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Abstract: In order to improve stability of a peptide marine drug lead, α-conotoxin TxID,
we synthesized and modified TxID at the N-terminal with DSPE-PEG-NHS by a nucleophilic
substitution reaction to prepare the DSPE-PEG-TxID for the first time. The reaction conditions,
including solvent, ratio, pH, and reaction time, were optimized systematically and the optimal
one was reacted in dimethyl formamide at pH 8.2 with triethylamine at room temperature for
120 h. The in vitro stabilities in serum, simulated gastric juice, and intestinal fluid were tested,
and improved dramatically compared with TxID. The PEG-modified peptide was functionally tested
on α3β4 nicotinic acetylcholine receptor (nAChR) heterologously expressed in Xenopus laevis oocytes.
The DSPE-PEG-TxID showed an obvious inhibition effect on α3β4 nAChR. All in all, the PEG
modification of TxID was improved in stability, resistance to enzymatic degradation, and may prolong
the half-life in vivo, which may pave the way for the future application in smoking cessation and
drug rehabilitation, as well as small cell lung cancer.
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1. Introduction

Nicotinic acetylcholine receptors (nAChRs)—a class of cell membrane proteins—are ubiquitous
receptors in mammalian cells which play an important role in neuroscience, physiology, and clinical
research. The nAChRs mediate learning, pain, exercise, memory, and other physiological functions by
involving the release of a variety of neurotransmitters. Therefore, nAChRs are targets for the screening
and treatment of many intractable diseases [1–4].

Conotoxins are active peptides derived from the venom of marine mollusks—cone snails—used
for hunting and defense. There are around 700 species of cone snails in the world, and each snail can
secrete thousands of different conopeptides. These conotoxins usually consist of 10–40 amino acids
and are rich in cysteine. According to their cysteine framework and the conserved sequence of signal
peptides, they are further divided into more than 20 superfamilies, such as A, M, P, O, S, T, and V.
According to pharmacological targets, they are further divided into pharmacological families such as
α, µ, ω, κ, δ, and γ [5–7]. Conotoxins are important sources of new drugs. They have attracted the
attention of scientists from all over the world due to their great potential as drug leads [8,9].

Peptide drugs generally have disadvantages such as poor stability and short half-life [10]. In order
to achieve a therapeutic effect, it is necessary to increase the dose or frequency of administration,
and these actions not only increase the pain and economic burden of the patient, but also cause
serious side-effect problems, which severely limits their wide application. Therefore, in order
to improve the half-life of the peptide drug, various modifications are essential to increase its
stability [11]. PEGylation modification is an effective method and technique for solving some of
the problems. The activated polyethylene glycol is coupled to the polypeptide molecule, and the
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effect of prolonging the half-life is achieved by increasing the volume of the drug molecule, and the
resistance to the enzymatic degradation effect is improved by masking the enzymatic cleavage site.
It is one of the most effective long-acting protein and peptide preparation technologies recognized
internationally [12,13]. Synthetic amphiphilic copolymers are ideal tools for drug delivery because
they are highly versatile in terms of composition and architecture. Among the different polymers,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[hydroxysuccinimidyl(polyethylene glycol)-2000]
(DSPE-PEG-NHS) is currently one of the most commonly used modifiers attracting much attention due
to its biomaterial characteristics, including safety, biocompatibility, and low toxicity [14–16]. Peptide
modification by covalently bonded PEG can effectively overcome the short half-life and poor stability
of peptide drugs and has achieved good results. A variety of PEG-modified protein peptides have
been approved by the FDA for clinical treatment [17,18], as shown in Table 1.

Table 1. List of marketed PEG-modified drugs and indications.

