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A B S T R A C T

Multimodal in vivo imaging of pancreatic islets might improve monitoring of endocrine grafts upon implanta
tion, helping clinical validation of new regenerative therapies based on the replacement of β-cells in type 1 
diabetes affected patients. Herein, the generation of chitosan-based multimodal diagnostic nanoparticles (NPs) 
able to target β-cells is described. The NPs, composed of chitosan (CH) and γ-poly-glutamic-acid (γ-PGA) with 
different “clickable” functional groups were chemoselectively decorated at the surface with Exendin-4 (Ex4), a 
ligand of glucagon-like peptide 1 (GLP-1) β-cell receptors, and with a DOTA containing linker, to chelate 
diagnostic radioisotopes. Furthermore, the NPs were conjugated with IRDye®800CW for multispectral opto
acoustic tomography (MSOT). The affinity of Ex4 decorated NPs towards GLP-1R was confirmed by competitive 
flow cytometry tests. The detectability of the NPs labeled with IRDye®800CW and Ex4 in MSOT experiments was 
demonstrated. In vivo biodistribution of Ex4 decorated NPs labelled with Ga-68 was studied with positron 
emission tomography (PET) experiments in mice. Specific binding to GLP-1 receptor expressing tissue was 
demonstrated in autoradiography experiments, showing potential of the multimodal NPs for specifically tar
geting β-cells.

Introduction

Multimodal in vivo imaging of pancreatic β-cells to monitor their 
presence and activity is object of great interest in the therapies for type 1 
diabetes (Montet et al., 2013; Wei et al., 2019). The chance of following 
them in vivo is advantageous for the validation of novel strategies aimed 
at replacing the β-cells mass, as it can provide data to evaluate the health 
state of the endocrine engraft and to predict the outcome of the islet 

transplantation (Li et al., 2016). In fact, to date, to follow the evolution 
of islets transplantation, glucose level (Yu et al., 2020) and C-peptide 
(Maddaloni et al., 2022) monitoring is mostly used, an approach not 
very efficient (Caldara et al., 2023). The development of efficient tools 
able to target the pancreatic β-cells and detect their viability can bring 
benefits in the promising field of the β-cells replacement (Caldara et al., 
2023; Murakami et al., 2021).

Several approaches have been experimented for in vivo detection of 
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β-cells. To follow transplanted β-cells in TD1 animal models, pre- 
transplanted pancreatic islet have been labeled with magnetic iron 
oxide nanoparticles (MNPs)(Jirák et al., 2004; Oishi et al., 2013; 
Zacharovová et al., 2012). In this way, the whole islet was labeled due to 
uptake of MNPs by islet macrophages (Berkova et al., 2008). However, 
this strategy resulted in a partial impairing of β-cells activity (Jirák et al., 
2004; Kim et al., 2013) and, more importantly, did not allow to discern 
non-functional β-cells from functional ones. Thus, the research 
addressed to detect functional β-cells by targeting GLP-1R (Christ et al., 
2009; Drucker, 2003; Jansen et al., 2019; Wang et al., 2014; Wild et al., 
2016; Wild et al., 2010; Zhang et al., 2013). GLP-1R is able to trigger 
insulin secretion by β-cells, through the interaction with GLP-1(Ahren, 
2009; Drucker, 2003). GLP-1R is highly expressed on β-cell membranes 
and even more on insulinoma cells (Körner et al., 2012; Lebastchi & 
Herold, 2012). Exendin-4 (Ex4) is a 39-peptide agonist of GLP-1R able to 
promote insulin secretion and approved by FDA to treat diabetes. It has 
been recently used also for diagnostic purposes conjugated to MNPs or 
labelled with SPECT and PET tracers (Jansen et al., 2019; Wang et al., 
2014; Zhang et al., 2013). Several labelled Ex4 have been already 
assessed in preclinical and clinical studies, (Lindheimer et al., 2023; 
Reiner et al., 2011; Sidrak et al., 2023) which, notwithstanding, showed 
an important uptake by kidneys(Jansen et al., 2019). This entails 
possible toxic effects on kidneys and a difficult pancreatic β-cell imaging 
caused by overlapping signals from kidneys(Jansen et al., 2019; Wild 
et al., 2016, 2010). Considering the current limitations in β-cells imag
ing, stable diagnostic system that allow to detect β-cells with multimodal 
systems without affect their availability and reducing also the toxic ef
fect on kidneys are needed. Here we describe the development of new 
diagnostic chitosan-poly-γ-glutamic acid nanoparticles (CH-γ-PGA NPs) 
able to target β-cell. These NPs were surface-functionalized by click 
chemistry with Ex4 to target GLP-1R, and with DOTA chelator for PET 
imaging, with potential applications in SPECT or MRI. Additionally, the 
NPs contained also a near-IR dye (IRDye® 800CW) for optoacoustic 
detection (MSOT). Our hypothesis is that these nanoparticles tools will 
enhance targeting of pancreatic β-cells and enable non-invasive detec
tion of their viability in patients.

