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Highlights  

� 3 different peptide-drug conjugates (PDCs) targeting the GnRH-R were 

synthesized 

� The impact of the linker was explored in terms of PDCs stability and bioactivity 

� Binding affinity of PDCs to GnRH-R was enhanced with respect to GnRH-II 

� PDCs showed amplified plasma stability and pharmaceutical profile 
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Abbreviations 

GnRH, Gonadotropin Releasing Hormone; GnRH-R, Gonadotropin Releasing 

Hormone-Receptor; dFdC, 2'-2'difluorodeoxycytidine; dFdU, 2, 2’- 

difluorodeoxyuridine; n-BuOH (n-butanol); MeCN, acetonitrile; HATU, 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate; DIPEA, N,N-Diisopropylethylamine; PDC, Peptide-Drug 

Conjugate; EGFR, Epidermal Growth Factor Receptor;  

 

 

Abstract 
 

Peptide-drug conjugates have emerged as a potent approach to enhance the 

targeting and pharmacokinetic profiles of drugs. However, the impact of the linker 

unit has not been explored/exploited in depth. Gemcitabine (dFdC) is an anticancer 

agent used against a variety of solid tumours. Despite its potency, gemcitabine suffers 

mostly due to its unspecific toxicity, lack of targeting and rapid metabolic inactivation. 

To minimize these limitations and enable its targeting to tumours overexpressing the 

GnRH receptor, we examined the peptide-drug conjugation approach. Our design 

hypothesis was driven by the impact that the linker unit could have on the peptide-

drug conjugate efficacy. Along these lines, in order to exploit the potential to 

manipulate the potency of gemcitabine through altering the linker unit we constructed 
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three different novel peptide-drug conjugates assembled of gemcitabine, the tumour-

homing peptide D-Lys6-GnRH and modified linker building blocks. Specifically, the 

linker was sculpted to either allow slow drug release (utilizing carbamate bond) or 

rapid disassociation (using amide and ester bonds). Notably, the new analogues 

possessed up to 95.5-fold enhanced binding affinity for the GnRH receptor (GnRH-R) 

compared to the natural peptide ligand D-Lys6-GnRH. Additionally, their in vitro 

cytotoxicity was evaluated in four different cancer cell lines. Their cellular uptake, 

release of gemcitabine and inactivation of gemcitabine to its inactive metabolite 

(dFdU) was explored in a representative cell line. In vitro stability and the consequent 

drug release were evaluated in cell culture medium and human plasma. In vivo 

pharmacokinetic studies were performed in mice, summarizing the relative stability of 

the three conjugates and the released levels of gemcitabine in comparison with dFdU. 

These studies suggest that the fine tuning of the linkage within a peptide-drug 

conjugate affects the drug release rate and its overall pharmaceutical profile. This 

could eventually emerge as an intriguing medicinal chemistry approach to optimize 

bio-profiles of prodrugs. 

 

Keywords: Gemcitabine; Peptide-drug conjugate; Pharmacokinetics; Stability; 

Binding affinity; 

 

1. Introduction 
 

The menace of cancer is affecting humanity with rapidly increasing rate and is 

tending to become the number one cause of mortality worldwide. Therefore, cancer 

has turned into a top priority for the scientific community which is continuously 

attempting to unscramble its mechanism of action and discover new effective 

therapies or improve the existing ones. In this frame, an immense variety of drug-

designing approaches has been developed, with the aim to improve conventional 

chemotherapy through alleviation of severe side-effects caused by collateral toxicity 

in healthy tissues [1]. This intriguing goal can be achieved through selective delivery 

of cytotoxic agents to tumour cells by conjugating chemotherapeutic agents with 

peptides [2-5] which selectively bind to cell surface proteins/receptors uniquely 

expressed or over-expressed in cancer cells (e.g. GnRH-R, EGFR, integrin receptors) 
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[6, 7]. Two peptide-drug conjugates (PDCs) have reached up to Phase-III clinical 

trials typify this class of chemotherapeutics [8, 9].  

In peptide-drug conjugates, bioconjugation is achieved through linkers which 

may consist of a wide range of functional groups and therefore result in various bond 

formations like amide, ester, oxime, carbamate etc. These linker units could have a 

tremendous impact in the bioactivity profile of PDCs since they could instruct on the 

time that a drug will be released [10-12]. Furthermore, they have to be carefully 

designed for tethering the transporting vehicle to the cytotoxic warhead so as not to 

perturb the binding affinity of the tumour-homing peptide to its receptor [4]. 

Interestingly, the carbamate unit has been included, as a structural moiety, in 

many approved drugs/prodrugs including XP13512 [13] (a novel prodrug of 

gabapentin), capecitabine and 5-fluorouracil (5-FU) [14]. Carbamate moiety is often 

rationally selected to form drug-target interactions with certain receptors [15, 16] as 

also are often manipulated for use in the design of drugs and prodrugs to offer 

adequate systemic hydrolytic stability and enhanced overall bioavailability [17-20]. In 

specific, aliphatic amine-derived carbamates are known to be sufficiently stable and 

undergo hydrolytic degradation at a suitable rate for releasing the active drug [16, 21]. 

Intriguingly, this unit is frequently referred as a traceless linker, due to the fact that 

after its hydrolysis, the only by-product produced is gas CO2 along with the starting 

amine and alcohol [22, 23]. 

Nucleoside analogues constitute a major class of chemotherapeutic agents 

administered to patients with progressed cancer. They are a part of a larger family of 

anticancer drugs known as antimetabolites,  including pyrimidine and purine 

nucleoside derivatives with cytotoxic activity against various solid tumours [24]. 

