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ABSTRACT 

Purpose  

The inhibitors of the human isoform 5 of lactate dehydrogenase (hLDH5) have attracted growing 

interest as efficient anti-cancer agents. In the present paper, the interactions between an efficient 

hLDH5 inhibitor (N-hydroxyindole-2-carboxylic derivative) and lipid bilayers based on 

dipalmitoylphosphatidylcholine (DPPC) were investigated. Additionally, since interstitial acidification 

plays a key role in tumor pathogenesis and tumor drug therapy, the effect of acidic pH was assessed 

and correlated to DPPC/drug interaction.  

Methods 

Four different techniques were used: differential scanning calorimetry, dynamic light scattering, UV-

VIS second derivative spectrometry and attenuated total reflection Fourier transformed infrared 

spectroscopy.  

Results 

All techniques concur in highlighting a structural change of lipid assembly, susceptible both to pH 

change and to the presence of the antitumor compound. Lipid vesicles appeared more compact at the 

lower pH, since the thermal pre-transition from the lamellar gel phase to the ripple gel phase was 
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absent at pH 7.4 and the infrared analysis revealed a stronger acyl chain packing as well as a different 

hydration degree. Drug interaction was mainly detected in the lipid region including the ester linkages 

and the first portion of the acyl chains. Furthermore, a lower drug partitioning was recorded at pH6.6.  

Conclusions 

The investigated antitumor agent possesses a stable negative charge at the investigated pH values, thus 

the lower interaction at the acidic pH is mainly ascribable to an environmental effect on lipid 

assembly. Therefore, drug efficacy under tumor acid conditions may be hampered by the observed 

lipid membrane constraints, and suggest for the development of suitable prodrugs. 
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Introduction 

Solid tumor tissues are characterized by acidic extracellular pH (pHe) ranging between 6.5-6.9, but 

intracellular ordinary neutral to alkaline pH (pHi) [1]. This interstitial acidification results from 

several factors, including altered cellular buffering and metabolism systems, as well as defective 

tissue perfusion. Acidosis has a fundamental role in tumor pathogenesis and progression, but the 

acidic environment can also limit the effect of therapeutic molecules [2]. Passive diffusion of small 

molecules through membrane lipid bilayers is a common way to permeate the cells and gain access to 

intracellular therapeutic targets. It is generally assumed that low molecular weight molecules with 

high lipophilicity at neutral pH are highly permeable thanks to good partitioning within the bilayers. 

For tumor tissues, the pHe-pHi gradient is responsible for “ion trapping” (or drug pH partitioning). 

This process regards the partitioning of pH sensitive molecules on the membrane side where the 

molecule net-charge precludes or limit the interaction with the hydrophobic bilayer. Ion trapping has 

been described and well documented for weak acids and weak bases. The net charge of both types of 

molecules is greatly affected by the relatively small change of pH (from 6.5 to 7.4 of pHe and pHi, 

respectively). As example, doxorubicin (pKa 8.3) accesses to the intracellular compartment is 

hampered by ion trapping, whereas chlorambucil (pKa 5.8) intracellular fraction is increased by 

extracellular acidosis. According to this behaviour, and in order to take advantage of tumor acidosis, 

the use of weak acids is a typical approach for the design of antitumor drugs. Additionally, from this 

viewpoint, the extracellular acidosis is not affecting the permeability of stronger acids [2],	whereas 

weak bases are trapped on the wrong side of the cellular membranes. Such effect ends up as drug 

resistance due to extracellular acidosis.  

Overall, this picture does not take into account the membrane issue: a possible structural alteration of 

the membrane bilayer due to small pH changes could affect the interaction of drug molecules carrying 

stable negative (strong acid) net charges. Indeed, drug interactions with barriers are complex 

phenomena. These interactions include both polar and hydrophobic aspects. Phospholipids (PL) are 
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the major components of all cell membranes [3] and can spontaneously self-assemble into lipid 

bilayers, thanks to their amphiphilic features. The structure of the phospholipid molecule generally 

consists of two hydrophobic fatty acid "tails" and a hydrophilic phosphate "head", joined together by a 

glycerol molecule. Phospholipids and, in particular dipalmitoylphosphatidylcholine (DPPC) are 

commonly adopted as simplified models of biological membranes [4]. DPPC, also known as lecithin, 

is one of the most representative membrane phospholipids both in physiological and tumor conditions. 

