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A B S T R A C T

Peritoneal carcinomatosis is a metastatic condition with poor prognosis, commonly associated with abdominal cancers. Current treatments comprise cytoreductive 
surgery with systemic chemotherapy or may include more invasive options such as hyperthermic intraperitoneal chemotherapy, and pressurized intraperitoneal 
aerosol chemotherapy. However, currently, all treatment options are considered palliative as remaining cancer cells cause recurrence. This study explores new 
intraperitoneal drug delivery systems based on gelatin-poly(glutamic acid) (Gel-PGA-NPs) or collagen-like-peptide-poly(glutamic acid) nanoparticles (CLP-PGA-NPs) 
loaded with cisplatin for localized treatment of peritoneal carcinomatosis. These NPs, synthesized via in situ polymerization, offer prolonged drug release and 
continuous biodegradation. The used CLP is produced by a recombinant manufacturing method avoiding any animal-derived material, which has advantages in 
regard to biocompatibility and reproducibility. Characterization by dynamic light scattering and transmission electron microscopy showed NPs averaging 150 nm in 
size. Cisplatin loading in CLP-PGA NPs facilitated high drug loading and stability compared to Gel-PGA NPs. SPECT/CT imaging of radiolabeled NPs in healthy mice 
revealed primary uptake in the spleen and liver, and further accumulation in the pancreas, ovaries and adherence to abdominal tissues highlighting the potential use 
for treatment of intraperitoneal metastases.

1. Introduction

Peritoneal carcinomatosis (PC) is a complex disease characterized by 
the metastatic spread of cancer cells to the peritoneum, the serous 
membrane lining the abdominal cavity and enveloping the abdominal 
organs. This condition is often diagnosed in patients with advanced- 
stage malignancies, particularly cancers originating in the gastrointes
tinal tract, such as ovarian, colorectal, pancreatic, and gastric cancers 
among others.

The incidence of PC is estimated to be up to 14 % for pancreatic 
cancer, approximately 11 % for colorectal cancer, around 14–50 % for 
gastric cancer, and as high as 70 % for ovarian cancer [1–4]. The pres
ence of PC often reflects poor prognosis, indicating a widespread disease 
mostly without curative approaches. Treatment options at this advanced 
stage comprise cytoreductive surgery often followed by hyperthermic 
intraperitoneal chemotherapy (HIPEC) or pressurized intraperitoneal 

aerosol chemotherapy (PIPAC) alongside with further systemic chemo
therapy. However, treatment aims at life extension and reduction of 
symptoms but is considered as palliative care due to recurrence origi
nating from remaining cancer cells [5]. One of the major challenges in 
treating PC is the poor perfusion of surface tumors, which are often 
poorly connected to the main vascular system. As a result, these tumors 
are less responsive to conventional intravenous (IV) chemotherapy. 
Intraperitoneal (IP) drug delivery has been proposed as a promising 
strategy to improve localized drug exposure to peritoneal metastases. IP 
administration of drug delivery systems (DDSs) offers the advantage of 
longer residence time and thus provides an extended and more direct 
exposure to drugs compared to IV administration.

Post-operative treatment of remaining cancer cells with IP drug de
livery is currently explored in first clinical trials and is subject of 
research in a preclinical setting [6–11]. As of today, no formulation has 
been specifically approved for IP delivery [12]. Earlier research has 
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shown that tumor-targeting as well as tumor penetration, but also 
clearance from the intraperitoneal space of drug-loaded nano- and mi
croparticles after IP administration depend on size and possibly on other 
material properties such as surface charge and coatings [13]. Particle- 
based DDSs have been studied with sizes between 50 nm to several 
microns in small animal models of PC. Tumor uptake was mainly 
assessed using ex vivo histological examination [14–16]. The findings 
are diverse and do not allow to conclude on the most suited diameter or 
surface properties. The choice of drug primarily depends on the type of 
primary tumor, with cis-diaminodichloroplatinum (cisplatin, CDDP), 
doxorubicin (DOX), and paclitaxel (PTX) being commonly used in 
clinical applications of IP chemotherapy [17–19]. Particularly, IP 
administration of platinum-based chemotherapeutics such as CDDP 
showed promising results in patients with gynecological cancers or in 
combination with mitomycin C for colorectal cancers [20,21]. However, 
due to their molecular size (smaller than 2 nm), these chemotherapeutic 
drugs are rapidly eliminated from the peritoneal cavity via blood vessels 
[22]. The use of sustained-release DDSs with large diameters could help 
maintain adequate drug exposure to residual tumor cells within the 
peritoneal cavity [23–25].

CDDP is one of the most potent drugs for treatment of several 
abdominal or gynecological tumors and is used for HIPEC treatments as 
well [21]. One of the disadvantages of CDDP is its poor solubility in 
water as well as organic solvents such as dimethylformamide (DMF) or 
dimethylsulfoxide (DMSO) making synthesis of DDSs with sufficient 
CDDP payload challenging. However, the use of DMSO during synthesis 
is strongly discouraged as it inserts into the complex as a ligand [26]. 
The strategy to simply entrap CDDP in polymeric nanoparticles (NPs) 
suffers from low encapsulation efficiency and yields systems with poor 
release profiles [27,28]. A better option is the chemical complexation of 
CDDP by amphiphilic block copolymers that contain carboxylic groups, 
leading to micellar structures with polymer-metal complexes which may 
improve the drug release profile and increase the drug load [29,30].

These typically core-shell-structured polymeric micelles can be 
fabricated via self-assembly procedures. However, they require a block 
copolymer precursor, which entails time-intensive and complex syn
thesis procedures. In past studies, advantage was taken of the simulta
neous polymerization and self-assembly between the components for 
development of a more facile procedure using macromolecules as tem
plate [31]. This approach is based on polymerization of monomers in a 
biopolymer-monomer pair reaction system consisting of biopolymer and 
polymerizable monomer. Particularly, gelatin was studied as template 
and acrylic acid (AA) as monomer for polymerization of AA in the 
gelatin aqueous solution. Stable core-shell NPs with multiple functional 
groups were obtained [31]. In subsequent studies by Ding et al., incor
poration of CDDP into these gelatin-poly (acrylic acid) (Gel-PAA) NPs 
through the interaction between platinum of CDDP and carboxylic 
groups in the NPs was investigated [32–34]. The NPs, which contain 
many carboxyl groups from both gelatin and PAA, enable high CDDP 
loading with an encapsulation efficiency up to 70 %. In addition, a slow- 
release drug profile with a small initial burst of only 13–28 % after 8 h is 
found [32]. These particles showed promising efficacy after IV and IP 
injection in a subcutaneous model of hepatocellular carcinoma [32,34].