Product Company Modifier Indication Time to Market
Rurioctocog Alfa

Pegol Schering-Plough Growth Factor VIII Hemophilia 2016

Pegloticase Horizon Pharma
plc Recombinant Uricase Gout 2016

Naloxegol AstraZeneca Opioid Receptor Agonist Constipation 2015

Omontys Affymax PEG-Erythrocyte
Stimulating Agent Anemia 2012

Krystexxa Savient PEG-Porcine Uricase Gout 2010

Cimzia UCB PEG-TNF Antibody Fab
Segment

Rheumatoid
Arthritis 2008

Mircera Roche PEG-EPO Anemia 2007
Pegaptanib NeXstar VEGF Receptor Agonist Senile Macular 2005
Macugen OSI/Pfizer PEG-Nucleic Acid Ligand Senile Macular 2004

Pegvisomant Pfizer EG-Growth Hormone
Antagonist

Limb
Hypertrophy 2003

α-Conotoxins are blockers acting specifically on different nAChR subtypes. α-Conotoxin TxID
was cloned from Hainan native Conus textile in our laboratory, which holds the independent intellectual
property rights. Its primary structure contains 15 amino acids and two disulfide bonds between
cysteines I-III and II-IV, and the C-terminus is amidated. TxID belongs to the conotoxin α4/ 6 subfamily
with a relative molecular mass of 1489.5 Da, as shown in Figure 1A [19,20]. α-Conotoxin TxID inhibits
α3β4 nAChR subtype and it is a potential painkiller for the treatment of neuropathic pain. It is also
a potential drug to treat addiction and small cell lung cancer [8,21,22].
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Figure 1. (A) Sequence and disulfide bond connection of TxID, # represents a C-terminal amide;
(B) RP-UPLC chromatogram of TxID; (C) ESI-MS data of TxID.

However, like most peptides, α-conotoxin TxID also has the disadvantage of poor stability and
a short half-life in biological systems, which will limit the clinical application. Herein, we synthesized
the N-terminal modified TxID, DSPE-PEG-TxID, by a nucleophilic substitution reaction for the first
time. The reaction conditions, including solvent, ratio, pH, and reaction time, were optimized
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systematically and the optimal one was reacted in dimethyl formamide at pH 8.2 with triethylamine at
room temperature for 120 h. The in vitro stabilities in serum, simulated gastric juice, and intestinal
fluid were tested and improved dramatically compared with TxID. The PEG-modified peptide was
functionally tested on α3β4 nAChR heterologously expressed in Xenopus laevis oocytes. These studies
will greatly improve the development of new drugs from TxID.

2. Results

2.1. Synthesis and Identification of DSPE-PEG-TxID

In this study, the standard Fmoc solid phase peptide synthesis strategy was used for the peptide
chain. α-Conotoxin TxID, as shown in Figure 1A, was successfully synthesized by two-step oxidation
and purified by preparative HPLC. The purity was monitored by RP-UPLC and the molecular weight
was identified by ESI-MS, as shown in Figure 1B,C. The retention time of TxID was 19.13 min. The purity
of all fully folded peptides was above 95%. As shown in Figure 1C, ESI-MS was used to confirm that
the TxID has a molecular weight of 1489.00 Da with m/z of 746.25 Da [M + 2H]2+, which is consistent
with its theoretical average mass of 1489.68 Da.

The targeting copolymer DSPE-PEG-TxID was synthesized by a nucleophilic substitution reaction
between the NHS and the N-terminal of TxID, as shown in Figure 2A. According to the HPLC
chromatogram, the unreacted TxID retention time was 19.13 min, as shown in Figure 1B, which means
the peak of TxID was not disturbed by DSPE-PEG-NHS. As shown in the MALDI-TOF MS spectrum,
the molecular weight (MW) of the final products are all consistent with the theoretical MW of
DSPE-PEG-TxID. For example, two of the monomers with the MW of 3686.10 and 4327.40 Da,
as shown in Figure 2B, are consistent with the theoretical MW of DSPE-PEG-TxID derived from the
DSPE-PEG-NHS with MW of about 2312.13 and 2951.92 Da, as shown in Figure 2C, confirming that
the obtained products were the target compound DSPE-PEG-TxID. In the locally enlarged Figure 2C,
as sodium and potassium ions were inevitably mixed in the mass spectrometry detection process,
the red peak represents the molecular weight of DSPE-PEG-NHS, the black peak represents the
molecular weight of DSPE-PEG-NHS plus sodium ions, and the blue peak represents the molecular
weight of DSPE-PEG-NHS plus potassium ions.
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System optimization was monitored by HPLC to determine the remaining amount of
the polypeptide under different reaction conditions, with the remaining minimum indicating
that the polypeptide had the highest conversion under the reaction conditions and vice versa.
The chromatograms of the optimization scheme under different conditions are shown in Figure 3.
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(A), ratio of polypeptide to PEG (B), pH (C) and reaction time (D) (see Table 2).

