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A B S T R A C T

Glioblastoma (GB) is the most aggressive and common malignant brain tumor, and despite current therapeutic 
approaches, prognosis remains poor. Given that surgical resection is frequently the sole potentially curative 
option, precise intraoperative tumor delineation is crucial for reducing recurrence rates and enhancing patient 
outcomes. In this study, we developed a novel pH-responsive imaging tool by coupling the pH-low insertion 
peptide (pHLIP) with fluorescein (FL) to enable targeted fluorescence-guided visualization of tumor margins. We 
investigated pHLIP–lipid membrane interactions using model systems, including liposomes and supported lipid 
bilayers (SLB), assessing peptide’s pH-dependent insertion mechanism. Complementary in vitro experiments on 
patient-derived GB cell lines were performed to show the tracer’s pH sensitivity, selective membrane targeting, 
and potential off-target effects. The FL-pHLIP construct showed robust, pH-dependent membrane insertion and 
selectivity in GB cellular models with minimal interaction under physiological conditions. These findings support 
FL-pHLIP as a promising candidate for fluorescence-guided surgery in GB and highlight its potential for clinical 
translation and for the broader development of pH-responsive diagnostic tools.

1. Introduction

Glioblastoma (GB) is the most common and deadliest primary ma
lignant brain cancer, accounting for approximately 17 % of all diag
nosed tumors [1]. Despite optimal treatment, outcomes remain poor, 
with recurrence rates reaching 88.8 % within two years and a median 
survival of just 18.8 months [2]. Moreover, the intrinsic aggressiveness 
of GB, combined with therapeutic resistance and marked intratumoral 
heterogeneity, enhanced by invasive behavior and an immunologically 

“cold” tumor microenvironment (TME) [3], presents major challenges 
for both effective treatment and accurate surgical delineation. Conse
quently, identifying a universal TME-associated biomarker resilient to 
GB heterogeneity and invasiveness is essential for developing improved 
therapeutic strategies. Among the available candidates, acidic pH has 
gained increasing attention. Cancer cells maintain intracellular pH ho
meostasis, which creates a persistently acidic extracellular environment 
at the cell surface. This acidity is markedly lower than physiological pH 
and remains evident even in well-perfused tumor regions [4,5]. As a 
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result, surface acidity represents a distinctive and targetable feature of 
cancer, with significant potential for improving preoperative tumor 
mapping. Although recent progress in biodegradable biopolymers and 
nanoparticle-based delivery systems has expanded the range of tools 
available for cancer targeting and imaging [6–9], their clinical trans
lation is often limited by concerns related to long-term biodistribution, 
degradation products, and off-target accumulation [10]. These consid
erations highlight the need for simpler, well-defined, and biologically 
compatible targeting systems, such as peptide-based probes, which offer 
improved predictability and safety profiles. Accordingly, we employed 
well-established molecules, such as pH-low insertion peptides (pHLIPs), 
to target acidic tumors and deliver imaging agents to cancer cells. Due to 
their moderate hydrophobicity, pHLIPs exhibit a modest affinity for 
cellular membranes at physiological pH, while at lower pHs (< 7) they 
undergo a specific folding promoting their insertion in phospholipid 
bilayers. This enables them to detect pH changes on the surface of 
diseased tissues, where acidity is highest, and preferentially embed into 
the cellular membrane [11–13]. These peptides can be employed in a 
broad range of applications, including therapeutic needs [14–16], 
enhancement of nanoparticle delivery to cancer cells and imaging pur
poses [17,18], such as labelling primary tumors and submillimeter-sized 
metastatic lesions in contexts other than GB [19–22], with ongoing 
translation into clinical practice (ClinicalTrials.gov identifier: 
NCT05130801).

Considering that optical fluorescence imaging has emerged as a cost- 
and time-efficient technique for accurately guiding brain surgery and 
maximizing tumor resection [23,24], we propose a novel selective 
fluorescent tracer based on the combination of a pHLIP with fluorescein 
(FL). Despite being a pH-sensitive dye with reduced sensitivity in acidic 
conditions [25], the choice of FL has been driven by its use in clinical 
practice. In fact, the integration of FL-specific filters (surgical micro
scope filter YELLOW 560 nm) has improved FL-guided microsurgery by 
providing enhanced visualization and differentiation of tumor tissues. In 
addition, unlike other dyes such as 5-aminolevulinic acid (5-ALA) [26]
and indocyanine green (ICG) [27], which are administered well in 
advance of the procedure, FL is administered during anesthesia, making 
it a particularly safe and effective option, especially for challenging, 
deep-seated surgical fields. However, the effectiveness of FL tissue 
staining is contingent upon extracellular accumulation resulting from 
the disruption of the blood-brain barrier (BBB). This could reduce its 
accuracy in tumoral tissue identification, with a potential impact on 
intra-operative discrimination between cancer border and peritumoral 
area during resection. By conjugating FL to pHLIP, for the first time, we 
aim to enhance its selective uptake in tumor tissues, thereby improving 
the accuracy of intra-operative tumor identification [28,29]. The pri
mary goal of this study is to utilize a well-established pHLIP strategy for 
the targeted delivery of fluorescein into tumor tissues, aiming to 
enhance the accuracy of intraoperative delineation of GB margins. To 
evaluate the efficiency of this approach, we examined the capability of 
FL-pHLIP to insert into lipid membrane model systems and cell mem
branes as a function of pH. We first used a simplified membrane model 
system, such as supported lipid bilayers (SLB), to study the pH-sensitive 
insertion mechanism as a function of time and pH by quartz crystal 
microbalance with dissipation (QCM-D) technology and fluorescence 
confocal microscopy. We then validated these results by in vitro exper
iments performed on primary cell lines derived from newly diagnosed 
GB patients.

Our study introduces the first FL-pHLIP derivative and reports a very 
comprehensive physicochemical investigation of its interaction with 
lipid membranes and primary GB cells. The obtained results show that 
FL functionalization does not affect pHLIP folding, binding kinetics, and 
stability across relevant pH conditions. Notably, our findings also 
demonstrate that the excellent insertion selectivity of this derivative at 
pH < 7 in the relevant biological environment effectively compensates 
for the observed significant decrease in fluorescence intensity support
ing its translational potential. Considering the highly promising 

obtained outcomes, in vivo validation is currently underway to further 
explore FL-pHLIP clinical potential. Success in this direction could 
significantly enhance intraoperative tumor visualization, with a subse
quent impact on both extent of resection and patient survival. Moreover, 
our findings provide a valuable proof of concept for extending this 
peptide-based approach to other aggressive tumors characterized by an 
acidic pH of the TME, similar to that observed in GB.

