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Abstract
Cancer immunotherapy is often hindered by an immunosuppressive tumor microenvironment (TME). Various 
strategies are being evaluated to shift the TME from an immunologically ‘cold’ to ‘hot’ tumor and hereby improve 
current immune checkpoint blockades (ICB). One particular hot topic is the use of combination therapies. Here, we 
set out to screen a variety of metallic nanoparticles and explored their in vitro toxicity against a series of tumor and 
non-tumor cell lines. For silver nanoparticles, we also explored the effects of core size and surface chemistry on 
cytotoxicity. Ag-citrate-5 nm nanoparticles were found to induce high cytotoxicity in Renca cells through excessive 
generation of reactive oxygen species (ROS) and significantly increased cytokine production. The induced toxicity 
resulted in a shift of the immunogenic cell death (ICD) marker calreticulin to the cell surface in vitro and in vivo. 
Subcutaneous Renca tumors were treated with anti-PD1 or in combination with Ag-citrate-5 nm. The combination 
group resulted in significant reduction in tumor size, increased necrosis, and immune cell infiltration at the tumor 
site. Inhibition of cytotoxic CD8 + T cells confirmed the involvement of these cells in the observed therapeutic 
effects. Our results suggest that Ag-citrate-5 nm is able to promote immune cell influx and increase tumor 
responsiveness to ICB therapies.
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Introduction
Tumors characterized by an immunosuppressive tumor 
microenvironment (TME) are known to exert mecha-
nisms to “hide” from the immune system. TME-derived 
cytokines, for instance, increase the expression of 
inhibitory checkpoint molecules (e.g., PD-1, CTLA-
4) in T cells, which suppresses T-cell antitumor effec-
tor functions and, eventually, drives T cells anergic [1]. 
To overcome this immunosuppression, one of the most 
promising therapeutic approaches is immune checkpoint 
blockade (ICB), through so-called immune checkpoint 
inhibitors (e.g. anti-PD1, anti-CTLA-4 antibodies) [2]. 
Many immune checkpoints consist of ligand-receptor 
interactions, which can be blocked by antibodies or are 
modulated by recombinant forms of ligands or receptors, 
preventing checkpoint proteins from binding to their 
respective partner proteins. In recent years immunother-
apy has gained great momentum in cancer treatment. 
Blocking PD-(L)1 is one of the main areas that has been 
researched and various antibodies are clinically approved 
[3]. This is mainly because of the expression of PD-(L)1 in 
peripheral tissues, which can lead to important immune 
resistance mechanisms within the TME. Therefore, it is 
presumed that blocking PD-1 signaling affects the effec-
tor stage of the immune response. This inhibitory recep-
tor has also been detected on circulating tumor-specific 
T cells and tumor-infiltrating lymphocytes (TIL). In 
addition to the high expression of PD-1 on TILs, PD-L1 
expression on the tumor cell surface and on regulatory 
T cells (T-regs) is also present in the TME. Accordingly, 
blocking PD-L1 will suppress T-reg immunosuppressive 
activity [4].

Recent advancements in nanotechnology have paved 
the way for enhancing the effectiveness of immune 

checkpoint blockades (ICBs) by precisely targeting and 
regulating PD-L1 expression on tumor cells. Engineered 
nanoparticles can deliver therapeutic agents such as 
siRNA, CRISPR-Cas9, and chemotherapeutics directly to 
tumors, thereby, downregulating PD-L1 expression and 
improving immune system recognition and response. 
These nanoplatforms not only enhance the specificity and 
potency of immune checkpoint inhibitors (ICIs) but also 
reduce potential off-target effects and toxicity, address-
ing significant challenges in current cancer therapies 
[5]. In this context, Zhou et al. demonstrated that self-
assembled albumin-sorafenib nanoparticles are capable 
of downregulating PD-L1 on tumor cells, effectively miti-
gating the tumor’s immunosuppressive effects. This re-
sensitization of the immune system enhances its ability 
to recognize and attack the tumor, offering a promising 
strategy to improve the efficacy of cancer treatments [6].