Materials and methods

Chemical and materials

Chitosan (CH; degree of deacetylation = 75–85 %, Mw = 50–190 
kDa) was purchased from Sigma-Aldrich Co., Hungary and further 
deacetylated by treatment of chitosan with 10 M NaOH for 4 h at 100 ◦C, 
filtered and dialyzed against distilled water. The solution was lyophi
lized to obtain a white chitosan powder. Poly-γ-glutamic acid (γ-PGA, 
Mw = 100 kDa) was purchased from Shandong Freda Biotechnology Co., 
Ltd., China, and was used without further purification. N‑hydroxy-suc
cinimide (NHS), 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
(EDC), 2-(aminomethyl)-furan (FA), azido-dPEG®4-carboxylic acid 
(N3-PEG4- carboxylic acid), phosphate buffer phosphate (PBS), 2-(N- 
Morpholino)-ethane-sulfonic acid hydrate (MES), deuterium oxide 
(D2O) were purchased from Sigma-Aldrich (USA). Tetraxetan-NHS 
(DOTA-NHS), and tetraxetan-bicyclo[6.1.0]non-4‑yne (DOTA-BCN) 
were purchased from CheMatech (France). Exendin-4 (Ex4) and exen
din-4-PEG4-maleimide (Ex4-PEG4− Mal) were purchased from Proteo
Genix (USA). IRDye® 800CW NHS ester was obtained from Li-Cor 
Biosciences.

1H NMR

1H Nuclear Magnetic Resonance (NMR) analysis was performed with 
a Varian 400 MHz Mercury instrument; chemical shifts were adjusted 
respect to deuterium oxide peak (4.790 ppm). The pulse angle was 90◦

and the relaxion delay 2 s, while the number of scans was 1000. Infrared 
analysis of polymers was performed with a PerkinElmer Spectrum 100 

equipped with a Universal ATR (UATR). All the spectra were acquired in 
a spectral range from 4000 to 650 cm− 1, with a scanning resolution of 2 
cm− 1, accumulating 30 scans each.

SEC–HPLC

Size exclusion chromatography analysis of polymers and NPs was 
carried out with a Waters e2695 Separations Module (Waters Co., Mil
ford, MA, USA) equipped with a PDA detector (Waters 2998 Photodiode 
Array Detector) using a BioSec5 300 Å column (Agilent, 7.8 × 300 mm,5 
μm) and it’s guard column (Agilent, 7.8 × 50 mm, 5 μm). The flow rate 
was set to 1 mL/min using isocratic elution and the column was main
tained at 30 ◦C. The eluent was 150 mM sodium phosphate buffer.

Polymers functionalization

γ-PGA-FA1 and γ-PGA-FA2
PGA was functionalized as previously reported in Rossi et al. 

(2022a). Briefly, to a solution of γ -PGA (100 mg, 0.69 mmol) in MES 
buffer 0.1 M pH = 5.5, NHS/EDC (1eq. each) were added as powder and 
the solution was stirred for 30 min a room temperature. Successively, FA 
(0.5 eq.) was added dropwise, and the solution was stirred overnight at 
room temperature and then was dialyzed with a tube having a MWCO of 
14 kDa for 2 days, firstly against NaCl 0.1 M then with MilliQ water. 
Freeze-drying provided γ-PGA-FA-1 as a powder (74 mg, 73 % yield).

The same protocol, employing 2 eq. of NHS /EDC, and 2 eq of FA 
provided γ -PGA-FA-2 (77 mg, 70 % yield).

CH–N3
N3-PEG4-carboxylic acid (37.8 mg, 0.13 mmol) was dissolved in 3 mL 

of MES buffer solution 0.1 M pH = 5.5; NHS/EDC (0.5 eq. each) were 
added as powder, the final solution was stirred for 45min. and then 
added dropwise to a CH solution (100 mg, 0.52 mmol) in MES buffer 0.1 
M pH = 5.5 (7 mL). After 6 h, the solution was adjusted to pH 5.5, and 
NHS/EDC (0.5 eq. each) were added. The final solution was stirred 
overnight at room temperature and then dialyzed with a tube having a 
MWCO of 14 kDa for 2 days, firstly against NaCl 0.1 M then with MilliQ 
water. Freeze-drying provided CH–N3 as powder (95 mg, 70 %). The 
product was characterized by 1H NMR and FTIR analysis (1.2 
Supplementary)

The functionalization grade of CH–N3 was calculated by integrating 
the 1H NMR peak of the -CH2–N3 protons at 3.33 ppm with respect to 
proton of –CH–NHC––O- at 2.92 ppm of chitosan (Fig. 1SI).