The chromatograms of the optimized scheme are summarized in Table 2. When phosphate buffer
saline (PBS) was used as a solvent, as shown in Table 2 (entry 1), the conversion was incomplete and the
remaining amount was 63.2%. After replacing with DMSO or DMF, as shown in Table 2 (entry 2 and 3),
the remaining amount was about 35%. Although the use of DMSO can decrease the remaining amount,
as shown in Table 2 (entry 2), DMSO was difficult to remove in subsequent experiments, which was
not conducive to the purification and separation of the reaction product. Then we examined the effect
of different peptide/PEG molar ratios on the yield of the reaction, as shown in Table 2 (entry 4, 5, and 6);
as the concentration of the polypeptide increases, the occurrence of side reactions increases. Reducing
the concentration of the polypeptide facilitates the obtaining of a single modified product, which also
helps to reduce costs. Weak alkaline conditions are beneficial to the reaction, as shown in Table 2 (entry
7, 8, and 9), and the random modification of PEG can be effectively reduced by changing the pH of the
reaction system. Pleasantly, we found that a pH of 8.2 was a good choice, as shown in Table 2 (entry 9).
The reaction time also had an influence on the modification, which was reflected in the conversion
degree of the polypeptide. At this stage, we strived to use reaction time to increase production. In this
study, a long-term slow and sufficient reaction strategy was selected, as shown in Table 2 (entry 12).

Table 2. Reaction optimization under various conditions. PBS: phosphate buffer saline.

Number Solvent Peptide: PEG pH Duration (h) % Remaining
Amount

1 PBS 63.28
2 DMSO 1:2 8.2 120 34.16
3 DMF 36.02
4 1:1 66.84
5 DMF 1:2 8.2 120 31.55
6 2:1 85.88
7 6.2 47.46
8 DMF 1:2 7.2 120 31.64
9 8.2 29.94
10 54 68.25
11 DMF 1:2 8.2 78 48.65
12 120 34.61
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2.2. Potency of TxID and DSPE-PEG-TxID on α3β4 nAChR

α4/6-Conotoxin TxID is a polypeptide that potently blocks rat α3β4 nAChR with a unique
selectivity profile [8]. We observed that greater than 90% blockade of rat α3β4 nAChR ACh-evoked
currents was obtained with 100 nM TxID, as shown in Figure 4A. As also shown, TxID blockade of
α3β4 nAChR was relatively quickly reversible, requiring only 3 min washout while the recovery of over
90% blockage was accomplished with 10 µM DSPE-PEG-TxID more than 10 min after DSPE-PEG-TxID
washout, as shown in Figure 4B. Therefore, DSPE-PEG-TxID was still effective in inhibiting the α3β4
receptor, relative to TxID with slower reversible recovery.
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2.3. Stability of TxID and DSPE-PEG-TxID

The stability of TxID and DSPE-PEG-TxID were tested in human serum, as shown in Figure 5A.
RP-HPLC was used to determine the degree of degradation of the peptide. After 3 hours’ incubation in
human serum, there was little difference between TxID and DSPE-PEG-TxID. After 24 h, the unmodified
polypeptide was reduced to <30%. After 36 h, it was reduced to 12%. The PEG-modified polypeptide
was significantly stable in serum and remained >63% even after 24 h of incubation. Thus, the modified
polypeptide is much more stable in human serum than the unmodified polypeptide, as shown in
Figure 5A.