2. Experimental section

2.1. Materials

Dulbecco’s Phosphate - Buffered Saline 0.01 M pH 7.4 (DPBS, 
Corning, NY, USA); Acetate buffer 0.1 M pH 5.2 (prepared with 
C2H3NaO2 and C2H4O2 in deionized water according to Hender
son–Hasselbalch equation); TRIS buffer 0,1 M pH 6.5 (prepared from 
TRIS powder, ≥99.8 %, Bio Rad, in deionized water); Acetic acid 
(C2H4O2, ≥99.7 %, ACS reagent, Sigma Aldrich, Germany); Chloroform 
(CHCl3, ≥99.5 %, Sigma Aldrich, Germany); Water ultrapure Type-I 
Milli-Q Water provided by a Simplicity® water purification system.

All pHLIP peptides (WT: AEQNPIYWARYADWLFTTPLLLLD 
LALLVDADEGT; FL-derivative: ACEQNPIY WARYADWLFTTPLLLLDLA 
LLVDADEGT, and SC-FL construct (scrambled-fluorescein construct): 
ACEQNPIY WARYAKWLFTTPLLLLKLALLVDAKEGT were kindly syn
thesized by Dr. Alessandro Gori from "Istituto di Scienze e Tecnologie 
Chimiche “Giulio Natta” (SCITEC) of National Research Council (CNR, 
Milan, Italy); Sodium phosphate monobasic (H2NaO4P, ≥98 %, Bio
Reagent, Sigma Aldrich, Germany); Sodium phosphate dibasic 
(HNa2O4P, ≥99 %, ACS reagent, Sigma Aldrich, Germany); Sodium ac
etate (C2H3NaO2, ≥99 %, analytical reagent, Prolabo); Calcium chloride 
(CaCl2, ≥97 %, Sigma Aldrich); 1,2-dioleoyl-sn-glycero-3-phosphocho
line (18:1 (Δ9-Cis) PC (DOPC), MW 786.113 g/mol, Avanti Polar 
Lipids, USA).

2.2. Synthesis of pHLIPs

Peptides were assembled by stepwise microwave-assisted Fmoc-SPPS 
on a Biotage ALSTRA Initiator+ peptide synthesizer, operating in a 
0.12 mmol scale on a pre-loaded 2-CTC resin (0,6 mmol/g). Resin was 
swelled prior to use with an NMP/DCM mixture. Activation and 
coupling of Fmoc-protected amino acids were performed using Oxyma 
0.5 M / DIC 0.5 M (1:1:1), with 5 equivalents in excess over the initial 
resin loading. Coupling steps were performed for 10 min at 50 ◦C. 
Deprotection steps were performed by treatment with a 20 % piperidine 
solution in DMF at room temperature (1 × 3 min + 1 × 5 min). 
Following each coupling or deprotection step, peptidyl-resin was 
washed with DMF (4×5 mL). The final peptide chain was cleaved from 
the resin using a TFA 90 %, water 5 %, thioanisole 2.5 %, TIS 2.5 % 
mixture (3 h, RT). Following precipitation in cold diethyl ether, the 
crude peptide was collected by centrifugation and washed with further 
cold diethyl ether to remove scavengers. Peptides were then dissolved in 
a 50 % aqueous acetonitrile 0.07 % TFA buffer and purified by prepar
ative RP-HPLC. Pure RP-HPLC fractions (>95 %) were combined and 
lyophilized. Mass spectra were collected separately.

2.3. pHLIP solubilization and UV-visible analysis

pHLIP WT/FL-pHLIP stock solutions were prepared by dissolving the 
peptide at physiological pH in 0.01 M Phosphate-Buffered Saline (PBS). 
The optimized procedure was effective for both systems and involved 
the following experimental steps:

1) Dissolution of the peptides in PBS by vortexing to prepare a 100 μM 
stock solution.

2) The resulting solution was heated to 35 ◦C for 30 min and fully dis
solved using an ultrasonic bath (5 min at 59 kHz).
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The same procedure was then used for preparing pHLIP WT/FL- 
pHLIP stock solutions in 0.1 M acetate buffer and 0.1 M Tris buffer to 
achieve pH values of 5.2 and 6.5, respectively.

The correct solubilization of pHLIP was checked for each newly 
prepared pHLIP stock solution by UV-Vis spectroscopy by comparison to 
a calibration curve. The UV-Vis profile of pHLIPs was characterized in 
detail as follows. The absorbance (Abs) of the WT peptide was analyzed 
over the range of 200–500 nm, with the maximum signal observed at 
280 nm. Similarly, the absorbance of FL-pHLIP was recorded over the 
same range, also showing a maximum at 280 nm. Each measurement 
was performed in triplicate to ensure proper statistical significance.

2.4. Liposomes preparation

DOPC unilamellar vesicles used as model membranes to study 
peptide-lipid interaction were prepared through the film rehydration 
method. DOPC was dissolved in chloroform at a concentration of 20 
mg⋅mL⁻¹ and dried by rotary evaporation at 30 ◦C to produce a thin film. 
The resulting DOPC film was rehydrated in 0.01 M PBS, 0.1 M Tris, or 
0.1 M Acetate buffer at pH 7.4, 6.5, and 5.2, respectively, depending on 
the application. Freeze-thaw cycles were repeated 5 times by dipping the 
hydrated film in liquid nitrogen and then heating the solution at 50 ◦C to 
break the multilayer structures and only form unilamellar vesicles. The 
resulting liposome dispersion was sequentially extruded through 
200 nm and 100 nm polycarbonate filters (11 times/each filter). To 
verify proper liposome formation, dynamic light scattering (DLS) anal
ysis was performed on samples diluted 1:50 (v/v) in the corresponding 
hydration buffer, as described below.