Here, we present a novel DDS based on gelatin-poly(glutamic acid) 
particles (Gel-PGA-NPs) loaded with CDDP. Poly(glutamic acid) (PGA) 
has been extensively studied in drug delivery and cosmetic applications 
and is considered a biocompatible, safe and non-toxic building block 
[35,36]. Furthermore, PGA has been used as a drug carrier for loading 
with CDDP, demonstrating its application in drug delivery [37,38]. 
Previous gelatin–PGA systems have been tested mostly as glues, scaf
folds, hydrogels and occasionally particles, relying on the physical 
mixing of pre-formed gelatin and PGA polymers [39–42]. These systems 
often suffered from poor stability. To address this, recent studies have 
attempted to improve stability through external crosslinking [43–45]. 
PGA is biodegradable and avoids potential toxicity compared to PAA 
and its monomer AA, especially when considering the need for an 

external initiator for the polymerization such as potassium persulfate 
[46–50]. Next to animal-derived gelatin, we use a new type of collagen- 
like-peptide (CLP) marketed under the brand Vecollan®, which is ob
tained via advanced recombinant protein production. Vecollan® con
tains no animal- or human-derived ingredients and has precisely defined 
chemical properties such as molecular weight and amino acid sequence 
translating into more defined synthesis procedures and particles with 
narrower size distribution [51,52]. These well-defined chemical prop
erties and its vegan production methods are beneficial for clinical 
translation from a regulatory perspective.

In this article, we present the synthesis, characterization and release 
profiles in fetal bovine serum (FBS) of CDDP-loaded Gel-PGA-NPs in 
comparison to CDDP-loaded CLP-PGA-NPs. Moreover, we present the in 
vivo biodistribution of radiolabeled CLP-PGA-NPs after injection into the 
peritoneal cavity using single-photon emission computed tomography 
(SPECT/CT) imaging in healthy animals. Longitudinal imaging is crucial 
to gain an understanding of the relationship between the physico
chemical properties of particle-based carriers and their biological fate 
following IP administration. This article establishes the methodology 
and baseline that will be used in future therapeutic studies in tumor- 
bearing animals.

2. Experimental section

2.1. General/materials

All solvents were obtained from Sigma-Aldrich (St Louis, MO, USA). 
Type-B gelatin with 100–115 mmol of carboxylic acid per 100 g of 
protein and an isoelectric point (pI) of 4.7–5.2 were purchased from 
Sigma-Aldrich (St Louis, MO, USA) with an average molecular weight of 
20,000–25,000 g/mol (50–120 bloomstrength). Gelatin was refined 
once by dissolving it in distilled water followed by precipitating with 
acetone and drying at room temperature. Vecollan®, a recombinantly 
manufactured CLP, was kindly provided by Evonik Operations GmbH 
(Essen, Germany). CDDP was purchased from TCI Chemicals (Tokyo, 
Japan). N-tert-butoxycarbony-L-glutamic acid gamma-benzyl ester 
(Boc-(L)Glu(OBzl)-OH, ≥98 % purity) and propanephosphonic acid 
anhydride (T3P®, 50 % solution in ethyl acetate) were purchased from 
Sigma-Aldrich. All reagents were used as received from commercial 
sources without further purification. Water was purified using a Milli-Q 
system by Sartorius. A Hereaus Multifuge 3 SR Plus and Eppendorf 
Centrifuge 5425 (Wesseling, Germany) centrifuges were used for 
centrifugation. [111In]InCl3 was acquired from Curium (Petten, 
Netherlands) as a solution in 0.02 M hydrochloric acid (HCl) (usually 
185 MBq in approx. 500 μl).

2.2. Synthesis of Gel-PGA and CLP-PGA NPs

2.2.1. Preparation of (S)-glutamic acid 5-benzyl ester-N-carboxyanhydride
(S)-glutamic acid 5-benzyl ester N-carboxyanhydride ((S)Glu(OBzl)- 

NCA) was synthesized in a single step following a procedure adapted 
from Laconde et al. [53] Under an inert atmosphere, Boc-(L)Glu(OBzl)- 
OH (25 g) was dissolved in ethyl acetate (150 ml). A solution of T3P® 
(1.2 eq) in ethyl acetate was added dropwise followed by pyridine (1 
eq.). The mixture was stirred at room temperature for 2 h. Subsequently, 
ice-cold water (100 ml) was added. The organic layer was separated, 
washed twice with a cold saturated NaCl solution (2 × 50 ml), and then 
dried over MgSO4. After filtration, the solvent was removed under 
reduced pressure obtaining a colorless solid. Diethylether (100 ml) was 
added to the colorless residue. Recrystallization from diethylether fol
lowed by filtration yielded (S)Glu(OBzl)-NCA as colorless crystals which 
were stored under argon atmosphere at 4 ◦C. Yield: 71 %. NMR data 
matched the literature [54].

1H NMR (300 MHz, CDCl3): δ 7.35 (m, 5H), 6.80 (s, 1H), 5.13 (s, 2H), 
4.38 (t, 1H), 2.58 (t, 2H), 2.32–2.11 (m, 2H).

13C NMR (75 MHz, CDCl3): δ 172.47, 169.58, 152.25, 135.37, 
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128.81, 128.66, 128.43, 67.17, 56.96, 29.77, 26.94.

