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Abstract: 

In this study, a series of novel N-feruloyl dipeptides (10-17) have been synthesized through the 

coupling of N-feruloyl amino acids (6-9) with glycine/alanine methyl ester hydrochloride. 

Structures of the peptides were assigned using 1D and 2D NMR and HRESIMS. According to 

initial in vitro cytotoxic screening against the cervix carcinoma cell line KB-3-1, aromatic 

dipeptides (12, 13, 16, 17) were the most potent ones among all tested feruloyl dipeptides. 

Accordingly, these peptides were further intensively investigated as potential anticancer agents 

against a panel of ten cancer cell lines from different tissue origin. Based on that, compound 17 

showed the strongest cytotoxic efficiency towards the whole panel of tested cell lines with IC50 

values from 2.1 to 7.9 M. By contrast, the dipeptides 12, 13 and 16 showed moderate to weak 

cytotoxicity (IC50 16.1-28.3 or > 30, 5.7-21.9 and 3.9-21.2 or  30 M, respectively). 

Mechanistically, compound 17 induced a strong dissipation of the mitochondrial transmembrane 

potential and an early activation of caspase 3/7 in the triple-negative MDA-MB-231 breast cancer 

cell line. In an in vivo model, compound 17 inhibited growth, proliferation and induced apoptosis 

in MDA-MB-231 xenografted onto the chick chorioallantoic membrane. All the synthesized 
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compounds were also tested against a set of pathogenic bacterial strains, displaying no potential 

activity.

Keywords: Feruloyl-dipeptides; In vitro cytotoxicity; Caspase-3/7; Mitochondrial potential; 

Triple negative breast cancer; CAM xenografts

1. Introduction

Being the second leading cause of mortality, cancer represents the major public health concern in 

the United States and many other parts of the world [1]. Particularly, breast, lung, cervical, liver, 

prostate and pancreatic cancers are the most frequent causes of death worldwide with cancer death 

rates depending strongly on gross national product (GNP) per capita and health-care expenditures 

[2]. 

Breast cancer is the most frequently diagnosed cancer type and the leading cause of cancer-related 

mortality in females worldwide. The high mortality from breast cancer is consistently due to tumor 

metastases [2]. Triple-negative breast cancers (TNBC) are among the most aggressive and deadly 

breast cancer subtypes with a high risk of tumor relapse. TNBC affects more frequently younger 

premenopausal women and metastasizes to critical visceral organs [3-5]. Therefore, there is 

worldwide interest in the design of new approaches in the management and treatment of this life-

threatening disease either through exploration of new natural products or synthetic chemistry. 

Ferulic acid is a naturally abundant plant’s phenolic compound [6-11], which, due to its low 

toxicity even in high doses [12], has recently been approved as an antioxidant in food additives 

[13,14]. Additional therapeutic claims of FA encompassing anticarcinogenic [15], antidiabetic 

[16], hepatoprotective [17-19], antimicrobial, anti-inflammatory [20-22], anticholesterolemic [23], 

neuroprotective [24], UV protective [25] and radioprotective [26] effects motivated us to 

synthesize new N-feruloyl-dipeptide conjugates as an approach to explore new promising 

anticancer agents of low side effects and toxicity. Thereby, we have created novel ferulic acid 

derivatives with increased lipophilicity and membrane penetration, hence, maximizing their 

bioavailability and therapeutic value.

2. Results and discussion 



3

2.1.  Chemistry

As illustrated in Scheme 1, the formation of amide linkage between ferulic acid and C-protected 

amino acids was achieved according to recently reported literature [27] to produce N-feruloyl 

amino acid methyl esters (2-5) of colorless solids appearance. Chemical structures of the latter 

were assigned on the basis of their physicochemical properties and spectroscopic data (NMR, ESI-

MS) and comparison with corresponding references [28-30].

Based on ESI-MS, the molecular weights of compounds 2-5 were determined as 265, 279, 355, 

and 461 Da, respectively. The 1H NMR of 2-5 displayed 1H of an amide group between 8.38-8.41 

ppm, and their amide and ester carbonyls were assigned in 13C NMR spectra in the range of 165.7-

166.4 and 171.0-173.7 ppm, respectively, confirming the amide linkage between ferulic acid and 

corresponding amino acid methyl esters. Further details are delineated in the experimental section; 

hence structures 2-5 were definitely determined.

The formation of the free N-feruloyl amino acids derivatives 6-9 was achieved by alkaline 

hydrolysis of 2-5 using lithium hydroxide and subsequent acidification with potassium hydrogen 

sulphate [27]. Structures of the de-esterified compounds 6-9 were established by NMR and ESI-

MS data. Their molecular weights (251, 265, 341, and 447 Da) were deduced to be of 14 amu less 

than the original esters (2-5) [30-32] corresponding to the conversion of –COOCH3 to -COOH. 

Meanwhile, their 1H NMR shifts are most likely retained, except the missed methoxy groups 

signals, in addition, the amide and hydroxyl 1H protons appeared between δ 8.20-8.25 ppm and δ 

9.45-9.46 ppm, respectively. The 13C NMR spectra showed the amide carbonyls between 165.6-

166.2 ppm, meanwhile, those of the free carboxylic acids are between δ 171.9-174.7 ppm.
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Scheme 1: Synthetic scheme of feruloyl amino acid methyl esters (2-5), corresponding acids (6-9) and dipeptides 

(10-17) 

A subsequent individual coupling of the free amino acid derivatives 6-9 with glycine and alanine 

methyl esters hydrochloride, following the same procedure applied for compounds 2-5 [15], 

afforded the new N-feruloyl dipeptide methyl esters 10-13 and 14-17, respectively, as colorless 

solids. Structures of compounds 10-17 were established on the basis of 1D and 2D-NMR, and HR-

ESI-MS data (see the Supplementary Data). 