CH-IRDye
Chitosan lyophilized powder was solubilized in MilliQ water, and 

then adjusted to pH 6. The chitosan solution (V = 10 ml, c = 3 mg/mL) 
was mixed with IRDye® 800CW (V = 50 µL, c = 10 mg/mL in DMSO), 
and the reaction mixture was stirred in dark at room temperature for 24 
h Fluorescently labeled chitosan (CH-IRDye) was purified on a hollow 
fiber filtration product (mPES, 10 kDa; Spectrum Laboratories Inc, CA, 
USA) against distilled water and acetate buffer solution (pH = 4). The 
purified product was lyophilized.

NPs formulation

Nanoparticles were formed by cross-linking of modified macromol
ecules after self-assembly.(Körhegyi et al., 2019) Briefly, aqueous solu
tions of modified γ-PGA (c = 0.3 mg/mL) and modified CH 
macromolecules (c = 0.3 mg/mL) were mixed at ratio of 3:1 at room 
temperature using intensive stirring for 30 min. To produce cross-linked 
nanoparticles, dropwise addition of water-soluble carbodiimide solution 
was performed and the reaction mixture was stirred at 4 ◦C for 4 h, then 
at room temperature for 20 h The solution containing cross-linked 
nanoparticles was purified from the unreacted macromolecules and 
carbodiimide by size exclusion chromatography (SEC) (qEV columns 
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with 70 nm exclusion limit, Izon, UK). The elution was performed with 
PBS, the separation was checked by HPLC-SEC system.

Surface functionalization of NPs with Ex4 and DOTA

A stock solution of Ex4-PEG4− Mal, with a concentration of 1.4 mM, 
was prepared in PBS 0.01 M pH = 7.4. For the conjugation, 1 eq. of Ex4- 
PEG4− Mal with respect to γ-PGA-FA functionalization was considered. 
More precisely, to calculate the amount of Ex4-PEG4− Mal, the starting 
mass of γ-PGA-FAs used to formulate NPs was taken in account. So, a 
proper volume of Ex4-PEG4− Mal stock solution was added dropwise to 
each kind of NPs, which were previously put in PBS 0.01 M pH = 7.4. 
Therefore, 1.4 µmol (6.3 mg) were dropwise added to type 1, 2, 3 and 4 
NPs solutions, while 3.5 µmol (16 mg) were added to type 5 and 6 NPs 
solutions. Similarly, a 1.6 mM DOTA-BCN stock solution was prepared in 
PBS 0.01 M pH = 7.4. 1 mL of this solution was added to each NP types in 
order to have 1 eq. of DOTA-BCN respect to the azide functionalization, 
considering the starting mass of CH–N3 used to formulate the NPs. All 
the solutions were stirred for 18 h at 4 ◦C. Addition of Ex4-PEG4− Mal or 
DOTA-BCN to solution having NP without one of the functional groups 
or both (furan or azide groups), allowed to assess the absence of aspe
cific adsorption onto NPs surface.

The functionalized NPs were purified bySEC (qEV columns with 70 
nm exclusion limit, Izon, UK). The elution was performed with PBS, the 
separation was checked by HPLC-SEC system.

NPs size and concentration measurements

All NPs, before and after functionalization, were characterized with 
dynamic light scattering (DLS), and nanoparticle tracking analysis 
(NTA).

The size was measured in different solvents accordingly to the stages 
of the preparation (water, PBS, labelling buffer) and the planned in vivo 
applications (plasma/serum of different species (mouse, pig and 
human). Plasma and serum for the ZetaSizer measurements were diluted 
two times by PBS to decrease the noise of the natural background of 
these physiologic substances.

Hydrodynamic size, size distribution, electrophoretic mobility, and 
Zeta potential of particles were measured using DLS technique with 
ZetaSizer Nano ZS (Malvern, UK)). Samples were analysed at 25 ◦C with 
a scattering angle of 173◦ and a 633 nm HeNe laser based on a material 
refractive index (RI) of 1.59, a dispersant refractive index of 1.330. The 
mean hydrodynamic diameter was calculated from the autocorrelation 
function of the intensity of light scattered from the particles. Each 
sample was measured three times, and the average data was calculated.

Electrophoretic mobility and Zeta Potential of the NPs were 
measured in automatic mode with minimum runs of 10, in folded 
capillary cells. Each sample was measured three times, and the average 

data was calculated. NTA was performed with NanoSight NS300 (Mal
vern, UK) to determine the exact concentration (particle number/mL), 
hydrodynamic size, size distribution. The examined polymer concen
tration for all NPs types was 1 µg/mL in PBS pH 7.4. Five acquisitions of 
1 min were performed at 25 ◦C with a Blue488b laser, a camera level of 
11 and a slider gain of 146, and analyzed by the in-build NanoSight 
Software NTA 3.1 Build 3.1.46 with a detection threshold of 2.

Quantification of Ex4 molecules on the surface of NPs

We examine the presence of Exendin-4 molecules on the surface of 
NPs based on recognition by Alexa Fluor 488 conjugated polyclonal anti- 
Exendin-4 antibody (Bioss Inc).