In addition to ICB, immunogenic cell death (ICD) 
is known to play an important role in stimulating the 
antitumor immune system. ICD occurs when, during 
apoptotic cell death, cells release damage-associated 
molecular patterns (DAMPs), which leads to the attrac-
tion and activation of immune cells [7]. These DAMPs 
released during ICD include cell translocated calreticu-
lin (CRT), ERp57, adenosine triphosphate (ATP), heat 
shock protein (HSP) 70/90 and highly mobility group 
B1 (HMGB1) [8]. Several therapeutic strategies, such 
as some forms of chemotherapy and radiotherapy, have 
been shown to induce ICD at the tumor site [9]. Nowa-
days, immunotherapy (IT) is frequently used in clinical 
settings, however with a response rate of 15 to 20% it is 
not effective in all patients. Therefore, more and more, 
combinations of immunotherapy with other therapeutic 
mechanisms such as chemotherapy are applied in order 
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to achieve higher response rates. In general, these com-
bined strategies are found to improve the survival rate 
in patients as they increase the immunogenicity of the 
tumor [10].

Apart from chemotherapy, IT has also been more fre-
quently combined with nanoparticles (NPs) for improved 
efficacy [11]. In particular inorganic NPs have shown 
potential in eliciting antitumor immune responses, as 
demonstrated for iron oxide NPs that were found to 
repolarize tumor-associated macrophages (TAMs) [12], 
or for doped CuO and ZnO NPs which were found to 
improve immunotherapeutic regimens [13]. While many 
of these inorganic NPs have been evaluated for their use 
as contrast agents for biomedical imaging, or as thera-
peutic agents against infectious diseases [14], the crys-
tal structure of the NPs has been reported to activate 
NLRP3 inflammasomes [15], and cellular uptake of the 
NPs causes acid etching of the NP surface, resulting in 
the release of potentially toxic metal ions and reactive 
oxygen species (ROS) [16]. Several reports have indi-
cated that these properties could be utilized for cancer-
selective therapy [17]. One type of NP that is commonly 
researched for biomedical applications, are silver (Ag) 
NPs. Due to their antibacterial, antifungal, and anti-
inflammatory properties, as well as their prevalent use 
in daily life, Ag NPs are already used in clinical wound 
dressings or so-called diabetic socks. High levels of Ag 
NPs will however be harmful to mammalian cells, and 
the NPs must therefore be used with great care. In view 
of the latter, it has become highly indispensable to inves-
tigate the nano(cyto)toxicity of NPs in general, and Ag 
NPs in particular [18]. One question that remains is to 
what extent the Ag NPs, already demonstrating prelimi-
nary anti-tumor capabilities, possess potent anti-tumor 
properties and how they may be able to tune the immune 
system to aid common ICB. It is furthermore important 
to note that many properties of NPs, such as size, coat-
ing, charge and shape can affect their cytotoxicity or 
therapeutic potency.

The aim of this study was to determine which Ag-
NPs formulations, with different coatings and sizes, are 
able to elicit immune-modulating properties and reveal 
anti-tumor potency and to what extent they compare to 
other metallic NPs we have previously tested in-house, 
including Cu-doped TiO2 [19], Fe-doped ZnO [20] and 
Fe-doped CuO [21]. Finally, we aim to evaluate whether 
Ag NPs can synergistically be combined with ICB for 
improved therapeutic efficacy in immunologically cold 
tumors.

Materials and methods
Nanoparticle characterization
Different coated (polyvinylpyrrolidone (PVP; nano-
Composix, USA), citrate (nanoComposix, USA), and 

polyethylene glycol (PEG; nanoComposix, USA)) and 
sized (5  nm and 50  nm) silver (Ag) NPs were used. 
Dynamic light scattering (DLS) and zeta potential (ZP, 
mV) of Ag-NPs were measured using the Zetasizer Nano 
ZS (Malvern, instruments, UK). Ag-NP concentration 
and size was detected using NanoSight LM10 (Malvern 
Instruments, Worcestershire, UK). Imaging of Ag-NPs 
was performed using high resolution transmission elec-
tron microscopy (TEM 1400, Jeol, Philips, NL) at magni-
fications: X8k (500  nm Ag-NP), X50k (100  nm Ag-NP), 
X150k (20 nm Ag-NP).