2.5. Dynamic light scattering (DLS)

DLS measurements were performed using an ALV apparatus equip
ped with an ALV-5000/EPP correlator, a special optical fiber detector, 
and an ALV/CGS-3 compact goniometer. The light source was a He-Ne 
laser (λ = 633 nm) with an output power of 22 mW. In this study, DLS 
was utilized to characterize peptide self-assembly and exclude possible 
aggregation. Single-angle DLS measurements at 90 ◦ were conducted at a 
controlled temperature of 25 ◦C. For the stability assays of both WT and 
FL-pHLIPs, 90 ◦ DLS measurements were carried out on 0.8 mL of 5 μM 
peptide solutions at different pH values (7.4, 6.5, and 5.2) and at distinct 
time points (fresh (T0, 30 min, 1 h, 2 h, and 24 h). Specifically, a 100 μM 
peptide stock solution was diluted 1:20 v/v in 0.1 M acetate buffer, 
0.1 M Tris, or 0.01 M PBS to achieve pH values of 5.2, 6.5, and 7.4, 
respectively. Each measurement was recorded for 5–10 s with a sensi
tivity threshold of 10 %, and the apparent hydrodynamic radius was 
estimated via intensity-unweighted fitting of the autocorrelation 
function.

For liposome characterization, the z-averaged hydrodynamic diam
eter (DH) was extrapolated from values obtained by cumulant fitting of 
the autocorrelation functions measured at scattering angles (θ) of 70 ◦, 
90 ◦, 110 ◦, and 130 ◦. The intensity-weighted size distribution at θ 
= 90 ◦ was obtained through CONTIN analysis of the corresponding 
autocorrelation function. For these measurements, the stock solution 
was diluted 1:50 v/v in water and analyzed at 25 ◦C.

2.6. Circular Dichroism spectroscopy

The interaction of WT and FL-pHLIPs with DOPC liposomes was first 
analyzed by Circular Dichroism (CD), which made it possible to estimate 
peptide folding and, therefore, to verify their pH-dependent penetration 
into the lipid bilayer. CD measurements were performed by a Jasco® J- 
815 CD spectrometer. Spectra were recorded in a wavelength range 
between 200 and 260 nm, with steps of 1 nm and a scanning speed of 
100 nm/min. Solutions containing 5 μM pHLIP (for both WT- and FL- 
derivatives) and 750 µM DOPC liposomes were measured at different 
pH values (7.4, 6.5, and 5.2) after a 15-minute incubation period against 

a buffer baseline. Specifically, peptide stock solutions (100 μM) were 
diluted 1:20 v/v in 0.1 M acetate buffer for pH 5.2, and in 0.1 M Tris or 
0.01 M PBS for pH 6.5 and 7.4, respectively. Similarly, solutions con
taining 5 μM FL-pHLIP and 750 µM DOPC liposomes were measured at 
different pH values (7.4, 6.5, and 5.2) and time points (30 min, 2 h, and 
4 h) against a buffer baseline. All measurements were averaged over 10 
acquisition runs.

2.7. Fluorescein quantum yield (Φ) determination

To determine the quantum yield of fluorescein at different pH values 
(7.4 and 6.7, representative of the tumor microenvironment in glio
blastoma), solutions of fluorescein salt (Sigma Aldrich, Germany) were 
prepared in phosphate-buffered saline (PBS) at four concentrations: 1.5, 
2.5, 5, and 10 mM, with the pH adjusted according to the target value. A 
fluorescein salt solution in HEPES buffer (10 mM, pH 7.4), with a known 
quantum yield of 0.89, was used as a reference.

For fluorescence measurements, samples were excited at the peak 
absorbance wavelength of 490 nm, and emission spectra were collected 
using a Jasco® FP-8500 Spectrofluorometer. The integrated fluores
cence intensities for each sample were compared to the standard solu
tion. To ensure accurate quantum yield calculations, the absorbance (A) 
of the same samples was measured at the FL excitation wavelength 
(490 nm). A values were maintained below 0.1 for each sample to avoid 
inner filter effects and to ensure a linear relationship between absor
bance and concentration. The quantum yield (Φ) was calculated using 
the following formula: 

Φsample = Φstandard.
(

Isample

Istandard

)

.

(
A sample

Asample

)

.

(
n2

sample

n2
standard

)

Where:
Isample and Istandard represent the integrated fluorescence intensities of 

the sample and the standard, respectively, while Asample and Astandard 
are the absorbance values at the excitation wavelength (490 nm). 
Finally, n indicates the refractive index of the solvent for the reference 
(standard) and the sample, respectively. Absorbance measurements for 
each sample were performed in a 1 cm path-length cuvette.

2.8. QCM-D surface preparation

Before each use, SiO2-coated chips (QSX 303 by Biolin) were cleaned 
and prepared for QCM-D analysis following a specific protocol. First, the 
chips were immersed in a 2 % w/v aqueous solution of Sodium Dodecyl 
Sulphate (SDS) for 15 min, then rinsed with ultra-purified water (Mil
liQ) and 70 % ethanol. They were subsequently dried under a stream of 
nitrogen gas and treated in a UV-Ozone chamber for 15 min. Immedi
ately after each measurement, the crystals were cleaned with SDS so
lution for 15 min, rinsed with MilliQ water and 70 % ethanol, dried 
under nitrogen, and stored until reuse.

2.9. Quartz crystal microbalance analysis

QCM-D experiments were performed using a dissipative QCM in
strument (Q-Sense E4, Biolin Scientific AB, Sweden) equipped with a 
flow-through system and a peristaltic pump. After the sensor cleaning 
procedure, the QCM system was tared through a two-step calibration 
process. First, air calibration was performed automatically by the soft
ware, followed by solvent calibration using MilliQ water to fully fill the 
chamber and cover the sensors. Once both calibrations were completed, 
the QCM-D system was ready for measurement.

During the first 5 min of the measurement, a baseline was acquired 
using 0.01 M PBS as solvent. Supported lipid bilayers (SLBs) were then 
formed through the adsorption and rupture of lipid vesicles (DOPC so
lution at a concentration of 0.25 mg mL− 1 in CaCl2 buffer) on the 
cleaned SiO2 surfaces. The solution was flowed through each QCM 
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chamber for 8 min at a rate of 0.1 mL min− 1. The same flow rate was 
maintained throughout the entire duration of the experiment. PBS 
0.01 M was introduced again for 5 min, followed by a 5-minute flow of 
MilliQ water to remove excess lipids and stabilize the bilayer. A uni
lamellar SLB is properly formed if the frequency reaches a value of 
around − 25 Hz with an associated dissipation below 1 and tending to 
0 for a more rigid system [30]. The superimposition of the different 
harmonics also confirms the rigidity of the system. After proper SLB 
formation, to optimize the environment for studying pHLIP-membrane 
interactions, the final 5-minute flow of MilliQ water was followed by 
15 min of the buffer used for the QCM-D experiment. Specifically, 0.1 M 
Acetate, 0.1 M TRIS buffer, or 0.01 M PBS were used for analyses at pH 
5.2, 6.5, and 7.4, respectively. Lastly, the peptide solution, previously 
diluted in the appropriate buffer according to the studied pH, was 
introduced into the system for a specified timing. Following this, the 
pump was turned off to allow for static incubation. Finally, the system 
was washed with the same buffer used to dissolve pHLIP. Detailed 
procedural steps are provided below. Each experiment was repeated at 
least three times.