The binding of the antibody to the NPs was detected by ZetaView 
TWIN instrument (Particle Metrix, Germany). The solution of labelled 
NPs was purified from the unbound antibodies by SEC (qEV columns 
with 70 nm exclusion limit, Izon, UK) to eliminate the background of the 
fluorescence measurement and allow high sensitivity detection.

The number of binding antibodies to the NPs was determined in a 
competitive flow cytometric assay. In this test the Ex4-conjugated NPs 
should compete with Ex4-coated beads (avidin-coated beads (Spher
otech Inc) conjugated with Exendine4-biotin (AnaSpec Inc)) for the 
Alexa 488 conjugated anti-Ex4 antibodies and the antibody consump
tion of the NPs was assessed based on the fluorescence of the beads 
measured by flow cytometer. The calibration of the assay with known 
amounts of free Ex4 molecules allowed the determination of the exact 
number of Ex4 molecules/NP.

Affinity test (cell-based assay)

The binding ability of Ex4-NPs to GLP-1R was examined in 
competitive flow cytometric assay. GLP-1R positive Beta-TC-6 cells 
(ATCC) were incubated with 10 nM fluorescein-labeled Ex-4 (Euro
gentec) alone or together with our constructs and the binding ability of a 
construct was calculated based on the inhibition of the fluorescent Ex-4 
derived sign. The fluorescence of the cells was measured by flow cy
tometer (BD FACSCalibur). Flowing Software was used for data evalu
ation. The relative affinities were defined as the ratio of concentrations 
of Ex4-NP sample required to displace 50 % of fluorescent Ex-4 bound to 
the GLP-1R of beta cells: 

relative affinity (RA) =
IC50(Ex4 − PEG − maleimide)

IC50(Ex4 − NPs)

Transmission Electron Microscopy (TEM)

Transmission electron microscopy images were acquired using a 
JEM-2100 Plus electron microscope (Jeol, Japan). The nanoparticles 

Fig. 1. NPs size and zeta potential in different media, before and after the functionalization. (A) Unfunctionalized NPs in MilliQ water. (B) Unfunctionalized NPs in 
PBS, pH 7.4. (C) Ex4 and DOTA functionalized NPs in PBS, pH 7.4.
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were adsorbed on carbon ultrathin support film on grids, and then 
washed three times with MilliQ water to remove the PBS salts. Succes
sively, they were stained with uranyl acetate 1 %.

Detection of NPs-IRDye with MSOT

NP samples were filled inside clear plastic straws of 3 mm diameter. 
Estimated concentrations for the NPs were: NP 7.14 × 1011 mL-1, NP-IR 
1.69 × 1011 mL-1, Ex4-NP-IR 1.681.69 × 1011 mL-1. The straws were 
inserted into a scattering non-absorbing phantom made of 1.8 % agarose 
and 1 % intralipid. The phantom with samples were scanned with a 
small animal scanner MSOT inVision 256-TF (iThera Medical, Munich, 
Germany). Signal was acquired at every 5 nm from 680 nm to 980 nm. 
For each wavelength, 3 frames were averaged to increase signal-to-noise 
ratio. The images were reconstructed with backprojection algorithm 
using viewMSOT 4.0 software. A region of interest (ROI) was draw 
around the straw in the cross-sectional image. Mean signal intensity 
inside the ROI at each wavelength was plotted to obtain the optoacoustic 
spectra of the NP samples.

In vitro testing

Cytotoxicity test
The possible toxicity effect of polymer and NP samples on Beta-TC-6 

cells (ATCC) were tested by CytoTox-Glo Cytotoxicity Assay (Promega) 
according to the manufacturer’s instructions. The ratio of dead/total 
cells in the cell cultures were determined after 3, 24 and 48 h treatment. 
The polymers and NPs were used at end concentration equivalent of 
plasma concentration applied in vivo. The assay was performed in 384 
well white, tissue culture plates, the luminescence was measured by 
Synergy H1 microplate reader (BioTek).

In vitro complement activity test
The possible complement activating effect of polymers and NP 

samples was examinated in vitro by MicroVue SC5b 9 Plus Enzyme 
Immunoassay (Quidel) according to the manufacturer’s instructions. 
This assay measures the concentration of TCC thereby giving an indi
cation of the status of the terminal complement pathway in the sample. 
The polymers and NPs were used at end concentration equivalent of 
plasma concentration applied in vivo. Normal human serum was used as 
complement resource, the functional integrity of the complement system 
of the used serum was checked by positive controls suggested by the kit: 
zymosan as alternative pathway activator and immune complex as 
classical pathway activator were examined. The effect of differently 
functionalized NPs was compared to some clinically used nanomedicine 
(Caelyx and Abraxane).

