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A B S T R A C T

Pressurized intraperitoneal aerosol chemotherapy (PIPAC) is a new therapeutic approach for patients with 
peritoneal cancer. So far, most published studies investigated the administration of established cytostatic agents 
through PIPAC. This study aimed to evaluate the effect of PIPAC on two breakthrough anti-cancer agents, 
specifically anti-PD1 pembrolizumab, and anti-HER2 antibody-drug conjugate (ADC) - trastuzumab-deruxtecan. 
We conducted systematic analyses on samples of pembrolizumab and trastuzumab-deruxtecan at clinically 
relevant concentrations before and after PIPAC administration using an experimental setup of a hermetic 
container system, mimicking the abdominal cavity and using identical features as in clinical use. We utilized a 
range of chromatographic and spectroscopic techniques to explore potential alterations in the primary, sec
ondary, and tertiary structures of the drugs, focusing on post-translational modifications resulting from the 
aerosolization. Our findings indicate that PIPAC did not compromise the integrity of tested biopharmaceuticals. 
The size variants of both drugs, assessed by size exclusion chromatography (SEC), remained unchanged. 
Reversed-phase liquid chromatography (RPLC) and hydrophobic interaction chromatography (HIC) revealed no 
significant differences in hydrophobicity variants, the average drug-to-antibody ratio (DAR), or DAR distribution 
before and after PIPAC treatment. Circular dichroism (CD) spectroscopy confirmed that the secondary and ter
tiary structures were preserved. While pembrolizumab showed no change in charge variants post-PIPAC, tras
tuzumab-deruxtecan exhibited a non-negligible change in the quantity of charge variants on the monoclonal 
antibody itself, while the payload remained unchanged. This shift could possibly be related to the metallic 
composition of the CapnoPen® device (made of nickel and chromium) used in PIPAC and for these experiments. 
Together, our results suggest that PIPAC does not alter the structure of pembrolizumab and trastuzumab- 
deruxtecan, paving the way for future clinical trials.

1. Introduction

Peritoneal metastases are a major therapeutic challenge for several 
gastrointestinal and gynaecological cancer types. There are few 

therapeutic options for these patients that ultimately develop life- 
threatening complications such as ileus, refractory malignant ascites 
and bowel perforation [1]. Pressurized intraperitoneal aerosol chemo
therapy (PIPAC) is a laparoscopic procedure for intraperitoneal (IP) 
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administration of chemotherapy as an aerosol using a standardized 
high-pressure injector. It generates an artificial pressure gradient that 
enhances tissue drug uptake by convection and distributes drugs more 
homogeneously within the closed and expanded abdominal cavity. This 
route allows the administration of up to 10 times less chemotherapy 
drug than via IV, reducing systemic toxicity and potentially increasing 
intra-tumoral drug concentration [2]. Up to 3 PIPAC could be admin
istered every 4–6 weeks to a patient with peritoneal carcinomatosis [2, 
3].

In the last decade, two breakthrough therapies have led to dramat
ically improvement of patients survival in many cancers: immune 
checkpoint inhibitors (ICIs) [4] and antibody-drug conjugates (ADCs) 
[5]. ICIs, particularly monoclonal antibodies (mAbs) targeting 
Programmed-Death 1 (PD1)/PD-L1 are backbone therapy of multiple 
cancers such as melanoma, lung cancer and endometrial cancer. There is 
a dozen of approved ICIs that can be administered as a monotherapy or 
in combination with chemotherapy drugs and/or target therapies. PD1 
is expressed at the surface of T cells, while its ligand anti-PD-L1 is 
expressed by tumor cells and/or antigen-presenting cells (myeloid cells). 
Abrogation of immune checkpoint signalling leads to reactivation of the 
immune system toward tumor cell killing. Anti-PD1 pembrolizumab is 
by far the most widely used cancer drug with approval in more than 30 
indications [6]. On the other hand, ADCs combine the specificity of 
mAbs directed toward tumor-associated antigens, with highly potent 
cytotoxic agents (payload) attached through chemical linkers. The 
cytotoxic effect of the payload alone is generally very high, preventing 
its systemic administration. This targeted drug delivery aims to reduce 
off-target toxicities while maximizing on-target cytotoxicity. Until 
recently, the majority of approved ADCs had a drug-to-antibody (DAR) 
ratio of 3–4. Next-generation ADCs such as trastuzumab-deruxtecan and 
sacituzumab-govitecan that incorporate topoisomerase 1 inhibitors, had 
a DAR around 8, meaning that it is possible to deliver a higher number of 
cytotoxic molecules to each targeted tumor cell.

While the use of PIPAC has spread in the last years in Europe and is a 
therapeutic palliative option in numerous hospitals, only a few chemo
therapy drugs (i.e. cisplatin, doxorubicin, oxaliplatin, nab-paclitaxel) 
have been tested for PIPAC administration within clinical trials. 
Importantly, the administration of breakthrough therapies such as ADCs 
and ICIs have not been yet tested by PIPAC. One major concern of PIPAC 
is that this alternative way of administration could potentially alter the 
structure and hence the anti-tumoral effect of mAbs. Another concern 
specific to ADCs is safety and whether PIPAC would detach payload from 
monoclonal antibodies.