The main advantage of phospholipid vesicle-like models is their anisotropicity, which allows the 

occurrence of three-dimensional phenomena between drugs and barriers [5].  

In the present study, the interaction between the phospholipid bilayer and the progenitor of a new 

class of antitumor drugs was assessed both at physiological (pH 7.4) and at interstitial acidic (pH 6.6) 

conditions, in order to highlight the contribution of the drug-membrane affinity to the antitumor 

activity. The N-hydroxyindole derivative F21 (Structure 1) was developed in 2011 as an anti-cancer 

agent, which proved to efficiently inhibit the human isoform 5 of lactate dehydrogenase (hLDH5) [6]. 

This enzyme, which catalyses the conversion of the end product of glycolysis  (pyruvate) to lactate, 

plays a key role in the metabolic adaption of cancer cells to the hostile hypoxic micro-environment, 

allowing their proliferation and survival in conditions of low oxygen concentrations. In the last 

decade, a growing number of hLDH5 inhibitors were developed with the aim of killing cancer cells by 

starvation, without interfering with the oxidative metabolism of healthy tissues. Compound F21 

efficiently inhibited hLDH5 in biochemical assays, being competitive with both the cofactor NADH 

and the substrate pyruvate, and it showed IC50 values in the low micromolar range, together with a 

good degree of selectivity for isoform 5 over isoform 1 [7]. The mechanism of action of this inhibitor 

was further confirmed by in vitro cell-based studies, where it proved to be able to reduce lactate 

production in HeLa cancer cells and to block cancer cell proliferation, especially under hypoxic 

conditions [8,	9].  

The ionization degree of F21 is not significantly affected by the small pH variation occurring at the 
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tumor interstitial level, meaning that it does not take any advantage of the ion trapping effect. Thus, 

the elucidation of the interaction of F21 with DPPC bilayers at physiological and tumor acidic pH 

values appears helpful for improving the design and future development of new N-hydroxyindole 

derivatives.  

DPPC vesicles containing F21 were prepared by reverse-phase evaporation method under two 

different pHs, representing normal physiological pH (pH 7.4) and tumor interstitial acidic pH (pH 

6.6), respectively. In order to assess the interaction between F21 and phospholipid membranes, the 

prepared vesicles were characterized by means of several complementary techniques, namely 

differential scanning calorimetry, dynamic light scattering, UV-VIS second derivative spectrometry 

and attenuated total reflection Fourier transformed infrared spectroscopy. 

 

 

Materials and Methods 

Chemicals 

DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) was purchased from Avanti Polar Lipids. 

1-Hydroxy-6-phenyl-4-(trifluoromethyl)-1-hindol-2-carboxylic acid (F21) was synthesized in house 

as described previously [6]. All other chemicals were of analytical grade. 

Vesicles preparation 

Vesicles were prepared using REVs (Reverse-phase evaporation vesicles) method [10]. Appropriate 

amounts of DPPC and F21 were first dissolved in chloroform and ethanol, respectively. Binary 

mixtures of DPPC and F21 were prepared under the following F21/DPPC molar ratio: 0.06 (DPPC-

X1) and 0.13 (DPPC-X2). Following the same experimental procedure, vesicles without drug (empty 

vesicles, DPPC-E) were prepared. Afterwards, 66.5 mM phosphate buffer solution (PB), either pH 7.4 

or 6.6 was added and the organic solvents were evaporated by using a rotary evaporator, under 
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reduced pressure at 45 °C. The obtained vesicular suspensions were vortex mixed, and sonicated for 5 

minutes (ultrasound frequency: 45 kHz; Sonica Ultrasonic Cleaner mod. 2200 ETH, SOLTEC). Lipid 

final concentration was 34mM for all prepared suspensions. 