Detailed structural discussion of N-feruloyl-L-tyrosyl(OBzl)glycine methyl ester (13) based on 

spectroscopic analysis is taken herein as representative example of the dipeptides 10-17. The 

molecular weight of 13 was deduced as 518 Da based on positive and negative modes of ESI-MS, 

delivering the molecular formula C29H30N2O7 of 16 double bond equivalents (DBE). 1H NMR 

spectrum demonstrated a broad singlet of phenolic OH (δ 9.46); triplet and doublet of peptidic 

1NH were shown at δ 8.53 and 8.16 ppm, respectively. Ten signals integrated for fourteen protons 

were shown in the aromatic/olefinic region being for 1,2,4-tri-substituted, 1,4-di-substituted and 

mono-substituted aromatic residues, in addition to one double bond, four signals in the oxygenated 

region integrated for 9H representing CH, ABX-CH2 (δ 3.02 and 2.75) and 2CH3. Twenty-five 

resonating signals integrated for 29 carbons were assigned according to 13C/HSQC, which were 

classified into 3 C=O of ester and/or amide (δ 172.5, 170.7 and 165.6); three phenolic sp2 carbons, 

three non-oxygenated sp2 Cq, 14 sp2 methines, O-CH2, N-CH2, N-CH, 2 OCH3 and 3 Sp3-CH2. 
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Further assignment of structure 13 was accomplished by 2D-NMR spectral data (Figure 1). H,H 

COSY cross peaks between H-5/H-6, H-2/H-3 confirmed the ferulic acid fragment (A). Similarly, 

the tyrosine (OBzl) fragment (B) was fixed through the COSY cross peaks between NH-1'/H-2'/H-

3', H-5'/H-6', H-8'/H-9', and H-13'/H-14'/H-15'/H-16'/H-17'. The structure of the third fragment 

(C) was deduced as well through the COSY correlations between NH-1'' and H-2'' and HMBC 

correlations from H-2'' and H3-4'' towards C-3''. The direct linkage between A and B was deduced 

by the shown 3J HMBC correlation from H-2' to C-1, the third fragment C was subsequently 

attached to B through the 3J HMBC correlation from H-2'' to C-10'. 
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Figure 1. COSY ( ) and key HMBC ( ) connectivities of compound 13.

2.2. Evaluation of Biological Activities

2.2.1. Antibacterial Activity

Using agar diffusion testing method [33] with a concentration of 0.5 mg/ml, the synthesized 

compounds were tested against a set of pathogenic Gram-positive (Bacillus subtilis DSMZ 704, 

Micrococcus luteus DSMZ 1605, Staphylococcus warneri DSMZ 20036) and Gram-negative 

(Escherichia coli DSMZ 1058, Pseudomonas. agarici DSMZ 11810) bacterial strains in 

comparison with gentamycin as reference. However, the compounds exhibited no potentiality as 

antibacterial agents. 

2.2.2. In Vitro Cytotoxic Activity 
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The newly obtained N-feruloyldipeptide methyl esters (10-17), N-feruloylamino acid methyl ester 

5, the previously reported N-feruloylamino acid methyl esters (2-4) [28-30] and ferulic acid (1) 

were screened for their in vitro cytotoxic activity against the KB-3-1 cervix carcinoma cell line. 

The results indicated that coupling of ferulic acid with aromatic amino acid moieties produced the 

most promising activities. In particular, N-feruloyl-L-tyrosyl(OBzl)glycine methyl ester (13), N-

feruloyl-L-phenylalanyl-L-alanine methyl ester (16) and N-feruloyl-L-tyrosyl(OBzl)-L-alanine 

methyl ester (17) showed the highest activity with IC50 values of 57, 45 and 17 µM, respectively 

Table 1. On the other hand, feruloyl derivatives with aliphatic amino residues showed the least or 

no activity at all. 

Table 1:  In-vitro cytotoxicity of the synthesized compounds 2-5, 10-17 against KB-3-1cell line:

Compound IC50 (µM) Compound IC50 (µM) 

1 - 12 >100

2 - 13 57

3 - 14 >100

4 - 15 >100

5 >100 16 45

10 - 17 17

11 -

Based on the aforementioned interesting cytotoxic profile of N-feruloyl dipeptide methyl esters 

12, 13, 16 and 17, they were further evaluated by using an XTT cell viability kit and a panel of ten 

human cancer cell lines originating from six different types of solid tumors in comparison with 

paclitaxel as a positive control. The response parameter expressed as IC50 values of the tested 

compounds against the above-mentioned cancer cell lines are listed in Table 2. As expected and 

previously shown [34], we found, that ferulic acid exhibited no obvious cytotoxicity towards the 

tested cancer cell panel at the concentration range tested. By contrast, the synthesized ferulic acid 

dipeptide derivatives (12, 13, 16 and 17) showed a more pronounced cytotoxicity towards all tested 

cancer cell lines (Figure 2, Table 2). In addition, the potency order of cytotoxic activity of the 

synthesized derivatives against the human cancer cell lines used can be arranged as 17 > 16  

13 > 12. Compound 12 displayed the weakest cytotoxic activity with IC50 values in the range of 

16.1-28.3 or > 30.0 µM, whereas compounds 13 and 16 showed moderate cytotoxicity with IC50 

values in the range of 5.7-21.9 µM and 3.9-21.2 or ≥ 30.0 µM, respectively. Compound 17 revealed 
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the highest in vitro cytotoxicity (IC50 range 2.1-7.9 µM) towards all tested cancer cell lines. The 

most bioactive ferulic acid peptide derivative, 17, inhibited the proliferation and cell viability of 

breast cancer cells, the TNBC MDA-MB-231, MDA-MB-453, CAL-148 and CAL-51 with IC50 

values of 4.6, 2.2, 2.1 and 2.8 µM, respectively, and of the triple-positive (TPBC) MCF7 with IC50 

of 2.2 µM. In addition, compound 17 exhibited cytotoxic activity against MIA PaCa-2 pancreatic 

carcinoma cells, DU 145 androgen-insensitive prostate carcinoma cells, HeLa cervical carcinoma 

cells, Hep G2 hepatocellular carcinoma cells and A549 pulmonary adenocarcinoma cells with IC50 

values of 2.5, 4.0, 4.7, 5.9, and 7.9 µM, respectively. 

The high cytotoxic activity of 17 toward different human cancer cell lines prompted us to further 

investigate the molecular mechanism of cancer cell death induced by it. TNBC are among the most 

aggressive and deadly breast cancer subtypes [3-5]. For that reason, the MDA-MB-231 TNBC 

breast cancer cell line was selected as a representative cell line to perform such studies. 