To explore the impact of PIPAC on ICIs and ADCs used in the clinics, 
we focused on two extensively prescribed drugs: the ICI pembrolizumab, 
targeting PD1, and the ADC trastuzumab-deruxtecan, targeting HER2. 
Our study involved a thorough analysis of samples collected before and 
after PIPAC treatment. We employed a variety of chromatographic 
techniques, including size exclusion chromatography (SEC), cation ex
change chromatography (CEX), reverse phase liquid chromatography 
(RPLC), and hydrophobic interaction chromatography (HIC), com
plemented by circular dichroism (CD) spectroscopy in both near and far 
UV ranges. These methods enabled us to detect and characterize po
tential degradation products that may form during PIPAC 
administration.

2. Materials and methods

2.1. Chemicals and reagents

Type 1 water was obtained from a Milli-Q™ purification system from 
Millipore (Bedford, MA, USA). LC-MS grade acetonitrile and methanol 
were purchased from Thermo Fisher Scientific (Reinach, Switzerland). 
Potassium chloride salt (>99.5 %), potassium phosphate monobasic (>
99.5 %), potassium phosphate dibasic (>99.0 %), sodium chloride 
(>99.5 %), 2-(Nmorpholino)ethanesulfonic acid (MES) sodium salt, 

MES monohydrate (>99.5 %), ammonium sulfate (>99.5 %), and tri
fluoroacetic acid (TFA, >99.0 %), were obtained from Sigma-Aldrich 
(Buchs, Switzerland). The pH of the mobile phase was adjusted with a 
SevenMulti S40 pH meter (Mettler Toledo, Greifensee, Switzerland). The 
monoclonal antibody (mAb) Keytruda™ (pembrolizumab 25 mg/mL, lot 
number X010907, expiring date 10/2024) and the antibody-drug con
jugate (ADC) Enhertu™ (trastuzumab-deruxtecan 100 mg, lot number 
386009, expiring date 08/2026) were obtained as European Union 
pharmaceutical-grade drug products from their respective 
manufacturer.

2.2. Description of the PIPAC experimental setup

All the experiments were performed in two steps, as described below.
Step 1: Preparation of syringes for PIPAC administration
Syringes of trastuzumab-deruxtecan and pembrolizumab for PIPAC 

usage were produced under an isolator in a class C environment. The 
compounding of chemotherapies was assisted by a production computer 
software BD Cato™ in volumetric method with visual double-check 
control, in a same way as routine production. Drugs were prepared in 
syringes ESL 200 mL by Medtron AG Germany. Pembrolizumab (2 mg/ 
mL) was diluted in 50 mL 0.9 % NaCl. Trastuzumab-deruxtecan (0.5 mg/ 
mL and 1 mg/mL) was diluted in 50 mL 5 % dextrose.

Step 2: Experimental setup of PIPAC
During PIPAC, chemotherapy drugs are injected, during a laparo

scopic procedure, as an aerosol in the abdominal cavity of a patient 
using a standard high-pressure injector and the specific nebuliser (there 
are 4 devices currently available on the market, and we used one of 
them, as indicated below). In order to mimic the clinical conditions, an 
experimental PIPAC setup was built, in collaboration with a surgeon 
specialist having performed >500 PIPAC procedures before. For this 
purpose, a hermetic container system and the PIPAC device of clinical 
practice in the operating room were used, as shown in Fig. 1. The 
abdominal cavity was mimicked using a sterile bag of 3 L volume of 0.9 
% NaCl (BBraun), made empty from NaCl. A new empty bag was used for 
each nebulisation of a new drug. The setup system was made hermetic 
by the open placement of one 10 mm balloon trocar into the empty bag. 
The Seal of the container was checked through zero flow of the CO2 
insufflator. The nebulizer was inserted via the trocar. The recommended 
device insertion angle of 57–66◦ was respected. All drugs were aero
solized using a pressure injector (Accutron™ injector HP-D Thera, 
Medtron Saarbrücken Germany) and a specific nebulizer (CapnoPen® 
device, Capno Pharm, Tübingen, Germany; CE-certified: class 2b) under 
standard laparoscopic pressure of 12 mm Hg of CO2 by an insufflator. 
The minimally nebulized volume was 20 mL. One CapnoPen® device 
was used per molecule, and a rinse was performed with 5% dextrose 
between different concentrations of Trastuzumab-deruxtecan.

To keep the consistency of experimental conditions, all samples were 
collected at the operation room. Samples collected before PIPAC were 
extracted from the ESL syringes. Samples collected after PIPAC were 
extracted from the 3 L bag after drug nebulisation. All samples collected 
had a volume of 20 mL, collected using a 30 mL syringe (BD) using a 
spike (TAKE SET from CODAN companies) connected to the bag.

Samples were provided at different concentrations (Table 1) and 
directly analysed by liquid chromatography methods. For CD measure
ments, mAb and ADC samples were diluted to approximately 0.05 mg/ 
mL in experimental buffers (namely 0.9 % NaCl and 5 % dextrose for 
pembrolizumab and trastuzumab-deruxtecan samples, respectively).

2.3. HPLC experiments

2.3.1. Chromatographic system
Measurements were conducted using a Waters ACQUITY™ UPLC™ 

H-Class Bio System (Waters, Milford, MA, USA). This system includes a 
quaternary solvent delivery pump and an autosampler with a 15 µL 
flow-through needle (FTN) injector which used an 85/15 water/ 
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methanol mixture as the rinsing solvent. Additionally, it was equipped 
with a fluorescence (FL) detector that operated with an excitation at 
280 nm and emission at 340 nm, a data acquisition rate of 5 Hz, time 

constant of 2 s, and a 2 µL cell. All data acquisition, processing, and 
control of the instrument were managed through Empower™ Pro 3 
Software.

