g, 4.04 mmol) was dried under vacuum (Schlenk line) at 65 ◦C and 0.2 Torr for
16 h. It was then mixed with MP-SH (1.4563 g, 12.11 mmol) and reacted at 50 ◦C and 420 Torr in the
presence of CALB (0.0977 g resin @ 20 wt% enzyme, 0.00058 mmol). After 1 min, the vacuum was
removed and N2 gas was passed through the system and an aliquot was collected. The vacuum was
reinstated, and the procedure was repeated to collect aliquots at 3, 5, 10, 15, 30, 60, 120, 240, 360, 480,
600, 720, 960, and 1440 min. 1H-NMR spectroscopy was used to check the extent of the reaction.

• PEG2050

PEG2050 (4.6117 g, 2.25 mmol) was dried under vacuum (Schlenk line) at 65 ◦C and 0.2 Torr for
16 h. It was then mixed with MP-SH (1.6550 g, 13.7 mmol) and reacted at 50 ◦C and 420 Torr in the
presence of CALB (0.1134 g resin @ 20 wt% enzyme, 0.00068 mmol). After 1 min, the vacuum was
removed and N2 gas was passed through the system and an aliquot was collected. The vacuum was
reinstated, and the procedure was repeated to collect aliquots at 3, 5, 10, 15, 30, 60, 120, 240, 360, 480,
600, 720, 960, and 1440 min. 1H-NMR spectroscopy was used to check the extent of the reaction.
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2. Synthesis of PEG-monothiols

• PEG1000-monothiol

PEG1000 (6.0882 g, 6.16 mmol) was dried under vacuum (Schlenk line) at 65 ◦C and 0.2 Torr for
16 h. It was then mixed with MP-SH (2.1793 g, 18.13 mmol) and reacted at 50 ◦C and 420 Torr in the
presence of CALB (0.1501 g resin @ 20 wt% enzyme, 0.00090 mmol). After 24 h, the reaction mixture
was diluted with 3 mL of dried THF, filtered over a Q5 filter paper and then dried under vacuum
(Schlenk line) at 50 ◦C for 16 h. The product was then dried in a vacuum oven for further analysis
(6.0967 g, ~100% reaction yield).

• PEG2050-monothiol

PEG2050 (4.6117 g, 2.25 mmol) was dried under vacuum (Schlenk line) at 65 ◦C and 0.2 Torr for
16 h. It was then mixed with MP-SH (1.6550 g, 13.7 mmol) and reacted at 50 ◦C and 420 Torr in the
presence of CALB (0.1134 g resin @ 20 wt% enzyme, 0.00068 mmol). After 24 h, the reaction mixture
was diluted with 3 mL of dried THF, filtered over a Q5 filter paper and precipitated in 100 mL of
diethyl ether. The precipitate was then dried in a vacuum oven for further analysis (4.2034 g, ~100%
reaction yield).

3. Synthesis of PEG-dithiols

• PEG1000-dithiol

PEG1000-monothiol (2.1005 g, 1.95 mmol) was dried under vacuum (Schlenk line) at 65 ◦C and
0.2 Torr for 16 h. It was then mixed with MP-SH (3.1031 g, 25.8 mmol) at 50 ◦C and 420 Torr in presence
of CALB (0.0940 g resin @ 20 wt% enzyme, 0.00056 mmol) for 24 h. After 24 h of reaction time, the
reaction mixture was diluted with 3 mL of dried THF, filtered over a Q5 filter paper and then dried
under vacuum (Schlenk line) at 50 ◦C for 16 h. The product was then dried in a vacuum oven for
further analysis. (2.1461 g, 85% reaction yield).

• PEG2050-dithiol

PEG2050-monothiol (4.000 g, 1.87 mmol) was dried under vacuum (Schlenk line) at 65 ◦C and
0.2 Torr for 16 h. It was then mixed with MP-SH (2.7125 g, 22.5 mmol) at 50 ◦C and 420 Torr in the
presence of CALB (0.2274 g resin @ 20 wt% enzyme, 0.0013 mmol) for 24 h. After 24 h, the reaction
mixture was diluted with 3 mL of dried THF, filtered over a Q5 filter paper and precipitated in 100 mL
of diethyl ether. The precipitate was then dried in a vacuum oven for further analysis (3.7791 g, 94%
reaction yield).