Table 2. Toxicity of N-feruloyl dipeptide methyl esters 12, 13, 16 and 17 against a panel of solid 
cancer cell lines

Compound, IC50, 48 h

µM nM
Tissue Cell lines

12 13 16 17 Ferulic acid Paclitaxel

Breast TPBC MCF7 30 16.2 22 2.2  30 *

Breast TNBC MDA-MB-231 30 20.8 18.4 4.6  30 -

Breast TNBC MDA-MB-453 28.3 5.7 5.3 2.2  30 48 nM

Breast TNBC CAL-51 20.3 7.8 6.5 2.8  30 41 nM

Breast TNBC CAL-148 16.1 5.8 3.9 2.1  30 -

Liver Hep G2  30 19.4 21.2 5.9  30 -

Cervix HeLa  30 14 17.1 4.7  30 4.9 nM

Lung A549  30 21.9  30 7.9  30 -

Pancreas MIA PaCa-2 22.5 5.9 6.6 2.5  30 7.2 nM

Prostate DU 145  30 7.1 19.2 4  30 6.5 nM

TPBC (triple-positive breast cancer), TNBC (triple-negative breast cancer), - (not done), *(cannot be properly estimated)
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Figure 2. Cytotoxic activity of compounds 12,13,16 and 17 against a panel of 10 solid human cancer cell lines. 

Compound 17 shows the strongest cytotoxic activity. The cancer cell lines were treated with various concentrations 

of compounds 12, 13, 16, 17, or the parental ferulic acid for 48 h. Cell viability was analyzed by a XTT cell viability 

assay. All data are mean ± SEM, n = 3. Paclitaxel served as control.
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2.2.3. Induction of Mitochondrial Dysfunction

Mitochondria act as central check point of apoptosis by integrating death signals originating from 

both, the extrinsic and intrinsic apoptotic signaling pathways [35]. To delineate the importance of 

mitochondria in compound 17-induced cancer cell death, the mitochondrial membrane integrity 

was analyzed by using the lipophilic cationic JC-1 dye that exhibits potential-dependent 

accumulation in the mitochondria. The dye specifically enters and accumulates inside the 

negatively-charged energized mitochondria in a potential-dependent manner to form red 

fluorescent J-aggregates, whereas from damaged mitochondria, it is released into the cytoplasm, 

where it can be detected as green fluorescent monomers. Among the analyzed synthesized ferulic 

acid derivatives, only compound 17, at the used concentration of 10 µM, induced a strong collapse 

of mitochondrial membrane potential in TNBC MDA-MB-231 cells after 24 h (Figure 3). This 

mitochondrial dissipation is characterized by a red-to-green fluorescence emission shift and an 

increase in the percentages of cells with deenergized mitochondria to about 68% similar to those 

observed by the potent mitochondrial oxidative phosphorylation uncoupler, FCCP (Figure 3). 
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Figure 3. Compound 17 affects the mitochondrial integrity in the triple-negative MDA-MB-231 breast cancer cell 

line. (a) MDA-MB-231 cells treated with the respiratory uncoupler, FCCP (50 µM) for 2 h were used as positive 

control. (b) MDA-MB-231 cells were treated with either ferulic acid, its synthesized derivatives at concentrations of 

10 µM, or paclitaxel (100 nM), or doxorubicin (100 nM) for 24 h The mitochondrial membrane potential was analyzed 

flow cytometrically by using JC-1 dye. Representative dot plots are shown. Figures (upper right squares of the panels) 

show the percentages of cells with the loss of mitochondrial membrane potential (ΔΨm). ΔΨm was measured as 

red/green JC-1 fluorescence intensity ratio. (c) Graphs show the percentages of MDA-MB-231 cells with depolarized 

mitochondria and the loss of ΔΨm in treated cells. Statistical analysis was performed by using the Newman-Keuls 

test. All data are mean ± SEM, n = 3, *p < 0.05, ***p < 0.001 vs control. 

2.2.4. Activation of Executioner Caspase 3/7
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Mitochondria play an integral role in the activation of the caspase cascade in the intrinsic apoptotic 

signaling pathway [35]. Caspases 3 and 7 are the best characterized executioner caspases that when 

cleaved activate a large set of substrates to produce the morphological and biochemical features 

associated with apoptosis [36]. Treatment of the TNBC MDA-MB-231 cells with compound 17 

(10 and 30 µM) for 24 h induced a strong activation of caspase 3/7 followed by a relative decrease 

with increasing the incubation time (Figure 4). 

Figure 4. Compound 17 induces activation of caspase 3/7 in the triple-negative MDA-MB-231 breast cancer cell line. 

MDA-MB-231 cells were treated with either ferulic acid, or its synthesized derivatives at concentrations of 10 and 30 

µM, paclitaxel (100 nM), or doxorubicin (100 nM) for 24 and 48 h, and the activity of caspase 3/7 was assessed using 

a Caspase-Glo® 3/7 activity kit according to the manufacturer’s instructions. Graphs show the percentage of caspase 

3/7 activation in treated cells relative to the control. All data are mean ± SEM, n = 3, *p < 0.05, ***p < 0.001 vs 

control. 

2.2.5. In Vivo Antitumor Efficacy in Human Triple-Negative MDA-MB-231 Xenografts

The in vitro antitumor efficacies of different synthesized ferulic acid derivatives were further 

assessed in an in vivo model using MDA-MB-231 xenografts on the chorioallantoic membrane of 
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fertilized chick eggs (CAM). Immunohistochemical analysis revealed that all synthesized ferulic 

acid derivatives inhibited the expression of the nuclear antigen Ki-67, used as a marker for growth 

and proliferation of the tumor xenografts. Moreover, they induced DNA strand breaks, a sign of 

terminal apoptosis, in the highly aggressive MDA-MB-231 xenografts (Figure 5). In particular, 

compound 17 exhibited the strongest antitumour activity in the established human tumor xenograft 

model, in terms of inhibition of tumor growth, proliferation and the induction of apoptosis (Figure 

5). Upon examination of the embryos, neither embryonic death nor any signs of systemic toxicity 

could be detected with compound 17 treatment indicating low systemic toxicity.

Figure 5. Compound 17 induces apoptosis and inhibits growth of the triple-negative MDA-MB-231 breast cancer 

xenografts in vivo. MDA-MB-231 cells were grafted onto the chorioallantoic membrane (CAM) of fertilized chick 
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eggs. Next day, the tumors were topically treated with compounds 13, 16, and 17 at the concentration of 10 µM for 3 

consecutive days. (a) Representative pictures are shown. Hematoxylin and eosin staining (HE) after histological 

preparation, original magnification 50x. (b) Upper panel: immunohistochemical analysis of tumor cell proliferation 

using nuclear Ki-67 antigen (proliferation marker, dark violet stain within nuclei). Nuclei were counterstained with 

hematoxylin (blue). Original magnification 200x. Lower panel: TUNEL staining (TdT, dark brown) for the detection 

of cells with fragmented DNA as apoptosis marker. Original magnification 200x. (c) Graphs show quantification of 

tumor cell proliferation and apoptosis. Statistical analysis was performed by using the Newman-Keuls test, n = 3 - 4, 

*p < 0.05 vs control.