Fig. 1. PIPAC simulation setup in the operation room. A. PIPAC setup in the operation room followed the same procedure than in clinical practice with a pressure 
injector (a), CO2 laparoscopic insufflator (b) and an empty sterile bag (c). B. All drugs were aerosolized using a pressure injector and a specific nebulizer using ESL 
syringes. C. The abdomen was mimicked using an empty and sealed sterile bag of 3 L volume. The system was made hermetic by the open placement of one 10 mm 
balloon trocar in the empty bag.

Table 1 
Summary of the results obtained in all chromatographic modes (SEC, SEC, RPLC and HIC) for the pembrolizumab at 2 mg/mL, before and after PIPAC.

SEC
tr (min) 6.1 6.6
Proportion of species before PIPAC 6.9 % 93.1 %
%RSD area (3 replicates before PIPAC) 1.8 % 0.6 %
Proportion of species after PIPAC 6.7 % 93.3 %
%RSD area (3 replicates after PIPAC) 6.0 % 4.7 %
Δ %Area before/after PIPAC (%) − 0.2 % 0.2 %
CEX
tr (min) 10.7 11.9 12.9
Proportion of species before PIPAC 4.7 % 81.9 % 13.3 %
%RSD area (3 replicates before PIPAC) 0.3 % 0.5 % 1.1 %
Proportion of species after PIPAC 4.7 % 82.0 % 13.3 %
%RSD area (3 replicates after PIPAC) 5.9 % 4.8 % 5.3 %
Δ %Area before/after PIPAC (%) 0.0 % 0.0 % 0.0 %
RPLC
tr (min) 5.3 5.4 5.5 5.7
Proportion of species before PIPAC 1.0 % 1.0 % 95.5 % 2.6 %
%RSD area (3 replicates before PIPAC) 0.2 % 1.0 % 0.9 % 1.4 %
Proportion of species after PIPAC 1.0 % 1.0 % 95.5 % 2.6 %
%RSD area (3 replicates after PIPAC) 6.5 % 6.3 % 4.5 % 4.0 %
Δ %Area before/after PIPAC (%) 0.0 % 0.0 % 0.0 % 0.0 %
HIC
tr (min) 13.3 16.3 18 18.9 21.1 22.8 23.6
Proportion of species before PIPAC 5.9 % 1.3 % 10.7 % 80.0 % 1.2 % 0.3 % 0.7 %
%RSD area (3 replicates before PIPAC) 3.0 % 0.3 % 0.7 % 0.9 % 0.7 % 1.7 % 1.0 %
Proportion of species after PIPAC 5.5 % 1.2 % 10.8 % 80.4 % 1.2 % 0.3 % 0.6 %
%RSD area (3 replicates after PIPAC) 5.0 % 2.8 % 4.2 % 4.2 % 4.1 % 2.8 % 3.9 %
Δ %Area before/after PIPAC (%) − 0.4 % 0.0 % 0.1 % 0.4 % 0.0 % 0.0 % 0.0 %
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2.3.2. SEC conditions
The experimental setup was adapted from a protocol recently pub

lished by our research group [7]. SEC analyses were performed on an 
AdvanceBio™ SEC PEEK lined column, 300 Å, 2.7 μm, 4.6 ×300 mm 
from Agilent Technologies (Wilmington, DE, USA). The mobile phase 
was composed of 50 mM potassium phosphate at pH 6.8 in the presence 
of 250 mM KCl. This solution was filtered through a 0.45 µm filter and 
applied isocratically at a flow rate of 0.4 mL/min at room temperature. 
For all SEC-FD experiments, the injection volume was consistently 
maintained at 5 µL.

2.3.3. CEX conditions
The experimental conditions were adapted from those detailed in a 

protocol paper recently published by our research group [7]. CEX ana
lyses were conducted using a MAbPac™ SCX-10 RS column, 5 μm, 4.6 
×50 mm from Thermo Fisher Scientific AG (Sunnyvale, CA, USA). Mo
bile phase A consists of 10 mM MES buffer at pH 6, and mobile phase B 
included the same buffer at pH 6 but with 1 M NaCl. The solution was 
filtered through a 0.45 µm filter and delivered in a gradient mode 
following this sequence: a gradient from 0 % to 20 % B over 20 min, a 
sharp increase from 20 % to 100 % B in 0.1 min, maintained at 100 % B 
for 1 minute, quickly returned to 0 % B in 0.1 min, and then 
re-equilibrated for 9 min. The total analysis time was 30 min. The flow 
rate was maintained at 0.4 mL/min at room temperature. A consistent 
injection volume of 5 µL was used for all CEX-FD experiments.

2.3.4. RPLC conditions
RPLC analyses were performed using a BioResolve™ Polyphenyl 

Column, 450 Å, 2.7 μm, 2.1 ×150 mm, from Waters. Mobile phase A was 
composed of 0.1 % TFA in water, and mobile phase B included aceto
nitrile (ACN) with 0.1 % TFA. The mobile phases were filtered through a 
0.45 µm filter and delivered using a gradient program: increasing from 
27 % to 56 % B over 12 min, then rapidly decreasing to 27 % B in 
0.1 minute, followed by a 6-minute equilibration period. The total 
analysis time was 18 min. The flow rate was set at 0.4 mL/min, and the 
experiments were carried out at 80 ◦C. For all RPLC-FD experiments, the 
injection volume was consistently equal to 1 µL.