Differential scanning calorimetry (DSC) studies 

DSC measurements were performed using a Perkin Elmer Pyris DSC6 instrument on 30 µL samples 

of each vesicular suspension, transferred to a 50 µL aluminium pan. Endothermic curves were 

obtained under a heating rate of 2 °C/min between the temperature range 25-50 °C, after 5 min 

equilibration at 25 °C. Each vesicular suspension was analysed in triplicate. 

Dynamic light scattering (DLS) evaluation 

Diameter distribution of the vesicles was evaluated by using Coulter N4 PLUS (Coulter Corporation). 

20 µL of samples were added to 2 mL of PB (either at pH 7.4 or 6.6) and analysed at 20 °C. Results 

are reported as unimodal distribution based on cumulants fitting.   

Attenuated total reflection Fourier transformed infrared spectroscopy (ATR-FTIR) 

ATR/FT-IR spectra were recorded by using a Cary 660 series Agilent Technologies, between 650 e 

4000 cm-1, at 25 °C, 64 scans. The spectra were collected on the vesicular suspensions and plain 

medium (PB) was used as blank for spectral subtraction. At least, five spectra were collected for each 

sample.  

The spectra were processed by using IGOR PRO 6.05 (Wave metrics). Binomial smoothing (18) was 

performed and peak positions were assessed from spectrum 2nd derivatives. Spectral deconvolution 

was performed as Gaussian shape by means of multipeak fitting package and the obtained peaks were 

used for the evaluation of relative intensity changes. 

UV-VIS second derivative spectrometry 

The partition coefficients (Kp) of F21 into DPPC vesicles at pH 7.4 and pH 6.6 were determined by 

second derivative spectrometry, according to Omran A, 2013 [11]. For each assayed conditions, pH7.4 

PB and pH 6.6 PB, sixteen 5 mL volumetric flasks were prepared and equally divided into two sets. 
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One set was used as sample solutions and the other set as reference solutions. The flasks in both sets 

contained increasing amounts of DPPC vesicles (0-816µM) prepared at the assayed pHs. For the 

sample’s set, F21 was added to each flask to obtain a final concentration of 0.002mg/ml (6.2µM). 

Each flask was incubated at 40°C for 30 min and then at room temperature (25°C) for 30 min, before 

performing the spectrophotometric analysis in the 200-400 nm range (Shimadzu UV-2101 PC 

spectrophotometer, Shimadzu). The absorption spectrum of each sample solution was recorded against 

the correspondent F21- free sample as reference.  

Kp is defined as: 

𝐾𝑝 = !"# !" !!" !" !""# !"#$%&"#/!"# !" !""#
!"# !"#!" !" !"#$%#& !!!"# /!"#$% !"# 

  (1) 

and was calculated from the analysis of the second derivative spectra according to  

∆𝐷 =  ∆!"#$ !" [!""#]
! !!"[!""#]

 (2) 

where ΔD is the difference between the second derivative intensity of sample and plain F21 solutions 

at predefined wavelengths, ΔDmax is the theoretical higher ΔD value achievable when F21 is totally 

partitioned into vesicles, [DPPC] and [W] are molar concentrations of lipid vesicles and water (55.34 

mol/L at 25°C), respectively. Kp and ΔDmax were calculated by applying the Levenberg�Marquardt 

algorithm as non-linear least squares fitting method to Eq. (2). The initial values of Kp and ΔDmax 

were obtained from the Scott-plot method in which Eq. (2) is linearized: 

[!""#]
∆!

=  !
∆!"#$

𝐷𝑃𝑃𝐶 +  !" [!]
∆!"#$

 (3) 

The spectra were processed by using IGOR PRO 6.05 (Wave metrics). Savitzky–Golay (35) 

smoothing was performed on absorbance spectra before elaborating the 2nd derivative spectra by 

central differences algorithm.  

Statistical Analysis 
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Data are presented as mean ± SD of at least three independent experiments. Comparisons were made 

using Student’s t-test. Values of P <0.01 were considered statistically significant.  