3. Experimental
3.1. Chemistry

Melting points were determined on a BÜCHI Melting Point B-540 apparatus (BÜCHI Germany). 

NMR spectra (1H NMR, 13C NMR, COSY, HMQC, and HMBC) were measured on Bruker Avance 

DRX 500 MHz (125 MHz for 13C NMR) spectrometer (Bruker, USA) with tetramethylsilane as 

internal standard. Chemical shifts were reported relative to residual solvent peaks ([D6] dimethyl 
sulphoxide (DMSO): 1H: 2.50 ppm, 13C: 39.5 ppm). ESI mass spectra were recorded using an ion 

trap mass spectrometer equipped with a standard ESI/APCI source. Samples were introduced by 

direct infusion with a syringe pump. Nitrogen served both as the nebulizer gas and the dry gas. 

Nitrogen was generated by a nitrogen generator. Helium served as cooling gas for the ion trap and 

collision gas for MSn experiments (Bruker Daltonik GmbH, Bremen, Germany). Starting 

materials, reagents, and solvents were obtained from Sigma-Aldrich (St. Louis, MO, USA) and 
used without further purification. The purity of the synthesized compounds was investigated by 

thin layer chromatography (TLC), performed on Merck precoated silica gel 60 F254 aluminum 

sheets with solvent mixture of dichloromethane-methanol as eluent. Spots were visualized under 

an ultraviolet (UV) lamp at 254 and 366 nm then staining with anisaldehyde/ H2SO4 reagent.

3.1.1.  General procedure for synthesis of N-feruloylamino acid methyl esters (2-5)

Ferulic acid (1 eq), amino acid methyl ester hydrochloride (1 eq), 1-hydroxybenzotriazole (HOBt) 

(1.2 eq) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl) (1.2 eq) 

in dry acetonitrile (6 ml) were stirred at 0 oC for five minutes, then N,N-diisopropylethylamine 

(DIPEA) (1.2 eq) was added dropwise. The reaction mixture was stirred overnight at room 

temperature. The solvent was removed under reduced pressure and the residue was dissolved in 
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dichloromethane (DCM) and washed by deionized water, sodium hydrogen carbonate and 1M 

hydrochloric acid. The DCM layer was then dried over MgSO4 and the solvent was removed under 

reduced pressure to produce N-feruloylamino acid methyl esters 2-5 as white solids. Spectroscopic 

data of 2-5 are listed below. 

3.1.1.1. N-feruloylglycine methyl ester (2)

White solid (yield % = 91 %); mp 112-113 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 9.49 (s, OH), 

8.38 (t, J = 6.0 Hz, 1H, amide-NH), 7.36 (d, J = 15.7 Hz, 1H), 7.16 (d, J = 2.0 Hz, 1H), 7.03 (dd, 

J = 8.2, 2.0 Hz, 1H), 6.81 (d, J = 8.1, Hz, 1H), 6.54 (d, J = 15.7 Hz, 1H), 3.97 (d, J = 5.9 Hz, 2H), 

3.82 (s, 3H), 3.65 (s, 3H); 13C NMR (DMSO-d6, 125 MHz,): δ = 171.0 (COOMe), 166.4 (CONH), 

148.9, 148.3, 140.3, 126.6, 122.2, 118.5, 116.1, 111.3, 56.0, 52.2, 41.2; (+)-ESIMS m/z 266 ([M 

+ H]+, 288 ([M+Na]+,100).

3.1.1.2. N-feruloyl-L-alanine methyl ester (3)

White solid (yield % = 76 %); mp 117-118 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 9.49 (s, OH), 

8.38 (d, J = 7.1 Hz, 1H, amide-NH), 7.34 (d, J = 15.8 Hz, 1H), 7.14 (d, J = 2.0 Hz, 1H), 7.01 (dd, 

J = 8.2, 2.0 Hz, 1H), 6.80 (d, J = 8.1, Hz, 1H), 6.50 (d, J = 15.7 Hz, 1H), 4.39 (p, J = 7.2 Hz, 1H), 

3.81 (s, 3H), 3.64 (s, 3H), 1.33 (d, J = 7.3 Hz, 3H); 13C NMR (DMSO-d6, 125 MHz,): δ = 173.7 

(COOMe), 165.7 (CONH), 148.9, 148.3, 140.2, 126.7, 122.1, 118.6, 116.1, 111.2, 56.0, 52.3, 48.1, 

17.6; (+)-ESIMS m/z 302 [M + Na]+; (-)-ESIMS m/z 278 [M-H]-.

3.1.1.3. N-feruloyl-L-phenylalanine methyl ester (4)

White solid (yield % = 68 %); mp 107-108 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 9.49 (s, OH), 

8.41 (d, J = 7.8 Hz, 1H, amide-NH), 7.35-7.18 (m, 6H), 7.12 (d, J = 1.9 Hz, 1H), 6.99 (dd, J = 8.1, 

1.9 Hz, 1H), 6.80 (d, J = 8.0, Hz, 1H), 6.50 (d, J = 15.8 Hz, 1H), 4.62 (ddd, J = 9.7, 7.6, 5.3 Hz, 

1H), 3.81 (s, 3H), 3.62 (s, 3H), 3.09 (dd, J = 13.8, 5.4 Hz, 1H), 2.96 (dd, J = 13.8, 9.3, 1H); 13C 

NMR (DMSO-d6, 125 MHz,): δ = 172.7 (COOMe), 165.9 (CONH), 148.9, 148.3, 140.4, 137.7, 

129.5, 128.7, 127.0, 126.6, 122.3, 118.4, 116.1, 111.1, 56.0, 54.2, 52.3, 37.3; (+)-ESIMS m/z 378 

[M + Na]+ ; (-)-ESIMS m/z 354 [M-H]-.