2.3.5. HIC conditions
The experimental conditions were adapted from those detailed in a 

protocol paper recently published by our research group [7]. HIC ana
lyses utilized a MAbPac HIC-10 column, 1000 Å, 5 μm, 4.6 × 250 mm 
from Thermo Fisher Scientific AG. Mobile phase A included 100 mM 
potassium phosphate at pH 6.8 with 1 M ammonium sulfate, and mobile 
phase B consisted of 100 mM potassium phosphate at pH 6.8 alone. The 
mobile phases were filtered through a 0.45 µm filter and applied using a 
gradient program: from 0 % to 100 % B over 40 min, maintained iso
cratically at 100 % B for 5 min, quickly reduced to 0 % B in 0.1 minute, 
followed by a 15-minute re-equilibration period. The total analysis time 
was 60 min. The flow rate was maintained at 0.8 mL/min, and experi
ments were conducted at room temperature. An injection volume of 5 µL 
was consistently used for all HIC-FD experiments.

2.4. Circular dichroism (CD) experiments

The mAb samples were diluted in a 0.9 % NaCl solution (B. Braun 
534534), and ADC samples were diluted in a 5 % dextrose solution (B. 
Braun 531032). For CD studies assessing secondary and tertiary struc
tures, sample concentrations were set at 0.05 mg/mL for near UV-CD 
analysis for all samples, and 0.04 mg/mL for mAbs and 0.05 mg/mL 
for ADCs for far UV-CD. These analyses were conducted using a J-815 
Circular Dichroism Spectrophotometer (JASCO, Easton, MD, USA), 
managed via Spectra Manager software. Tertiary structures were 
examined in the 250–350 nm range to identify CD peaks corresponding 
to tryptophan, tyrosine, and phenylalanine, alongside a broader signal 
from disulfide bonds between 250 and 280 nm. Secondary structures 

were analyzed from 205 to 250 nm, focusing on signals indicative of 
α-helices, β-sheets, turns, and random coils. Post-measurement, the data 
was processed using Spectra Manager software to perform baseline 
correction, and averages were derived from three spectral replicates per 
sample. Further analysis was carried out using Excel™ software.

3. Results and discussion

The results and discussion section is structured according to the type 
of post-translational modification (PTM) observed, including size vari
ants, charge variants, hydrophobicity variants, and secondary/tertiary 
structures. For each PTM category, we tested two different samples - 
pembrolizumab and trastuzumab-deruxtecan - at two different, clini
cally relevant concentrations.

Pembrolizumab is currently administered in clinical routine at a flat 
dose of 200 mg IV every 3 weeks. Thus, we chose a dose of 2 mg/mL, 
which would correspond to a total amount of 200 mg for a 100 mL ESL 
syringe. On the other hand, Trastuzumab-deruxtecan is currently 
administered by IV at a dose of 6.4 mg/Kg for gastric cancer, corre
sponding to a total dose of 448 mg for a 70 kg patient. PIPAC route al
lows the administration of up to 10 times less chemotherapy drug than 
IV route, reducing systemic toxicity and potentially increasing intra- 
tumoral drug concentration. Here, we chose to test Trastuzumab- 
deruxtecan at a concentration of 0.5 mg/mL and 1 mg/mL, corre
sponding to a total dose of 50 and 100 mg, for 100 mL ESL syringe. For 
the future phase 1 trial of Trastuzumab-deruxtecan by PIPAC to be 
designed, 50 mg would be the first dose cohort, corresponding to 10 
times lower dosage than IV route. All the experiments were performed in 
triplicate.

3.1. Analysis of size variants using SEC

Size variants of mAbs, typically around 150 kDa, include both 
smaller antibody fragments and larger aggregates. These variants can 
develop through the manufacturing process or during storage and are 
critical for the efficacy and safety of therapeutic mAbs. They are 
recognized as critical quality attributes (CQAs) that require thorough 
characterization. Aggregates are of particular concern because they can 
induce immunogenicity, potentially triggering adverse immune re
sponses and diminishing the therapeutic effectiveness. Size variants are 
prone to formation under stress conditions such as temperature changes, 
UV light exposure, and agitation [8]. Consequently, it is essential to 
monitor fragments and aggregates during the administration of 
chemotherapy with PIPAC, especially as the treatment involves the use 
of a standard high-pressure injector that can create pressures as high as 
20 bar, leading to the generation of aerosols. Of note, the droplet size of 
the aerosol is determined by the device and the upstream pressure which 
is indirectly determined by the flow rate of the high-pressure injector.

SEC is recognized as a benchmark method for assessing size variants 
of mAbs and related compounds, with substantial literature on the 
subject published in recent years [9–11]. In our current study, we 
employed a bioinert (PEEK-coated) column to minimize secondary in
teractions, such as ionic and hydrophobic interactions, as recently 
demonstrated [12,13]. Furthermore, we opted for a long column of 
300 mm length, packed with small particles of 2.7 µm, to enhance sep
aration efficiency and effectively separate aggregates and fragments. 
The mobile phase contains a relatively high concentration of KCl 
(250 mM), which has been reported to significantly reduce secondary 
ionic interactions [14].