3.3. Characterization

3.3.1. Nuclear Magnetic Resonance (NMR) Spectroscopy

Varian Mercury 300 MHz and 500 MHz spectrometer (Palo Alto, CA, USA) was used to record the
1H-NMR and 13C-NMR spectra in CDCl3 at 20 mg/ml and 60 mg/ml respectively with the following
parameters: 10 second relaxation time, 128 scans (5000 scans for 13C-NMR) and 90◦ angle. The internal
reference for chloroform was δ = 7.26 ppm (1H-NMR) and δ = 77 ppm (13C-NMR).

3.3.2. Mass Spectrometry

Matrix-Assisted Laser Desorption Ionization Mass Spectrometry (MALDI-MS) experiments were
performed on a Bruker UltraFlex III MALDI tandem time-of-flight (ToF/ToF) mass spectrometer
(Bruker Daltonics, Billerica, MA, USA) equipped with a Nd:YAG laser emitting at 355 nm.
Trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene] malononitrile (98%; Sigma-Aldrich, St.
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Louis, MO, USA) and sodium trifluoroacetic acid (98%; Sigma-Aldrich, St. Louis, MO, USA) (NaTFA)
served as a matrix and cationizing salt, respectively. Solutions of the matrix (20 mg/mL), cationizing
salt (10 mg/mL), and the sample (10 mg/mL) were prepared in THF (Fisher, Fair Lawn, NJ, USA).
The matrix/sample/cationizing agent solutions were mixed in the ratio 10:2:1 (vol/vol/vol), and
0.5–1.0 µL of the final mixture were applied to the MALDI sample target and allowed to dry at
ambient conditions before spectral acquisition. This sample preparation protocol led to the formation
of [M + Na]+ ions. Spectral acquisition was carried out at reflectron mode and ion source 1 (IS 1),
ion source 2 (IS 2), source lens, reflectron 1, and reflectron 2 potentials were set at 25.03 kV, 21.72 kV,
9.65 kV, 26.32, and 13.73 kV, respectively.

4. Conclusions

In conclusion, we successfully prepared thiol-functionalized TEGs and PEGs via enzyme catalyzed
transesterification of methyl 3-mercaptopropionate with TEG, and PEGs having Mn = 1000, and
2050 g/mol. These reactions were performed without using solvents (in bulk) and using Candida
antartica Lipase B (CALB) as an enzyme catalyst. The progress of the reactions was monitored using
1H-NMR spectroscopy. The transesterification was found to be a step-wise consecutive reaction.
TEG-monothiol was exclusively formed in 15 min, followed by a slower second cycle yielding
TEG-dithiol in 7.5 h. PEG1000-monothiol was obtained within 8 h; however, dithiol formation was not
observed even after 24 h of reaction. PEG1000-dithiol was obtained by reacting PEG1000-monothiol
with fresh CALB and MP-SH for 24 h. PEG2050-monothiol was formed in 16 h, and dithiol formation
required additional CALB and MP-SH. Based on our data, it can be concluded that enzyme catalyzed
transesterification is a convenient and green method to effectively synthesize PEG mono- and di-thiols
that are suitable candidates for thiol-ene click reactions and Michael addition type of reactions [4].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/3/228/s1,
Figure S1: (A) 1H-NMR and (B) 13C-NMR spectra of TEG-monothiol, Figure S2: (A) 1H-NMR and (B) 13C-NMR of
TEG-dithiol, Figure S3: 1H-NMR spectrum of (A) PEG2050 monothiol and (B) PEG2050 dithiol.

Author Contributions: Conceptualization, J.E.P. and P.M.; methodology, P.M. and J.E.P.; validation, P.M., G.S., and
J.E.P.; formal analysis, P.M. and J.E.P.; investigation, P.M.; resources, J.E.P.; data curation, J.E.P.; writing—original
draft preparation, P.M.; writing—review and editing, P.M., G.S., and J.E.P.; visualization, P.M.; supervision, J.E.P.;
project administration, J.E.P.; funding acquisition, J.E.P.

Funding: This research was funded by the BREAST CANCER INNOVATION FOUNDATION, Akron, OH.
The NMR instrument used in this work was purchased from the funds provided by THE OHIO BOARD OF
REGENTS, grant number CHE-0341701 and DMR-0414599.