NP degradation assay
Silver citrate 5nm NPs used in the following experiments 
were assessed for their degradation in media at varying 
PH levels (7.4 and 4.5). For this end, Ag-citrate-5nm NPs 
were incubated at 5, 10, 15, 20, and 25 µg/ml concentra-
tions in cell culture media adjusted to the various acidity 
levels. Free Ag ion detection was performed at ambient 
temperature using 3,3’,5,5’,-tetramethylbenzidine (TMB 
from Sigma-Aldrich, Belgium) as a highly sensitive and 
selective colorimetric indicator in NaAc buffer (pH: 4.0). 
Absorbance changes in each well containing the Ag-
citrate-5 nm NPs were measured at 656 nm according to 
the manufacturer’s instructions. In a standard procedure, 
200µL of TMB solution (1 mM in ethanol) was intro-
duced to 800 µL of NaAc buffer. After allowing the reac-
tion to proceed for 30 min at room temperature, UV–vis 
spectra were obtained using a plate reader.

Cell culture
Mouse breast adenocarcinoma (4T1), mouse renal 
adenocarcinoma (Renca), mouse colorectal carcinoma 
(CT26), human cervical cancer (HeLa), human lung 
cancer (A549), and mouse mesenchymal stem (mMSC) 
cell lines were used. All cell lines were obtained com-
mercially (Atcc, Belgium). 4T1, HeLa and A549 cells 
were cultivated in Dulbecco’s Modified Eagle Medium 
(DMEM; Gibco, Thermo Fisher Scientific, Belgium) 
supplemented with 10% fetal bovine serum (FBS; Gibco, 
Thermo Fisher Scientific, Belgium) and 1% penicillin/
streptomycin (Corning, Belgium). Renca cells were culti-
vated in Roswell Park Memorial Institute medium (RPMI 
1640 – GlutaMaxTM; Gibco, Thermo Fisher Scientific, 
Belgium) supplemented with 10% FBS, 1mM sodium 
pyruvate (Gibco, Thermo Fisher Scientific, Belgium), 
1% non-essential amino acids (HyClone, Fisher Scien-
tific, Belgium) and 1% penicillin/streptomycin (Cron-
ing, Belgium). CT26 cells were cultivated in RPMI 1640 
supplemented with 10% FBS, and 1% P/S. mMSC were 
cultivated in DMEM supplemented with 10% FBS and 
10% horse serum (HS; Gibco, Thermo Fisher Scientific, 
Belgium). All cell types were incubated at 37  °C in a 5% 
CO2 humidified environment.
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In vitro nanoparticle cytotoxicity evaluation
To analyze nanoparticle cytotoxicity, cells were seeded 
during their exponential growth phase. A549, Renca, 
CT26, HeLa, and mMSC were seeded at a density of 
2000 cells/well, 4T1cells were seeded at a density of 1500 
cells/well in sterile 96-well plates (Costar, Belgium) and 
incubated for 24 h at 37 °C and at 5% CO2. The next day, 
cells were treated with increasing concentrations (0, 1 5, 
10, 15, 20, 25 µg/ml) of inorganic NPs. Different NP coat-
ings were assessed: polyvinylpyrrolidone (PVP; nano-
Composix, USA), citrate (nanoComposix, USA), and 
polyethylene glycol (PEG; nanoComposix, USA). 4%Fe-
Cu, 2%Fe-ZnO, 33%Cu-TiO2 were a part of a collabora-
tion. Serial dilutions of NPs in total cell culture medium 
(according to the cell type) were prepared per type of dif-
ferently coated Ag NPs and administered in triplicates. 
After 24 h of incubation, the cells were washed twice with 
Phosphate Buffered Saline (PBS; Gibco, Thermo Fisher 
Scientific, Belgium), followed by staining for further 
microscopic analysis.

Analysis of viability and mitochondrial oxidative stress
Following exposure to the NPs, cells were washed twice 
with PBS and incubated for 30 min with 100 nM Image-
IT DEAD green viability stain (Thermo Fisher Scien-
tific, Belgium) and 200 nM Mito Tracker RED CMXRos 
(Thermo Fisher Scientific, Belgium) in total cell culture 
medium (100 µL/well). Cells were then washed with PBS 
and fixed in 2% paraformaldehyde (PFA) (pH = 7.4) for 
10 min at room temperature (RT). After fixation, the cells 
were counterstained with 0,2% Hoechst nuclear stain 
(Hoechst 33342; Thermo Fisher Scientific, Belgium) in 
PBS for 10  min. Viability, mitochondrial stress and the 
generation of reactive oxygen species (ROS) were mea-
sured using an automated epifluorescence microscope 
(INCell Analyzer 2000, GE Healthcare Life Science; Light 
Microscopy and Imaging Network (LiMoNe), VIB-KU 
Leuven). The microscope was set to detect FITC (viabil-
ity), dsRed (mitochondrial stress and oxidative stress) and 
DAPI (cell nucleus). Twelve random image fields were 
obtained per well with a 20X objective (NA 0.45). Analy-
sis of fluorescent images was performed using the IN Cell 
Investigator software (GE Healthcare Life Science). Cell 
nuclei (DAPI) were first identified and segmented, after 
which FITC intensity signals and mitochondrial intensity 
signals were determined and linked, via segmentation, to 
the cell nucleus of the cell to which they belonged, after 
which the intensity and the area were determined per 
cell. Cell viability was then determined as: the number 
of cells with FITC signal at the cell nucleus; mitochon-
drial ROS was determined as: the intensity of the mito-
chondrial network of the cell, and mitochondrial stress 
as: the total area of the mitochondrial network of the cell. 
These values were always normalized to the control cells 