 

 

Results 

DSC 

The acyl chains of phospholipids are subjected to phase transitions at specific temperatures, 

depending on the structure of the lipid. In details, lipids in hydrated membranes can be present in a gel 

phase (S) or in a liquid crystal phase (Lα), depending on the environmental temperature. The 

transition from the S to Lα phase occurs at the main phase transition temperature (Tm) which can be 

preceded by a pre-transition temperature (Tp), separating a lamellar gel (Lβ’) from a ripple gel phase 

(Pβ’). The presence of the pre-transition mainly depends on the surface structure of the membrane 

[12]. Above the Tm, membrane changes to the liquid-disordered phase state and increases its 

permeability; this is due to the coexistence of membrane areas in both phases forming bound-areas 

with packing defect. This main transition is associated with gauche isomerizations of the acyl chains, 

which brings the bilayer from an ordered gel to a disordered fluid state. A similar fluidizing effect can 

be induced by the introduction of hydrophobic molecules within the ordered bilayer, causing then a 

decrease of Tm value and peak shape alteration [13].  

The empty DPPC vesicles (DPPC-E) prepared and assayed at pH 7.4 presented a main transition peak 

at 42.14°C, whereas a shifted Tm (43.25°C) was recorded for pH 6.6 samples. Such temperature are 

greatly in agreement with what recently reported by Malekar et al., 2016 [14]. Additionally, the trend 

of Tm increasing with pH acidification, as consequence of hydration phenomena, was first reported 

for a wider pH range (pH 0-13) in 1987 [15]. The thermogram of DPPC-E at pH 6.6 was also 

displaying a pre-transition peak at 37.50 °C, which was not visible for the correspondent DPPC-E at 

pH 7.4. Both peaks had a Gaussian shape (Figure 1), even if at pH 7.4 the peak was wider and left- 
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skewed. The addition of F21 during vesicles formation resulted in the elimination of the pre-transition 

for pH 6.6 and in broaden endotherms for both pHs. As shown in Table 1, the Tm presented a shift to 

lower values when the vesicles were prepared in presence of F21. This shift was coherent with the 

drug/DPPC ratio, at both assayed pHs. The Tm shifts resulted statistically significant (0.0005 < p < 

0.003) within each assayed pH for each drug/DPPC ratio. Additionally, the Tm values of pH6.6 

vesicles were always significantly higher than those recorded for pH 7.4 vesicles, referring to similar 

drug/DPPC composition (0.0001 < p < 0.0005).   

Despite the loss of the Gaussian shape, the enthalpy (ΔH) values of the main transition peaks for 

F21/DPPC vesicles were not statistically different from that obtained for plain DPPC samples. The 

only statistically significant different values (p=0.0052) were the ΔHs associated to the transitions of 

the plain vesicles (DPPC-E) at diverse pHs.  

DLS 

Plain DPPC (DPPC-E) and DPPC/F21 vesicles with the highest amount of drug (DPPC-X2) were 

characterized in terms of dimensional distribution by DLS analysis (Table 2). The addition of F21 to 

DPPC during DPPC-X2 vesicles formation determined the assembly of uniformly distributed vesicles 

with average diameter of 410.9 ± 15.7 nm and 361.8 ± 1.6 nm, in case of pH 6.6 and pH 7.4 

respectively. However, the polydispersity at pH 6.6 was smaller, as confirmed by the calculated 

polydispersity index (PI), which resulted in 0.175 and 0.401 at pH 6.6 and 7.4, respectively. In 

absence of F21 (DPPC-E), the lipids did not assemble into submicron vesicles. Although the declared 

range of analysis for Coulter N4 PLUS is 3 nm - 3 µm, the instrument estimated the diameter 

distribution for DPPC-E samples. At both pH values, DPPC-E presented a poly-disperse population 

with an average diameter of 5-6 µm (5848.8 ± 145.2 nm at pH 6.6 and 5150.1 ± 130.7 nm at pH 7.4) 

and PI of 0.550-0.700, indicative for the presence of giant vesicles.  