Acknowledgments: The contribution to this work by Sanghamitra Sen is acknowledged and appreciated.
Financial support by the Breast Cancer Innovation Foundation is greatly appreciated. The authors would
also like to thank Chrys Wesdemiotis for helping with mass spectrometry analysis of the samples.

Conflicts of Interest: Puskas is the Chief Scientific Officer of Enzyme Catalyzed Polymers LLC, a start-up
company that has exclusive license from the University of Akron for US Patents 8,710,156 (2014) and 9,885,070
(2018). The other authors declare no conflict of interest. The funders had no role in the design of the study; in
the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish
the results.

References

1. Zalipsky, S.; Harris, J.M. Introduction to Chemistry and Biological Applications of Poly (Ethylene
Glycol). In Poly(Ethylene Glycol) Chemistry and Biological Applications; Harris, J.M., Zalipsky, S., Eds.;
American Chemical Society: Washington, DC, USA, 1997; Volume 680, ISBN 978–0841235373.

2. Dreborg, S.; Akerblom, E.B. Immunotherapy with Monomethoxypolyethylene Glycol Modified Allergens.
Crit. Rev. Ther. Drug Carr. Syst. 1989, 6, 315–365.

3. Yamaoka, T.; Tabata, Y.; Ikada, Y. Distribution and Tissue Uptake of Poly(Ethylene Glycol) with Different
Molecular Weights after Intravenous Administration to Mice. J. Pharm. Sci. 1994, 83, 601–606. [CrossRef]
[PubMed]

http://www.mdpi.com/2073-4344/9/3/228/s1
http://dx.doi.org/10.1002/jps.2600830432
http://www.ncbi.nlm.nih.gov/pubmed/8046623


Catalysts 2019, 9, 228 11 of 12

4. Puskas, J.E.; Castano, M.; Mulay, P.; Dudipala, V.; Wesdemiotis, C. Method for the Synthesis of γ-PEGylated
Folic Acid and Its Fluorescein-Labeled Derivative. Macromolecules 2018, 51, 9069–9077. [CrossRef]

5. Anseth, K.S.; Klok, H.A. Click Chemistry in Biomaterials, Nanomedicine, and Drug Delivery.
Biomacromolecules 2016, 17, 1–3. [CrossRef] [PubMed]

6. Mather, B.D.; Viswanathan, K.; Miller, K.M.; Long, T.E. Michael Addition Reactions in Macromolecular
Design for Emerging Technologies. Prog. Polym. Sci. 2006, 31, 487–531. [CrossRef]

7. Nair, D.P.; Podgorski, M.; Chatani, S.; Gong, T.; Xi, W.; Fenoli, C.R.; Bowman, C.N. The Thiol-Michael
Addition Click Reaction: A Powerful and Widely used Tool in Materials Chemistry. Chem. Mater. 2014, 26,
724–744. [CrossRef]

8. Oliverio, M.; Perotto, S.; Messina, G.C.; Lovato, L.; De Angelis, F. Chemical Functionalization of Plasmonic
Surface Biosensors: A Tutorial Review on Issues, Strategies, and Costs. ACS Appl. Mater. Interfaces 2017, 9,
29394–29411. [CrossRef] [PubMed]

9. Wang, C.; Yu, C. Detection of Chemical Pollutants in Water using Gold Nanoparticles as Sensors: A Review.
Rev. Anal. Chem. 2013, 32, 1–14. [CrossRef]

10. Manson, J.; Kumar, D.; Meenan, B.J.; Dixon, D. Polyethylene glycol Functionalized Gold Nanoparticles:
The Influence of Capping Density on Stability in Various Media. Gold Bull. 2011, 44, 99–105. [CrossRef]

11. Mahou, R.; Wandrey, C. Versatile Route to Synthesize Heterobifunctional Poly(Ethylene Glycol) of Variable
Functionality for Subsequent PEGylation. Polymers 2012, 4, 561–589. [CrossRef]

12. Goessl, A.; Tirelli, N.; Hubbell, J.A. A Hydrogel System for Stimulus-Responsive, Oxygen-Sensitive In Situ
Gelation. J. Biomater. Sci. Polym. Ed. 2004, 15, 895–904. [CrossRef] [PubMed]