Labeling of NPS-DOTA with GA-68
Ga(III)Cl3 was eluted from a Ge/Ga-Generator (Eckert & ZieglerRa

diopharma GmbH,Berlin, Germany) with 0.1 M HCl. The first 1.5 mL 
were discarded and 200 µL of the following 1 mL (containing up to 200 
MBq) were added to a mixture of 100 µL of NaOAc buffer (0.5 M, pH 5) 
and 75 µL nanoparticle dilution (30–50 % NP in PBS). Final pH was 
between 4.2 and 4.5 to avoid aggregation of the nanoparticles. After 
labeling for 5 min at 85 ◦C and 900 rpm, the labeling yield was checked 
via iTLC in 0.5 M citrate buffer (pH 5). The mixture was added to a 
preconditioned (PBS) PD10 column. Fractionated elution with PBS (400 
µL and three times 200 µL) was used to gain up to 80 MBq of highly 
purified nanoparticle solution (>97 %) in PBS (pH 7.4) which was then 
used for injection.

NPs biodistribution

In vivo PET imaging
Mice experiments were performed on a nanoScan-PET/CT (Mediso, 

Budapest, Hungary). After the mice (7 female) were anesthetized with 

isoflurane a CT-scan was conducted, followed by the application of 
about 5.0 ± 2.4 MBq of the NP solution injected into the tail vein with 
the beginning of the PET-scan (40 min). PET and CT Images were 
reconstructed using the nanoScan software and images were viewed and 
analysed with the PMOD image processing program (PMOD Technolo
gies LLC, Zurich, Switzerland).

In vitro autoradiography
To study the binding properties of the 68Ga labelled DOTA-NP-Ex4, 

16 µm thick cryoslices of mouse muscle, pancreas and liver were pre
pared and placed on a microscope slide. These slides were preincubated 
with 200 mM Tris–HCl + 1 % BSA for 10 min. Afterwards 1 mL of a 2 nM 
68Ga labelled DOTA-NP-Ex4 solution in 200 nM Tris–HCl + 1 % BSA was 
added and incubated for 60 min, washed three times with 100 mL 200 
mM Tris-Cl for 5 to 10 min and dried for 30 to 40 min at room tem
perature. The slides were placed on a photo plate and analyzed after 24 h 
with a CR-Reader (v.1.4.1, Elysia-raytest GmbH) and an Aida Image 
Analyzer software (v.4.50.010, Elysia-raytest GmbH). All mouse ex
periments were conducted according in compliance with the National 
Guidelines for Animal Protection, Germany, and with the approval of 
the regional animal committee (Regierung von Oberbayern, TVA AZ 
ROB-55.2Vet-2532.Vet_02–16–187).

Statistical analysis
All the experiments were conducted in at least three independent 

experiments. The results are presented as the mean ± (SD). Statistical 
analysis was performed by using a one-way ANOVA followed by Tukey’s 
pairwise comparisons. The differences were considered significant at p <
0.05.

Results

CH and γ-PGA have been chosen as components for their capability 
to produce NP formulations with well-defined properties(Hajdu et al., 
2008; Khalil et al., 2017; Lin et al., 2005). Additionally, both polymers 
are indeed suited for chemical modification in order to precisely design 
the final NPs(Khalil et al., 2017; Wang et al., 2020). In this work, the NPs 
must contain both Ex4 and DOTA at the surface to allow specific inter
action with GLP-1R and chelation of the radioisotope for PET. The 
IRDye® 800CW, instead, can be attached to one of the NPs components, 
as its location at the surface is not necessary for MSOT detection. (Chang 
et al., 2019; Wang et al., 2023). The conjugation of Ex4 and DOTA at the 
NPs surface is a critical point, requiring experimental conditions pre
serving the NPs integrity and avoiding their contamination with side 
products, and therefore requires a so called click chemistry approach.

In our synthetic strategy we decided to use Ex4 functionalized at Lys- 
27 with a maleimide-containing linker, suitable for two alternative click 
chemistry conjugation approaches, the Diels-Alder with a dienophile 
such as furan (Cadamuro et al., 2020; Magli et al., 2020) or the Michael 
reaction with a thiol (Chang et al., 2019; Northrop et al., 2015). In our 
hand the first approach gave better results in terms of yield and repro
ducibility. γ-PGA was therefore functionalized with a furan group by 
reaction of with 2-(aminomethyl)-furan (FA), using N‑hydrox
y-succinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodii
mide (EDC) as condensing agents, as previously reported(Rossi et al., 
2022a). The surface functionalization with DOTA required a different 
and orthogonal click chemistry approach. We opted for the copper free 
strain promoted azide-alkyne cycloaddition(Agard et al., 2004), 
exploiting the commercially available tetraxetan-bicyclo[6.1.0] 
non-4‑yne (DOTA-BCN) and functionalizing CH with an azido group. To 
this purpose the amino group of CH was reacted with N3-PEG4-carbox
ylic acid with NHS/EDC as condensing agents generating CH–N3 as 
previously reported (Rossi et al., 2022b) (Scheme 1).

In both cases, the experimental conditions of condensations were 
strictly controlled in order to obtain an appropriate functionalization 
degree (D’este et al., 2014; Xu et al., 2019), high enough to grant proper 
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Ex4 peptide and DOTA conjugation, but not so high as to not interfere 
with NPs assembling(Hajdu et al., 2008). The functionalized polymers 
were characterized by 1HNMR and FTIR analysis (Supplementary In
formation and (Rossi et al., 2022b)).