included in each assay to avoid inter-variability between 
different experiments. Viability, ROS and mitochondrial 
stress are therefore expressed as percent relative values.

Analysis of cellular morphological changes
After incubation with the different NP formula’s, cells 
were washed twice with PBS and fixed for 10 min with 2% 
PFA (pH = 7.4) at RT. After fixation, cells were incubated 
for 1  h with Actin-stainTM 488 phalloidin (Cytoscele-
ton, Inc, Belgium). After staining, the cells were washed 
2 x with PBS and counterstained for 10  min with 0,2% 
Hoechst nuclear stain. The actin area was measured using 
an automated epifluorescence microscope (Operetta 
CLS, PerkinElmer; Light Microscopy and Imaging Net-
work (LiMoNe), VIB- KU Leuven). The microscope was 
set to detect FITC (actin area), and DAPI (cell nucleus). 
Twelve Random image fields were obtained per well 
with a 20X objective (NA 0.45). Analysis was performed 
using the Cell Profiler cell analysis software (Broad Insti-
tute, USA). The different cell nuclei were first identified 
and segmented, after which the FITC signal was deter-
mined by means of intensity values. Cell actin area was 
then determined as the total area of the actin network 
of the cell, stained with Actin-stain TM 488-Phalloidin. 
These values were always normalized to the control cells 
included in each assay to avoid inter-variability between 
different experiments.

Analysis of immunogenic cell death
Renca cells were seeded in a 12-well plate (Greiner Bio-
one, Belgium) with a density of 1,2 × 105 cells/well. Renca 
cells were incubated with Ag-citrate-5nm NPs at a con-
centration of 5 µg/ml for 24 h. Supernatant was discarded 
and cells were washed 1 time with 1mL PBS. 500µL of 
0.25% trypsin (Gibco™ Trypsin-EDTA (0.25%), phenol 
red, fisher scientific, USA) was added to the cells and 
incubated for 5 minutes at 37 °C. 1 mL of cell media was 
added directly in the wells and mixed, media and cells 
were then transferred to test tubes. The tubes were cen-
trifuged at 400 x g for 5 min and the supernatant was dis-
carded. The cells were washed 1 time with 1 x PBS and 
centrifuged again at 400 x g for 5 min, the supernatant 
discarded, and the cells were stained with recombinant 
anti-calreticulin antibody (Recombinant Alexa Fluor® 
647 Anti-Calreticulin antibody- ER Marker (ab196159), 
abcam, UK) and MHC class I antibody (MHC Class I 
(H-2Kd/H-2Dd) Monoclonal Antibody (34-1-2 S), FITC, 
eBioscience™, Thermo Fisher science, Belgium) for 1 h on 
ice. Cells were washed with 2 mL washing solution (WS; 
1 x PBS + 1%FBS) and centrifuged at 400 x g for 5min. 
Hereafter, cells were washed with 1 x PBS and centrifuged 
at 400 x g for 5 min. Cells were re-suspended in 1xPBS 
and transferred to 1,5 mL micro test tubes (total volume 
not more than 200 µL) and detected using image-based 
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flow cytometry (Amnis® ImageStream®X Mk II, Luminex, 
USA). Analysis was performed using IDEAS application 
v6.0 (Luminex, USA).