Experimental conditions

[pHLIP] 
(μM)

FL-pHLIP flow time 
(min)

Static incubation (min) Washing time (min)

0.5 15 15 15

2.10. In vitro cellular experiments

FL-pHLIP tolerance and its binding efficacy were finally evaluated on 
primary cell lines from newly diagnosed GB, growing in vitro as neuro
spheres [31] at different pHs (7.4 and 6.5). These cells were derived 
from fresh tumor tissues provided from cases operated in the Depart
ment of Neurosurgery of Fondazione IRCCS Istituto Neurologico "Carlo 
Besta" (FINCB). Written informed consent was obtained from all pa
tients. Tumor samples were processed to derive primary GB cell lines as 
previously described [31,32], using a combination of mechanical 
dissociation and enzymatic disaggregation. Primary cell lines were 
successfully established in 65–70 % of cases, particularly from CUSA 
surgical materials. Debris might still be present in the culture until 
passage 4–6 (p4–6). Even if debris does not disturb the growth of cells, it 
could affect the peptide performance. Considering that, GB primary cell 
lines were used within passages p6-p10.

For cell culture maintenance, a DMEM/F-12, GlutaMAX (Dulbecco's 
Modified Eagle Medium/Nutrient Mixture F-12; Gibco, Thermo Fisher, 
MA, USA) medium containing a B27 supplement (1X, Thermo Fisher 
Scientific) was used, along with 100 mg/mL streptomycin, 100 U/mL 
penicillin, 0.25 μg/mL Fungizone (Gibco, Thermo Fisher Scientific, MA, 
USA), and 20 ng/mL of mitogenic factors EGF and bFGF (basic fibroblast 
growth factor, PeproTech). To prepare the acidic environment, the 
selected cells were grown for several days. Thus, their metabolic activity 
was enhanced, and it caused a reduction in the extracellular pH. The 
acid culture medium, thus obtained, was then collected, stored at 
− 20 ◦C, and used at the time of the cellular experiment for the duration 
of peptide incubation.

Specifically, for FL-pHLIP cellular staining, cells were cultured at a 
density of 200k cells/well in a 48-well plate and with the peptide for 2 h 
at different concentrations (0.5 μM, 5 μM, and 10 μM) after mechanical 
dissociation into single cells. Both acid (pH 6.4 – 6.7) and physiological 
conditions (pH 7.2 – 7.4) were investigated. After incubation, the cells 
were washed in their respective culture media (acidic or physiological 
pH) to remove unbound peptide (3 × 1000 rpm for 5 min). Cell viability 
and pHLIP tolerance were assessed using 7-Aminoactinomycin D (7- 
AAD) staining and analyzed via flow cytometry (FACS). A scrambled 
peptide (SC-FL pHLIP; ACEQNPIYWARYAKWLFTTPLLLLKLALL VDA
KEGT), which is not pH-sensitive, was used as a control and subjected to 
the same procedures.

The amount of inserted fluorescent peptide was quantified by 
measuring the mean fluorescence intensity of cells positive for pHLIP 
through FACS analysis. Acquisitions were performed using a MACS
Quant (Miltenyi Biotec) flow cytometer, and data were analyzed using 
the FlowLogic software (version 7.2, Miltenyi Biotec).

2.11. Confocal analyses on SLB surfaces and primary glioblastoma cells

For experiments on FL-pHLIP interaction with SLBs, the SLBs were 
prepared directly on an 8-well chamber slide (Nunc™ Lab-Tek™ 
Chambered Coverglass, Thermofisher Scientific) and analyzed. Small 
Unilamellar Vesicles were prepared as described in section 2.4. A solu
tion of 10 mM CaCl2 was first applied to the surface of the chamber slide, 
followed by the addition of a 10 mM vesicle dispersion. A stable SLB 
layer on the chamber slide was achieved by rinsing the vesicle dispersion 
with pure Milli-Q water after 30 min of incubation at room temperature. 
To fluorescently label the SLB, a small amount of fluorescent probes 
(Cy5, Sulfo-Cyanine5), i.e., 0.1 % mol: mol with respect to total lipid 
amount, was added. After SLB formation, it was stabilized in the buffer 
under study for several minutes, then replaced with a 0.5 μM solution of 
FL-pHLIP at specific pH values (7.4, 6.5, and 5.2) and incubated for 
30 min. Following incubation, the SLB was washed three times with the 
corresponding buffer and left in the same solution. These experiments 
were carried out with a laser scanning confocal microscope, Leica TCS 
SP8 (Leica Microsystems GmbH, Wetzlar, Germany) equipped with a 
63 × water immersion objective.

For experiments on primary GB cell lines, the efficacy of FL-pHLIP 
variants was first quantified by flow cytometry and subsequently 
confirmed via confocal microscopy. Cells were cultured at a density of 
50000 cells per well on 15 mm round cover glasses placed in 24-well 
plates. Before incubation, the cover glasses were coated with laminin 
(10 µg/mL, Sigma Aldrich, Germany) to promote cell adhesion. Cells 
were then incubated with 5 µM FL-pHLIP for 2 h at either physiological 
or acidic pH (pH 6.5). Following incubation, the cells were washed three 
times with their respective culture media (acidic or physiological) to 
remove any unbound peptide and then fixed with 4 % w/v para
formaldehyde (PFA, Sigma Aldrich, Germany). For confocal microscopy, 
cells were treated with 1 % BSA (Santa Cruz Biotechnology) and incu
bated in a humidified chamber with the anti-B7H3 goat antibody (1:100 
dilution, R&D Systems) for 1 h at room temperature. Detection of B7H3 
was achieved using Alexa Fluor 594-conjugated goat anti-rabbit anti
body (1:50 dilution, Thermo Fisher Scientific). Cell nuclei were coun
terstained with DAPI (Sigma Aldrich, Germany), and the cover glasses 
were mounted with FluorSave mounting medium (Sigma Aldrich, Ger
many). Confocal imaging was performed using a Leica TCS SP8 laser 
scanning confocal microscope (Leica Microsystems GmbH, Wetzlar, 
Germany).