Gemcitabine (2’ – deoxy – 2’, 2’ - difluorocytidine), a potent antimetabolite drug, is 

known to be active against several solid tumour types [25] and has gained FDA-

approval for treating non-small cell lung, ovarian, bladder, pancreatic and breast 

cancer. Gemcitabine enters the cells through nucleoside transporters and immediately 

undergoes intracellular sequential conversion into the monophosphate (dFdCMP), 

diphosphate (dFdCDP) and finally triphosphate (dFdCTP) form [26]. The main 

mechanism of action of gemcitabine relies on the formation of dFdCTP, which 

replaces deoxycytidine during DNA replication and leads to cell death [27] and to a 

lesser extent on the formation of dFdCDP which interferes with thymidylate synthase 

that normally catalyzes the conversion of uridine monophosphate into thymidine 
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monophosphate [28]. However, gemcitabine is prone to certain limitations: i) it 

suffers from rapid metabolic inactivation to its metabolite dFdU through deamination 

either by cytidine deaminase (CDA) or by deoxycytidylate deaminase (DCTD), 

resulting in the monophosphorylated form of dFdU (dFdUMP) [28]; ii) cancer cells 

acquire drug resistance after extensive usage of gemcitabine, mostly by diminishing 

the expressed nucleoside transporters that facilitate the internalization of the drug [29, 

30]; iii) it is indiscriminately toxic, affecting both cancer and healthy tissues and 

consequently result in severe side effects on patient’s health [31]. 

The limitations of gemcitabine motivated us to design novel analogues with 

enhanced pharmacological properties and stability. Veltkamp et. al. has proved that 

prolonged administration of gemcitabine in patients with pancreatic cancer resulted in 

elevated intracellular levels of dFdCTP and higher overall toxicity in comparison with 

the standard infusion protocol [32]. Intrigued by these results, along with similar 

carbamate-based prodrugs of gemcitabine [33-35], we rationally designed and 

synthesized three novel peptide drug conjugates of gemcitabine (Scheme 1), 

consisting of either one traceless carbamate bond (small linker; compounds 

designated 2G1 and 2G2) or two amide bonds and one ester bond (long linker; 

compound designated GSHG) tethering the drug and the tumour homing D-Lys6-

Gonadotropin Releasing Hormone (D-Lys6-GnRH). The short linker (carbamate 

bond) has been included in the design since it can offer stability to a bioconjugate by 

decreasing the drug release rate (slow release), whereas the long linker consisted of a 

mixture of amide and ester bonds, could offer a rapid disassociation and a consequent 

faster drug release as these bonds are prone to intracellular esterases and amidases. 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Scheme 1. Architecture of the three peptide-drug conjugates (D-Lys6-GnRH-

gemcitabine) where the different building blocks are highlighted (gemcitabine in blue, 

linkers in red and D-Lys6-GnRH in black). 
 

The 2G1, 2G2 and GSHG peptide-drug conjugates have been designed with 

different linker building blocks in order to afford different hydrolytic stabilities and 

possibly might illustrate different potency. Specifically, 2G1 and 2G2 are expected to 

be more stable, enabling slow release of the cytotoxic agent, while compound GSHG 

is expected to afford rapid release of the cytotoxic agent.  

The new analogues were evaluated regarding their binding affinity to the 

GnRH-R compared to D-Lys6-GnRH. The stability and the intracellular 

concentrations of the conjugates, gemcitabine and dFdU were also explored in vitro in 

cell culture and plasma, as also in vivo in mice plasma.  

 

2. Results and discussion 

2.1 Design of D-Lys6-GnRH-gemcitabine conjugates 

In our former studies [3], we reported the conjugation of gemcitabine and D-

Lys6-GnRH peptide via hemiglutarate and hemisuccinate linkers. These conjugates, 

although are potent in vitro and in clinically relevant prostate cancer models, resulted 

in low hydrolytic stability and consequent high levels of both dFdC and dFdU. The 

results highlighted the dominant role of the linker towards the bioactive profile of 

each compound. Based on these findings, we aimed to explore and exploit linker’s 

impact towards the biopharmaceutical profile of the final PDCs. We thus synthesized 

three peptide-drug conjugates bearing either a long linker (GSHG) or a very short 

traceless carbamate linker (2G1 and 2G2). Among a wide variety of classic bonds, we 

adopted carbamate due to its facile implementation and its hydrolytic stability offering 

a sporadic drug release. 

Gemcitabine contains two hydroxyl functionalities, a primary 5’-OH and a 

secondary 3’-OH, which can be easily and rapidly conjugated with a tumour-targeting 

peptide (Scheme 2). Specifically, compound 4 was synthesized according to our 

previously reported synthetic scheme [3], while compound 3 was synthesized by 

reacting the ε-amino group of D-Lys6-GnRH and the free carbonyl group of the 

previously Boc- protected ε-aminocaproic acid [36] with the usage of HATU as a 

coupling reagent. We would like to highlight here that, as we discovered recently, 1 
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eq. of HATU has to be used in order to avoid formation of unwanted side-products 

[37]. The ε-amine of compound 3 reacted with the free carboxylic acid of compound 4, 

utilizing again 1 eq. of HATU as a coupling reagent, resulting to the relevant Boc- 

protected compound. Another Boc- deprotection step under acidic conditions was 

necessary to afford the final compound GSHG.  

Compounds 2G1 and 2G2, bearing carbamate bonds, were synthesized by 

reacting the ε-amino group of D-Lys6-GnRH with the activated intermediates 2a and 

2b respectively, followed by Boc- deprotection under acidic conditions (Scheme 3). 

Specifically, gemcitabine was selectively Boc- protected to afford compounds 1a and 

1b [38], which were sequentially activated with the usage of bis(4-

nitrophenyl)carbonate to afford the intermediates 2a and 2b, respectively. 

Intermediates 2a and 2b were treated with D-Lys6-GnRH, with the usage of HATU as 

a coupling reagent, resulting in the final compounds 2G1 and 2G2. 

 

Scheme 2. Synthesis of GSHG. Reagents and conditions: a) Boc2O, NaOH, 

Dioxane:Water, rt, 6h; b) D-Lys6-GnRH, HATU, DIPEA, DMF, rt, 12h; c) 

TFA/H2O/TIS (9.5/0.25/0.25, v/v), rt, 4h; d) 3, HATU, DIPEA, DMF, rt, 12h; e) 

TFA/ H2O/ TIS (9.5/0.25/0.25, v/v), rt, 4h. 
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Scheme 3. Syntheses of the carbamate-based 2G1 and 2G2. Reagents and conditions: 

a) Bis(4-nitrophenyl)carbonate, DIPEA, MeCN, rt, 6h; b) D-Lys6-GnRH, DIPEA, 

DMF, rt, 12h; c) TFA/ H2O/ TIS (9.5/0.25/0.25, v/v), rt, 4h. 