2.2.2. Preparation of Gel-PGA and CLP-PGA NPs
Synthesis was based on a procedure described by Ding et al. [33] 

Purified gelatin (0.35 g) or CLP (0.35 g) was dissolved in 50 ml of pu
rified water. (S)Glu(OBzl)-NCA (0.1 g for gelatin-based and 0.085 g for 
CLP-based NPs) was dissolved in 4 ml DMF and cooled in an ice bath. 
The organic solution was slowly added over a dropping funnel. The 
polymerization of (S)Glu(OBzl)-NCA monomer was initiated by the 
amino groups of gelatin obtaining poly((S)-5-benzylglutamate) (PBLG). 
As opalescence appeared in the reaction mixture, which was a signal for 
nanoparticle formation, the reaction was allowed to proceed for another 
15 min at room temperature. The resultant suspension was then filtered 
to remove any larger aggregates and dialyzed against water for 24 h 
using a dialysis membrane bag (12,000 Da molecular weight cutoff) to 
remove residual monomers. Deprotection of carboxy groups of PBLG 
was conducted according to an adjusted procedure by Conejos-Sánchez 
et al. [54]. In a round bottom flask, to benzyl-protected Gel-PBLG NPs in 
aqueous solution, 2 equiv. of NaOH per carboxylic group of the PBLG 
block was added in 2 ml of purified water. The mixture was stirred 
overnight for 16 h. The deprotected NPs were again dialyzed against 
distilled water for 24 h. Subsequently, the crosslinking reaction of the 
NPs was conducted by adding the desired amount of 2,2′-(ethyl
enedioxy)-bis(ethylamine) (EDEA) as crosslinker in the presence of EDC 
at room temperature for 8 h. The crosslinker to carboxy group ratio 
amounted to 1:2. The EDC to crosslinker ratio was 0.5:1. The cross- 
linked product was again dialyzed against distilled water for 24 h.

2.2.3. Preparation of CDDP-loaded Gel-PGA and CLP-PGA NPs
CDDP was added to an aqueous suspension of CLP-PGA NPs in a ratio 

of 2:1 of CDDP to carboxy groups in NPs. The resultant mixture was 
shaken at 400 rpm at 37 ◦C for two days. The unbound CDDP was 
removed by dialysis against distilled water using a 12,000 Da molecular 
weight cutoff dialysis membrane for two days.

2.2.4. Radiolabeling of CLP-PGA NPs
For labeling experiments, 10 mg of the CLP-based NPs were lyoph

ilized and redispersed in 0.25 ml of 1 M sodium acetate buffer in a 1.5 ml 
reaction vial. 0.25 ml of [111In]InCl3 (100 MBq) was added to the re
action vial resulting in a solution with pH ~ 5. The labeling mixture was 
incubated at 37 ◦C for 120 min. To verify the stability of the nanoparticle 
complex, 5 μl of the competing chelating agent diethylene
triaminepentaacetic acid (DTPA; 10 mM) was added and incubated for 
10 min at 37 ◦C. The 111In-labeled NPs were separated from unbound 
[111In]In3+ or DTPA-complexed radionuclides using a PD MiniTrap G-25 
Sephadex column (GE Healthcare, Uppsala, Sweden) eluted with physi
ological saline solution. The radiochemical purity and yield were 
determined by thin layer chromatography (radio-TLC) on silica plates. 
Mobile phase consisted of 0.1 M citrate buffer. The exposed plates were 
analyzed on a FLA-7000 phosphor imager (FujiFilm, Tokyo, Japan) using 
the AIDA software. Radiochemical purity and yield were determined.

2.3. Characterization

The hydrodynamic diameter, polydispersity of nano-sized particles 
and surface potential was determined using a Zetasizer Nano ZS (Mal
vern Panalytical Ltd., Malvern, UK). No further filtrations of the particles 
were performed throughout the entire experiment. In between mea
surements the samples were stored at 4 ◦C. TEM images were recorded 
on electron microscopes (Talos L120C, ThermoFisher, Waltham, USA and 
Leo 912, Zeiss, Oberkochen, Germany). Samples were prepared by 
placing the dispersion (3 μl) on a 300-mesh carbon-coated copper grid 
and letting it dry at room temperature. NMR spectra were recorded on a 
Bruker Avance II spectrometer operating at 300 MHz using deuterated 
solvents. For measuring the CDDP content, 1 ml of rhodium solution (1 
mg/l) was added to the samples as an internal standard and then 

destroyed upon heating in fuming nitric acid (≥ 99 %). After filtration 
with a 0.2 μl syringe filter, the Pt concentration in the solution was 
determined by inductively coupled plasma mass spectrometry (ICP-MS, 
8900-QQQ, Agilent, Waldbronn, Germany). Measurements were carried 
out under following conditions: A MicroMist quartz glass Meinhard 
nebulizer was used. The RF power was set to 1550 W, the plasma flow 
was adjusted to 15 l/min and the nebulizer flow was set to 1.15 l/min. A 
2-mm quartz glass injector was employed.

2.4. In vitro drug release

NPs were dispersed at a concentration of 0.1 mg CDDP/ml in 1.5 ml 
of fetal bovine serum (FBS, pH 7.4) and incubated at 37 ◦C under 
shaking. At determined time intervals, the vials were centrifuged at 
10000 rpm for 20 min. 0.5 ml of supernatant was taken and analyzed by 
ICP-MS as described in Section 2.3. Equal volume of FBS was replaced. 
Studies were carried out in duplicate.

2.5. In vitro toxicity studies

Colorectal cancer (CT26) cells were grown in DMEM supplemented 
with 10 % FBS and 1X Penicillin/Streptomycin. The cells were cultured 
in flasks at 37 ◦C in an atmosphere of 95 % air and 5 % CO2, in an 
incubator. Cells were plated in 96-well plates at the density of 2000 
viable cells per well in 0.2 ml of complete DMEM medium and incubated 
24 h. The total cell counts, and viability were counted by the trypan blue 
dye exclusion method. The cells were incubated with CDDP, CDDP- 
loaded NPs and drug-free control NPs (in the same amount of weight 
as drug-loaded NPs for comparison) for 48 and 72 h. After treatment, the 
formulations were replaced with 40 μl of a 5 mg/ml thiazolyl blue 
tetrazolium bromide solution (MTT) in PBS and cells were then incu
bated for an additional 3 h. The resulting formazan crystals were solu
bilized by the addition of 150 μl DMSO. Absorbance was measured at 
570 nm using an Epoch microplate reader (Agilent, Waldbronn, Ger
many). The results were expressed as mean values with standard devi
ation of three measurements.