Analysis of cytokine expression
Renca cells were seeded in a 12-well plate (Greiner Bio-
one, Belgium) with a density of 1,2 × 105 cells/well. Renca 
cells were incubated with Ag-citrate-5nm NPs at a con-
centration of 2 µg/ml and 5 µg/ml for 24 h. Supernatant 
was discarded and cells were washed 1 time with 1mL 
PBS. The cells were incubated with brefeldin A (3 µg/ml) 
(Sigma-Aldrich, USA)(3  µg/mL) for 4  h at 37  °C. After 
incubation the cells were washed with 1 x PBS and 500 
µL of 0.25% trypsin (Gibco™ Trypsin-EDTA (0.25%), phe-
nol red, fisher scientific, USA) was added to the cells and 
incubated for 5 minutes at 37 °C. 1mL of cell media was 
added directly in the wells and mixed, media and cells 
were then transferred to test tubes. The tubes were cen-
trifuged at 400 x g for 5 min and the supernatant was 
discarded. The cells were washed 1 time with 1x PBS 
and centrifuged again at 400 x g for 5 min, the superna-
tant discarded. The cells were fixed for 10  min with 2% 
PFA (pH = 7.4) at RT. The cells were washed 1 time with 
1 x PBS and centrifuged again at 400 x g for 5 min, the 
supernatant discarded. Permeabilization was done using 
Trition 100x (final concentration 1 x in PBS) for 10 min 
at RT. The cells were washed again with 1 x PBS at 400 
x g for 5 min. The cells were incubated with Fc recep-
tor blocking antibody (CD16/CD32 Rat anti-Mouse, 
Unlabeled, Clone: 2.4G2, BD, fisher scientific) in wash-
ing solution (WS; 1 x PBS + 1% FBS) for 30  min on ice. 
After which 2 mL of WS was added and centrifuged at 
400 x g for 5 min. The supernatant was discarded and the 
cells were incubated with primary antibodies (anti- IFN-
alpha/beta R2 PE-conjugated (Mouse IFN-alpha / beta 
R2 PE-conjugated Antibody (FAB1083P), PE, Biotechne), 
anti-Interferon gamma violetFluor™ 450 (Anti-Interferon 
gamma antibody (ab253083), violetFluor™ 450, abcam), 
anti-IL-6 FITC (IL-6 Monoclonal Antibody (MP5-20F3), 
FITC, eBioscience™, Thermo Fisher), anti-IL-12 p35 (IL-
12 p35 Monoclonal Antibody (4D10p35), eFluor™ 660, 
eBioscience™, Thermo Fisher); and TNFα (TNF alpha 
Monoclonal Antibody (MP6-XT22), PE-Cyanine7, eBio-
science™, Thermo Fisher). for 1 h on ice (protected from 
light). After incubation, 2 mL of WS was added and cen-
trifuged at 400 x g for 5 min. Cells were then washed with 
1 x PBS and re-suspended with 1 x PBS and transferred 
to 1,5 mL micro test tubes (total volume no more than 
200 µL). Antibody-Labelled cells were detected using 
image-based flow cytometry (Amnis® ImageStream®X Mk 
II, Luminex, US). Analysis was performed using IDEAS 
application v6.0 (Luminex, US).

Animal experiment and ethic
Animals were kept in filter top cages with controlled 
temperature (21 ± 2  °C), humidity (50 ± 10%) and day-
night cycle of 12 h/12 h. Mice received ad libitum stan-
dard pellet diet, and water. Mice were followed up daily. 
All animal experiments were approved by the ethical 
commission of animal experiments (ECD) of KU Leuven 
(approval number: P218/2018 and P219/2018) and were 
in accordance with principles and procedures in national 
and European regulations.

Renca subcutaneous tumor model
Renca cells were transduced with a viral vector contain-
ing the firefly luciferase gene. Firefly luciferase uses lucif-
erin as a substrate and emits light at 560  nm that was 
detected via non-invasive bioluminescence optical imag-
ing. In this study, 51 female BALB/c mice were used (5 
weeks old) (Charles river, Beerse, Brussel). Mice were 
injected subcutaneously, at the bottom of the right flank, 
with 1,0 × 106 RencaLuc + cells.

In vivo bioluminescence imaging (BLI)
Tumor growth was monitored twice a week, using a non-
invasive bioluminescence (BLI) optical imaging system 
(IVIS spectrum; PerkinElmer). For each session, mice 
were injected intraperitoneally (IP) with 20 mM Luciferin 
(MedChem Express, USA). The mice were then anesthe-
tized and positioned in the IVIS Spectrum. BLI images 
were obtained 10  min post-administration of Luciferin 
(medium binning, f stop = 1, excitation time = 20 s) under 
general anesthesia with 2% isoflurane inhalation. Regions 
of interest (ROI) were indicated covering the biolumi-
nescence signal from the tumor. Images were analyzed 
with LIVING Image processing software (Perkin Elmer, 
Waltham, MA).