The main reason for limiting the spread of peptide drugs is that there is no pharmacological effect,
and/or significant reduction in efficacy when administered orally, which is caused by poor stability of
the polypeptide drug and absorption in the digestive system [23,24]. Enzymatic degradation was used
to assess the stability of TxID in the gastrointestinal tract before and after PEG modification. TxID and
DSPE-PEG-TxID were incubated with SGF (simulated gastric fluid) for 48 h at 37 ◦C, as shown in
Figure 5B. The remaining amount of the unmodified polypeptide was observed to be 65.2 ± 2.0%
after 48 h of incubation, while the remaining amount of the modified polypeptide was 92.1 ± 1.2%.
The results indicated that the PEG-modified polypeptide was more stable within 48 h compared to the
unmodified polypeptide.
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Then, we incubated the two polypeptides separately in SIF (simulated intestinal fluid) before
and after the modification at 37 ◦C, as shown in Figure 5C. The difference was significant after 0.5 h
of incubation; the remaining amount of the TxID was 36.3 ± 2.0%, and the remaining amount of
DSPE-PEG-TxID was 99.7 ± 2.0%. After 2 h, the remaining amount of the unmodified polypeptide
was 5.8 ± 2.0%, and the remaining amount of the modified polypeptide was 13.1 ± 2.0%. Thus,
the PEG-modified polypeptide is more stable within 2 h of SIF compared to the unmodified polypeptide.

3. Discussion

Due to structural characteristics, peptide drugs have many advantages, like good activity,
specificity, and clear biological functions. They also have weaknesses, like a short half-life and
unstable in vivo, which severely limits their wide application [25]. For example, the first conotoxin
drug, MVIIA, was marketed in the United States on 28 December 2004 for analgesia in patients with
refractory chronic pain, advanced cancer pain, and AIDS pain. However, MVIIA has low bioavailability
and a short half-life, which reduces its drug compliance [26]. How to solve these key problems is
an important direction that must be considered to effectively promote the development of the peptide
drug industry. Polyethylene glycol chemical modification is an effective method and technology to
solve the above problems and is also recognized as one of the most effective long-acting peptide
formulation technologies.

The polyethylene glycol modification can effectively improve the stability, enhance the resistance
to enzymatic degradation ability, and significantly reduce the immunogenicity of the drug. After half
a century of development, a number of PEG-modified long-acting preparations have been successfully
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put into the market, and a considerable number of new modified products have entered the clinical
arena, as shown in Table 1 [15,27].

It is certain that these bioactive molecules are chemically modified by polyethylene glycol, and the
stability and resistance to enzymatic degradation ability are improved, which can effectively prolong the
half-life and reduce the immunogenicity. These are similar to the results of this study. The stability and
resistance to enzymatic degradation ability of TxID were improved by polyethylene glycol modification.

Biological activity of biopharmaceuticals requires physical stability, chemical stability, and the
influence of different environmental factors, all of which should be assessed using appropriate
techniques [28]. There are three isomers of TxID. The difference between them is that the disulfide
bonds are connected in different ways. Among them, only the isomer with the I-III and II-IV disulfide
pattern potently blocks ratα3β4 nicotinic acetylcholine receptors. Therefore, we used the Fmoc chemical
synthesis method to synthesize TxID, which was identified by RP-UPLC and ESI-MS. According
to previous reports, TxID has a similar IC50 for rat and human α3β4 nAChRs and has an analgesic
effect on refractory pain in rats without drug addiction. Therefore, this was the first study to link
TxID with DSPE-PEG-NHS. For polypeptide drugs, PEG modification can maximize the biological
activity, improve the physical and chemical properties, and extend the half-life in vivo. The benefits
of subsequent separation and purification should also be considered. Therefore, we conducted
a preliminary study to optimize the PEG modification conditions from different solvents, reagents
ratio, pH, and reaction time. The stability of peptides before and after modification was evaluated in
human serum, simulated gastric juice, and simulated intestinal fluid, and to evaluate the stability of the
peptide under various conditions before and after modification, including human serum and simulated
gastrointestinal fluid. These results are important for PEG-modified polypeptides, which will help to
determine the stability of the drug in vivo to ensure efficacy and reduce dosage.