2.12. Statistical analysis

All measurements presented in this work are reported as the mean ±
standard deviation, based on a minimum of n = 3 replicates for each 
condition. Cellular experiments were performed at least twice, with each 
assay containing three technical replicates. Data were analyzed using 
Prism Software (GraphPad Software version 9), and statistical signifi
cance was assessed using the Student’s t-test. Specifically, this method 
was used to determine whether there was a significant difference be
tween the mean of two groups (physiological and acidic pH). Statistical 
significance was defined as p < 0.05.

3. Results and discussion

3.1. Peptide solubility and chemical-physical properties

In this study, we examined two variants of the pHLIP peptide: 1) The 
wild type (WT), which is defined by the well-characterized sequence 
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AEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT and 2) a fluo
rescently labeled derivative, obtained by chemically attaching fluores
cein (FL) to a cysteine residue at the peptide's N-terminal via a short 
disulfide linker, designated as FL-pHLIP. WT-pHLIP was our control for 
evaluating the desired pH-responsive properties of the newly developed 
FL-pHLIP from the perspective of using it as a tracer in the TME during 
surgical interventions.

We first assessed the solubility/dispersibility of WT-pHLIP in phys
iological conditions (i.e., saline phosphate buffer at pH=7,4 - PBS) by 
incrementally adding small volumes of PBS to a fixed amount of peptide. 
Experimental results indicated that homogeneous dissolution/dis
persibility was achieved only by heating the sample, combined with 
vortex mixing and bath sonication, as detailed in Table 1. The maximum 
concentration of WT-pHLIP that could be effectively dissolved/ 
dispersed in the physiological medium was 0.6 mM, equivalent to 
2.5 mg mL − 1.

Building on these observations, we optimized a solubilization pro
tocol outlined in 6 of the Methods. This approach was designed to ensure 
high reproducibility by utilizing concentrations significantly lower than 
the previously established solubility/dispersibility limits. The same 
study was extended to the FL-pHLIP variant. The dispersions appeared 
clear and without visible agglomerates and/or precipitates. The disso
lution/dispersibility efficiency of both pHLIPs was assessed by UV-Vis 
analysis (Figure S1A-B). This procedure ensured that the solubilized/ 
dispersed peptide was accurately quantified in all freshly prepared 
stocks.

.
Subsequent studies were performed to evaluate pHLIP self-assembly 

upon dissolution at different pH levels. Self-assembling behavior of both 
derivatives was studied through DLS measurements, dissolving both 
peptides in 0.1 M acetate buffer, 0.1 M Tris, or 0.01 M PBS to achieve pH 
values of 5.2, 6.5, and 7.4, respectively (sections 2.3 and 2.5). Results 
showed that for both derivatives, it was possible to measure an auto
correlation function at all pHs, indicating the formation of self- 
assembled structures. The general trend was similar for both peptides 
(Fig. 1 A-D), but the auto-correlation functions of the WT derivative 
were noisier, mostly at higher pHs due to a lower scattering intensity, 
probably due to a lower volume fraction of assemblies (Fig. 1A). At the 
lowest pH, both derivatives showed a marked tendency to form larger 
assemblies, as shown by both auto-correlation functions and intensity- 
weighted size distributions (Fig. 1 A-D, red lines). This is due to the 
increased hydrophobicity of the peptides in acidic conditions, where 
their net charge is diminished. As a result, the reduced electrostatic 
repulsion among peptide molecules facilitates aggregation. This trend 
was less evident for the FL-derivative (Fig. 1 C-D), suggesting that the 
conjugation with FL affects the peptide self-assembling behavior. In
vestigations into the colloidal stability of pHLIP dispersions over time 
revealed that their stability at physiological pH was preserved for at 
least 24 h (Figure S2 A-B and G-H). Similar stability was observed for FL- 
pHLIP under slightly acidic conditions (pH 6.5) (Figure S2 I-L). How
ever, at highly acidic pH levels, aggregation was noted, leading to the 
formation of micrometer-sized particles (Figure S2 M-N). Considering 
that intraoperative fluorescence imaging requires peptide stability over 

the surgical timeframe (≤ 6 h), the 24 h colloidal stability observed for 
WT- and FL-pHLIP (Figure S2) is fully sufficient for the intended 
application.

3.2. Peptide folding, membrane interactions, and kinetics in liposome- 
based models of eukaryotic cells

The mechanism of action for pHLIPs is well understood [33]. In 
acidic environments, protonation and increased hydrophobicity trigger 
the folding of the peptide into membranes. This process facilitates the 
selective interaction of pHLIPs with cancer cell membranes, enhancing 
their utility in targeted imaging and therapeutic applications [34–36]. 
Protonatable residues in the hydrophobic central and C-terminal regions 
are negatively charged at physiological pH, but neutralized at lower pH, 
allowing membrane integration and forming a transmembrane helix. 
Consequently, the pH-dependent conformational transition of the pep
tide within the TME underlies its ability to insert into membranes. After 
studying the self-assembly behavior of pHLIP derivatives in an acidic 
environment, we evaluated their ability to be integrated in cellular 
membranes using DOPC liposomes as simple model systems by circular 
dichroism (CD) spectroscopy.

Specifically, we started with an extensive characterization of the WT- 
pHLIP, using it as a control to assess the effective integration of FL- 
pHLIP into the outer leaflet of lipid bilayers.

We validated the published data on the CD membrane-insertion 
profile of WT-pHLIP, which retained a random coil secondary struc
ture at physiological pH in the presence of DOPC liposomes, suggesting 
minimal interaction with the liposomes (Fig. 2A, state II, dark line) [37]. 
Conversely, the CD pattern began to change at slightly acidic pH, 
reaching a clear α-helix profile at pH 5.2, characterized by a double 
minimum at 208 and 222 nm (Fig. 2A, state III, green and red lines). FL 
conjugation did not affect the membrane insertion properties of the 
peptide. Indeed, FL-pHLIP showed a random coil secondary structure at 
physiological pH, which progressively changed into an α-helix confor
mation upon lowering the pH (Fig. 2B). After confirming that FL-pHLIP 
mirrors the behavior of the WT peptide, we shifted our focus solely to the 
FL-containing derivative, which is the desired probe for imaging 
applications.