2.6. In vivo biodistribution

All animal experiments were approved by the Federal Ministry of 
Agriculture, Food and Homeland of North-Rhine Westphalia (BMLEH, 
animal ethical proposal no.: 81–02.04.2020.A320). Healthy Balb/c mice 
(8 weeks old, 19–22 g, Charles River, USA) were IP injected with 111In- 
labeled CLP-PGA NPs (23.7 ± 0.6 MBq in 0.2 ml per animal of a 20 mg/ 
ml NP dispersion in isotonic 0.9 % NaCl solution) and imaged using 
SPECT/CT. On injection day, the animals were imaged sequentially for 
4 h with scans performed every 30 min. Subsequent imaging occurred 
daily for seven days, after which the animals were sacrificed. Following 
pharmacokinetic studies, biodistribution was determined by dissecting 
the animals, weighing, and isolating the respective tissues (blood, 
mediastinal lymph nodes (LNs), urine, head, femur muscle, small in
testines, colon, stomach, stomach content, femur bone, skin, kidneys, 
liver, pancreas, spleen, heart, lung, bladder, ovaries, mesentery, peri
toneum, brain). Tissue radioactivity was quantified using gamma- 
counting. All presented data are decay-corrected. The particle distribu
tion was studied using autoradiography, on 10 μm slices of cryogenically 
embedded samples. The relative distribution was normalized to the 
tissue exhibiting the highest signal per unit area. Therefore, a circular 
region of interest (ROI) with an area of 1.2 mm2 was selected for 
quantification.

2.7. Longitudinal SPECT/CT

After IP injection of the radiolabeled particles, one SPECT image per 
hour was acquired over 4 h total (scan parameters: 25 s/projection, 12 
projections, 100.0 mm axial FOV; nanoSPECT®, Mediso, Budapest, 
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Hungary). From day one to seven, one scan per day was acquired using 
the same settings. After the last scan, mice were sacrificed for autora
diographic and biodistribution analysis. Images were evaluated with 
Imalytics Preclinical® (Gremse-IT, Germany) [55]. All presented data 
are decay-corrected.

3. Results

3.1. Gelatin or CLP particle synthesis and influence of parameter 
variation

Gelatin or CLP-poly(glutamic acid)-based NPs are synthesized via an 
in situ polymerization of glutamic acid anhydride initiated by the amino 
groups present in gelatin and CLP, respectively. Thus, gelatin or CLP 
serve simultaneously as a macromolecular polymerization template and 
initiator. First, (S)Glu(OBzl)-NCA was obtained in a mild reaction pro
cedure based on a protocol by Laconde et al. [53] To gently deprotect the 
acid function of PGA, a modified approach of Conejos-Sánchez et al. was 
applied [54]. Crosslinking of the resulting particles is carried out using 
EDEA. Finally, the particles are reacted with CDDP to form metal- 
polymer complexes.

3.1.1. Preparation of (S)Glu(OBzl)-NCA
Tert-butyloxycarbonyl (Boc)- and benzoyl-protected (S)-glutamic 

acid was reacted with T3P® in the presence of pyridine at room tem
perature (Fig. 1A). After purification by recrystallization, colorless 
crystals were collected in a yield of 71 %. NMR data match literature 
values. The corresponding spectra are attached in the supplementary 
information (SI, Fig. S2).

3.1.2. Preparation and characterization of CDDP-loaded Gel-PGA or CLP- 
PGA NPs

Polymerization of (S)Glu(OBzl)-NCA was started in situ by the amino 
groups of gelatin or CLP leading to nanoparticle formation (Fig. 1B). The 
initial gelatin or CLP solution was transparent and became opalescent 
upon the slow addition of (S)Glu(OBzl)-NCA, indicating the formation of 
nanoparticles. The ratio of gelatin to anhydride, the amount of the sol
vents as well as the reaction time affect particle size, with longer reac
tion times leading to larger particles. Cooling of the reaction mixture 
during synthesis is beneficial to obtain narrow size distributions. Addi
tionally, anhydride purity is crucial for achieving small diameters and a 
narrow distribution as minimal impurities lead to aggregation. Reaction 
conditions and obtained particle sizes are summarized in Table S1 (SI). 
For all further experiments, gelatin-based NPs, were synthesized ac
cording to the optimized procedure, using 350 mg gelatin in 50 ml water 
and 100 mg anhydride in 4 ml DMF. For CLP-based NPs the amount of 
anhydride was adjusted to 85 mg in 4 ml DMF. Subsequently, the acid 
moieties in the PGA block were deprotected by addition of sodium hy
droxide. IR spectra of protected particles display a distinctive IR peak at 
around 700 cm− 1 associated with OBzl-group (out-of-plane bending 
vibrations of C-H bonds in aromatic rings), which is significantly 
reduced in the deprotected product (Fig. S4 in SI) [56,57]. Next, NPs 
were crosslinked using EDC/EDEA to increase stability following a 
protocol described by Ding et al. [33] After crosslinking, particles 
exhibited a more narrow size distribution in DLS with well-defined 
boundaries visible in TEM images (Fig. 3C, F). Furthermore, CLP- 
based particles have smaller hydrodynamic diameters at each reaction 
step compared to the gelatin-based NPs (Table 1). Finally, CDDP was 
loaded into deprotected gelatin and CLP particles using a ratio of 2:1 of 
CDDP to carboxy groups, free CDDP was removed by dialysis. Notably, 
CLP-based NPs exhibited a significantly higher platinum (Pt) content, 

A

B

C

Fig. 1. A) Reaction scheme for synthesis of (S)Glu(OBzl)-NCA. B) Schematic representation of the synthesis process for CDDP-loaded NPs. C) Reaction scheme for NP 
radiolabeling.
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with 76 μg of Pt per mg of NPs, compared to only 25 μg of Pt per mg of 
NPs in the gelatin-based formulation. In addition, this approach allows 
for the incorporation of other platinum-based chemotherapeutics, such 
as oxalato(trans-l-1,2-cyclohexanediamine)platinum(II) (oxPt) (see 
Table S2, SI). Surface charge, size distribution and morphology were 
assessed for each particle system and reaction step using electrophoretic 
and dynamic light scattering, and TEM, respectively

For each reaction step, a significant change of the surface charge is 
observed, in line with earlier results for similar systems (Fig. 2A) [32]. 
As the surface charge is dependent on the dissociation and protonation 
of carboxy and amino groups, we studied the effect of pH value on 
surface charge by adding sodium hydroxide (0.1 M) or hydrochloric acid 
(0.1 M) to a dispersion of polymerized Gel-PBLG NPs. Surface potential 
measurements reveal a linear dependence of the surface charge on the 
pH of the solution (Fig. 2C). Accordingly, the surface charge after each 
reaction step changes with the pH obtained or used for each reaction 
step (Fig. 2B).