In this study, the activity of the polypeptide was decreased after modification with PEG, and this
result is consistent with the previous literature [29]. In general, the steric hindrance of the polypeptide
changes due to the attachment of the PEG modifier, thereby affecting the activity. In this paper,
the modification of the N-terminal amino group is simple and easy, the modified product is easy to
control, and the activity loss is small [13]. In terms of stability, the stability of the modified TxID is higher
than that of the unmodified one under different conditions, such as 100% serum, simulated gastric
juice, simulated intestinal fluid, and the like. As the long chain of PEG interferes with the cleavage
site and protects the polypeptide, which makes it more resistant under various stress conditions,
the stability of TxID-PEG was increased. Taken together, our work extends our knowledge of TxID’s
PEG modification and post-modification stability, providing sufficient data to further design TxID
analogs with higher stability and affinity.

4. Materials and Methods

N-hydroxysuccinimidyl-PEG2000-DSPE800 (NHS-PEG-DSPE, MW 2951.92) was purchased from
Ponsure Biotechnology (Shanghai, China); α-conotoxin TxID (TxID, MW 1489.45) was synthesized by
China Peptides Co. Ltd. (Shanghai, China); reversed-phase high-performance liquid chromatography
(RP-HPLC) preparative C18 Vydac columns (10 µm, 22 × 250 mm) were obtained from Grace Vydac
(Hesperia, CA, USA). Acetonitrile (ACN, HPLC grade) was purchased from Fisher Scientific (Pittsburg,
PA, USA) and trifluoroacetic acid (TFA) was from Tedia Company (Fairfield, OH, USA). Human serum,
pepsin, and trypsin were obtained from Sigma (St. Louis, MO, USA). All other solvents and reagents
were of analytical grade and used as received.

4.1. Synthesis of DSPE-PEG-TxID

In order to prepare highly pure active conotoxin TxID, a two-step oxidative synthesis using
potassium ferricyanide and iodine was performed as previously described. For the linear peptides
required for the two-step oxidation process, two kinds of protecting groups were used. Cys2 and
Cys8 were protected by trityl (Trt); Cys3 and Cys15 were protected by acetylaminomethyl
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(Acm) [30,31]. In brief, cleavage of the peptide–resin complex was first performed using trifluoroacetic
acid/phenol/water/TIPS (volume ratio 88:5:5:2). The crude peptide was then precipitated with cooled
diethyl ether at 4 ◦C overnight, washed 3 times, and the granules were collected. The powder was
freeze-dried and stored at −20 ◦C. A two-step oxidation protocol was used to perform the first disulfide
bond by adding the peptide to an equal volume of a mixture of 20 mM potassium ferricyanide
(K3[Fe(CN)6]) and 0.1 M Tris (pH 7.5) and at room temperature stirring for 45 min. The use of
iodine oxidation removes the S-Acm protecting group and simultaneously forms a second disulfide
bond, resulting the formation of globula TxID isomer. The crude TxID was purified by HPLC using
a reversed-phase Vydac C18 column. The molecular weight of the peptide was determined by liquid
chromatography mass spectrometry (UPLC: ACQUITY UPLC H-Class Bio; Mass spectrometry: Waters
Xevo TQD, flow rate 1 mL/min, B solution containing 0.1% TFA in 90% acetonitrile solution, and solution
A was ultrapure water containing 0.1% TFA).