Functionalization of γ-PGA (Scheme 1A) was performed and char
acterized as previously reported (Rossi et al., 2022b). Chitosan func
tionalization was performed by carbodiimide chemistry, using 
N3-PEG4-carboxylic acid (Scheme 1B). The 1H NMR of CH–N3 showed 
in Fig. 1SI in comparison with those of the starting materials, present the 

-CH2–N3 signal at 3.46 ppm and the PEG chains -CH2–O- signal at 3.67 
ppm. Additionally, at 2.4 ppm the signal of -CH2–C = O protons indicate 
the amide bond formation. The functionalization grade of CH–N3 was 
calculated by integrating the 1H NMR peak of the -CH2–N3 protons at 
3.46 ppm with respect to proton of –CH–NHC––O- at 3.07 ppm of 
chitosan.

Scheme 1. Polymers functionalization. Chemical functionalization of A) γ-PGA with furfurylamine and B) chitosan with N3-PEG4-carboxylic acid.

Scheme 2. Nanoparticle formulation and decoration. Formulation and decoration of: A) DOTA-NP-Ex4 and B) IR-NP-Ex4.
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NPs formulation

Multiple types of NPs were prepared combining differently modified 
CH and γ -PGA by chemical crosslinking and ionic interactions. Both 
polymers are biocompatible and biodegradable and therefore suitable 
for biomedical applications fields(Antunes et al., 2011; Gao & Wu, 2022; 
Malhotra et al., 2013) including drug delivery systems (Castro et al., 
2019, 2020; Chung et al., 2020; Hong et al., 2016) and regenerative 
medicine (Gao & Wu, 2022), imaging tools (Körhegyi et al., 2019)and 
biosensors. (Geng et al., 2013) The NPs properties can be easily tuned by 
varying the polymers ratio and molecular weight (Keresztessy et al., 
2009). Considering the final application of our NPs for multimodal 
diagnostic imaging, we improved the stability of the NPs covalent 
crosslinking, in order to control the long-term stability of the formula
tions (Elsabahy et al., 2015; Kim et al., 2020). Briefly, self-assembled 
polyelectrolyte complexes were formulated by mixing the two poly
mers, exploiting the opposite charges displayed in solution, and 
cross-linked via carbodiimide chemistry. Thus, opaque aqueous 
colloidal systems containing either functionalized or not functionalized 
NPs were formed in accordance with the necessary expectations 
(Scheme 2). Not functionalized NPs (Type 1, CH-PGA) were prepared by 
cross-linking of self-assembled CH and γ -PGA polymers and used as 
reference. The azide-functionalized NPs (type 2, CH–N3/PGA) were 
obtained combining γ-PGA with CH–N3 and were employed as untar
geted control particles. Two types of furan-functionalized NPs were 
prepared, starting from CH and γ-PGA-FA-1 and γ-PGA-FA-2, generating 
CH/PGA-FA-1 (type 3) and CH/PGA-FA-2 (type 5) with respectively a 
lower and a higher degree of furan derivatization. Finally, two types of 
multi-functionalized NPs were obtained, respectively from CH–N3 and 
γ-PGA-FA-1 that generated CH–N3/PGA-FA-1 (type 4), and from 
CH–N3 and γ-PGA-FA-2, providing CH–N3/PGA-FA-2 (type 6 NPs). 
Analogously, chitosan labeled with IRDye® 800CW (CH-IRDye) was 
combined with either γ-PGA or γ-PGA-FA-1 to generate IRDye contain
ing NPs.

The dimensions of the different NPs are similar, all around 130 nm in 
water and around 180 nm in PBS at pH 7.4 (Fig. 1). The dimensions were 
not affected by the presence of furan and/or azide groups neither by 
higher nor lower functionalization of γ-PGA. Instead, according to the 
ζ-potential measurements (Fig. 1C), the surface charge resulted to be 
less negative when γ-PGA-FA functionalization increased, as expected 
for the decrease of the carboxylate groups that reacted with FA. The 
employment of CH–N3 instead of CH also impacts on the resulting Z 
potential of NPs. This is particularly evident when comparing type 3 and 
4 NPs, both composed by γ-PGA-FA-1. By contrast, no significant vari
ation is detected between type 5 and 6 NPs, suggesting a different 
composition of the surface of NPs depending on the degree of func
tionalization of the employed γ -PGA-FA. Furthermore, IRDye labelled 
NPs show a similar trend, indicating a comparable influence between 
CH–N3 and CH-IRDye on the resulting Z potential.