Under the optimized SEC conditions, both pembrolizumab and 
trastuzumab-deruxtecan were successfully analyzed. The chromato
grams from three replicates performed before and after the PIPAC 
treatment are presented in Figs. 2–4A, for pembrolizumab at 2 mg/mL 
and trastuzumab-deruxtecan at 0.5 and 1 mg/mL, respectively. The re
sults showed no low molecular weight species (LMWS) in either sample. 
However, high molecular weight species (HMWS) were detected, 
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constituting over 6 % of the pembrolizumab samples and less than 0.3 % 
of the trastuzumab-deruxtecan samples. Our previous research on 
pembrolizumab identified these HMWS as oxidation variants of the 
monomeric form, specifically with one or two oxidized methionine 
residues [15]. In contrast, the minor HMWS peak in the 

trastuzumab-deruxtecan sample was confirmed to be a dimer, as pre
viously established [16].

For the pembrolizumab sample at 2 mg/mL, the relative standard 
deviation (RSD) of the peak area across three replicates was 1.8 % before 
the use of PIPAC, which increased to 6.0 % after PIPAC treatment. This 

Fig. 2. Analysis of pembrolizumab at a concentration of 2 mg/mL in four different chromatographic modes. Six samples were analyzed, including three replicates 
before the PIPAC (Before PIPAC #1, #2 and #3) and 3 replicates after the PIPAC (After PIPAC #1, #2 and #3). (A) SEC mode, (B) CEX mode, (C) RPLC mode, (D) 
HIC mode.

Fig. 3. Analysis of trastuzumab-deruxtecan at a concentration of 0.5 mg/mL in four different chromatographic modes. Six samples were analyzed, including three 
replicates before the PIPAC (Before PIPAC #1, #2 and #3) and 3 replicates after the PIPAC (After PIPAC #1, #2 and #3). (A) SEC mode, (B) CEX mode, (C) RPLC 
mode, (D) HIC mode.
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increase in variability was anticipated due to the complexities involved 
in sample collection post-PIPAC, where some pembrolizumab molecules 
may adhere to the surface of the plastic bag used to simulate the stomach 
environment, resulting in greater variability. This pattern of increased 
variability post-PIPAC is always observed throughout this study, 
regardless of the chromatographic mode or the sample tested. In SEC, 
the proportion of HMWS in pembrolizumab, identified as oxidation 
variants, eluted at 6.1 min were 6.9 % and 6.7 % before and after PIPAC, 
respectively. For trastuzumab-deruxtecan, the amount of HMWS 
remained consistent (0.3 % before PIPAC and 0.2 % after PIPAC), 
regardless of the concentration. Given the variability between replicates, 
the differences observed before and after PIPAC are not statistically 
significant, indicating that PIPAC does not increase the amount of size 
variants nor does it induce chemical degradation in the two chemo
therapy products.

3.2. Analysis of charge variants using CEX

Charge variants of mAbs represent another significant source of 
variability and have become an important aspect to consider within the 
biotechnology industry, due to their potential impact on stability and 
biological activity [17,18]. Common types of antibody charge variants 
include acidic variants such as those arising from sialylation, deamida
tion, and glycation, and basic variants, which may result from incom
plete removal of C-terminal lysine, incomplete cyclization of N-terminal 
glutamine to pyroglutamate, succinimide formation, and isomerization 
of asparagine, among others, compared with the main species [19]. 
These charge variants may appear during the production or storage of 
mAb products or under various stress conditions [8].

Two analytical methods are commonly used for characterizing 
charge variants of mAbs: imaged capillary isoelectric focusing (icIEF) 
and cation exchange chromatography (CEX) [20]. Acidic and basic 
species are distinguished based on their elution times relative to the 
main peak in these techniques. Generally, there is a strong correlation, 
with only minor discrepancies, between the profiles and quantities of 
acidic and basic species detected by both methods. For this study, we 

chose to use CEX to evaluate the charge variants of the two mAb-based 
products. In CEX, acidic variants are those that elute earlier than the 
main peak, while basic variants elute later than the main peak [21]. 
Employing a modern strong cation exchange (SCX) non-porous column 
with a salt gradient at pH 6, we produced the chromatograms shown in 
Figs. 2–4B. These figures present an overlay of six chromatograms, 
comprising three replicates both before and after PIPAC treatment.

In the case of pembrolizumab, the analysis clearly resolved at least 
one acidic variant, eluting at 10.7 min, and one basic variant, eluting at 
12.9 min, from the main peak. The identification of acidic and basic 
variants aligns with previous studies documented in the literature [22]. 
According to the chromatograms displayed in Fig. 2B, the profiles of the 
six different pembrolizumab samples appear consistent. This observa
tion is confirmed by the data presented in Table 1, where the proportions 
of acidic and basic variants were equal to 4.7 % and 13.3 %, respec
tively, both before and after PIPAC treatment, indicating no changes in 
the charge variant profile due to PIPAC. Furthermore, variability in peak 
areas for the three replicates before PIPAC ranged from 0.3 % to 1.1 %, 
while after PIPAC, it varied between 4.8 % and 5.9 %. This level of 
variability corresponds with earlier findings from the SEC analysis (see 
previous section).