3.1.1.4. N-feruloyl-L-tyrosine(OBzl) methyl ester (5)
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White solid (yield % = 70 %); mp 122-123 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 9.48 (s, OH), 

8.37 (d, J = 7.8 Hz, 1H, amide-NH), 7.43 (d, J = 7.8 Hz, 2H), 7.38 (d, J = 7.7 Hz, 2H), 7.31 (m, 

2H), 7.16 (d, J = 8.6 Hz, 2H), 7.12 (d, J = 2.0 Hz, 1H), 6.99 (dd, J = 8.2, 1.9 Hz, 1H), 6.93 (d, J = 

8.6 Hz, 2H), 6.80 (d, J = 8.1 Hz, 1H), 6.51 (d, J = 15.7 Hz, 2H), 5.06 (s, 2H), 4.56 (ddd, J = 9.7, 

7.7, 5.4 Hz, 1H), 3.81 (s, 3H), 3.62 (s, 3H), 3.02 (dd, J = 13.9, 5.4 Hz, 1H), 2.89 (dd, J = 13.9, 9.2, 

1H); 13C NMR (DMSO-d6, 125 MHz,): δ = 172.7 (COOMe), 165.9 (CONH), 157.5, 148.9, 148.3, 

140.3, 137.6, 130.5, 129.8, 128.9, 128.2, 128.1, 126.6, 122.2, 118.5, 116.1, 115.0, 111.1, 69.6, 

56.0, 54.4, 52.3, 36.5; (+)-ESIMS m/z 484 [M + Na]+ ; (-)-ESIMS m/z 460 [M-H]-.

3.1.2.  General procedure for synthesis of N-feruloylamino acids (6-9)

N-feruloylamino acid methyl esters (2-5) (1 eq) were dissolved in MeOH/THF (1:1) then a solution 

of LiOH.H2O (2.5 eq) in H2O was added dropwise. The reaction mixture was stirred at room 

temperature for 1 h and then the solvents were removed under reduced pressure. The residual 

aqueous phase was acidified by adding solid KHSO4 (pH = 4 - 5) and re-extracted with AcOEt 

twice. The combined extracts were dried over MgSO4 and the solvent was removed under reduced 

pressure to yield N-feruloylamino acids (6-9) as white solids. Spectroscopic data of these 

compounds are listed below. 

3.1.2.1. N-feruloyl-glycine (6)

White solid (yield % = 86 %); mp 216-217 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 12.54 (s, 

OH), 9.46 (s, COOH), 8.25 (t, J = 5.9 Hz, 1H, amide-NH), 7.35 (d, J = 15.7 Hz, 1H), 7.16 (d, J = 

2.0 Hz, 1H), 7.02 (dd, J = 8.2, 2.0 Hz, 1H), 6.81 (d, J = 8.2, Hz, 1H), 6.55 (d, J = 15.8 Hz, 1H), 

3.88 (d, J = 5.8 Hz, 2H), 3.82 (s, 3H); 13C NMR (DMSO-d6, 125 MHz,): δ = 171.9 (COOH), 166.2 

(CONH), 148.8, 148.3, 140.0, 126.7, 122.1, 118.8, 116.1, 111.3, 56.0, 41.3; (+)-ESIMS m/z 274 

([M + Na]+, 100), 525 ([2M + Na]+, 63); (-)-ESIMS m/z 250 [M-H]-.

3.1.2.2. N-feruloyl-L-alanine (7)

White solid (yield % = 92 %); mp 200-201 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 12.38 (s, 

OH), 9.45 (s, COOH), 8.24 (d, J = 7.4 Hz, 1H, amide-NH), 7.34 (d, J = 15.7 Hz, 1H), 7.14 (d, J = 

2.0 Hz, 1H), 7.01 (dd, J = 8.1, 1.9 Hz, 1H), 6.80 (d, J = 8.1, Hz, 1H), 6.53 (d, J = 15.8 Hz, 1H), 

4.33 (p, J = 7.2 Hz, 1H), 3.81 (s, 3H), 1.32 (d, J = 7.3 Hz, 3H); 13C NMR (DMSO-d6, 125 MHz,): 
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δ = 174.7 (COOH), 165.6 (CONH), 148.8, 148.3, 140.0, 126.8, 122.0, 119.0, 116.1, 111.2, 56.0, 

48.0, 17.8; (+)-ESIMS m/z 266 ([M + H]+, 42), 280 ([M + Na]+, 56); (-)-ESIMS m/z 264 [M-H]-.

3.1.2.3. N-feruloyl-L-phenylalanine (8)

White solid (yield % = 84 %); mp 227-228 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 12.70 (s, 

OH), 9.46 (s, COOH), 8.24 (d, J = 8.1 Hz, 1H, amide-NH), 7.31-7.24 (m, 5H), 7.21 (m, 1H), 7.12 

(d, J = 2.0 Hz, 1H), 6.98 (dd, J = 8.1, 2.0Hz, 1H), 6.79 (d, J = 8.1, Hz, 1H), 6.52 (d, J = 15.7 Hz, 

1H), 4.57 (ddd, J = 9.4, 8.0, 4.8 Hz, 1H), 3.81 (s, 3H), 3.12 (dd, J = 13.9, 4.8 Hz, 1H), 2.93 (dd, J 

= 13.9, 9.5, 1H); 13C NMR (DMSO-d6, 125 MHz,): δ = 173.6 (COOH), 165.8 (CONH), 148.8, 

148.3, 140.0, 138.1, 129.5, 128.7, 126.9, 126.7, 122.2, 118.8, 116.1, 111.1, 56.0, 54.0, 37.3; (+)-

ESIMS m/z 342 ([M + H]+, 5), 364 ([M + Na]+, 100); (-)-ESIMS m/z 341 [M-H]-.

3.1.2.4. N-feruloyl-L-tyrosine(OBzl) (9)

White solid (yield % = 76 %); mp 231-232 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 12.59 (s, 

OH), 9.46 (s, COOH), 8.20 (d, J = 8.2 Hz, 1H, amide-NH), 7.43 (d, J = 7.1 Hz, 2H), 7.38 (d, J = 

7.2 Hz, 2H), 7.35-7.26 (m, 2H), 7.17 (d, J = 8.3 Hz, 2H), 7.13 (d, J = 1.9 Hz, 1H), 6.99 (dd, J = 

8.2, 1.9 Hz, 1H), 6.93 (d, J = 8.3 Hz, 2H), 6.80 (d, J = 8.1 Hz, 1H), 6.53 (d, J = 15.7 Hz, 1H), 5.05 

(s, 2H), 4.52 (td, J = 8.4, 4.7 Hz, 1H), 3.81 (s, 3H), 3.05 (dd, J = 14.0, 4.8 Hz, 1H), 2.86 (dd, J = 

13.9, 9.4, 1H); 13C NMR (DMSO-d6, 125 MHz,): δ = 173.7 (COOH), 165.8 (CONH), 157.5, 148.8, 

148.3, 140.3, 137.6, 130.5, 130.2, 128.9, 128.2, 128.1, 126.7, 122.2, 118.9, 116.1, 115.0, 111.1, 

69.6, 56.0, 54.4, 36.5; (+)-ESIMS m/z 470 [M + Na]+ ; (-)-ESIMS m/z 446 [M-H]-.