The design experimental steps were based on previous related literature references [32].
A copolymer of DSPE-PEG-TxID was synthesized by a nucleophilic substitution reaction between the
NHS amino group and the N-terminal group of TxID. Briefly, TxID and DSPE-PEG-NHS in a molar
ratio of 1:2 were dissolved in dry DMF and the pH of the mixture was adjusted to 8.2 with triethylamine.
The reaction was carried out at room temperature for 120 h under moderate agitation. The coupling
efficiency was determined by reversed-phase high-performance liquid chromatography (RP-HPLC)
with a gradient elution and detection wavelength of 214 nm. The mobile phase was a mixture of
Buffer A and Buffer B with a flow rate of 1.0 mL/min. Buffer A was deionized water containing 0.1%
trifluoroacetic acid and Buffer B was acetonitrile containing 0.1% trifluoroacetic acid. A linear gradient
of a 10–50% eluate B over 30 min. The resulting reaction mixture was then transferred to a dialysis bag
(molecular weight cutoff = 2500 Da) and dialyzed against ultrapure water for 48 h to remove unreacted
TxID. Finally, the dialysate was lyophilized and stored at −20 ◦C until use. The matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF, the method is positive ion, linear, and the matrix
is α-Cyano-4-hydroxycinnamic acid) mass spectrometer was used to identify the conjugates of TxID
and DSPE-PEG-NHS.

4.2. Activity of DSPE-PEG-TxID on α3β4 nAChR

Capped cRNA for α3 or β4 subunit was acquired in vitro using a SP6 in vitro transcription kit
(mMESSAGE mMACHINE; Ambion, Austin, TX) following plasmid linearization, cRNA of the various
subunits was combined to give ~500 ng/µL of each subunit cRNA (α3 and β4 subunit were mixed
at a molar ratio of 1:1). Xenopus oocytes were injected with an amount of ~50 nL of this mixture as
described previously within 1 day of harvesting and incubated at 17 ◦C [33]. Oocytes were transferred
to a 50 µL cylindrical oocyte recording chamber and perfused at a rate of ~2 mL/min with ND96
solution (96.0 mM NaCl, 2.0 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, 1 µM atropine, 5 mM HEPES,
0.1 mg/mL bovine serum albumin, pH 7.1–7.5) by a gravity-fed perfusion system. The membrane
potential was clamped at −70 mV and the ACh-evoked currents were recorded with a two-electrode
voltage-clamp amplifier Axoclamp 900B (Molecular Devices Corp., Sunnyvale, CA, USA). The oocyte
was subjected once a minute to a 1 s pulse of 100 µM Ach, to measure the baseline responses; the oocytes
were continuously perfused with ND96, during which nAChRs were automatically applied at a 5 min
interval. nAChR-mediated currents were evoked by pipetting 100 µL of ACh-containing solutions
into the bath with the perfusion stopped. Oocytes were preincubated with the peptide for ~5 min
prior to nAChR application and subsequently nAChRs were co-applied together with the peptide.
All recordings were made 2–4 days post injection and analyzed using Clampfit 10.2 software (Molecular
Devices Corp., Sunnyvale, CA, USA) at room temperature (~22 ◦C).

4.3. Stability Assessment of DSPE-PEG-TxID

A 100% human serum was used to determine the stability of the peptide in serum before and
after modification. The serum was centrifuged at 14,000× g for 10 min to remove lipids. It was then
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incubated at 37 ◦C for 15 min before the assay. The PEG-modified polypeptide and the unmodified
polypeptide were incubated in human serum at a final concentration of 0.25 mM at 37 ◦C for 0, 1, 3, 6,
12, 24, and 48 h, respectively. Then, 30 µL of three replicate aliquots were taken at different periods.
Each serum aliquot was quenched with 30 µL of 6 µm urea and incubated for 10 min at 4 ◦C. Then,
each serum aliquot was treated with 30 µL of 20% trichloroacetic acid (TCA) at 4 ◦C for an additional
10 min to precipitate serum proteins. The precipitated serum protein was then centrifuged at 14,000× g.
The supernatant of each sample was analyzed by RP-UPLC on an analytical column using a linear
gradient of solvent B (0.1% TFA in 90% ACN) at a flow rate of 0.5 mL/min. The absorbance was
monitored at 214 nm. Triplicate serum samples containing no peptide were also treated in the same
manner and treated as controls at each time point. The remaining amount of the peptide was calculated
based on the UPLC peak area change.