ATR/FTIR 
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The ATR/FT-IR spectra were used to assess the direct interaction between the bilayers and F21. The 

frequencies of the major functional groups were monitored in terms of shifts and comparative 

intensity changes, to be correlated with the interaction with the drug (Table 3). In particular, the 

following diagnostic signals were processed by means of second derivative spectrometry: CH2 

stretching of the lipid chains at 2915 cm-1 for asymmetric and 2849 cm-1 for symmetric, C=O 

stretching of the ester linkage at 1740 cm-1, CH2 scissoring at 1458 cm-1, and P=O stretching at 1230 

cm-1 (Figure 2). The (CH3)3-N+ stretching signal of choline head at 925 cm-1 was not clearly 

detectable for any recorded spectra. 

Starting from the signals related to the hydrocarbon chains, the asymmetric stretching was mainly 

affected by the interaction with F21. At both pHs, a statistically significant shift to higher 

wavenumbers was recorded, due to the interaction with F21 (0.001 < p < 0.014). Differently, the 

symmetric stretching was significantly affected only at pH 6.6 (p=0.019). These variations are 

commonly related to changes in vibrational and torsional motion of the phospholipids, due to an 

increase of gauche conformers in the aliphatic chains. Such conformational fluidization is ascribable 

to the interaction of the active compound with the lipid vesicles [16]. Concerning the splitting of the 

CH2 scissoring signal due to acyl chain packing [17],	 it was clearly present only at pH 6.6, for both 

plain and F21/DPPC vesicles; at pH 7.4 the splitting was lost with the addition of  F21 during vesicle 

formation (Figure 4, inserts).  

Regarding the carbonyl stretching signal, the band results from the contributions of the carbonyl 

moieties of the two ester linkages to the glycerol backbone. In particular, the non-hydrogen-bonded 

sn-1 C=O, located in the interior hydrophobic region, commonly results in higher frequency stretching 

bands, compared to the sn-2 C=O involved in hydrogen-bonding and located closer to the polar head. 

The shape and the position of the C=O stretching signals changes accordingly with lipid assembly, 

hydration and presence of foreign compounds [18]. At both pHs, the sn-1 and sn-2 C=O signals were 

detected and a two-peak based deconvolution was performed in order to calculate their contribution to 
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the whole peak area. In both cases, the frequency and the relative area percentage varied with F21 

addition to DPPC. Considering that the ATR/FT-IR measurements were performed on buffered 

hydrated lipid vesicles, the water molecules can be involved in hydrogen bonds with the carbonyl 

moieties of DPPC molecules. The signals recorded for DPPC-E at the two assayed pH, were 

correlated to a diverse hydration degree of the lipid vesicles: at pH 6.6 both carbonyl moieties had 

higher frequencies than the correspondent peaks of pH 7.4 sample, being thus more involved in 

hydrogen bonds with water. The increased hydration of pH 7.4 vesicles, was also reflected by the νas 

P=O band [19],	falling at lower wavenumbers with respect to pH6.6 samples.  

Second derivative Spectrophotometry 

F21 partition in DPPC vesicles at pH 7.4 and pH 6.6 was estimated by means of second derivative 

spectrophotometry (Figure 3) [11]. The partition of F21 within DPPC vesicles determines a 

bathochromic shift of the main peaks of absorbance: from 260 to 270nm and from 319 to 324nm at 

both pHs, for plain F21 solution and F21/DPPC vesicles respectively (Figure 3). Additionally, two 

isosbestic points are present, at 236 and 290 nm.   

The shift of the main peak of absorbance induces a variation of the second derivative intensities, 

mainly in the wavelength range 236-290nm, which is coherent with the amount of DPPC in the 

assayed specimen. The intensity variation (ΔD) at a predefined wavelength is necessary for the 

calculation of Kp (equation 3) and, even if the wavelength at which ΔD values are measured do not 

largely affect the calculated Kp, larger ΔD values allow for better precision [20]. For F21/DPPC 

samples, the larger intensity variations are obtained at 274nm and the estimated Kp and ΔDmax 

values are reported in Table 4. It appears that the partition coefficient is significantly higher at pH 7.4, 

resulting in a higher fraction of F21 in DPPC vesicles at this pH (Figure 4).  