3.1.3.  General procedure for synthesis of N-feruloylamino acid-glycine methyl esters (10-13)

Compounds (10-13) have been synthesized following the same procedure described for 

compounds (2-5). Spectroscopic data of these compounds are listed below. 

3.1.3.1.  N-feruloylglycylglycine methyl ester (10)

White solid (yield % = 86 %); mp 165-167 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 9.46 (s, OH), 

8.35 (t, J = 5.9 Hz, 1H, amide-NH), 8.23 (t, J = 5.9 Hz, 1H, amide-NH), 7.35 (d, J = 15.7 Hz, 1H), 

7.15 (d, J = 2.0 Hz, 1H), 7.02 (dd, J = 8.2, 2.0 Hz, 1H), 6.80 (d, J = 8.1, Hz, 1H), 6.56 (d, J = 15.7 

Hz, 1H), 3.87 (d, J = 5.9 Hz, 4H), 3.81 (s, 3H), 3.64 (s, 3H); 13C NMR (DMSO-d6, 125 MHz,): δ 

= 170.7 (COOMe), 170.1 (CONH), 166.2 (CONH), 148.8, 148.3, 139.9, 126.8, 122.0, 119.1, 



17

116.1, 111.3, 56.0, 52.2, 42.4, 41.0; (+)-ESIMS m/z 323 [M + H]+; (-)-ESIMS m/z 321 [M-H]-; 

(+)-HRESI: m/z = 323.1236 [M+H]+ (calc. 323.1237 for C15H19N2O6).

3.1.3.2. N-feruloyl-L-alanylglycine methyl ester (11)

White solid (yield % = 89 %); mp 103-105 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 9.45 (s, OH), 

8.37 (t, J = 5.9 Hz, 1H, amide-NH), 8.14 (d, J = 7.8 Hz, 1H, amide-NH), 7.33 (d, J = 15.7 Hz, 1H), 

7.13 (d, J = 2.0 Hz, 1H), 7.00 (dd, J = 8.2, 2.0 Hz, 1H), 6.80 (d, J = 8.1, Hz, 1H), 6.58 (d, J = 15.7 

Hz, 1H), 4.46 (p, J = 7.2 Hz, 1H), 3.86 (d, J = 6.2 Hz, 2H), 3.81 (s, 3H), 3.63 (s, 3H), 1.27 (d, J = 

7.1 Hz, 3H); 13C NMR (DMSO-d6, 125 MHz,): δ = 173.4 (COOMe), 170.7 (CONH), 165.4 

(CONH), 148.8, 148.3, 139.7, 126.8, 122.0, 119.3, 116.1, 111.1, 56.0, 52.1, 48.4, 41.0, 18.9; (+)-

ESIMS m/z 337 ([M + H]+, 8), 359 ([M + Na]+, 100), 695 ([2M + Na]+, 20); (-)-ESIMS m/z 335 

[M-H]-. (+)-HRESI: m/z = 337.1393 [M+H]+ (calc. 337.1394 for C16H21N2O6).

3.1.3.3. N-feruloyl-L-phenylalanylglycine methyl ester (12)

White solid (yield % = 95 %); mp 131-133 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 9.45 (s, OH), 

8.55 (t, J = 5.9 Hz, 1H, amide-NH), 8.20 (d, J = 8.5 Hz, 1H, amide-NH), 7.31-7.24 (m, 5H), 7.19 

(m, 1H), 7.10 (d, J = 1.9 Hz, 1H), 6.97 (dd, J = 8.2, 1.9 Hz, 1H), 6.79 (d, J = 8.1, Hz, 1H), 6.52 (d, 

J = 15.6 Hz, 1H), 4.71 (ddd, J = 10.2, 8.5, 4.3 Hz, 1H), 3.89 (dd, J = 5.9, 2.7 Hz, 2H), 3.80 (s, 3H), 

3.64 (s, 3H), 3.09 (dd, J = 13.9, 4.3 Hz, 1H), 2.82 (dd, J = 13.9, 10.0, 1H); 13C NMR (DMSO-d6, 

125 MHz,): δ = 172.4 (COOMe), 170.7 (CONH), 165.7 (CONH), 148.8, 148.2, 139.8, 138.4, 

129.6, 128.5, 126.74, 126.72, 122.1, 119.0, 116.1, 111.1, 56.0, 54.0, 52.2, 41.1, 38.2; (+)-ESIMS 

m/z 435 [M + Na]+; (-)-ESIMS m/z 411 [M-H]-. (+)-HRESI: m/z = 413.1707 [M+H]+ (calc. 

413.1707 for C22H25N2O6).

3.1.3.4. N-feruloyl-L-tyrosyl(OBzl)glycine methyl ester (13)

White solid (yield % = 92 %); mp 179-181 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 9.46 (s, OH), 

8.53 (t, J = 5.9 Hz, 1H, amide-NH), 8.16 (d, J = 8.5 Hz, 1H, amide-NH), 7.43 (d, J = 7.1 Hz, 2H), 

7.38 (d, J = 7.5 Hz, 2H), 7.32 (m, 1H), 7.26 (d, J = 15.7 Hz, 1H), 7.21-7.19 (m, 2H), 7.11 (d, J = 

2.0 Hz, 1H), 6.98 (dd, J = 8.2, 2.0 Hz, 1H), 6.91 (d, J = 8.3 Hz, 2H), 6.89 (d, J = 8.1 Hz, 1H), 6.53 

(d, J = 15.7 Hz, 1H), 5.04 (s, 2H), 4.66 (td, J = 9.2, 4.3 Hz, 1H), 3.88 (dd, J = 5.9, 2.6 Hz, 2H), 

3.80 (s, 3H), 3.64 (s, 3H), 3.02 (dd, J = 14.0, 4.3 Hz, 1H), 2.75 (dd, J = 14.0, 9.9, 1H); 13C NMR 

(DMSO-d6, 125 MHz,): δ = 172.5 (COOMe), 170.7 (CONH), 165.6 (CONH), 157.4, 148.8, 148.3, 
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139.8, 137.6, 130.6, 130.5, 128.8, 128.2, 128.1, 126.7, 122.1, 119.1, 116.1, 114.8, 111.1, 69.6, 

56.0, 54.5, 52.2, 41.1, 37.4; (+)-ESIMS m/z 541 [M + Na]+ ; (-)-ESIMS m/z 517 [M-H]-; (+)-

HRESI: m/z = 519.2131 [M+H]+ (calc. 519.2126 for C29H31N2O7).