 

2.2 Binding affinity towards human GnRH-R 

The three synthesized conjugates (2G1, 2G2 and GSHG) were evaluated with respect 

to their binding affinity to the GnRH-R as shown in Table 1. 

 

Table 1. Binding assay values IC50 (nM) of 2G1, 2G2 and GSHG compared to native 

peptide ligand D-Lys6-GnRH to GnRH-R. 

 

Compounds Radioligand Binding assay IC50 (nM)  

2G1 0.69 ± 0.02 nM 

2G2 0.11 ± 0.00 nM 

GSHG 2.40 ± 0.04 nM 

D-Lys6-GnRH 10.5 ± 0.2 nM 

 

The presented data show that 2G2, 2G1 and GSHG bind to GnRH-R with 

95.5-, 15.2-, and 4.4-fold higher affinity, respectively, than that of the native peptide 

D-Lys6-GnRH (10.5 ± 0.2 nM, according to our former study [3]). When compared to 

our previously published compound GSG (IC50 = 7.1 ± 0.2 nM, according to our 

former study [3]), these three new conjugates presented enhanced binding affinity for 

the GnRH-R (65-, 10.3-and 3-fold higher binding affinity for 2G2, 2G1 and GSHG, 

respectively). The latter can be attributed to the fact that the carbamate group is a 
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moiety of medium polarity, capable of forming hydrogen bonds as donor and acceptor 

through the peptide amide backbone [39] and thus adjusting inter- and intramolecular 

interactions with the targeted receptor(s). Also, the carbamate moiety induces a degree 

of conformational restriction due to the delocalization of nonbonded electrons on 

nitrogen into the carboxyl moiety [16] that could further favor the conformational 

entropy upon binding.  

 

2.3 GnRH-gemcitabine conjugates exhibit antiproliferative potential in vitro. The 

antiproliferative effect of the three GnRH-gemcitabine analogues was evaluated in 

two androgen prostate cancer cell lines (DU145 and PC3) and in two breast cancer 

cell lines (MDA-MB-21 and MCF-7) using gemcitabine and D-Lys6-GnRH as their 

corresponding controls as shown in Table 2. GSHG possesses the highest cytotoxic 

effect among the three conjugates, which is comparable with that of gemcitabine in 

the examined cell lines and especially regarding MCF-7 cells. Results are summarized 

in Table 2 below: 

 

Table 2. Antiproliferative effect (IC50 values in nM) of GnRH-gemcitabine 

conjugates compared with gemcitabine and D-Lys6-GnRH in various cancer cell lines 

(DU145, PC3, MDA-MB-231, MCF-7). 

Cell lines   IC50 (nM)   

 GSHG 2G1 2G2 Gemcitabine D-Lys6-

GnRH 

DU145 684 ± 203 

(n=3) 

>40,000 

(n=3) 

9,761 ± 

6278 (n=3) 

213 ± 40 

(n=3) 

>40,000 

(n=3) 

 

PC3 937 ± 228 

(n=3) 

>40,000 

(n=3) 

>40,000 

(n=3) 

416 ± 13 

(n=3) 

>40,000 

(n=3) 

 

MDA-MB-231 2,387 ± 

1,220 (n=3) 

>40,000 

(n=3) 

>40,000 

(n=3) 

1,567 ± 757 
(n=5) 

>40,000 

(n=3) 

 

MCF-7 55.5 ± 7.2 

(n=3) 

621.3 ± 

113 (n=3) 

449.1 ± 

87.0 (n=3) 

38.0 ± 14.1 

(n=3) 

>40,000 

(n=3) 
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From the results presented above, it can be concluded that conjugates 2G1 and 

2G2 bear less cytotoxicity in general when compared with the other compounds. This 

could be correlated with the high proteolytic stability of the conjugates, which results 

in an insufficient release of gemcitabine, associated with less toxicity. In order to 

verify this hypothesis, the three conjugates were subjected to stability studies in cell 

culture medium, as well as human plasma. 

 
2.4 Stability studies and release of free gemcitabine in cell culture medium.  

In Figure 1A, the degradation of the three conjugates over time is illustrated. 

Analogues bearing the carbamate bond (2G1 and 2G2) appeared to possess similar 

stability in the cell culture (stable even after 72 h), while analogue GSHG degraded 

fully in less than 24 h. In Figure 1B, the amounts of gemcitabine released from the 

three conjugates over time are presented. 

Figure 1. Stability of the three conjugates (2G1, 2G2 and GSHG) over time in cell 

culture medium (A) and release of gemcitabine (B). 
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The data presented in Figure 1B, fully correlate with the stabilities of the 

corresponding conjugates in cell culture medium, presenting low stability of GSHG 

which results in higher drug release. In contrast, the high stability of 2G1 and 2G2 

results in low amounts of free gemcitabine. 

These findings provide a rationale on the reduced cytotoxicity of 2G2 and 2G1 and the 

enhanced cytotoxicity of GSHG.  

 

2.5 Stability studies of the GnRH-gemcitabine conjugates in human plasma.  

To further understand the cell culture stability results, we performed stability 

experiments in human plasma, a more clinically relevant system. The corresponding 

analogues possess similar stabilities with those observed in cell culture medium. 

Figure 2A clearly demonstrates the enhanced stability of conjugates 2G1 and 2G2, 

while in contrast conjugate GSHG degrades within 4 h. Likewise before, in Figure 

2B are presented the levels of gemcitabine released by the three conjugates, which 

correlate with the stability pattern of Figure 2A.  
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Figure 2. Stability of the three conjugates (2G1, 2G2 and GSHG) over time in human 

plasma (A) and release of gemcitabine (B). 