13. Buwalda, S.J.; Dijkstra, P.J.; Feijen, J. In Situ Forming Poly(Ethylene Glycol)-Poly(L-Lactide) Hydrogels via
Michael Addition: Mechanical Properties, Degradation, and Protein Release. Macromol. Chem. Phys. 2012,
213, 766–775. [CrossRef]

14. Hiemstra, C.; van der Aa, L.J.; Zhong, Z.; Dijkstra, P.J.; Feijen, J. Novel In Situ Forming, Degradable Dextran
Hydrogels by Michael Addition Chemistry: Synthesis, Rheology, and Degradation. Macromolecules 2007, 40,
1165–1173. [CrossRef]

15. Yoshimoto, K.; Hirase, T.; Nemoto, S.; Hatta, T.; Nagasaki, Y. Facile Construction of Sulfanyl-Terminated
Poly(Ethylene Glycol)-Brushed Layer on a Gold Surface for Protein Immobilization by the Combined use
of Sulfanyl-Ended Telechelic and Semitelechelic Poly(Ethylene Glycol)s. Langmuir 2008, 24, 9623–9629.
[CrossRef] [PubMed]

16. Hirase, T.; Nagasaki, Y. Construction of Mercapto-Ended Poly(Ethylene Glycol) Tethered Chain Surface for
High Performance Bioconjugation. In Proceedings of the AIChE Annual Meeting, San Francisco, CA, USA,
12–17 November 2006.

17. Nie, T.; Baldwin, A.; Yamaguchi, N.; Kiick, K.L. Production of Heparin-Functionalized Hydrogels for the
Development of Responsive and Controlled Growth Factor Delivery Systems. J. Control. Release 2007, 122,
287–296. [CrossRef] [PubMed]

18. Belair, D.G.; Miller, M.J.; Wang, S.; Darjatmoko, S.R.; Binder, B.Y.; Sheibani, N.; Murphy, W.L. Differential
Regulation of Angiogenesis using Degradable VEGF-Binding Microspheres. Biomaterials 2016, 93, 7–37.
[CrossRef] [PubMed]

19. Yu, H.; Feng, Z.G.; Zhang, A.Y.; Sun, L.G.; Qian, L. Synthesis and Characterization of Three-Dimensional
Crosslinked Networks Based on Self-Assemly of α-Cyclodextrins with Thiolated 4-arm PEG using a
Three-Step Oxidation. Soft Matter 2006, 2, 343–349. [CrossRef]

20. Du, Y.J.; Brash, J.L. Synthesis and Characterization of thiol-terminated Poly(Ethylene Oxide) for
Chemisorption to Gold Surface. J. Appl. Polym. Sci. 2003, 90, 594–607. [CrossRef]

21. Wan, J.K.S.; Depew, M.C. Some Mechanistic Insights in the Behaviour of Thiol Containing Antioxidant
Polymers in Lignin Oxidation Processes. Res. Chem. Intermed. 1996, 22, 241–253. [CrossRef]

22. Yang, T.; Long, H.; Malkoch, M.; Kristofer Gamstedt, E.; Berglund, L.; Hult, A. Characterization of
Well-Defined Poly(Ethylene Glycol) Hydrogels Prepared by Thiol-Ene Chemistry. J. Polym. Sci. Part
A Polym. Chem. 2011, 49, 4044–4054. [CrossRef]

23. Zhang, H.J.; Xin, Y.; Yan, Q.; Zhou, L.L.; Peng, L.; Yuan, J.Y. Facile and Efficient Fabrication of Photoresponsive
Microgels via Thiol–Michael Addition. Macromol. Rapid Commun. 2012, 33, 1952–1957. [CrossRef] [PubMed]