Surface functionalization of NPs with Ex4 and DOTA

The furan-functionalized NPs type 3 and type 5 were treated with 
exendin-4-PEG4-maleimide (Ex4-PEG4− Mal) in PBS 0.01 M pH = 7.4, 
resulting in the NPs functionalized at the surface with Ex4 with lower 
intensity (CH/PGA-Ex4 L) and higher intensity (CH/PGA-Ex4H). Simi
larly, the bis-functionalized NPs (type 4 and type 6) were submitted to 
one step double conjugation to both DOTA-BCN and Ex4-PEG4− Mal, 
leading to NPs decorated at the surface with both DOTA and Ex4. Type 4 
provided the NPs with less intense decoration with Ex4 (CH/PGA-Ex4L- 
DOTA), type 6 resulted in the higher Ex4 functionalization (CH/PGA- 
Ex4H-DOTA). The NPs functionalization reactions with Ex4 and DOTA 
were highly selective and did not alter NPs physical properties, as 
inferred by data (Fig. 1). In all the NPs samples (Table 1), after Ex4- 
PEG4− Mal and/or DOTA-BCN conjugations, size did not significantly 
change, neither the ζ-potential (Fig. 1).

Quantification of Ex4 molecules on the surface of NPs

Ex4 conjugated NPs were treated with fluorescent A488 anti-Ex4 
antibody and detected in both scattering and fluorescence modes by 
ZetaView® (Analytik Ltd); the measured concentration values were the 
same in the two modes indicating that all the NPs were labelled with the 
fluorescent antibody, and therefore contained Ex4 (Fig. 2 right). To 
prove the specificity of the labelling, Ex4-free NPs (type 2) treated in a 
same manner were used as negative control; in this case they were not 
detected in fluorescence mode but only in scattering mode (Fig. 2 left).

The measured number of Ex4 molecules on the surface of different 
constructs are reported in Table 2.

Affinity test and TEM analysis

The binding capability towards GLP-1R positive Beta-TC-6 cells 
(ATCC) of NPs decorated with Ex-4 (type 6, 1250 Ex4 molecules/NP) 
was investigated in competitive flow cytometry. Compared with the 
Ex4-PEG4-Mal molecule in which a single exendin unit is present, the 
affinity of our NPs towards GLP-1R was 35.7 times higher, indicating a 
cluster effect. The affinity towards GLP-1R of our NPs, stored in PBS at 4 
◦C, was measured for six months. We found that after 2 months the 
relative affinity started to decrease, presumably due to the degradation 
of the Ex-4 peptide. TEM analysis showed that the nanoparticles have 
spherical and regular shapes with good dispersibility in H2O.

Detection of NPs-IRDye with MSOT

The feasibility of optoacoustic imaging exploiting the NPs function
alized with IRDye800CW was investigated with a MSOT scanner inVis
ion 256-TF (iThera Medical, Munich, Germany) and compared to 
unfunctionalized NPs as well as NPs IR and Ex4 functionalization. 
Optoacoustic signal was acquired at every 5 nm from 680 nm to 980 nm. 
Fig. 3 shows optoacoustic signal of the nanoparticles at each acquired 
wavelength. The NPs labeled with IRDye800CW (NP-IR and Ex4-NP-IR) 
showed higher signal compared to unlabeled NPs, in particular in the 
wavelength range of 700–800nm. Noteworthy, also exendin contributes 
to the absorption increase, as shown by the signal of Ex4-NP-IR at 775 
nm compared to that of NP-IR. These results indicate a good MSOT 
detectability of our diagnostic nanoparticles Ex4-NP-IR.

Stability tests

Type 2 and 6 nanoparticles stability was tested for their in vivo 
application in plasma and serum from different species to study poten
tial undesirable increment in size or aggregation. In particular, plasma 
and serum of mouse, pig and human were employed for the test. In none 
of them aggregation was observed. In the case of pig and mouse serum 
and plasma, the size distribution of the nanoparticles showed increment 
up to 10 %. Furthermore, we tested the stability of nanoparticles type 2 
and 6 and the not-decorated counterparts, stored as starting 

Table 1 
Composition and characteristics of functionalized nanoparticles.

NPs 
type

NPs 
composition

CH/g- 
PGA 
ratio

NPs 
decoration

Average 
dimension (nm) 
in PBS pH 7.4

Measured 
Ex4/NP

1 CH/PGA 1:2 – 145 0
2 CH–N3/PGA 1:2 DOTA 141 0
3 CH/PGA-FA- 

1
1:3 Ex4 188 310

4 CH–N3/ 
PGA-FA-1

1:3 DOTA and 
Ex4

182 350

5 CH/PGA-FA- 
2

1:3 Ex4 187 1220

6 CH–N3/ 
PGA-FA-2

1:3 DOTA and 
Ex4

178 1250
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nanoparticles. PGA-chitosan nanoparticles suspension in PBS at pH 7.4 
and 4 ◦C resulted to be the optimal storage conditions. Concerning the 
dimensions, all the nanoparticles showed excellent stability up to 6 
months (Fig. 4). We have followed the relative affinity of NPs to the GLP- 
1R with the cell-based assay for six months storage in PBS at 4 ◦C and we 
have found that after 2 months the relative affinity started to decrease 
presumably due to the degradation of conjugated Ex-4 polypeptide.