 

These results are in accordance with the cell culture stability experiments 

presented in Figure 1. Similarly, GSHG that has the lowest stability in human plasma 

releases the highest amount of gemcitabine, while the other two conjugates (2G1, 

2G2) are more stable, thus resulting in reduced amounts of free gemcitabine in plasma 

and lower cytotoxicity. 

 

2.6 Pharmacokinetics of 2G1, 2G2 and GSHG in mice.  

In order to further probe the pharmacokinetic profile of the three synthesized PDCs in 

vivo we performed relevant studies in mice. Administration of the three conjugates in 

mice led to significantly high levels of the conjugate in blood regarding the two short-

linked, via carbamate bond, analogues 2G1 and 2G2 (blood concentrations of at least 4 
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µg/mL in 15, 30 min) as shown in Figure 3A. In contrast, long-linked, via 

aminocaproic-succinic linkers, analogue GSHG led to low levels of the corresponding 

conjugate (Figure 3A). The high stability of 2G1 and 2G2 resulted in minimum levels 

of free gemcitabine in blood, in contrast with GSHG (Figure 3B).  

In marked contrast to 2G1 and 2G2 blood levels in mice (4 µg/mL and 5 

µg/mL, respectively in 30 min), the levels of gemcitabine in blood (approximately 3 

ng/ml) were significantly low after administration of these conjugates. Administration 

of the same dose (10 mg/kg) of the conjugate GSHG has the opposite results. Its 

concentration in mice blood is considerably low compared to the other two conjugates, 

while the levels of released gemcitabine from GSHG were significantly higher, 

averaging approximately 300 ng/ml in 30 min after the administration.  

Regarding the formation of the inactive metabolite of gemcitabine (dFdU), no 

detectable levels were observed in 2G1 or 2G2 samples, while for GSHG it averaged 

approximately 500 ng/mL in 1 h after the administration (Figure 3C). 
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Figure 3. Pharmacokinetic evaluation of of 2G1, 2G2 and GSHG in mice. Blood 

concentrations of the conjugates (A), gemcitabine (B) and dFdU (C) after 10 mg/kg IP 

administration of conjugate in mice. 
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2.7 Determination of intracellular concentrations of 2G1, 2G2 and GSHG in 

cancer cell line DU145.  

The intracellular levels measured over time in cancer cells DU145 (Figure 4) for the 

three conjugates, indicated that 2G2 achieved the highest intracellular concentration 

with a peak at approx. 15 ng/106 cells in 4 h. On the other hand, GSHG illustrated the 

smallest intracellular quantity, with a peak at 8 ng/106 cells. The last could be related 

to the fact that GSHG adopts the lowest binding affinity of these analogues for the 

GnRH-R, while 2G2 possesses the highest one (as shown in Table 3). This trend 

could potentially suggest that the highest affinity of the bioconjugate to the peptide 

receptor could be associated with enhanced intracellular entrance, as has been also 

observed in former studies on GnRH-R [40, 41]. 

Figure 4. Intracellular levels of 2G1, 2G2 and GSHG (A) and gemcitabine (B) over 

time after incubation of the three conjugates with DU145 cells. 
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Table 3. AUCs of intracellular levels of conjugates 2G1, 2G2 and GSHG after cell 

uptake with DU145 cells 

Compounds               AUC(1-8 hr) (ng/106 cells × hr) 

2G1 62.8 

2G2 88.7 

GSHG 38.6 

 

Based on the AUC values presented in Table 3, GSHG possesses inferior cell 

uptake compared to conjugates 2G1 and 2G2.  

Incubation of 2G1 and 2G2 in cancer cell lines DU145 did not result in 

intracellular detection of gemcitabine, suggesting again that this linkage is very stable 

and gemcitabine was not released even after 8 hours. On the other hand, GSHG 

resulted in increasing levels of gemcitabine over time (Figure 4B), resulting in a 

relatively rapid release of the drug.  

Importantly, no detectable levels of the metabolite dFdU were observed in any 

of the three incubations (data not shown). Although this was expected for the two 

short-linked conjugates due to minimum release of gemcitabine, it was surprising for 

the GSHG conjugate.  

 Apparently, GSHG has a more advantageous balance profile regarding cell 

uptake and stability, whereas 2G1 and 2G2 although enter cells more readily than 

GSHG cannot release rapidly gemcitabine, the free form of which exerts cytotoxic 

actions. Thus, it can be envisioned that 2G1 and 2G2 could be potentially utilized for 

long term administration of gemcitabine, while GSHG for short term. 

 

3. Conclusions 

Gemcitabine is a widely used anticancer nucleoside agent that possesses high toxicity 

against both cancer and healthy cells. Peptide-drug conjugates have emerged as a 

useful tool that enables the controlled release of the cytotoxic warhead at a specific 

site and in time- and/or quantity- controlled manner. These characteristics are based 

on the type of the labile linker utilized in each conjugate tethering the drug with the 

peptide. Herein, we report the construction, synthesis and biological evaluation of 

three novel gemcitabine-GnRH conjugates utilizing different linkers with the aim to 

provide targeted delivery of gemcitabine to the cancer tissues in due time or 
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sporadically. We synthesized two bioconjugates through a small carbamate linker, in 

the case of 2G1 and 2G2, and one through a long linker which is composed of an ester 

and two amide bonds, in the case of GSHG. Utilizing the specific types of linkers, we 

provided PDCs with enhanced binding affinity to the GnRH-R and also, we were able 

to manipulate the release of native gemcitabine as monitored through our in vivo 

pharmacokinetics in mice, uptake in different cancer cell cultures, as also cell culture 

and human plasma stability evaluations. In addition, we achieved an enhancement of 

the bioavailability of the drug, especially in the cases of 2G1 and 2G2 which proved to 

be hydrolytically stable. GSHG on the other hand, showed rapid release of 

gemcitabine and consequently quite higher degradation rate, associated with reduced 

levels of the inactive metabolite dFdU. In conclusion, the linker tethering the 

cytotoxic drug and the carrier is of great significance regarding the overall bioactivity 

of the final conjugate, offering unique release rates. Our proposed conjugates proved 

to be very promising for selective drug delivery, with enhanced properties and a time-

controllable release of the parent drug. 