Trastuzumab-deruxtecan exhibited greater heterogeneity, with only 
partial separation achieved for the acidic variants, as indicated in 
Figs. 3B and 4B. The same variants were observed before and after 
PIPAC, although there was a notable change in the relative amounts of 
these variants. This change is clearly outlined in Tables 2 and 3. For 
instance, at the lower concentration of 0.5 mg/mL, the proportion of 
acidic variants shifted from 39.3 % to 31.2 % post-PIPAC. At a higher 
concentration of 1 mg/mL, the percentages changed from 45.9 % to 
36.6 %. The observed differences pre- and post-PIPAC are considered 
significant. In addition, the variability among the three replicates was 
significantly higher, reaching up to 18 % post-PIPAC, compared to the 
one observed with pembrolizumab. This increased variability is attrib
uted to the challenging peak integration due to poor separation that is 
superimposed on the post-PIPAC sample collection issue previously 
described. To ensure that the differences observed before/after PIPAC 

Fig. 4. Analysis of trastuzumab-deruxtecan at a concentration of 1 mg/mL in four different chromatographic modes. Six samples were analyzed, including three 
replicates before the PIPAC (Before PIPAC #1, #2 and #3) and 3 replicates after the PIPAC (After PIPAC #1, #2 and #3). (A) SEC mode, (B) CEX mode, (C) RPLC 
mode, (D) HIC mode.
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were not due to the poor separation quality in CEX for these samples, we 
developed an alternative method using a pH gradient with 20 mM MES 
adjusted to pH 5.6 for mobile phase A and 20 mM HEPES with 100 mM 
KCl adjusted to pH 8.2 for mobile phase B. This gradient was optimized 
and analysis time was extended (gradient from 40 % to 55 % B over 

40 min), resulting in improved separation as shown in Figure S1 of the 
supplementary material. A much better resolution of the charge variants 
was obtained under these conditions and this method confirmed the 
observed differences in charge variants before and after PIPAC.

Recent analysis of trastuzumab-deruxtecan using CEX coupled with 

Table 2 
Summary of the results obtained in all chromatographic modes (SEC, SEC, RPLC 
and HIC) for the trastuzumab Deruxtecan at 0.5 mg/mL, before and after PIPAC.

SEC
tr (min) 4.9 5.6
Proportion of 

species before 
PIPAC

0.3 % 99.7 %

%RSD area (3 
replicates 
before PIPAC)

7.5 % 16.6 %

Proportion of 
species after 
PIPAC

0.2 % 99.8 %

%RSD area (3 
replicates 
after PIPAC)

16.8 % 16.2 %

Δ %Area 
before/after 
PIPAC (%)

− 0.1 % 0.1 %

CEX
tr (min) 12.3 12.6
Proportion of 

species before 
PIPAC

39.3 % 60.7 %

%RSD area (3 
replicates 
before PIPAC)

15.4 % 6.6 %

Proportion of 
species after 
PIPAC

31.2 % 68.8 %

%RSD area (3 
replicates 
after PIPAC)

18.4 % 12.3 %

Δ %Area 
before/after 
PIPAC (%)

− 8.1 % 8.1 %

HIC
tr (min) 12.4 17.8
Proportion of 

species before 
PIPAC

5.4 % 94.6 %

%RSD area (3 
replicates 
before PIPAC)

4.3 % 5.6 %

Proportion of 
species after 
PIPAC

5.4 % 94.6 %

%RSD area (3 
replicates 
after PIPAC)

9.0 % 12.1 %

Δ %Area 
before/after 
PIPAC (%)

− 0.1 % 0.1 %

RPLC
tr (min) 4.1 4.4 4.7 5.6 5.9 6.1
Proportion of 

species before 
PIPAC

1.5 % 18.8 % 0.4 % 12.1 % 59.2 % 8.0 %

%RSD area (3 
replicates 
before PIPAC)

4.5 % 4.6 % 5.3 % 4.5 % 4.8 % 4.2 %

Proportion of 
species after 
PIPAC

1.5 % 18.9 % 0.4 % 11.9 % 59.8 % 7.5 %

%RSD area (3 
replicates 
after PIPAC)

11.1 % 11.7 % 10.0 % 12.5 % 11.6 % 12.3 %

Δ %Area 
before/after 
PIPAC (%)

0.0 % 0.1 % 0.0 % − 0.1 % 0.6 % − 0.6 %

Table 3 
Summary of the results obtained in all chromatographic modes (SEC, SEC, RPLC 
and HIC) for the trastuzumab Deruxtecan at 1 mg/mL, before and after PIPAC.

SEC
tr (min) 4.9 5.6
Proportion of 

species before 
PIPAC

0.3 % 99.7 %

%RSD area (3 
replicates 
before PIPAC)

4.5 % 6.3 %

Proportion of 
species after 
PIPAC

0.2 % 99.8 %

%RSD area (3 
replicates after 
PIPAC)

12.6 % 11.2 %

Δ %Area before/ 
after PIPAC 
(%)

− 0.1 % 0.1 %

CEX
tr (min) 12.3 12.7
Proportion of 

species before 
PIPAC

45.9 % 54.1 %

%RSD area (3 
replicates 
before PIPAC)

4.7 % 3.4 %

Proportion of 
species after 
PIPAC

36.6 % 63.4 %

%RSD area (3 
replicates after 
PIPAC)

11.3 % 7.1 %

Δ %Area before/ 
after PIPAC 
(%)

− 9.4 % 9.4 %

HIC
tr (min) 12.4 17.8
Proportion of 

species before 
PIPAC

5.1 % 94.9 %

%RSD area (3 
replicates 
before PIPAC)

3.2 % 3.1 %

Proportion of 
species after 
PIPAC

5.3 % 94.7 %

%RSD area (3 
replicates after 
PIPAC)