In vitro testing

All raw material used for preparation of CH/PGA NPs are biocom
patible and FDA approved, however their possible cytotoxicity and 
complement activator effect were monitored. During the examined time 
there is no difference in relative number of dead cells in the treated and 
control cell populations (Fig. 5A). Based on the results the NPs and 
polymers have no toxic effect on the cell cultures.

The surface of nanoparticles may have possible activating effect on 
complement system, which is an integral component of innate immu
nity. We have checked for this potential source of risk before using our 
NPs in vivo. The MicroVue SC5b 9 Plus assay measures the amount of the 
Terminal Complement Complex (TCC, SC5b-9) generated by the as
sembly of C5 through C9 as a consequence of activation of the com
plement system by either the classical, lectin or alternative pathway. 
The effect of differently functionalized NPs was compared to some 
clinically used nanomedicine (Fig. 5B). Based on the results the NPs and 
polymers have no remarkable activator effect on the complement system 
that is very important point in case of an in vivo applied nanomaterials.

Labelling of NPS-DOTA with radioisotopes and evaluation of NPs 
biodistribution in vivo

In vivo PET experiments using 68Ga labelled DOTA-NP-Ex4 Type 6 

Fig. 2. A) Detection of the NPs in both scattering and fluorescent mode. Determination of type 6 nanoparticle decoration with Ex-4 by treatment with Alexa 
Fluor 488 labelled anti-Ex4 antibody. B) TEM analysis. TEM analysis of type 6 NPs functionalized with DOTA and Ex-4.

Table 2 
Number of Ex4 molecules on the surface of NPs determined by Alexa Fluor 488 
labelled anti-Ex4 antibody and relative affinity of NPs for GLP-1R measured on 
β-cells.

NPs composition NPs type measured Ex4/NP relative affinity for GLP-1R

CH/PGA 1 0 0
CH–N3/PGA 2 0 0
CH/PGA-FA-1 3 310 no data
CH–N3/PGA-FA- 

1
4 350 no data

CH/PGA-FA-2 5 1220 no data
CH–N3/PGA-FA- 

2
6 1250 35,7

Fig. 3. Detection of NPs by MSOT. Optoacoustic signal from 680 to 980 nm of the 3 NPs was plotted.
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were performed in mice to study their biodistribution in vivo. No side- 
effects after NP injection (6 MBq) were noticed. In mice (n = 3) a high 
uptake of the labeled NPs in the liver and much less in the lungs was 
observed, while general background levels (e.g. muscle) were very low 
(Fig. 6b). Since there is no GLP-1R expression in the liver, the PET signal 

reflects NP elimination in the liver. Potential specific binding in the 
pancreas of the mouse is not possible to determine because of the close 
proximity to the very high signal in the liver. To prove specific binding 
of the functionalized NPs, in vitro autoradiography on mouse tissue 
slices was performed. This showed a significant presence of 68Ga 
labelled NPs functionalised with Ex4 in the pancreas, demonstrating the 
uptake and the capacity to accumulate by interacting with ß-cell GLP-1 
receptors (Fig. 6c). This is the first example of polymeric biodegradable 
and biocompatible NPs able to target GLP-1, the other example of Ex4- 
functionalised NPs reported in the literature are magnetic-NPs (ref). Our 
Ex4-NPs show increased targeting ability to pancreas, with reduced liver 
and kidney accumulation, and allow multimodal detection (Vinet et al., 
2015).

Conclusion

This work describes how to generate stable multi-functionalized 
nanoparticles suitable for multimodal diagnostic approaches. 
Combining chitosan and poly-γ-glutamic acid in both of which func
tional groups suitable for subsequent click chemistry reactions, nano
particles of around 150–200 nm were obtained, suitable for surface 
decoration with ligands for targeting and multiple detecting agents. 
Specifically, the nanoparticles were functionalised at the surface with 
exendin-4, to target beta-cells, with IRDye800CW for MSOT optoacustic 
detection, with DOTA to chelate Ga-68 for PET. In vitro and in vivo 
(mice) experiments demonstrated the affinity of the nanoparticles for 
GLP-1-receptors and the diagnostic potential.

Fig. 4. Monitoring of nanoparticles dimensions over time. Nanoparticles 
dimensions monitored by NTA after up to 6 months of storage in PBS pH 7.4 at 
4 ◦C.

Fig. 5. Examination of possible cytotoxic (A) and complement activator (B) effect of polymer and NP samples.
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Rossi, L., Kerekes, K., Kovács-Kocsi, J., Körhegyi, Z., Bodnár, M., Fazekas, E., et al. 
(2022a). Multivalent γ-PGA-Exendin-4 conjugates to target pancreatic β-Cells. 
Chembiochem : a European Journal Of Chemical Biology. , Article e202200196. https:// 
doi.org/10.1002/CBIC.202200196
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