 

4. Experimental Section 

4.1 Chemicals  

Gemcitabine was purchased from Carbosynth (Compton, Berkshire, UK). HATU ((O-

(7-azabenzotriazol-1-yl)- N, N, N’, N’-tetramethyluronium hexafluorophosphate) and 

HOBt (1-hydroxybenzotriazole) were purchased from GLB (GLBiochem, China). 

Bis(4-nitrophenyl)carbonate, ε-aminocaproic acid and DIC (N,N’-

diisopropylcarbodiimide) were purchased from Sigma Aldrich. Boc2O (di-tert-

butyldicarbonate) from Alfa Aesar (A Johnson Matthey Company, Germany). 

Triisopropylsilane (TIS), N, N-diisopropylethylamine (DIPEA), trifluoroacetic acid 

(TFA) were purchased from Merck (Darmstadt, Germany). N, N Dimethylformamide 

(DMF) was distilled over CaH2 and stored under pre-activated molecular sieves 4A. 

Deuterated solvents were purchased from Deutero (Deutero GmBH, Kastellaun, 

Germany). Ammonium acetate, formic acid and 3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyl-tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (Sigma-

Aldrich Chemie GmbH, Munich, Germany). Acetonitrile (LC-MS grade) was 

purchased from Fisher Scientific (Fisher Scientific, Loughborough, UK). Water (LC-

MS grade) was purchased from Carlo Erba (Carlo Erba, Milan, Italy). Thin-layer 
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chromatography (TLC) was performed on TLC plates, silica gel coated with 

fluorescent indicator F254. Column chromatography was performed using SiO2 and 

the appropriate elution solvent mixture as idnicated in each experimental procedure. 

The 1H NMR and 13C NMR spectra were recorded on a Bruker AV400, using DMSO-

d6 and 298 K. Chemical shifts for 1H NMR spectra are reported as δ units of parts per 

million (ppm) and relative to the signal of DMSO-d6 (δ 2.50 multiplet). Multiplicities 

are given as follows: s (singlet); d (doublet); dd (doublet of doublets); t (triplet); bs 

(broad singlet); m (multiplet). Coupling constants are reported as J values in Hz. 

HPLC was accomplished on a Shimadzu preparative liquid chromatographer, with a 

photodiode array detector (SPD-M20A) and an LC-8A pump. Purification by 

preparative RP-HPLC was conducted on an Ascentis® C18 column (25 cm × 21.2 

mm) at a flow rate of 20 mL/min and 10 µm particle size as stationary phase. For the 

MS characterization of the synthesized compounds, the samples were injected directly 

to an EVOQ™ Elite ER LC-TQ system (Bruker, Germany).  

 

4.2 Synthesis of D-Lys6-GnRH-gemcitabine conjugates  

D-Lys6-GnRH was synthesized manually via the classic Fmoc- solid phase peptide 

synthesis on a Rink Amide resin (0.58 mmol/g). RP-HPLC, NMR and MS data for the 

syntheses of 2G1, 2G2 and GSHG are presented in the Supporting Information (Fig. 

S1 – Fig. S19).  

 

4.2.1. 6-((tert-butoxycarbonyl)amino)hexanoic acid (2) 

1 M aq. NaOH (0.762 mL, 0.76 mmol) was added dropwise at 0 0C to a stirring 

solution of 1 (100 mg, 0.76 mmol) in 10 mL Dioxane/H2O (2/1, v/v). After 5 mins, 

Boc2O (166.4 mg, 1.52 mmol) was added and the reaction was stirred at rt. Reaction 

was monitored via TLC (5 % methanol in CH2Cl2, Rf=0.32). After 3 h, the solvent 

was evaporated under reduced pressure. Water (5 mL) was added, pH was adjusted to 

pH=1 with 1 M aq. HCl and then extracted thrice with ethyl acetate (10 mL × 3). 

Combined organic phases were washed once with brine and dried over sodium 

sulphate. After filtration, the solvent was concentrated under reduced pressure to 

afford compound 2 (170 mg, 96.47 %) as a colorless liquid (m.p.=35-40 oC). 1H-

NMR of (2) (400 MHz, DMSO-d6, 25οC): δ = 12.01 (bs, 1H), 6.78 (t, J = 5.06 Hz, 

1H), 2.91 (q, J = 6.66, 6.26 Hz, 2H), 2.21 (t, J = 7.33 Hz, 2H), 1.54 - 1.47 (m, 2H), 

1.43 - 1.35 (m, 2H), 1.40 (s, 9H), 1.30 - 1.22 (m, 2H) ppm; 13C-NMR of (2) (400 
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MHz, DMSO-d6, 25οC): δ = 174.44 (C), 155.58 (C), 77.31 (C), 40.17 (CH2), 33.62 

(CH2), 29.20 (CH2), 28.27 (CH3), 25.84 (CH2), 24.21 (CH2) ppm; Mass: ESI-MS 

(m/z) Calcd. for C11H21NO4: 231.15, found: 254.55 [M+Na]+ 

 

4.2.2. 6-amino-N-methylhexanamide - GnRH (3) 

DIPEA (9.7 ul, 0.055 mmol) was added dropwise under inert atmosphere to a solution 

of 2 (2.58 mg, 0.011 mmol) and HATU (4.18 mg, 0.011 mmol) in 3 mL anhydrous 

DMF. After 5 mins, a solution of D-Lys6-GnRH (14 mg, 0.011 mmol) in 2 mL DMF 

was added dropwise and the resulting mixture was stirred at rt for 12h. The progress 

was monitored via TLC in a solvent system of n-/acetic acid/water (6/2/2, v/v), which 

showed the complete consumption of both starting materials (2 and D-Lys6-GnRH) 

and the formation of a new spot (Rf=0.37). DMF was evaporated under high vacuum 

and the residue was washed thrice with MeCN (1 mL × 3) to afford 16 mg of a white 

solid which was used for the next reaction (Boc- deprotection) without further 

purification. Boc-deprotection was performed with 2 mL of cleavage cocktail 

containing TFA/TIS/H2O (9.5/0.25/0.25, v/v) at rt for 1 h. The solvent was evaporated 

under reduced pressure and the residue was washed thrice with cold diethyl ether (2 

mL × 3) to afford compound 3 (14 mg, 91.92 %) as a white solid. Mass: ESI-MS 

(m/z): [M+H] + calcd. for C65H95N19O14: 1365.73; found: 1368.22 [M+H]+, 684.71 

[M+2H]2+. 