As TEM images were obtained of dried particles, diameters are 
considerably smaller compared to the hydrodynamic diameter but do 
confirm narrow size distributions (SI, Fig. S3). TEM images show that 
deprotection does not affect particle structure and the next crosslinking 
step leads to formation of smaller particles with a well-defined spherical 
morphology (Fig. 3). After CDDP loading, NPs appear darker with a clear 
edge delineation due to a higher electron density (Fig. 3D). CLP-based 
NPs appear smaller in diameter compared to gelatin-based NPs 
(Fig. 3G, H).

Overall, CLP-based NPs exhibit a narrower size distribution and 
smaller hydrodynamic diameters in comparison to gelatin-based NPs 
(Fig. 3K). CDDP complexation leads to a further reduction in particle 
diameters without formation of aggregates.

3.2. In vitro drug release and anti-tumoral effect

Cell viability assays with CT26 cells were performed for 48 h and 72 
h incubation with free CDDP, CDDP-loaded particles and non-loaded 
(empty) control particles (Fig. 4A, B). The cytotoxicity of CDDP- 
loaded NPs is lower than that of free CDDP at the tested concentra
tions, which can be contributed to the slower CDDP release from the 
spheres. Notably, no significant effect on cell viability was observed with 
the empty NPs. Drug release studies conducted in fetal bovine serum 
(FBS) over a seven-day period revealed an initial burst release of 37 % 
within the first 8 h. The release profile gradually plateaued, reaching a 
maximum of 52 % by day seven (Fig. 4C).

3.3. Radiolabeling and in vivo biodistribution studies

3.3.1. Radiolabeling
The radionuclide indium-111, in its trivalent metal cation form 

([111In]In3+) frequently employed in SPECT imaging, was used to label 
crosslinked, but unloaded CLP-PGA NPs (Fig. 1C). Unbound [111In]In3+

was removed via size exclusion chromatography (SEC), resulting in a 
specific activity of 5 MBq of [111In]In3+ per mg of NPs and a radio
chemical purity of 90 % (Fig. S5 in SI). The surface charge increases from 
− 10.4 mV to − 9.4 mV, suggesting [111In]In3+ complexation by car
boxylic acid groups, while the hydrodynamic diameter increased from 
223 nm to 287 nm (Table S3 in SI). Notably, introduction of commonly 
employed functional chelator 2,2′,2′′,2′′′-(1,4,7,10-tetraazacyclodode
cane-1,4,7,10-tetrayl)tetraacetic acid (DOTA) did not increase radio
chemical yield nor improve stability of labeled NPs (data not shown).

3.3.2. In vivo biodistribution
The biodistribution of 111In-labeled CLP-based NPs was assessed in 

healthy mice (n = 2) using longitudinal SPECT/CT imaging (Fig. 5). 
Directly after IP injection, the scans reveal rapid signal distribution 
within the abdominal cavity, with notable adherence to the bowel tis
sue. Within the first 4 h, particles rapidly redistribute within the peri
toneal cavity with changing areas of accumulation, which are difficult to 
link to CT-based anatomical structures. About 10 % of the injected ac
tivity (%ID) is cleared to the urine within the first 90 min. Furthermore, 
activity accumulation is observed at the hemisphere close to the dia
phragm and above the liver. The next day, about 80 %ID remains in the 
entire animal followed by continuous clearance to 62 %ID on day seven 
(Fig. 5C). SPECT imaging reveals a redistribution of activity over several 
days within the abdominal cavity showing a gradual uptake inside the 
liver and spleen, which can be clearly recognized on day seven. Activity 
in the spleen reaches about 6 %ID after 4 h with a plateau value of 4 %ID 
after 7 days. However, at early timepoints, due to the limited resolution 
of SPECT imaging, it is impossible to distinguish between particle 
adherence to the outside of the spleen and uptake within the organ. Liver 
uptake proceeds exponentially for 42 h with the highest value reaching 
11 %ID. At the following time points, activity accumulation remains 

Table 1 
Characteristics of gelatin- and CLP-based NPs after each reaction step. dH: hy
drodynamic diameter, PDI: polydispersity index, dTEM: diameter derived by TEM 
of dried particles.

Reaction step dH / 
PDI

dTEM Zeta dH / 
PDI

dTEM Zeta

Gelatin-based NPs CLP-based NPs

Polymerization 258 nm 
/ 0.253

175 
± 24 
nm

− 14.1 
mV

296 nm 
/ 0.251

172 
± 26 
nm

9.6 mV

Deprotection 281 nm 
/ 0.168

144 
± 18 
nm

− 24.1 
mV

256 nm 
/ 0.122

124 
± 23 
nm

− 18.4 
mV

Crosslinking 241 nm 
/ 0.177

81 ±
16 nm

− 19.5 
mV

223 nm 
/ 0.137

125 
± 24 
nm

− 10.4 
mV

CDDP 
complexation

191 nm 
/ 0.219

91 ±
15 nm

− 0.8 
mV

155 nm 
/ 0.125

93 ±
22 nm

21.7 
mV

Pt content 0.025 mg Pt/mg NPs 0.076 mg Pt/mg NPs

Fig. 2. Investigation on surface charge. A) Surface charge in gelatin- and CLP-based NPs depending on reaction step. B) Overview of surface charge in gelatin-based 
NPs as a function of pH according to reaction step (n = 2). C) Dependency of surface charge on pH value of Gel-PBLG-NP dispersion.
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consistent until reaching 10 %ID on day seven (Fig. 5C). The activity 
found in the abdominal cavity compared to the entire animal remains 
from day two almost constant with a ratio of 65 %. In contrast, the ac
tivity in the liver and spleen relative to the remaining abdominal space 
increases during the first two days, stabilizing thereafter by day seven at 

a constant ratio of 25 % and 11 %, respectively (Fig. 5D). Furthermore, 
within the first 4 h, activity is detected in the thymus region, which 
remains constant from day two to seven. In detail, activity is observed in 
the parasternal LNs indicating uptake and clearance via the lymphatic 
system. Additionally, the mediastinal LNs and also the cisterna chyli can 