7.2 % 9.0 %

Δ %Area before/ 
after PIPAC 
(%)

0.1 % − 0.1 %

RPLC
tr (min) 4.1 4.4 4.6 5.6 5.9 6
Proportion of 

species before 
PIPAC

1.5 % 18.7 % 0.6 % 12.5 % 58.8 % 8.0 %

%RSD area (3 
replicates 
before PIPAC)

3.2 % 3.2 % 3.6 % 3.5 % 3.2 % 2.6 %

Proportion of 
species after 
PIPAC

1.5 % 18.8 % 0.5 % 12.5 % 59.1 % 7.6 %

%RSD area (3 
replicates after 
PIPAC)

8.0 % 7.5 % 7.6 % 7.6 % 7.4 % 8.7 %

Δ %Area before/ 
after PIPAC 
(%)

0.0 % 0.0 % 0.0 % 0.0 % 0.3 % − 0.4 %
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mass spectrometry (MS) unambiguously identified specific oxidized 
variants and aspartate isomerization, which are consistent with our 
observations [16]. Literature also suggests that certain metals like Fe, 
Cu, Mg, Zn, Mn, Ni, or Co can alter the quality of biotherapeutics by 
impacting charge variants and aggregate profiles [23]. The CapnoPen® 
device used in PIPAC, which is a tubing of about 40 cm long used for 
aerosolization of chemotherapy during PIPAC, is made from nickel and 
chromium, and might influence the charge variant profile due to its 
material composition. Although changes in the charge variant profile 
can be critical for mAbs, they are less impactful for an ADC product from 
a clinical perspective than changing the variants of the payload, likely 
not inducing significant changes in efficacy and toxicity.

3.3. Analysis of hydrophobicity variants and free payloads using HIC and 
RPLC

In addition to other analyses, experiments were conducted using 
RPLC and HIC. These separation techniques are effective in dis
tinguishing hydrophobic variants such as disulfide scrambling and 
oxidation, which may affect the drug efficacy, safety, and shelf life. The 
key difference between these two methods is that RPLC operates in a 
denaturing mode that achieves high efficiency with narrow peaks, 
whereas HIC operates in a non-denaturing mode. Although HIC exhibits 
lower efficiency, it offers excellent selectivity for hydrophobicity vari
ants, making it a complementary method to RPLC [24]. HIC is particu
larly valuable for characterizing ADC products like 
trastuzumab-deruxtecan, as it provides CQAs such as the average 
drug-to-antibody ratio (DAR) and the DAR distribution [25]. 
Trastuzumab-deruxtecan is manufactured using a standard cysteine 
conjugation approach with a maleimide precursor targeting Cys residues 
of trastuzumab. The process involves reducing disulfide bonds in the 
hinge region of trastuzumab and attaching precursor drug linkers to the 
reduced mAb, resulting in a DAR of 8 with homogeneous conjugation. 
This process ensures the efficient delivery of the therapeutic payload to 
target cells [26,27]. In HIC, typically only the main species (DAR 8) is 
observed due to its non-denaturing conditions. Conversely, under the 
denaturing conditions of RPLC which is characterized by aggressive 
mobile phase conditions such as acidic pH, high temperature, and the 
presence of organic solvents, the ADC sample is denatured. This dena
turation, coupled with the absence of interchain disulfide bonds, results 
in the appearance of two main species in the trastuzumab-deruxtecan 
sample: a light chain with one cytotoxic drug (L1) and a heavy chain 
with three cytotoxic drugs (H3).

The chromatograms obtained in RPLC are displayed in Figs. 2–4C, 
while those in HIC are shown in Figs. 2–4D. In the case of pem
brolizumab, RPLC identified four distinct peaks, all eluting within a 
narrow time window from 5.3 to 5.7 min. In contrast, HIC revealed 
seven distinct peaks, with elution times ranging from 13.3 to 23.6 min. 
As detailed in Table 1, the main isoform of pembrolizumab accounts for 
95.5 % of the total peak areas in RPLC and 80 % in HIC, highlighting the 
enhanced selectivity offered by HIC compared to RPLC. When 
comparing the chromatographic profiles of the three pembrolizumab 
samples before and after PIPAC treatment, no significant differences 
were noted in either chromatographic mode. The observed peaks 
remained consistent (with no new species detected), and the relative 
amounts of the variants were virtually unchanged in RPLC, showing 
variations of only up to 0.4 % at most in HIC. This stability confirms that 
hydrophobicity variants are neither created nor altered during the 
PIPAC process.

In the analysis of trastuzumab-deruxtecan using HIC, a single hy
drophilic variant was clearly separated, and identified as a heavy chain 
with one cytotoxic drug (H1), according to [16]. At both tested con
centrations, the quantities of the variants and the main species remained 
unchanged before and after PIPAC, as indicated in Tables 2 and 3. 
However, there was an increased variability in the peak areas 
post-PIPAC, as noted earlier with other chromatographic modes. 

Additionally, naked trastuzumab was injected and eluted at 10.8 min in 
HIC, distinctly separate from the main isoform DAR 8, which elutes at 
17.8 min (data not shown). The HIC profile confirms that there is no 
change in the average DAR or the DAR distribution, with no new peaks 
observed between the elution times of DAR 0 (10.8 min) and DAR 8 
(17.8 min). This indicates that there is no payload detachment from ADC 
molecules during PIPAC, an essential consideration given the high 
off-target toxicity of free payloads and their critical impact on patient 
safety [28,29].