 

4.2.3. 4-((5-(4-((tert-butoxycarbonyl)amino)-2-oxopyrimidin-1(2H)-yl)-3-((tert-

butoxycarbonyl)oxy)-4,4-difluorotetrahydrofuran-2-yl)methoxy)-4-oxobutanoic acid 

(4) 

DIPEA (0.75 mL, 4.30 mmol) was added dropwise to a stirring solution of diboc-

protected gemcitabine (200 mg, 0.43 mmol) and succinic anhydride (108 mg, 1.08 

mmol) in 20 mL of CH2Cl2. The resulting mixture was stirred at rt for 4 h (reaction 

monitored via TLC in solvent system CH2Cl2/methanol 9/1, Rf= 0.04) and then 10 

mL of water were added and the mixture was lyophilized. The residue was then 

purified via RP-HPLC (60/40 % H2O*TFA/MeCN*TFA to 100 % MeCN*TFA for 

30 min, at 254 nm, tR = 11.75 min) to afford compound 4 (190 mg, 78 %) as a white 

solid.  
1H-NMR of 4 (400 MHz, DMSO-d6, 25οC): δ = 12.31 (s, 1 H), 10.61 (s, 1 H), 8.01 

(d, J = 7.6 Hz, 1 H), 7.15 (d, J = 7.6 Hz, 1 H), 6.33 (t, J = 8.7 Hz, 1 H), 5.33 (m, 1 H), 
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4.51 (m, 1 H), 4.48 (m, 1 H), 4.41 (m, 1 H), 2.6 (t, 2 H), 2.54 (t, 2 H), 1.50 (s, 9 H), 

1.49 (s, 9 H) ppm. 13C-NMR (400 MHz, DMSO-d6, 25οC): δ = 174.27 (C), 172.84 

(C), 164.67 (C), 154.72 (C), 152.84 (C), 152.02 (C), 146.18 (C), 122.13 (CF2), 96.32 

(CH), 85.60 (CH), 84.81 (C), 82.32 (C), 76.91 (CH), 73.88 (CH), 63.24 (CH2), 29.51 

(CH2), 28.66 (CH3), 28.05 (CH3) ppm. Mass: ESI-MS (m/z) for C23H30F2N3O11: 

563.5; found: 562.1 [M-H-]-. 

4.2.4. GSHG 

DIPEA (10.2 ul, 0.058 mmol) was added dropwise under inert atmosphere to a 

stirring solution of 4 (6.6 mg, 0.011 mmol) and HATU (4.18 mg, 0.011 mmol) in 3 

mL anhydrous DMF. After 5 mins, a solution of 3 (16 mg, 0.011 mmol) in 2 mL 

anhydrous DMF was added dropwise and the resulting mixture was stirred at rt for 

12h. TLC in solvent system of n-BuOH/acetic acid/water (6/2/2, v/v) showed the 

complete consumption of both starting compounds 3 and 4 and the formation of a new 

spot (Rf=0.31). DMF was removed under high vacuum and the residue was washed 

thrice with MeCN (1 mL × 3) to afford 11 mg of white solid which was used for the 

next reaction (Boc-deprotection) without further purification. Boc-deprotection was 

performed with 2 mL of cleavage cocktail containing TFA/TIS/H2O (9.5/0.25/0.25, 

v/v) at rt for 1 h. The solvent was evaporated under reduced pressure and the residue 

was washed thrice with cold diethyl ether (2 mL × 3) to afford crude GSHG. After 

RP-HPLC purification (90/10 % H2O*TFA/MECN*TFA to 70 % H2O*TFA for 30 

min, at 214 nm, tR=23.35 min), 5 mg (24.91 %) of pure GSHG were obtained as a 

white solid. Mass: ESI-MS (m/z) calcd. for C78H108F2N22O20: 1710.81 [M+H]+; 

found: 856.3 [M+2H]2+, 571.3 [M+3H]3+. 

 

4.2.5. tert-butyl (1-(4-((tert-butoxycarbonyl)oxy)-3,3-difluoro-5-((((4-nitrophenoxy) 

carbonyl)oxy)methyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-

yl)carbamate (2a) and tert-butyl (1-(5-(((tert-butoxycarbonyl)oxy)methyl)-3,3-

difluoro-4-(((4-nitrophenoxy) carbonyl)oxy)tetrahydrofuran-2-yl)-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (2b) 

DIPEA (752.4 ul, 4.319 mmol) was added to a solution of 1a/2b (50 mg, 0.107 mmol) 

in anhydrous MeCN (10 mL), under inert atmosphere at -10 0C (ice/acetone bath). 

After 5 min, a solution of Bis(4-nitrophenyl)carbonate (260.4 mg, 0.856 mmol) in 5 

mL anhydrous MeCN was added dropwise and the resulting mixture was stirred at rt 
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The progress of the reaction was monitored via TLC in acetone/CH2Cl2 (1/10, v/v, 

Rf=0.79). After 4 h, solvent was removed under reduced pressure and the residue was 

purified via column chromatography (eluant: CH2Cl2/acetone 9/1) to afford compound 

2a/2b (60 mg, 88.58 %)/(26mg, 38.39 %) as white solids. 1H-NMR of 2a (400 MHz, 

DMSO-d6, 25οC):δ = 10.58 (s, 1 H), 8.33 (d, J = 9.14 Hz, 2H), 8.02 (d, J = 7.67 Hz, 

1H), 7.59 (d, J = 9.14 Hz, 2H), 7.08 (d, J = 7.55 Hz, 1H), 6.31 (t, J = 8.69 Hz, 1H), 