A B C D

E F G H

I J K

Fig. 3. TEM images of gelatin-based NPs after A) polymerization, B) deprotection, C) crosslinking D) CDDP-loading. TEM images of CLP-based NPs after E) poly
merization, F) deprotection and crosslinking. TEM images of CLP-based NPs after CDDP-loading: G) overview image, H) magnified to visualize single particles. I) 
Hydrodynamic diameters of gelatin-based NPs in dependence of synthesis step. J) Hydrodynamic diameters of CLP-based NPs in dependence of synthesis step. K) 
Comparison of hydrodynamic diameters in gelatin- and CLP-based NPs in dependence of reaction step.

Fig. 4. Cell viability assays of CT-26 colorectal cancer cells (n = 3) after A) 48 h and B) 72 h incubation time of CLP-based NPs. C) Drug release of platinum in FBS 
over seven days.
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be identified with SPECT imaging.
Biodistribution studies performed after day seven are in line with 

SPECT data, with the highest uptake of activity in the spleen (121 %ID/ 
g), followed by the kidney with 34 %ID/g. All abdominal organs are in 
the range of 30 %ID/g, see Figs. 6 and S6 in SI. The mesentery also 
demonstrated notable uptake with 24 %ID/g, while the peritoneum of 
healthy mice showed only an uptake of 6 %ID/g. For further localization 
of NPs, tissue specimens were examined with autoradiography and 
correlated with microscopy images (Fig. 7A). Here, autoradiography 
measurements show nanoparticle uptake inside liver and spleen, but 
also partly within the pancreas and ovaries (Fig. 7C, Table S4 in SI), 
while nanoparticles seem to adhere to the outside of other abdominal 
organs such as the colon (Fig. 7B).

4. Discussion

Treatment of patients diagnosed with PC is currently limited to 
palliative care. Current treatment options comprise cytoreductive sur
gery often followed by HIPEC or PIPEC procedures and systemic 
chemotherapy. However, as peritoneal metastases seed in the perito
neum, are often poorly vascularized and not (yet) connected to the 
systemic vascular system, systemic chemotherapy typically fails to reach 
therapeutically relevant drug concentrations. Moreover, tumor cells 
further disseminate via the lymphatic system, which is another source of 
recurrence and systemic spread. IP drug delivery has been recognized as 
viable option for additional treatment as higher and more local drug 
exposure can be achieved compared to systemic chemotherapy. As 
clearance of IP delivered DDSs occurs via the lymphatic system, remi
niscent micrometastases in adjacent LNs may also receive a higher drug 
exposure. IP retention, distribution but also clearance pathways depend 

0.5 h 1.5 h 2.5 h 3.5 h 17 h 42 h 64 h 88 h 114 h 134 h

0.5 h 1.5 h 2.5 h 3.5 h

T
C/T

CEPS
T

CEPS

17 h 42 h 64 h 88 h 114 h 134 h

A

B

C D

Fig. 5. SPECT/CT images of one mouse over the course of A) seven days (representative). B) SPECT images of the same mouse with window adjusted to activity 
levels observed in LNs (20 %ID/ml). For clarity, the same scan is displayed with and without overlay of the corresponding CT image to allow a better view of the LNs. 
C) SPECT evaluation: %ID of full body, abdomen, bladder, liver and spleen (n = 2). D) SPECT evaluation: Ratio of activity found in abdomen compared to whole 
body, liver to abdomen and spleen to abdomen (n = 2).
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strongly on the DDS, with size and surface charge being the most 
important parameters, among others [58–60]. Platinum-based drugs 
such as CDDP or oxPt present the most important cytostatics for treat
ment of PC with colorectal and gynecological cancers as primary tumor. 
Consequently, development of adequate DDSs providing a high payload 
of platinum in particles with adaptable surface charge and size is an 
active field of research.

In this study, we synthesized nanoparticles with diameters from 155 
to 296 nm based on gelatin or CLP and PGA, providing a high load of 
CDDP. Our synthesis route is similar to the procedure first proposed by 
Zhang et al. to synthesize gelatin-PAA nanoparticles, which were sub
sequently used for loading with CDDP [31–34]. In our case, PAA was 
substituted for PGA due to its favorable biocompatibility and biodeg
radation properties. The polymerization and ring opening reaction of 
benzoyl-protected glutamic acid is initiated in situ by amino groups 
present in gelatin or CLP. The in situ polymerization of (S)Glu(OBzl)- 
NCA induced by gelatin or CLP led to nanoparticle formation in the 
diameter range of 100 to 200 nm. Particle diameter can be controlled by 
choosing different ratios of gelatin to anhydride, amount of solvents as 
well as reaction time. The NPs are formed by micellization, which in turn 
is induced by conjugation between PBLG and gelatin or CLP respec
tively, forming a core-shell structured particle with insoluble inter- 
polymer complexes of PBLG and Gel/CLP as the core and soluble Gel/ 
CLP as the shell. Hydrophilic amino-, carboxy- and hydroxyl groups in 

Fig. 6. Biodistribution of 111In@CLP-PGA-NPs by gamma counter (n = 2).

Fig. 7. A) Autoradiography and corresponding light microscope images of explanted tissues of one mouse (representative). Dark spots in autoradiography correspond 
to activity accumulation. B) Autoradiography image of whole colon. C) Activity accumulation in explanted tissues by autoradiography.
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gelatin or CLP ensure water solubility and electrostatic stabilization of 
the particles.