 

Discussion  
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The permeability across lipid membranes depends on the molecular structure of the permeant drug and 

on the phase state of the bilayer forming lipids. In case of inflammation and particularly in presence of 

solid tumors, the interstitial pHe shifts from physiological 7.4 to more acidic values. This acidosis 

plays a role in tumor development and progression as well as in tumor resistance to therapies, which is 

due not only to the peculiar profiles of stress-adapted cells, but also to the pH-induced alteration of the 

drug molecule in the extracellular environment. The investigated antitumor compound F21 presents a 

2-indolecarboxylic acid with a predicted pKa of 3.6 from the Human Metabolome Database [21-23] 

and a N-hydroxy moiety with pKa of about 10, as estimated by Bykov et al. 2006 [24]. Thus, molecule 

F21 has a negative net charge at both investigated pHs, due to the presence of a dissociated carboxylic 

acid. From this viewpoint, the small pH variation under investigation is not supposed to affect the 

partitioning of F21 into the DPPC vesicles. However, the performed experimental studies showed a 

strong interaction between F21 and DPPC membranes at both assayed pHs, with a better partitioning 

at pH 7.4. Indeed, such behaviour was confirmed by all applied techniques and, as discussed below, it 

can be mainly related to the direct effect of pH variation on the lipid membrane assembly. Clearly, the 

slightly acidification of pH from 7.4 to 6.6 determined a better packing of the lipid and a reduced 

hydration of the vesicle surface resulting into a reduced partitioning of F21, with respect to pH 7.4.  

DSC analyses evidenced a fluidization effect of F21 when interacting with the lipid bilayers, leading 

to a significant decrease of Tm values at both pHs, and the loss of the pre-transition peak for pH 6.6. 

The Tm shift occurring by drug addition was also associated to the loss of the Gaussian shape, 

especially for pH 6.6 samples, but without a significant alteration of the ΔH. Meanwhile, the higher 

Tm temperatures recorded for pH 6.6 samples as well as the presence of a pre-transition peak in 

DPPC-E pH 6.6 evidenced a stronger packing of the DPPC lipids at the more acidic pH. Such packing 

was also confirmed by the sharper shape and higher enthalpy of the Tm peak at this pH (6.6), 

indicating a stronger intermolecular interaction [25]. As a matter of fact, the observed deeper lipid 

packing can limit the access and reduce drug diffusion through the bilayer, thus correlating with the 
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lower membrane partitioning observed for F21 at pH 6.6 with respect to pH 7.4 (4 vs 8 Kp/105). 

Similarly, recent studies performed on DPPC bilayers and aimed at correlating the diffusion through 

membranes of anaesthetic drug molecules with protonation rate, reported a reduced drug diffusion 

through membranes having higher pre-transition enthalpy [26].  

In line with these observations, the average mean diameters obtained by DLS measurements resulted 

slightly but significantly lower for DPPC-E pH 7.4 multilamellar vesicles, compared to that of pH 6.6 

DPPC-E vesicles. Additionally, the interaction of F21 with DPPC lipids at both pHs determined a two 

orders reduction of the average mean diameter of the vesicles. This size variation is in agreement with 

previous literature correlating thermal stability with hydrodynamic radius, where increased membrane 

fluidity corresponds to vesicles size reduction [27].  

The ATR/FT-IR analysis corroborated the previous observation highlighting different vibrational 

profiles of the carbonyl moieties belonging to the ester linkage region of DPPC-E, at the two-assayed 

pHs. The band positions and intensities suggested a higher hydration of the pH 7.4 bilayers, confirmed 

by the lower wavenumber of the phosphate band. The presence of F21 greatly disturbed both the ester 

linkage region and the aliphatic chain portion at both pHs. However, pH 6.6 samples still presented 

the splitting of the CH2 scissoring band. Overall, the collected information suggested an interaction of 

F21 with the polar-middle portion of the lipid, including the glycerol backbone and the first part of 

methylene region, without a deeper insertion toward the end portion of the acyl chains. Clearly, the 

environmental acidification conditioned the arrangement of the lipids, leading to more packed and less 

hydrated vescicles at pH 6.6. Such interpretations are consistent with what reported by Claessens et al. 