5.46 - 5.36 (m, 1H), 4.69 - 4.67 (m, 1H), 4.64 - 4.56 (m, 2H), 1.46 (s, 9H), 1.45 (s, 

9H) ppm; 13C-NMR of 2a (400 MHz, DMSO-d6, 25οC):δ = 163.84 (C), 155.17 (C), 

153.80 (C), 151.86 (C), 151.73 (C), 151.11 (C), 145.60 (CH), 145.28 (C), 126.20 (C), 

125.45 (CH), 122.62 (CH), 115.83 (C), 95.35 (CH), 83.95 (C), 81.45 (C), 75.69 (CH), 

72.86 (CH), 67.13 (CH2), 27.73 (CH3), 27.13 (CH3) ppm; Mass: ESI-MS (m/z) calcd. 

for C26H30F2N4O12: 628.18 [M+H]+, found: 629.93 [M+H]+.  
1H-NMR of 2b (400 MHz, DMSO-d6, 25οC):δ = 10.60 (s, 1 H), 8.35 (d, J = 9.15 Hz, 

2H), 8.04 (d, J = 7.7 Hz, 1H), 7.64 (d, J = 9.15Hz, 2H), 7.09 (d, J = 7.65 Hz, 1H), 6.35 

(t, J = 8.56 Hz, 1H), 5.52 (m, 1H), 4.62 - 4.54 (m, 2H), 4.45 - 4.35 (m, 1H), 1.46 (s, 

9H), 1.42 (s, 9H) ppm; 13C-NMR of 2b (400 MHz, DMSO-d6, 25οC): δ = 163.87 

(C), 154.82 (C), 153.82 (C), 152.53 (C), 151.87 (C), 150.74 (C), 145.51 (CH), 126.19 

(C), 125.56 (CH), 122.45 (CH), 115.80 (C), 95.30 (CH), 82.23 (CH), 81.45 (C), 75.77 

(C), 74.60 (CH), 72.49 (CH), 65.24 (CH2), 28.74 (CH3), 27.29 (CH3) ppm; Mass: 

ESI- MS (m/z) calcd. for C26H30F2N4O12: 628.18 [M+H]+, found: 629.87 [M+H]+. 

 

4.2.6. 2G1 and 2G2 

DIPEA (8.34 ul, 0.047 mmol) was added dropwise to a solution of GnRH (20 mg, 

0.01596 mmol) in 2 mL anhydrous DMF under inert atmosphere at 0 oC. After 5 min, 

a solution of 2a/2b (10 mg, 0.015 mmol) in anhydrous 1 mL DMF, was added 

dropwise and the resulting mixture was stirred at rt. The reaction was monitored via 

TLC using acetone/CH2Cl2 1/9 and then n-BuOH/AcOH/H2O (6/2/2, v/v, Rf=0.33). 

After 12 h, solvent was removed under high vacuum and the residue was washed 

twice with acetonitrile (2 mL × 2). The residues were dissolved in 3 mL of cleavage 

cocktail (TFA/TIS/ H2O, 9.5/0.25/0.25, v/v) at 0 oC and stirred at rt for 12 h. Solvent 

was evaporated under reduced pressure and the residue was washed thrice with cold 

diethyl ether (2 mL × 3). Crude compounds were purified with semi preparative RP-

HPLC (90/10 % H2O*TFA/MeCN*TFA to 70 % H2O*TFA for 30 min, at 214 nm, 
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tR2G1=29.50 min and tR2G2=28.50 min) and the fractions were lyophilized to afford 

compound 2G1/2G2 (12.5 mg, 50.81 %) / (12 mg, 48.78 %). 

Mass of 2G1: ESI-MS (m/z): calcd. for C69 H93F2N4O18: 1541.8 [M+H]+, found: 771.9 

[M+2H]2+; 514.9 [M+3H]3+. 

Mass of 2G2: ESI-MS (m/z): calcd. for C69 H93F2N4O18: 1541.8 [M+H]+, found: 

771.8 [M+2H]2+; 514.9 [M+3H]3+. 

 

4.3 Characterization and quantitative analysis of GnRH-gemcitabine conjugates, 

gemcitabine and dFdU by Liquid Chromatography-Mass Spectrometry (LC-

MS/MS) 

For the identification and quantification of gemcitabine, dFdU and GnRH-

gemcitabine conjugates, LC-MS/MS methodologies were developed and validated as 

described previously [42]. HPLC was performed using a Dionex Ultimate 3000 

system (Dionex Corporation, Germering, Germany) equipped with three pumps (two 

for nano and one for micro LC), a temperature-controlled column compartment and an 

autosampler. A C18 column (Agilent, ZORBAX Eclipse, 4.6 x 150 mm, 5 µM) was 

used at a flow rate of 1 mL/min for the separation of analytes of interest. The mobile 

phase consisted of A: 10% MeCN, 90% water, 2 mM ammonium acetate, and 0.1% 

FA and B: 90% MeCN, 10% water, 2 mM ammonium acetate, and 0.1% FA. Mass 

spectrometry was performed on an API 4000 QTRAP LC-MS/MS system fitted with 

a TurboIonSpray source and a hybrid triple quadrupole/linear ion trap mass 

spectrometer (Applied Biosystems, Concord, Ontario, Canada). 