Deprotection of the PBLG carboxy groups is reflected by the reduc
tion of signal intensity in the range of 700 to 750 cm− 1 in the IR spectra, 
typically associated with benzyl groups. Deprotection leads to formation 
of PGA increasing the electrostatic interactions and hydrogen bonds 
with gelatin or CLP reflected further in a decrease of particle diameter.

Next, particle stability was further ensured through a selective 
crosslinking using EDEA in the presence of EDC, which led to decrease of 
the particle diameter as well as PDI. Subsequent complexation with 
CDDP led to well-defined particles with visible boundaries in TEM im
ages related to the high electron density of platinum. Following CDDP 
loading, the surface charge of both compounds increased from − 19.5 
mV to − 0.8 mV, for gelatin-based NPs and from − 10.4 mV to 21.7 mV 
for CLP-based NPs. Notably, CLP-based NPs have with 76 μg of CDDP per 
mg of NPs a significantly higher CDDP content, compared to just 25 μg of 
CDDP per mg of NPs in the gelatin-based NPs. The higher CDDP loading 
in CLP-based NPs may be attributed to CLP’s chemical structure with its 
higher abundance of free carboxy groups facilitating higher complexa
tion of platinum. Furthermore, incorporation of other platinum-based 
drugs such as oxPt is possible with this approach.

Electrophoretic light scattering performed at different pH values 
showed that the surface potential of gelatin-based NPs is positive (7.9 
mV) at a pH about 4 after CDDP loading and negative (− 5.3 mV) upon 
an increase in pH above 5 indicates the surface charge switch property of 
NPs in response to the change of medium pH. Since type-B Gel utilized in 
this study has an isoelectric point (pI) between 4.8 and 5.0, we suggest 
the microscopic structure of Gel-PGA NPs consisting of a mainly gelatin- 
based shell with positively charged gelatin corresponding to ionized 
amino groups at pH < pI or negatively charged gelatin with ionized 
carboxylate groups at pH > pI, which ensures NP stability at physio
logical pH. The particle core presumably consists of the Gel-PGA inter
polyelectrolyte complex [32]. The here employed CLP has a pI of 5.5 and 
shows similar pH-sensitive behavior exhibiting elevated surface charge 
switches between reaction steps (Table 1). TEM images provide an 
insight into the particles’ spherical morphology. Compared to physically 
mixed gelatin/γ-PGA nanoparticles from literature relying solely on 
electrostatic interaction between gelatin and pre-formed γ-PGA, our 
approach affords monodisperse particles with narrow size distribution 
(PDI of 0.1–0.2 compared to 0.4–0.6 in literature with higher PDI in 
drug-loaded particles) [41]. SEM images in this study showcased very 
strong adherence of the particles among themselves resulting in an 
almost gel-like structure presumed by the authors as a result of inter
action between gelatin, their drug load and γ-PGA in contrast to our 
distinct individual spheres. This observation indicates the superior sta
bility of our approach based on a covalently bound copolymer structure 
and the formation of platinum-carboxylic acid group metal complexes. 
Importantly, our synthesis route omits any external and potentially toxic 
initiator and uses only biocompatible and biodegradable building 
blocks. Furthermore, the employed CLP is produced by a recombinant 
protein manufacturing process, providing a vegan protein source with 
an end product having well-defined chemical properties such as a 
consistent amino acid sequence, monodisperse molecular weight, 
pharmaceutical grade purity and production reproducibility. Animal- 
sourced materials can be linked to undesired immunological re
sponses, pathogens, inconsistent quality and may require more stringent 
regulatory control. In a clinical setting, Vecollan®-based systems may be 
advantageous from a regulatory perspective. Moreover, next to Vecol
lan®, the choice of in situ chemically formed α-PGA compared to 
bacterially produced γ-PGA for copolymer synthesis provides additional 
benefits. Our approach allows forming biomimetic copolymers in situ 
while the use of γ-PGA for nanoparticle synthesis is typically based on 
physical mixing of γ-PGA with a matrix polymer relying on electrostatic 
interaction [41]. One important point is the cost-intensive bacterial 
production. Compared to commercially available γ-PGA, the use of Boc- 
(L)Glu(OBzl)-OH educt is considerably more economical at an around 

10,000-times lower cost affording (S)Glu(OBzl)-NCA in a scalable syn
thesis under mild reaction conditions. The chemical synthesis route also 
ensures production of low molecular weight PGA during polymerization 
while bacterial fermentation typically leads to high molecular weight 
γ-PGA in the range of 100,000 to 1,000,000 g/mol [61,62]. Also, high 
fluctuation of molecular weight between batches of γ-PGA is common. 
Firstly, this fluctuation hinders particle formation and results in poly
disperse particles. Secondly, a key property for drug delivery applica
tions is molecular weight. Thus, the polymer molecular weight has to be 
chosen to be high enough for prolonged residence time, and low enough 
to provide the proper sustained release profile during biodegradation. 
This molecular weight range has been determined to be around 
30,000–50,000 g/mol [62–64]. Therefore, approaches for control of 
molecular weight of PGA are of fundamental importance for commercial 
development. Finally, the higher hydrophilic to hydrophobic volume 
ratio and reduced steric hindrance of the carboxylic acid group in α-PGA 
compared to γ-PGA has been shown to lead to controlled self-assembly 
and micellization without aggregation as well as increased drug incor
poration [65].

As CLP-based NPs have a higher drug load and are more defined in 
structure and diameter all further studies proceeded with CLP-based 
particles. The toxicity of empty and CDDP loaded CLP-NPs was stud
ied in cell viability assays compared to free drug. Empty NPs did not 
show any toxicity, indicating their biocompatibility. The IC50 for free 
CDDP is in the lower molar range. The IC50 for CDDP-loaded NPs 
decreased with incubation time indicating a slow but steady release. 
This was reinforced by drug release studies in FBS, which demonstrated 
an initial burst release of 37 % within 8 h, stabilizing in a gradual release 
pattern reaching 52 % after seven days. Most likely, the release yields 
not CDDP but the active metabolite cis-diammineaquachloroplatinum 
(II), which also forms after protein binding of CDDP [66]. The release 
profile is thus suitable for the intended application of IP drug delivery, 
where a sustained release profile is required.