To investigate the kinetics of FL-pHLIP membrane insertion, CD 
analyses were performed in acidic conditions (pHs equal to 5.2 and 6.5; 
see Figs. 3A and 3B) at specified time intervals (5, 20, 50, and 70 min). A 
mild acidic pH (6.5–6.8) is included in our experimental design, as it 
represents the typical conditions found in GB tumors [38].

Peptide folding occurred almost instantly, as evidenced by the 
detectable α-helix formation at 5 min, even at mild acidic pH (Fig. 3B). 
After FL-pHLIP was incorporated into the lipid bilayer, its secondary 
structure remained stable over time, indicating that the peptide is firmly 
anchored to the membrane. These findings suggest that membrane 
insertion at acidic pH occurs quickly and remains stable.

3.2.1. Quantification of the inserted peptide into the lipid bilayer
A semi-quantitative evaluation of the embedded FL-pHLIP in the 

lipid membrane as a function of pH and time was performed using 
unilamellar DOPC liposomes. After mixing FL-pHLIP with DOPC lipo
somes (see Content S4 of the Supplementary Material), the liposomes 
were separated from free peptide using gel permeation chromatography 
(GPC, Sephadex G-25, Fig. 4A). The isolated liposomes were then 
characterized by DLS and UV-Vis spectroscopy. Specifically, DLS data on 
the purified samples indicated an increase in liposome hydrodynamic 
size (keeping constant the PDI) with decreasing pH, indicating an 
increasing peptide integration into the lipid membrane with modifica
tion of the liposome's surface properties and hydration sphere (Figs. 4B- 
C). Although fluorescein works as a pH sensor with a decreased absor
bance in acidic environments, as demonstrated in our additional studies 
on FL salt (S3 A-B), the UV-Vis analysis of the purified samples showed a 
higher FL-pHLIP intensity at λmax (450–500 nm) at acidic pH values 

Table 1 
Experimental conditions for WT- pHLIP solubility evaluation.

[pHLIP] 
(mM)

Treatment procedures Appearance Solubility/ 
dispersibility

Vortex Sonication Heating

2.5 ✓ X X Totally 
insoluble

Absent

1.2 ✓ X X Presence of 
lumps

Poor

0.8 ✓ ✓ X Homogeneous, 
opaque

Medium

0.6 ✓ ✓ ✓ Homogeneous, 
transparent

Good
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Fig. 1. Self-assembly properties of pHLIP peptides in physiological and acidic environments. Dynamic Light Scattering (DLS) measurements at θ = 90 ◦ of WT (A-B) 
and FL-pHLIP (C-D) peptides in solutions at pH 7.4, 6.5, and 5.2 (black, green, and red lines, respectively). Panels A and C display the DLS autocorrelation functions 
for the two samples (A, C). The corresponding intensity-weighted size distributions (B, D) (radius, <RH>, nm) are shown in panels B and D.

C. Chirizzi et al.                                                                                                                                                                                                                                 Colloids and Surfaces B: Biointerfaces 260 (2026) 115398 

6 



compared to physiological conditions, where no peak was detected 
(Fig. 4D). This indicates that FL-pHLIP is a highly effective membrane 
binder at low pH, while at pH 7.4, it only weakly interacts with the lipid 
membranes, but it is fully removed upon purification. UV-Vis time- 
resolved measurements showed that peptide insertion nearly reached 
saturation after 30 min of incubation, particularly at mild acidic pH. 
Under higher acidic conditions (pH 5.2), approximately 40 % of FL- 
pHLIP integrated into the membrane within the first 30 min, main
taining this level for several hours and ultimately reaching a maximum 
of 57 % after 24 h (Figure S5).

3.3. pHLIP-membrane integration on SLB surfaces

In the second part of the study, we employed supported DOPC lipid 
bilayers (SLBs) as a simplified model to assess the sensitivity of pHLIP 
derivatives in a cell membrane environment. Although other systems as 
micron-sized liposomes, have recently been proposed as biomimetic 
models due to their native-like membrane curvature [39–41], their 
limited mechanical stability and short lifetime constrain their applica
bility in extended or flow-based assays. By contrast, SLBs offer enhanced 
robustness, compatibility with advanced surface characterization tech
niques [42]. In our experiments, the interaction between pHLIP and 
SLBs was monitored by QCM-D and confocal fluorescent microscopy. 
Historically, SLB platforms have been widely exploited for peptide 
functionalization to investigate cellular properties such as adhesion, 
growth, and differentiation [43–46], and SLBs combined with QCM-D 

have proven effective for studying peptide binding, distinguishing 
mechanisms of action, and assessing membrane integrity [47–50]. Here, 
we aimed to evaluate the insertion efficiency.

3.3.1. In-Flow model of eukaryotic cell membranes: QCM-D
QCM-d experiments were performed to evaluate pHLIP binding ef

ficiency at different pHs by calculating mass and structural changes of 
the lipid membrane upon pHLIP incubation [51]. The detailed config
uration of the QCM experimental setup is provided in Content S6 of the 
Supplementary Material and in Section 2.9 of the Methods. We investi
gated the interaction of FL-pHLIPs with DOPC membranes using a 
peptide concentration of 0.5 μM, based on the pHLIPs concentration 
range typically used for cellular applications [35,37,52]. We first opti
mized a method to obtain a stable lipid bilayer in the QCM-d chip, 
starting from the introduction of a DOPC liposome dispersion into the 
QCM-D chamber. The accomplishment of values of – 25 Hz and about 
0 for Δf and ΔD, respectively, indicates the successful formation of a 
complete bilayer, which remained stable during subsequent washing 
with the incubation buffer over time (see Figures S7 A-C in Supple
mentary Material and Section 2.9 of the Methods). This system served as 
the reference system (sequence 1–2–1–3–1 in Figs. 5 A-C). The intro
duction of FL-pHLIP dispersion at physiological pH (arrow 4 in Fig. 5A) 
was followed by a slight decrease in frequency, suggesting a mild and 
temporary peptide-lipid bilayer interaction. Indeed, during static incu
bation and subsequent washing with PBS, the frequency decreased and 
reverted to its original value, indicating a full washing of the adsorbed 

Fig. 2. Peptide structuring and membrane insertion properties. Transitions between distinct states of WT (A) and FL pHLIPs (B) in the presence of DOPC liposomes 
were monitored using Circular Dichroism (CD) spectroscopy. At pH 7.4, peptides remained in state II, while exposure to acidic pH conditions (state III: pH 6.5 and 
5.2, represented by green and red lines, respectively) induced specific structural changes.