In vivo elastase – caspase fluorescence imaging
At the end of the experiment, mice were anesthetized 
and injected intravenously with Neutrophil Elastase 680 
FAST (Neutrophil Elastase™ 680 FAST (NEV11169), 
Waltham, MA) and NIR-FLIVO 747 Tracer (NIR-FLIVO 
747 Tracer In vivo Assay, Immunochemistry Tech-
nologies). The mice were then positioned in the IVIS 
Spectrum. Fluorescence images were obtained 4 h post-
administration of the tracers (excitation/emission Elas-
tase: 675  nm/720nm, excitation/emission NIR-FLIVO: 
747 nm/776nm) under general anesthesia with 2% isoflu-
rane inhalation. Regions of interest (ROI) were indicated 
covering the fluorescence signal from the tumor. Images 
were analyzed with LIVING Image processing software 
(Perkin Elmer, Waltham, MA).
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Combination treatment protocol
After 14 days, tumor size was measured in Renca flank 
tumor bearing mice using non-invasive BLI. 51 mice 
in total were divided into 9 groups: group 1 = con-
trol group (PBS, n = 9); group 2 = NP-treatment (n = 8); 
group 3 = immunotherapy anti-PD1 (IT, n = 7); group 
4 = combination therapy where only the IT was boosted 
(NP + IT(boost), n = 7), group 5 = combination therapy 
where the NP and the IT were boosted (NP (boost) + IT 
(boost), n = 5), group 6 = anti-CD8 (n = 4), group 
7 = NP + anti-CD8 (n = 4), group 8 = anti-PD1 + anti-CD8 
(n = 4), group 9 = NP + anti-PD1 + anti-CD8 (n = 4). Immu-
notherapy was based on monoclonal antibodies against 
immune checkpoint PD-1 (CD279, InVivo MAb anti-
mouse PD-1, Biocell). Anti-CD8 was based on monoclo-
nal antibody against CD8 alpha (In vivo MAb anti-mouse 
CD8α, Biocell). Here, mice from groups 3,4,6,7,8 and 
9 (anti-PD1, anti-CD8 or both), received intraperito-
neal booster injections on day 18, 22 and 26 of 150 µg/
mice. NP treatment was based on peritumoral injection 
of Ag-citrate 5  nm NPs on day 14 with a concentration 
of 20 µg/mouse under general anesthesia with 2% isoflu-
rane inhalation. Mice from group 5 received peritumoral 
booster injection of Ag-citrate-5 nm and intraperitoneal 
booster injection of anti-PD1 on day 18, 22, and 26. Con-
trol animals were injected peritumorally with PBS on day 
14. Tumor growth was monitored twice a week. All mice 
were euthanized after 30 days from tumor cell injection.

Another cohort of Renca flank tumor bearing mice were 
treated with higher concentration of Ag-citrate-5  nm 
(50  µg/mouse) and anti-PD1 (200  µg/mouse). 32 mice 
were divided into 4 groups: group A = control (PBS, 
n = 8), group B = NP- treatment (n = 8), group C = anti-
PD1 group (n = 8), and group D = NP + anti-PD1 (n = 8). 
All the groups received booster injections on day 9, 12, 
15, and 18 under general anesthesia with 2% isoflurane 
inhalation.

Tissue preparation
Vital organs and tumors were fixed in 4% PFA (PFA, 
clinipath, VWR, Belgium). First, organs/tumors were 
incubated in 15% sucrose (Sigma-Aldrich, USA) (in 1 x 
PBS) overnight at 4 °C. The next day they were incubated 
in 30% sucrose overnight at 4  °C, after which they were 
embedded in embedding molds (Peel-A-Way embedding 
molds, Sigma-Aldrich, USA) using O.C.T (Tissue-Tek, 
Sakura Finetek, USA). Sections of 10 μm were processed 
using a cryostat (CryoStar NX70, Thermo Fisher Scien-
tific) and fixed on microscope slides (Super Frost Plus, 
VWR, Belgium).