As distribution within the peritoneal cavity, as well as retention and 
clearance pathways are essential for future optimization of the DDSs, we 
employed consecutive SPECT/CT studies over one week after IP injec
tion to follow the in vivo behavior of CLP-PGA-CL-NPs. To this aim, 
particles were radiolabeled using [111In]InCl3. With a half-life of 2.8 
days, we could track their biodistribution and clearance over seven days 
[67]. The high density of carboxyl and amino groups present at the 
nanoparticle surface facilitated the formation of strong coordination 
bonds with [111In]In3+ without the need to introduce additional chela
tors such as DOTA moieties, as previously reported in the literature 
[68–70]. DLS data revealed an increase of the mean hydrodynamic 
particle diameter and a slight broadening of the size distribution by 60 
nm, most like due to some [111In]In3+-induced crosslinking of individual 
particles. Radiolabeling barely affected surface charge with an increase 
from − 10.4 mV before labeling to − 9.8 mV after labeling.

After IP injection, SPECT analysis revealed an initial renal clearance 
of about 10 %ID to the bladder, of either [111In]In3+ after initial release 
or small compounds after transchelation [71]. At later time points, no 
renal clearance was observed. Our SPECT measurements are in line with 
earlier observations regarding particle clearance from the IP cavity 
[72–75]. Particles with diameters above 20 nm are primarily cleared via 
the lymphatic system. The predominant route is the parasternal 
lymphatic pathway, where particles enter through ventral, diaphrag
matic stomata which empty into lymphatic vessels parallel to the in
ternal thoracic artery and finally flow to the parasternal LNs and then 
mediastinal LNs, clearly recognizable on SPECT images 4 h post- 
injection and all later timepoints. Finally, they enter into the right or 
thoracic lymphatic vessels with subsequent vascular recirculation 
[73,74,76,77]. Secondly, particles taken up via other diaphragmatic 
stomata flow through lymphatic vessels along the posterolateral aspect 
of the thoracic cavity, also draining into the mediastinal LNs. This 
pathway is therefore also known as the “thoracic cavity lymphatic” 
route. The third route involves visceral abdominal lymphatics that drain 
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into the cisterna chyli and later into the thoracic ducts. Uptake in 
visceral LNs and the cisterna chyli can be identified on most SPECT 
images as well. Imaging indicates that particles are redistributed via the 
lymphatic system, recirculated, and ultimately taken up by the liver and 
spleen—key clearance organs of the mononuclear phagocyte system 
(MPS). SPECT imaging showed that by day seven, approximately 40 %ID 
remained overall in the peritoneal cavity, with 14 % having accumu
lated in the liver and spleen. Taking these two sites into consideration, a 
total activity of 26 %ID remained in the abdominal cavity after seven 
days. As the limited spatial resolution of SPECT imaging does not allow 
distinguishing between NP uptake and adsorption to outer tissue 
boundaries, autoradiography images were acquired for tissue slices. 
While liver and spleen sections show homogeneous uptake of radio
labeled particles, NPs are mainly sticking to the outer tissue layer of 
other abdominal organs such as colon, mesothelium, mesentery, peri
toneum, kidney, etc. The mesentery, which is one of the prime locations 
of IP metastasis, showed notable uptake, accumulating approximately 
24 %ID/g. Interestingly, the pancreas and ovaries showed mixed results 
with NP accumulation on the organ’s surface as well as uptake within 
the organs.

In summary, SPECT imaging, autoradiography as well as bio
distribution data demonstrate that NPs are cleared through known 
lymphatic pathways, which feed into the venous system. Subsequent 
recirculation, alongside phagocytosis leads to clearance by the MPS with 
uptake in liver and spleen. Previous studies showed that particle size and 
surface charge are the main factors determining clearance pathways, 
retention time within the IP cavity, potential adhesion near injection site 
but also tumor uptake. With respect to size, contradictory requirements 
exist as larger particles (i.e. diameter above 2–5 μm) show prolonged 
retention as the stomata have a size cut-off in that range, while small 
particles seem to show improved tumor uptake [58,59,78,79]. As our 
CLP-based NPs may be tuned in size from nano- to microparticles as well 
as in surface charge by possible surface modification with charged 
groups, they are an ideal platform to further study the most suitable 
properties for IP drug delivery. Furthermore, they can be loaded with 
other platinum-based drugs such as oxPt or carboplatin, next to CDDP 
addressing different tumor entities. SPECT imaging, combined with 
autoradiography, is a perfect tool to track the pharmacokinetics of 
particle clearance as well as their spatial redistribution in the intraper
itoneal cavity.

5. Conclusion

In this study, CDDP was loaded into Gel-PGA or CLP-PGA NPs 
through the interaction between the platinum of CDDP and the carboxyl 
groups of the NPs with high drug loading and stability. The obtained NPs 
have a spherical structure with an average diameter of about 150 nm as 
measured by DLS. We would like to emphasize that purity of the syn
thesized (S)Glu(OBzl)-NCA is key to obtain NPs with a well-defined 
diameter and narrow size distribution. Furthermore, gelatin-based NPs 
require extensive purification of the used gelatin with different NP di
ameters obtained for different gelatin lots. The latter highlights the 
advantage to use CLP-based particles that ensure well-controlled NP 
synthesis, which is of importance for any future clinical translation from 
a regulatory perspective. The CDDP-loaded NPs demonstrated extended- 
release characteristics, suggesting their potential for sustained drug 
release. Subsequently, longitudinal SPECT/CT imaging using radio
labeled but unloaded NPs was used to assess kinetic and biodistribution 
of the DDS in healthy mice. After IP injection, particles are cleared via 
the lymphatic system into the venous system. Subsequently, particles are 
recirculated with final uptake in liver and spleen. After seven days, a 
significant amount is still present in other abdominal organs such as 
pancreas and ovaries, in addition to particles adhering to the surface of 
abdominal tissues. These results show, that our NPs do not aggregate 
significantly upon IP injection but are distributed and cleared mostly as 
individual particles, which is a prerequisite for future therapeutic 

application. Overall, the results support the use of CLP-PGA NPs as a 
promising drug carrier for passive distribution and controlled release, 
with potential for localized treatments in IP drug delivery.
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