Fig. 3. FL-PHLIP membrane insertion at acidic pH values over time. Representative Circular Dichroism (CD) spectroscopy profiles illustrating the kinetics of peptide- 
membrane interactions in the presence of DOPC liposomes at pH 6.5 (A) and 5.2 (B).
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peptide. Conversely, at lower pH levels (i.e., pH=6.5 and 5.2, Fig. 5B-C), 
we observed a rapid increase in dissipation and a decrease in frequency 
immediately after the peptide flow. The reached values remained un
changed during the final buffer wash, confirming a strong insertion of 
the peptide in the lipid membrane. We could also evaluate the mass 
deposition upon pHLIP flow on the chip, which resulted in higher 
amounts at more acidic pH levels (Fig. 5D; 633 ± 18 and 2258 ± 980 
ng/cm² for pH 6.8 and 5.2, respectively). In both cases, the similarity in 
the resonance frequency across distinct harmonics indicates that mass 
density is uniform throughout the entire thickness [51] of the mem
brane, as previously demonstrated for cell-penetrating peptides [53]. 
Although the peptide insertion is highly stable, it is reversible. Indeed, if 
the final wash is conducted in a non-acidic pH environment, the inserted 
mass is lost, and both Δf and ΔD return to the characteristic values of 
only SLB, suggesting that it is not altered by peptide binding (Figure S8).

3.3.2. Confocal analysis of pHLIP-interacting SLBs
The peptide-membrane interaction was further investigated through 

confocal microscopy. For this purpose, the same DOPC SLB used in QCM 
studies was tagged with a fluorescent dye (Cy5, Sulfo-Cyanine5, shown 
in blue in Fig. 6 A-L) and imaged after treatment with the FL-pHLIP. 
Axial acquisitions, corresponding to an inner section of the bilayer 
(Fig. 6 A-C and F-H), measured before and after buffer washing, 
confirmed that at pH 7.4, the observed FL fluorescence (green) was fully 

removed after washing. This means that the fluorescence was primarily 
due to free peptide in solution (green, Fig. 6E), as it was completely 
removed after washing with the incubation buffer, leaving only the blue 
SLB detectable (Fig. 6H and L). At pH ≤ 6.5, the SLB retained bright 
green fluorescent spots (homogeneously distributed within the mem
brane, Fig. 6 A-B and D) even after buffer washing (Fig. 6 F-G and I). The 
3D reconstruction of the rinsed SLB after incubation with the pHLIP 
peptide at both physiological and highly acidic pH levels further sup
ported this conclusion (Figure S9 A-B).

To demonstrate the reversibility of the peptide-membrane interac
tion, we incubated the SLB with FL-pHLIP at a slightly acidic pH 
(Fig. 7A) and subsequently washed it with a buffer at physiological pH 
(Fig. 7B). This washing procedure completely removed all of the inserted 
peptide, corroborating our previously reported QCM data.

The same experimental setup was finally extended to a scrambled 
peptide (SC-FL pHLIP), which is not pH-sensitive, and used as a control. 
Results showed that SC-FL pHLIP showed the same affinity for the lipid 
bilayer regardless of pH (Figure S10 A-C, D-E and S11 A-B). Further
more, the fluorescence of the peptide showed a different appearance 
compared to FL-pHLIPs. Indeed, we observed larger spots within the 
membrane, potentially due to peptide instability and aggregation. The 
insertion appeared to be stable, as the SLB maintained an analogous 
appearance after washing at the same pH conditions, with a persistent 
presence of the peptide (Figure S10 F-H and I-L). Together, these results 

Fig. 4. Quantification of the inserted peptide into the lipid bilayer. (A) Schematic representation of the peptide purification process after interaction with DOPC 
liposomes, using the Sephadex-25 gel filtration method. After a 2-hour interaction with liposomes, non-inserted peptides were removed, and pHLIP-associated li
posomes were characterized using Dynamic Light Scattering (DLS) measurements. Auto-correlation functions of untreated and pHLIP-associated DOPC liposomes as a 
function of pH (B) and corresponding intensity-weighted size distributions (C). UV–vis analyses of DOPC and pHLIP mixtures at different pH levels after Sephadex 
purification to evaluate pHLIP insertion into the lipid membrane (D).
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demonstrate the unique performance and sensitivity of the proposed FL- 
pHLIP sequence.

3.4. Binding efficacy of FL-pHLIP on primary cell lines from newly 
diagnosed glioblastoma

The final part of this study focuses on the cellular validation of FL- 
pHLIP binding efficacy in different patient-derived GB primary cells. 
Representative primary cell lines growing in vitro as neurospheres 
(glioblastoma GB-NS) were analyzed across all molecular subtypes 
(proliferative/classical, mesenchymal, or proneural), derived from both 
newly-diagnosed (ND) and recurrent glioblastomas (R). Cells were 
cultured at different pHs (i.e., 7.4 and 6.5). Indeed, since FL-pHLIP 
targets the acidic extracellular pH characteristic of the GB microenvi
ronment rather than a tumor-specific membrane marker, the physiologic 
pH of healthy tissues (pH 7.4) represents the proper negative control. In 
a preliminary set of experiments, the most efficient FL-pHLIP concen
tration for incubation was determined. A specific range of peptide 
concentrations was selected (0.5–10 µM) [37,52,54], and cells were 
incubated for 2 h at both pH levels. In addition, the scrambled version of 
pHLIP, SC-FL pHLIP, was used as a pH-insensitive control. No cytotox
icity was observed for any of the tested concentrations of either peptide 
(Figure S12 A). Binding efficiency, quantified by flow cytometry, indi
cated a membrane affinity independent of pH for SC-FL pHLIP (cell 
positivity to fluorescein, Figure S12 B), with even greater efficiency 
observed at physiological pH. In contrast, FL-pHLIP showed significantly 

increased cell positivity at slightly acidic compared to physiological pH 
(Figure S12 C). This effect was particularly evident at lower concen
trations, while higher concentrations (e.g., 10 µM) exhibited reduced 
efficiency and a less significant difference in pH-dependent response.

Moreover, in this setting, cell labeling at physiological pH was 
minimal, effectively reducing non-specific targeting (Figure S12 C). 
These findings indicate that a mild concentration of FL-pHLIP (5 µM) is 
more appropriate for our objectives and was chosen for further, more 
detailed cellular assays.