24. Zustiak, S.P.; Leach, J.B. Hydrolytically Degradable Poly(Ethylene Glycol) Hydrogel Scaffolds with Tunable
Degradation and Mechanical Properties. Biomacromolecules 2010, 11, 1348–1357. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/acs.macromol.8b01888
http://dx.doi.org/10.1021/acs.biomac.5b01660
http://www.ncbi.nlm.nih.gov/pubmed/26750314
http://dx.doi.org/10.1016/j.progpolymsci.2006.03.001
http://dx.doi.org/10.1021/cm402180t
http://dx.doi.org/10.1021/acsami.7b01583
http://www.ncbi.nlm.nih.gov/pubmed/28796479
http://dx.doi.org/10.1515/revac-2012-0023
http://dx.doi.org/10.1007/s13404-011-0015-8
http://dx.doi.org/10.3390/polym4010561
http://dx.doi.org/10.1163/1568562041271039
http://www.ncbi.nlm.nih.gov/pubmed/15318799
http://dx.doi.org/10.1002/macp.201100640
http://dx.doi.org/10.1021/ma062468d
http://dx.doi.org/10.1021/la8012798
http://www.ncbi.nlm.nih.gov/pubmed/18666758
http://dx.doi.org/10.1016/j.jconrel.2007.04.019
http://www.ncbi.nlm.nih.gov/pubmed/17582636
http://dx.doi.org/10.1016/j.biomaterials.2016.03.021
http://www.ncbi.nlm.nih.gov/pubmed/27061268
http://dx.doi.org/10.1039/b517206c
http://dx.doi.org/10.1002/app.12545
http://dx.doi.org/10.1163/156856796X00430
http://dx.doi.org/10.1002/pola.24847
http://dx.doi.org/10.1002/marc.201200439
http://www.ncbi.nlm.nih.gov/pubmed/22907724
http://dx.doi.org/10.1021/bm100137q
http://www.ncbi.nlm.nih.gov/pubmed/20355705


Catalysts 2019, 9, 228 12 of 12

25. Zustiak, S.P. Hydrolytically Degradable Polyethylene Glycol (PEG) Hydrogel: Synthesis, Gel Formation, and
Characterization. In Extracellular Matrix; Leach, J., Powell, E., Eds.; Humana Press: New York, NY, USA,
2015; Volume 93, ISBN 978–1–4939–2082–2.

26. Puskas, J.E.; Sen, M. Process of Preparing Functionalized Polymers via Enzymatic Catalysis. U.S. Patents
8,710,156, 29 April 2014.

27. Puskas, J.E.; Sen, M.Y.; Seo, K.S. Green Polymer Chemistry using Nature’s Catalysts, Enzymes. J. Polym. Sci.
Part A Polym. Chem. 2009, 47, 2959–2976. [CrossRef]

28. Castano, M.; Seo, K.S.; Guo, K.; Becker, M.L.; Wesdemiotis, C.; Puskas, J.E. Green Polymer Chemistry:
Synthesis of Symmetric and Asymmetric Telechelic Ethylene Glycol Oligomers. Polym. Chem. 2015, 6,
1137–1142. [CrossRef]

29. Puskas, J.E.; Sen, M.Y.; Kasper, J.R. Green Polymer Chemistry: Telechelic Poly(Ethylene Glycol)s via
Enzymatic Catalysis. J. Polym. Sci. Part A Polym. Chem. 2008, 46, 3024–3028. [CrossRef]

30. Puskas, J.E.; Seo, K.S.; Sen, M.Y. Green Polymer Chemistry: Precision Synthesis of Novel Multifunctional
Poly(Ethylene Glycol)s using Enzymatic Catalysis. Eur. Polym. J. 2011, 47, 524–534. [CrossRef]

31. Castano, M.; Seo, K.S.; Kim, E.H.; Becker, M.L.; Puskas, J.E. Green Polymer Chemistry VIII: Synthesis of
Halo-Ester-Functionalized Poly(Ethylene Glycol)s via Enzymatic Catalysis. Macromol. Rapid Commun. 2013,
34, 1375–1380. [CrossRef] [PubMed]

32. Puskas, J.E.; Seo, K.S.; Castano, M.; Casiano, M.; Wesdemiotis, C. Green Polymer Chemistry: Enzymatic
Functionalization of Poly(ethylene glycol)s under solventless conditions. In Green Polymer Chemistry:
Biocatalysis and Materials II; Cheng, H.N., Gross, R.A., Smith, P.B., Eds.; ACS Symposium Series; American
Chemical Society: Washington, DC, USA, 2013; Volume 1144, ISBN 978–0–8412–2895–5.

33. Sen, S.; Puskas, J.E. Green Polymer Chemistry: Enzyme Catalysis for Polymer Functionalization. Molecules
2015, 20, 9358–9379. [CrossRef] [PubMed]

34. Zdarta, J.; Wysokowski, M.; Norman, M.; Kołodziejczak-Radzimska, A.; Moszyński, D.; Maciejewski, H.;
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