2004 [28], where the increased dehydration of lipid membranes corresponded to closer lipid packing, 

thicker membrane and higher rigidity. Despite the smaller pH gap assessed in the present paper, a 

similar behaviour is known for DPPC monolayers used as model for lung surfactant at air-water 

interfaces. Also in those models, pH changes determine the shift of the phase                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

transition of DPPC, resulting in more expanded structures with a lower elasticity when pH changes 
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from acidic to basic values [29]. Indeed, the more rigid lipid assembly described for pH 6.6 bilayers 

renders the membranes less permeable to F21, resulting not only in a lower Kp but also in doped 

vesicles with residual rigidity. On the other hand, F21 interaction with DPPC at pH 7.4 appeared to be 

facilitated by the higher recorded hydration. In this case, F21 can participate to H-bond exchanges 

with water and DPPC, thus easing its partitioning within the bilayer to a more consistent lipid 

fluidization. The ATR/FT-IR analysis confirmed that the use of F21 implied a significant variation of 

the ν C=O but the position of νas P=O was not affected. Indeed, F21 can displace water molecules and 

interact through the N-OH group with the C=O moieties of the DPPC but the presence of a stable 

COO- charge on the drug molecule limits a direct interaction with the phosphate region of the lipids.  

The results of the performed investigation highlight that F21 access to cell cytoplasm can easily occur 

through passive diffusion across cell membrane. However, the interstitial acidification would reduce 

F21 uptake, ending in an unfavourable partitioning effect. Consequently, the development of suitable 

prodrugs or F21 drug carriers is recommended for a faster translation to N-hydroxyindole based 

antitumor therapies. In this view, the performed investigation highlighted the interaction between F21 

and PL, representing a solid starting point for the formulation of F21/liposomes. Accordingly, the 

observed pH effect appears useful for F21 leaking from liposomes in the tumor interstitial fluids, 

making the drug available for passive transport through cell membrane. Indeed, the investigated 

DPPC vesicles can be used as basis for the development of F21 carrying liposomes. The introduction 

of longer chain phospholipids such as distearoyl phosphatidylcholine (DSPC) as well as a balancing 

with cholesterol (Chol) units would contribute to vesicles stability upon storage and modulate drug 

release [30]. Concerning the preparation method to be applied for liposome formulation, it has been 

shown that F21 partitioning and interaction with the bilayers take advantages of the presence of 

superficial hydration. Hence, the use of methods not involving drying steps appears better suited. In 

particular, the use of reverse-phase evaporation method with basic pH buffered solutions is expected 

to positively contribute to F21 loading, in agreement to what ascertain in the reported study. 
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Considering F21 good solubility in ethanol and its high lipid interaction, ethanol injection, high-

pressure homogenization as well as remote loading of pre-formed liposomes could be tested for larger 

scale production [31]. 

 

Conclusions 

F21 greatly interacts with phospholipid membranes both at physiological and tumor interstitial acidic 

pH values, indicating a tendency to diffuse into PL membrane with a resulting fluidization effect. 

However, the small pH change from physiological pH 7.4 to tumor related acidic pH 6.6, significantly 

affected both F21-induced fluidization and F21 partitioning extent. Since F21 is carrying a negative 

net charge at both pH values, the lower interaction recorded at pH 6.6 was principally ascribable to a 

variation on lipid assembly. Mainly, the acidic environment had a dehydrating effect, primarily 

reflected on the phosphate and glycerol backbone regions, and which was responsible for a less 

accessible lipid structure. This aspect can be considered as a PL contribution to pH-dependent 

therapy-resistance, being not directly due to drug molecular features, but rather to a gained packing of 

the membranes at more acidic pH values. In case of N-hydroxyindole-2-carboxylic derivatives the 

development of suitable prodrugs as well as liposomal drug delivery system may overcome the 

observed limitations, further improving its antitumor efficacy. 