3.1.4.  General procedure for synthesis of N-feruloylamino acid-glycine methyl esters (14-17)

Synthesis of compounds (14-17) has been accomplished using the same method described for 

compounds (2-5). Spectroscopic data of these compounds are listed below. 

3.1.4.1. N-feruloylglycyl-L-alanine methyl ester (14)

White solid (yield % = 87 %); mp 161-163 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 9.45 (s, OH), 

8.38 (d, J = 7.1 Hz, 1H, amide-NH), 8.14 (t, J = 5.8 Hz, 1H, amide-NH), 7.34 (d, J = 15.6 Hz, 1H), 

7.15 (d, J = 1.9 Hz, 1H), 7.01 (dd, J = 8.2, 1.9 Hz, 1H), 6.80 (d, J = 8.1, Hz, 1H), 6.57 (d, J = 15.7 

Hz, 1H), 4.31 (p, J = 7.2 Hz, 1H), 3.87 (dd, J = 12.6, 5.8 Hz, 2H), 3.81 (s, 3H), 3.63 (s, 3H), 1.29 

(d, J = 7.3 Hz, 3H); 13C NMR (DMSO-d6, 125 MHz,): δ = 173.4 (COOMe), 169.3 (CONH), 166.1 

(CONH), 148.8, 148.3, 139.8, 126.8, 122.0, 119.1, 116.1, 111.3, 56.0, 52.3, 48.0, 42.2, 17.5; (+)-

ESIMS m/z 337 ([M + H]+, 4), 359 ([M + Na]+, 100), 695 ([2M + Na]+, 32); (+)-HRESI: m/z = 

337.1398 [M+H]+ (calc. 337.1394 for C16H21N2O6).

3.1.4.2. N-feruloyl-L-alanyl-L-alanine methyl ester (15)

White solid (yield % = 89 %); mp 109-111 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 9.44 (s, OH), 

8.39 (d, J = 7.0 Hz, 1H, amide-NH), 8.08 (d, J = 7.8 Hz, 1H, amide-NH), 7.32 (d, J = 15.6 Hz, 

1H), 7.13 (d, J = 2.0 Hz, 1H), 6.99 (dd, J = 8.2, 2.0 Hz, 1H), 6.80 (d, J = 8.1, Hz, 1H), 6.58 (d, J 

= 15.7 Hz, 1H), 4.46 (p, J = 7.2 Hz, 1H), 4.28 (p, J = 7.1 Hz, 1H), 3.81 (s, 3H), 3.63 (s, 3H), 1.30 

(d, J = 7.3 Hz, 3H), 1.25 (d, J = 7.1 Hz, 3H); 13C NMR (DMSO-d6, 125 MHz,): δ = 173.4 

(COOMe), 172.8 (CONH), 165.4 (CONH), 148.8, 148.3, 139.7, 126.8, 122.0, 119.3, 116.1, 111.1, 

56.0, 52.3, 48.2, 48.0, 18.9, 17.3; (+)-ESIMS m/z 351 ([M + H]+, 6), 373 ([M + Na]+, 100), 723 

([M + 2Na]+, 15); (+)-HRESI: m/z = 351.1554 [M+H]+ (calc. 351.1551 for C17H23N2O6).

3.1.4.3. N-feruloyl-L-phenylalanyl-L-alanine methyl ester (16)

White solid (yield % = 96 %); mp 123-125 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 9.44 (s, OH), 

8.58 (d, J = 7.1 Hz, 1H, amide-NH), 8.14 (d, J = 8.6 Hz, 1H, amide-NH), 7.32-7.24 (m, 5H), 7.19 

(m, 1H), 7.10 (d, J = 1.9 Hz, 1H), 6.97 (dd, J = 8.2, 2.0 Hz, 1H), 6.78 (d, J = 8.1, Hz, 1H), 6.51 (d, 
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J = 15.7 Hz, 1H), 4.71 (ddd, J = 9.4, 8.0, 4.8 Hz, 1H), 4.31 (p, J = 7.1 Hz, 1H), 3.80 (s, 3H), 3.63 

(s, 3H), 3.07 (dd, J = 14.0, 4.1 Hz, 1H), 2.80 (dd, J = 13.9, 9.5, 1H), 1.32 (d, J = 7.3 Hz, 3H); 13C 

NMR (DMSO-d6, 125 MHz,): δ = 173.4 (COOMe), 171.9 (CONH), 165.6 (CONH), 148.8, 148.2, 

139.8, 138.2, 129.6, 128.5, 126.74, 126.70, 122.1, 119.1, 116.1, 111.1, 56.0, 54.0, 52.4, 48.0, 38.2, 

17.4; (+)-ESIMS m/z 427 ([M + H]+, 5), 449 ([M + Na]+, 100); (+)-HRESI: m/z = 427.1865 

[M+H]+ (calc. 427.1864 for C23H27N2O6).

3.1.4.4. N-feruloyl-L-tyrosyl(OBzl)-L-alanine methyl ester (17)

White solid (yield % = 91 %); mp 180-182 °C. 1H NMR (DMSO-d6, 500 MHz,): δ = 9.45 (s, OH), 

8.56 (d, J = 7.1 Hz, 1H, amide-NH), 8.10 (d, J = 8.6 Hz, 1H, amide-NH), 7.43 (d, J = 7.1 Hz, 2H), 

7.38 (d, J = 7.2 Hz, 2H), 7.34-7.29 (m, 1H), 7.25 (d, J = 15.7 Hz, 1H), 7.21 (d, J = 8.6 Hz, 2H), 

7.11 (d, J = 2.0 Hz, 1H), 6.97 (dd, J = 8.2, 2.0 Hz, 1H), 6.91 (d, J = 8.3 Hz, 2H), 6.79 (d, J = 8.1 

Hz, 1H), 6.52 (d, J = 15.7 Hz, 1H), 5.05 (s, 2H), 4.66 (td, J = 8.4, 4.7 Hz, 1H), 4.30 (p, J = 7.2 Hz, 