 

4.4 Binding to the human GnRH-R 

Radioiodination of D-Tyr6-His5-GnRH, preparation of membrane homogenates from 

HEK 293 cells stably expressing the GnRH-R and binding of the GnRH-gemcitabine 

conjugates to the human GnRH-R was performed as described before [43, 44]. In 

brief, aliquots of diluted membrane suspension (50 µL) were added into tubes 

containing buffer B (25 mM HEPES containing 1 mM CaCl2, 10 mM MgCl2, 0.5% 

BSA, pH 7.4 at 4 oC) and 100,000-120,000 cpm [125I]-D-Tyr6-His5-GnRH with or 

without increasing concentrations of GnRH-gemcitabine conjugates in a final volume 

of 0.2 mL. The mixtures were incubated at 4 °C for 16-19 h and then filtered using a 

Brandel cell harvester through Whatman GF/C glass fiber filters, presoaked for 1-2 h 

in 0.5% polyethylenimine at 4 °C. The filters were washed four times with 1.5 mL of 
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ice-cold 50 mM Tris-HCl, pH 7.4 at 4 oC. Filters were assessed for radioactivity in a 

gamma counter (LKB Wallac 1275 minigamma, 80% efficiency). The amount of 

membrane used was adjusted to ensure that the specific binding was always equal to 

or less than 10% of the total concentration of the added radioligand. Specific [125I]-D-

Tyr6-His5-GnRH binding was defined as total binding less nonspecific binding in the 

presence of 1000 nM triptorelin (Bachem, Germany). Data for competition binding 

were analyzed by nonlinear regression analysis, using GraphPad Prism 4.0 (GraphPad 

Software, San Diego, CA). IC50 values were obtained by fitting the data from 

competition studies to a one-site competition model. 

 

4.5 Cell Cultures 

The androgen-independent CaP cell lines DU145, PC3, the triple negative breast 

cancer MDA-MB-231 and the luminal A breast cancer MCF-7 were used in this study. 

Cells were maintained in RPMI (DU145, PC3, MDA-MB-231) or DMEM (MCF7) 

medium, containing glutamine and supplemented with 10% Fetal Bovine Serum 

(FBS), penicillin (100 U/mL) and streptomycin (100 mg/mL) at 37 °C and 5% CO2.  

 

4.6 Cell Growth Assay 

Cells were plated at a density of 5 x 103 cells per well on 96-well plates. After 24 h 

incubation (37 oC, 5% CO2), the cell medium was removed, and compounds were 

added at selected concentrations (10-40,000 nM), followed by incubation for 72 h. 

The medium was then removed and the MTT solution (0.3 mg/mL in PBS) was added 

to cells for 3 h, after which the MTT solution was removed and the formazan crystals 

were dissolved in 100 µL DMSO. The optical density was measured at 570 nm and a 

reference wavelength of 690 nm using an absorbance microplate reader (SpectraMax 

190, Molecular Devices, Sunnyvale, CA, USA). The 50% cytostatic concentration 

(IC50) was calculated based on a four-parameter logistic equation using SigmaPlot 12 

software (Systat Software, San Jose, CA, USA). Each point was the result of three 

experiments performed in triplicate. 

 

4.7 Determination of intracellular concentrations of conjugates, gemcitabine and 

dFdU 

Cells (DU145) were plated in 6-well plates at a density of 2 x 106 cells/well. Cells 

were then incubated with 2G1, 2G2, GSHG or gemcitabine (10 µΜ) for selected time 
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points (1 h, 4 h, 8 h). Incubations were terminated by removing the medium and 

washing the cells twice with ice cold PBS to remove unbound gemcitabine or the 

conjugates. The cells were then lysed by adding an ice-cold solution of MeCN-Water 

(3:2) and scraping the cell monolayer. Samples were subsequently vortexed, sonicated 

and centrifuged for three minutes at 16,060 g (Heraeus Biofuge Pico microcentrifuge, 

Thermo Scientific, Bonn, Germany). The supernatants were collected, evaporated and 

stored at -20 oC until the day of analysis. Intracellular accumulation of the conjugates, 

gemcitabine and dFdU was determined by LC-MS/MS analysis using a stable internal 

standard as well as gemcitabine and dFdU standards for the construction of analytical 

standard curves. 

 

4.8 In vitro stability in cell culture 

2G1, 2G2 and GSHG 1 µΜ were incubated in cell culture medium (RPMI, 10%FBS, 

1 % P/S) at 37 oC. Samples (triplicates of 40 µL) were collected at selected time 

points (t= 0, 1, 2, 4, 8, 24, 48, 72 hours) and were stored at -80 oC after mixing with 

160 µL of initial mobile phase (90 % H2O, 10 % MeCN, 2 mM ammonium acetate, 

0.1 % formic acid). Samples were analyzed using LC-MS/MS. 

 

4.9 In vitro stability in human plasma 

1 µg/mL of either 2G1, 2G2 or GSHG were incubated in human plasma. Samples 

(triplicates of 50 µL) were collected at selected time points (t= 0, 0.08, 0.5, 1, 4 hours) 

were stored at -80 oC after mixing with 150 µL acetonitrile. Samples were then 

extracted using protein precipitation and analyzed using LC-MS/MS. 

 

4.10 In vivo pharmacokinetics 

All animal procedures were approved by the Project Evaluation Committee of the 

Institution and the competent Veterinary Service of the Prefecture of Athens, in 

accordance to the National legal framework on the protection of animals used for 

scientific purposes (Presidential Decree 56/2013 in harmonization to the European 

Directive 2010/63). For pharmacokinetic studies, animals at the age of 8-12 weeks 

were weighed and fasted overnight before dosing (n = 5 per group, male C57BL/6N 

inbred strain obtained from Charles River, Calco, Italy). Dosing solutions of GnRH 

conjugates (10 mg/kg or 6.3 µmol/kg) or an equimolar dose of gemcitabine (1.65 

mg/kg) in saline were administered intraperitoneally (IP). A serial tail bleeding 
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protocol was used for the collection of blood samples. Blood samples (10 µL) were 

collected at selected time points (0.25 h, 0.5 h, 1 h, 2 h, 4 h, 6 h, 8 h) in tubes 

containing 40 µL citric acid (0.1 M, pH 4.5) and stored at -80 °C until sample 

extraction. Samples were prepared for quantification by protein precipitation and 

evaporation. 2G1, 2G2, GSHG, gemcitabine and dFdU were quantified by LC-

MS/MS analysis. 

 

4.11 Statistical Analysis 

The results presented herein are expressed as mean ± SD. Statistical analyses were 

performed by the SigmaPlot 12 software. Statistical significance was determined by 

using Student’s t test. 

 

Supporting information 

NMR, MS and HPLC spectra for all the synthesized compounds are presented in the 

Supporting Information (Figure S1-S19). 
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