As already stated, the present research evidenced significant changes of PL membrane properties 

directly due to F21 interactions. Recently, increasing evidence on the role of membrane lipids in the 

regulation of numerous cellular functions has been observed and membrane lipids have emerged as 

molecular target for antitumor drug candidates [32]. Being DPPC one of the most representative PL 

both in physiological and tumor tissues, further studies could be aimed at correlating the antitumor 

efficacy with the interaction of N-hydroxyindole-2-carboxylic derivatives with other lipid key-

components of tumor cells. 
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TABLES 

Table 1. Transition temperature and enthalpy variations recorded by DSC measurements. Each 

reported value is the average of three independent measurements.  

pH Vesicles DPPC/F21 Tm (°C) ΔH (J/g) 

7.4 DPPC-E - 42.14 ± 0.10 0.93 ± 0.15 

7.4 DPPC-X1 1 : 0.06 41.42 ± 0.04 0.89 ± 0.12 

7.4 DPPC-X2 1 : 0.13 39.07 ± 0.51 1.15 ± 0.41 

6.6 DPPC-E - 43.25 ± 0.06 1.48 ± 0.08 

6.6 DPPC-X1 1 : 0.06 41.81 ± 0.06 1.35 ± 0.08 

6.6 DPPC-X2 1 : 0.13 40.73 ± 0.02 1.13 ± 0.30 

	

 

 

Table 2. DLS Diameter distribution recorded for plain and F21  

pH Vesicles DPPC/F21 

Diameter Distribution 

Unimodal Intensity Distribution 

(nm ± SD) PI 

7.4 DPPC-E - 5150.1 ± 130.7 0.718 

7.4 DPPC-X2 1 : 0.13 361.8 ± 1.6 0.401 

6.6 DPPC-E - 5848.8 ± 145.2 0.556 

6.6 DPPC-X2 1 : 0.13 410.9 ± 15.7 0.175 
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Table 3: Main frequencies of lipid vesicles at pH 7.4 and 6.6 and in presence of F21  

aPeak wavenumber values obtained by performing the signal deconvolution. The subcomponent peak 

area (%) is reported in brackets 

	

	

	

	

	

	

Table 4: Partition coefficients of F21 in DPPC vesicles at pH7.4 and pH6.6, and relevant ΔDmax 

from second derivative spectra. 

 pH Kp/105 ΔDmax/104 

 7.4 8.03±0.63 5.65±0.22 

 6.6 3.815±0.32 6.39±0.45 

 

	

 

  

Sample pH	 νas	C-H ν s	C-H δ 	CH2 ν s
a	C=O	sn1		 ν s

a	C=O	sn2 νas	P=O	 

DPPC-E 7.4 2916.6±0.9 2849.3±1.4 1458.9±2.4 1737.2 (85) 1718.2 (15) 1227.4±0.9 

DPPC-X2 7.4 2918.5±1.2 2850.3±0.1 1465.1±1.8 1739.5 (70) 1721.5 (30) 1227.4±1.0 

DPPC-E 6.6 2917.0±1.1 2849.1±1.1 1456.5±1.8 1739.6 (61) 1721.3 (40) 1234.2±1.4 

DPPC-X2 6.6 2920.1±0.8 2849.1±1.1 1458.2±2.5 1737.7 (50) 1724.3 (50) 1234.2±2.1 
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Caption to Figures: 

 

Structure 1: Chemical structure of the antitumor agent F21 

Figure 1: DSC heating thermograms of F21/DPPC membranes at pH 6.6 and pH 7.4. For clarity, 

thermograms are offset vertically 

Figure 2: ATR/FT-IR spectra of DPPC-E (Blue) and DPPC-X2 (Red) suspensions at pH 6.6 (dashed 

lines) and pH 7.4 (full lines). The insert displays the second derivative of the CH2 scissoring region: 

overlaying of DPPC-E (Blue) and DPPC-X2 (Red) spectra at pH 7.4 and 6.6, respectively 

Figure 3: Second derivative spectra of the absorption spectra of F21 in presence of various 

concentrations (mM) of DPPC vesicles at the two different pHs: (1) 0; (2) 0.034; (3) 0.102; (4) 0.136; 

(5) 0.204; (6) 0.306; (7) 0.510; (8) 0.816. 

Figure 4: Fraction of F21 in DPPC vesicles at various DPPC concentrations at pH7.4 (*) and pH6.6 

(O). 
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