RPLC experiments with trastuzumab-deruxtecan were also con
ducted and revealed two main species, L1 eluting at 4.4 min and H3 at 
5.9 min. Additional peaks near these main species were also noted. 
According to Desligniere et al. [16], these additional peaks likely 
represent fragmentation within the payload, oxidation, or deamidation. 
No free light or heavy chains were detected in RPLC, as reduced tras
tuzumab showed light chains (LC) eluting at 4.2 min and heavy chains 
(HC) at 5.4 min (data not shown). From Tables 2 and 3, the relative 
proportions of L1 and H3 were approximately 19 % and 59 %, respec
tively, indicating a significant presence of hydrophobic variants in the 
trastuzumab-deruxtecan product. For clarity, the data were categorized 
into six groups: pre-L1, L1, post-L1, pre-H3, H3, and post-H3 in the two 
tables. Similar to the HIC findings, the relative quantities of all species 
remained consistent before and after PIPAC in RPLC, with differences in 
peak areas ranging between − 0.6 % and 0.6 %, confirming that no 
additional species were created during PIPAC treatment.

3.4. Evaluation of the secondary and tertiary structures using CD

Circular dichroism (CD) spectroscopy was used to examine the 
higher-order structures (HOS) of pembrolizumab and trastuzumab- 
deruxtecan before and after PIPAC. This method is favoured for 
several reasons: it is fast and efficient, non-destructive, highly sensitive 
to changes in protein conformation, compatible with various buffer 
systems, and well-supported by regulatory agencies [30,31]. CD spec
troscopy has been utilized in over 95 % of biosimilar applications for 
mAbs and other biotherapeutics [32]. It is critical to recognize that even 
minor alterations in HOS can significantly impact the biological activity, 
interactions, stability, and overall efficacy and safety of a biotherapeutic 
product.

Fig. 5A, 6 A and S2A display of the tertiary structures of pem
brolizumab and trastuzumab deruxtecan, analyzed in the near-UV range 
(250–350 nm) to detect signals from tryptophan, tyrosine, and phenyl
alanine residues. The averaged spectra from three samples analyzed 
before PIPAC and three samples analyzed after PIPAC were super
imposed. While some minor differences were visible between the two 
sets of averaged spectra, a statistical evaluation suggested these are not 
indicative of changes in molecule conformation. For a given data point 
standard deviation was calculated (for both before and after datasets 
selecting the greater value) and its double (common statistical signifi
cance acceptance criteria) was plotted against differential signal of 
averaged spectra using Figs. 5C, 6C, and S2C. As seen in the figures, the 
differences were below this threshold, confirming that the tertiary 
structures of the samples were not altered by PIPAC administration.

This approach was similarly utilized to evaluate the secondary 
structures, analyzing signals from α-helices, β-sheets, turns, and random 
coils within the wavelength range of 205–250 nm. The average spectra 
before and after PIPAC are depicted in Figs. 5B, 6B, and S2B with the 
accompanying statistical analyses presented in Figs. 5D, 6D and S2D. In 
each case, the observed differences between the average spectra before 
and after PIPAC consistently remained well below the ±2σ threshold. 
This consistently demonstrates that there are no statistically significant 
differences in the secondary structures of the samples before versus after 
PIPAC treatment.
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4. Conclusions

This study provides robust evidence supporting the clinical evalua
tion of intraperitoneal Keytruda (pembrolizumab) and Enhertu (trastu
zumab-deruxtecan), respectively, administered through PIPAC. 
Extensive pre- and post-PIPAC analyses using various chromatographic 

techniques (SEC, IEX, RPLC, and HIC) and spectroscopic methods (UV- 
CD) have verified that PIPAC maintains the structural and chemical 
integrity of these advanced biopharmaceutical products throughout the 
aerosolization process. Importantly, the consistency in size and hydro
phobicity variants, along with the average DAR and its distribution, 
confirms the absence of significant degradation or alteration in the 

Fig. 5. Circular dichroism spectra of the pembrolizumab at a concentration of 2 mg/mL. Averaged CD spectra comparison in A) near UV region, (B) far UV region. 
Differential CD signal obtained before and after PIPAC in C) near UV vs. 2σ, D) far UV vs. 2σ.
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Fig. 6. Near and far UV circular dichroism spectra of the trastuzumab-deruxtecan at a concentration of 0.5 mg/mL. (A) Near UV average CD spectrum comparison, 
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primary structures of the drugs. The secondary and tertiary structures of 
the two biopharmaceutical products were not altered, as shown by UV- 
CD.

Our study identified a non-negligible change in the quantity of 
charge variants for trastuzumab- deruxtecan after PIPAC application, 
although this did not alter the type of variants. Given the current un
derstanding of ADC pharmacodynamics, this variation should be further 
investigated to optimize delivery of this novel precise chemotherapy 
agent and elucidate the cause and consequences of these differences. The 
metallic composition of the CapnoPen® device used in PIPAC, which 
includes nickel and chromium, could possibly explain the observed 
differences.

In conclusion, our results suggest that PIPAC does not alter the 
structure of these two breakthrough anti-cancer agents which could 
hence be administered directly within the peritoneal cavity, preserving 
their efficacious structure. Our study paves the way for future innovative 
clinical trials investigating immunotherapy and ADCs to treat patients 
with peritoneal carcinomatosis, a hard to treat and unmet need in 
oncology.
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