The stability of the polypeptide before and after modification by gastrointestinal enzymes
was evaluated in simulated gastric fluid (SGF) and simulated intestinal fluid (SIF), respectively.
For gastrointestinal stability studies, SGF and SIF were prepared according to the formula given in
United States Pharmacopeia [34]. The polypeptides before and after the modification were respectively
incubated in SGF for 48 h and in SIF for 180 min at 37 ◦C. SGF consisted of 9 g/L sodium chloride
and 3 g/L pepsin from the porcine gastric mucosa and the pH was adjusted to 1.8 with hydrochloric
acid. The SIF consisted of 9 g/L of sodium chloride that contained pancreatin and trypsin from bovine
pancreas at 10 g/L each and 3 g/L of bile salts, and the pH was adjusted to 6.5 with sodium hydroxide.

Investigations were made at 0, 1, 3, 6, 12, 24, and 48 h (SGF) and 0, 30, 60, 90, 120, and 180 min
(SIF) incubations. The reaction mixture was analyzed by RP-UPLC and eluted with a linear gradient of
5%–40% solvent B at a flow rate of 0.5 mL/min, where solvent A was H2O + 0.1% TFA and solvent B
was 90% ACN + 0.1% TFA. UV absorbance was detected at 214 nm.

5. Conclusions

In summary, current research focuses on PEG modification of α-conotoxin TxID and factors that
affect the stability of both polypeptides before and after PEG modification. In this study, α-conotoxin
TxID was synthesized from linear peptides by two-step oxidation and was purified and identified
by HPLC and mass spectrometry. The conditions of PEG modification were optimized to obtain
DSPE-PEG-TxID by nucleophilic substitution successfully. Biological activity and stability were
measured simultaneously by TxID as a control. The results showed that DSPE-PEG-TXID still has
inhibitory activity against α3β4 nAChR and its stability was improved in human serum, simulated
gastric juice, and simulated intestinal fluid. In addition, this is the first reported stability analysis of
TxID under different conditions before and after PEG modification. We anticipate that this study may
substantially improve TxID structural modification, and further inform the design for drug preparation.

Author Contributions: W.Z. and S.L. conceived and designed the experiments; W.Z. and Y.X. performed the
experiments; W.Z., Y.X., D.Z., and S.L. analyzed the data; W.Z., Y.X., and S.L. wrote the paper.

Funding: This work was supported in part by National Natural Science Foundation of China (No. 81872794),
Major International Joint Research Project of National Natural Science Foundation of China (No. 81420108028),
the Major Science and Technology Project of Hainan Province (grant No. ZDKJ2016002), and Changjiang Scholars
and Innovative Research Team in University Grant (IRT_15R15).

Acknowledgments: The authors thank Liang Qiao (Fudan University), Zhenwen Zhao (Institute of Chemistry
Chinese Academy of Sciences), and Xinhai Zhu (Sun Yat-sen University) for the advice and help in mass
spectrometry analysis.

Conflicts of Interest: None of the authors have potential conflicts of interest to be disclosed.



Mar. Drugs 2019, 17, 342 10 of 11

Abbreviations

Abbreviation Full name in English
CTx Conotoxin
nAChR Nicotinic Acetylcholine Receptor
TFA Trifluoroacetic Acid
RP-HPLC Reversed-Phase High-Performance Liquid Chromatography

DSPE-PEG-NHS
1,2-distearoyl-sn-glycero-3-phosphoeth-anolamine-N-[hydroxyl succinimidyl
(polyethylene glycol)-2000]

DMF N,N-Dimethylformamide
LC-MS Liquid Chromatograph Mass Spectrometer
MADLI-TOF-MS Matrix-Assisted Laser Desorption/ Ionization Time of Flight Mass Spectrometry
DMSO Dimethyl Sulfoxide
PBS Phosphate Buffer Saline
SGF Simulated Gastric Fluid
SIF Simulated Intestinal Fluid
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