1H), 3.81 (s, 3H), 3.63 (s, 3H), 3.00 (dd, J = 14.1, 4.1 Hz, 1H), 2.73 (dd, J = 14.2, 9.9 Hz, 1H), 

1.32 (d, J = 7.3 Hz, 3H); 13C NMR (DMSO-d6, 125 MHz,): δ = 173.4 (COOMe), 171.9 (CONH), 

165.6 (CONH), 157.4, 148.8, 148.3, 139.8, 137.6, 130.65, 130.6, 128.8, 128.14, 128.11, 126.8, 

122.1, 119.1, 116.1, 114.8, 111.1, 69.6, 56.0, 54.3, 52.3, 48.0, 37.4, 17.4; (+)-ESIMS m/z 533 ([M 

+ H]+ , 2), 555 ([M + Na]+, 100); (+)-HRESI: m/z = 533.2286 [M+H]+ (calc. 533.2282 for 

C30H33N2O7).

3.2. Antibacterial Activity assay

Antibacterial activity testing of the synthesized compounds was carried out against a set of 

bacterial strains using paper-disk diffusion assay [37] with some modifications according to our 

previous work [33]. 

3.3. Cell Lines

Cell lines were purchased from the American Type Culture Collection (ATCC, Rockville, MD) or 

German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) and 

cultured as recommended by suppliers.

3.4.  Cell Viability Analysis
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The XTT cell viability assay (Roche Diagnostics, Filderstadt, Germany) is a colorimetric assay 

that measures cellular metabolic activity. The assay is based on the mitochondrial reduction of 

tetrazolium salt by viable cells with active mitochondrial dehydrogenase into the orange colored 

water-soluble formazan salt. Different types of cancer cells were plated in 96-well microtiter plates 

and treated with different concentrations of the respective compounds for 48 h before incubating 

with XTT labeling mixture at 37 °C [38-40]. The spectrophotometric absorbance was measured 

using a TECAN Infinite® 200 PRO microplate reader (Männedorf, Switzerland) at 450 nm with a 

630 nm-reference filter. Paclitaxel (MP Biomedicals, Santa Ana, CA) served as a positive control. 

3.5.  Caspase-Glo® 3/7 Assay 

The Caspase-Glo® 3/7 assay (Promega, Madison, WI, USA) is a lytic luminogenic assay that 

measures caspase-3 and 7 activities. The assay provides a luminogenic caspase-3/7 substrate, 

which contains the tetrapeptide sequence DEVD (Z-DEVD-aminoluciferin), in a reagent 

optimized for caspase activity, luciferase activity and cell lysis. The liberated aminoluciferin 

serves as a substrate for luciferase to produce measurable light emission equivalent to caspase 3 

and 7 activities. Briefly, the triple-negative MDA-MB-231 breast cancer cells were treated with 

either ferulic acid, its synthesized derivatives at concentrations of 10 and 30 µM, paclitaxel (100 

nM), or doxorubicin (100 nM) for 24 and 48 h, and the activity of caspase 3/7 was assessed using 

a Caspase-Glo® 3/7 activity kit according to the manufacturer’s instructions.

3.6.  Analysis of Mitochondrial Integrity

The triple-negative MDA-MB-231 breast cancer cells were treated with either ferulic acid, or its 

synthesized derivatives at a concentration of 10 µM, doxorubicin (100 nM), or paclitaxel (100 nM) 

for 24 h. The voltage-sensitive lipophilic cationic probe, JC-1 sensor (Molecular Probes, San 

Diego, CA, USA) concentrates selectively in the energized mitochondria to form red fluorescent 

aggregates at 590 nm in response to their higher membrane potential. By contrast, the monomeric 

form of the dye dispersed into the cytosol of the cells upon leakage from deenergized mitochondria 

emits green fluorescence at 527 nm. The treated cells were loaded with 10 µg/ml JC-1 dye in 

serum-free medium for 20 min at 37 °C [38,39] and analyzed by flow cytometry (FACS Verse, 

BD Biosciences, San Jose, CA, USA). MDA-MB-231 cells treated with the mitochondrial 

uncoupler FCCP (50 µM, 2 h) served as positive control (Sigma, St. Louis, MO, USA).

https://de.wikipedia.org/wiki/Bristol-Myers_Squibb
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3.7. Human Tumor Xenografts as Preclinical in Vivo Model

The triple-negative MDA-MB-231 breast cancer cells were xenotransplanted onto the chick 

chorioallantoic membrane 8 days after fertilization. The next day, the xenografts were topically 

treated for 3 consecutive days with 20 µl of either ferulic acid, or its synthesized derivatives at a 

concentration of 10 µM. On day 12 after fertilization, the xenografts were collected, fixed, and 

paraffin-embedded for histological analysis. Serial sections (5 µm) were stained for the human 

proliferation antigen Ki-67 using a specific antibody from DakoCytomation (Glostrup, Denmark). 

For the detection of apoptotic cells, DNA strand breaks were visualized by the terminal 

deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) method using a TUNEL assay kit 

(Roche Diagnostics) [38]. The sections were counterstained with hematoxylin and images were 

digitally recorded with an Axio Lab.A1 microscope (Carl Zeiss, Göttingen, Germany) and a Zeiss 

2/3″ CMOS camera using Progres Gryphax software (Carl Zeiss, Göttingen, Germany). The study 

protocol complies with the Guide for the Care and Use of Laboratory Animals issued by US and 

European regulatory agencies. Avian embryos in this study were sacrificed prior to 7 days before 

hatching.

3.8. Statistical Analysis

All values are expressed as mean ± standard error of the mean (SEM). Statistical analysis was 

performed using the Newman-Keuls post-hoc test for multigroup comparisons by using Sigmaplot 

14.0 (Systat Software Inc., San Jose, CA, USA).
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Graphical abstract
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Highlights

• A novel series of feruloyl dipeptide derivatives were synthesized and their anticancer 

activity was evaluated.

• Feruloyl dipeptides with aromatic amino acid residues (12, 13, 16, 17) were the most potent 

and 17 showed to be the best active anticancer agents.

• Compound 17 induced a strong mitochondrial transmembrane potential dissipation.

• Compound 17 induced activation of caspase 3/7 in the triple-negative MDA-MB-231 

breast cancer cell line.

• Compound 17 induced apoptosis and inhibited growth of the triple-negative MDA-MB-

231 breast cancer xenografts in vivo.
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