We then tested the pH-sensitive system on newly-diagnosed and 
recurrent glioblastoma primary cell lines derived from the same pa
tients. Both GB-NS lines were incubated with FL-pHLIP using the 
experimental conditions optimized before. As expected, cells well 
tolerated both ctrl and FL-pHLIP peptides (Fig. 8 A, B). GB-NS from ND 
or R specimens showed the same behavior (Fig. 8 A, C, and B, D 
respectively). Specifically, both peptides demonstrated a certain affinity 
for the cellular membrane even at physiological pH, due to the hydro
phobic residues. However, while SC-FL showed the same affinity at both 
pH levels, FL-pHLIP confirmed a strongly increased efficiency at pH 6.5 
compared to pH 7.4 (Fig. 8 B and D, respectively). The inclusion of 
paired ND and R specimens from the same patients, together with 
distinct tumor phenotypes (Figure S12), provided a rigorous control and 
highlighted the specificity and versatility of the system across different 
TME contexts.

With confocal microscopy on the same recurrent GB-NS, we first 
confirmed the pH-dependent enhanced performance of FL-pHLIP 

Fig. 5. In-Flow model of eukaryotic cell membranes: QCM-D experiments. Δf–t and ΔD–t plots are shown in a representative QCM-D measurement, illustrating the 
SLB response after FL-pHLIP incubation at pH 7.4 (A), pH 6.5 (B), and pH 5.2 (C). (D) Quantification of FL-pHLIP insertion into the SLB at acidic pH values (5.2 
and 6.5).
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(green), as indicated by more abundant and intense green dots at acidic 
pH (Fig. 9 F versus Fig. 9 P). Notably, we verified the membrane 
insertion of the peptide, as demonstrated by the co-localization of pHLIP 
with B7-H3, a transmembrane protein overexpressed in GB [55] (Fig. 9
R). All these results together demonstrated the optimal efficiency of 
FL-pHLIP in a representative and heterogeneous GB-associated context, 
supporting its translation first to in vivo GB animal models, and ulti
mately to clinical applications.

4. Conclusions

In this study, we developed and characterized a novel fluorescein- 
conjugated pH-sensitive peptide (FL-pHLIP) for GB imaging, with the 

intention of enhancing fluorescence-guided GB resection surgery. 
Rather than designing a new sequence, we repurposed the well- 
established pHLIP scaffold, exploiting its proven responsiveness to 
extracellular acidity in a pathological context of urgent clinical need. 
Precise intraoperative identification of GB margins remains critical, as 
surgery is still the only effective therapeutic option for this incurable 
disease. While previous research has primarily concentrated on conju
gating pHLIP derivatives with near-infrared (NIR) dyes [56], we linked 
the peptide to fluorescein (FL) to generate a tracer compatible with 
standard neurosurgical workflows. This approach aimed to meet the 
medical needs associated with the microsurgical resection of GB in 
preparation for clinical development, such as being detectable using 
conventional surgical microscopes and being administered 

Fig. 6. Confocal analysis of pHLIP-interacting SLBs. Representative fluorescence images of DOPC SLB (blue) after a 30-minute incubation with FL-pHLIP (green) at 
different pH levels, both before (A-E) and after (F-L) a washing process using the same buffer and pH conditions as during peptide incubation. The images display 
axial (A-C, F-H) and sagittal sections of the DOPC SLB interacting with pHLIP (D-E and I-L).

Fig. 7. Study of reversibility of the peptide-membrane interaction by confocal analysis of SLB. Axial sections of DOPC SLB interacting with pHLIP at acidic (A), 
following a wash with buffer at pH 7.4 (B).
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simultaneously during surgery. Although FL possesses a fluorescence 
quantum yield that decreases at acidic pH, our experiments have pri
marily demonstrated that even in the mildly acidic conditions typical of 
GB, the strong selectivity of the tracer for lipid membranes resulted in a 
more intense signal than in physiological conditions at pH 7.4. This 
indicates that, despite the variations in fluorescence yield of the dye 
related to pH, our tracer maintains its effectiveness and utility in prac
tical applications. Furthermore, while previous studies on pHLIP de
rivatives, beyond testing their biological efficacy, were limited to 
investigating peptide folding mechanisms as a function of the pH using 
liposomes [36,37,57], we took a more nuanced approach. We performed 
time-response QCM-d and confocal microscopy experiments to study the 
binding mechanism and fluorescence response of the FL-pHLIP deriva
tive with SLBs, mimicking the cellular membrane, as a function of time 
and pH. Importantly, the screening of non-pH-responsive scrambled 
peptides revealed a membrane affinity that remained unaffected by 
changes in pH, confirming the selectivity of the developed tracer.

Overall, we developed a tiered methodology first studying the 
interaction mechanism of FL-PHLIP with lipid membrane models (li
posomes and supported lipid bilayers) and validating their selectivity on 
patient-derived cell lines. This approach will significantly accelerate the 
future screening of next-generation peptides with similar properties and 

potential therapeutic applications, specifically in assessing their selec
tivity and binding efficiency at relevant pH levels and in biological en
vironments associated with GB.

Notably, similar methodologies have been used to study the in
teractions of pH-responsive cell-penetrating and anti-microbial peptides 
with lipid membranes [48,49,58,59], primarily focusing on the mech
anisms of membrane disruption that lead to cell death and guiding the 
development of new antibiotics. However, unlike these studies, which 
aim to understand how membranes are compromised, our study focuses 
on ensuring the robustness of the binding, its kinetics and efficiency 
even at a weakly acidic pH without alteration of the lipid bilayer.

Finally, the experiments on primary GB cells in heterogeneous con
ditions, including first-line interventions, recurrences, and varying 
metabolic classifications, validated the tracer’s performance in diverse 
biological environments. These findings confirm that its targeting 
mechanism is conserved across diverse membrane environments and 
phenotypes, supporting its translational potential. In vivo testing is 
currently planned to validate our results and potentially pave the way 
for clinical applications. Overall, our findings establish a strong foun
dation for significantly improving the intraoperative identification of 
glioblastoma tissue, which could have a profound impact on patient 
survival.

Fig. 8. In vitro experiments on primary human GB cells. Cell tolerance to both scrambled (gray) and FL-pHLIP (green) was assessed in primary surgeries (A) and 
recurrent (B) GB cells. Peptide binding efficiency was quantified using flow cytometry, measuring cell positivity for fluorescein (expressed as fold change in mean 
fluorescence index, MFI) in both cell lines (C: primary surgery, D: recurrence). The reported values represent the mean ± standard deviation, based on a minimum of 
n = 3 biological replicates per condition. Each experiment was performed at least twice.
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