Splenocyte isolation and staining
Fresh spleen was collected in 3 mL complete medium 
(CM; DMEM + 10%FBS + 1% penicillin/streptomycin) in 

a homogenization tube (gentleMACS™ C Tubes, Miltenyi 
Biotec). Spleen was dissociated using tissue dissociator 
gentle MACS Octo (gentleMACS™, Miltenyi Biotec). The 
cell suspension was transferred to a 70 μm Nylon strainer 
(greiner bio-one, Belgium). The suspension was collected 
in a 50 mL tube, transferred to a 15mL tube and centri-
fuged at 400 x g for 5 min. After centrifugation, the super-
natant was discarded, and the pellet was re-suspended in 
3 mL red blood cells lysis buffer (NH4Cl). Blood lysis was 
stopped by adding 10 mL of CM and then centrifuged at 
400xg for 5 min. The cells were washed 2 times with 1 x 
PBS and the pellet was re-suspended with PBS and trans-
ferred to test tubes: 1/3 of each control sample was taken, 
mixed and split in 8 test tubes (single antibody staining 
for matrix compensation) -the remaining cells (2/3) or 
each control samples were split in 2 tubes (for cocktail 
A and B antibodies). Cell samples derived from treated 
spleens were split in 2 test tubes (for cocktail A and cock-
tail B). The tubes were centrifuged at 400 x g for 5 min 
and the supernatant was discarded. The cells were incu-
bated with Fc receptor blocking antibody (CD16/CD32 
Rat anti-Mouse, Unlabeled, Clone: 2.4G2, BD, fisher 
scientific) in washing solution (WS;1xPBS + 1%FBS) 
for 30  min on ice. After which 2 mL of WS was added 
and centrifuged at 400 x g for 5  min. The supernatant 
was discarded and the cells were incubated with pri-
mary antibodies (cocktail A: anti-CD3 eFluor 450 (CD3e 
Monoclonal Antibody (145-2C11), eFluor 450, eBiosci-
ence™, Thermo Fisher), anti-CD19 PE (CD19 Monoclonal 
Antibody (MB19-1), PE, eBioscience™, Thermo Fisher), 
anti-F4/80 FITC (F4/80 Monoclonal Antibody (BM8), 
FITC, eBioscience™, Thermo Fisher), anti-CD45 PE-Texas 
Red (CD45 Monoclonal Antibody (30-F11), PE-Texas 
Red, Thermo Fisher); and cocktail B: anti-CD4 APC (CD4 
Monoclonal Antibody (GK1.5), APC, eBioscience™, Ther-
moFisher), anti-CD8α PE-Texas Red (CD8 alpha Mono-
clonal Antibody (5H10), PE-Texas Red, Thermo Fisher), 
anti-CD69 PE (CD69 Monoclonal Antibody (H1.2F3), 
PE, eBioscience™, Thermo Fisher), anti-CD38 eFluor450 
(CD38 Monoclonal Antibody (90), eFluor 450, eBiosci-
ence™, Thermo Fisher)) for 1  h on ice (protected from 
light). For the matrix compensation, cells from control 
group were stained separately with the single antibodies. 
After incubation, 2 mL of WS was added and centrifuged 
at 400 x g for 5 min. Cells were then washed with 1 x PBS 
and re-suspended with 1xPBS and transferred to 1,5 mL 
micro test tubes (total volume no more than 200 µL). 
Antibody-Labelled cells were detected using image-based 
flow cytometry (Amnis® ImageStream®X Mk II, Luminex, 
US). Analysis was performed using IDEAS application 
v6.0 (Luminex, US).
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Immunohistochemistry
10-µm cryostat sections were prepared for immunohis-
tochemical staining. Antigen retrieval was achieved by 
incubation with proteinase K for 15  min. Sections were 
washed with 1 x PBS for 5 min and incubated with block-
ing solution (1 x PBS + 10% normal goat serum (NGS, 
Thermo Fisher scientific) + 1% FBS) for 1 h. The sections 
were washed 2 times with 1 x PBS and incubated in avidin 
blocking solution (0.001% avidin (Sigma-Aldrich, USA) 
in 1 x PBS) for 20 min. The sections were washed twice 
with 1xPBS and incubated with biotin blocking solu-
tion (0.001% biotin (Sigma-Aldrich, USA) in 1xPBS) for 
20  min. After washing twice with 1xPBS, sections were 
incubated overnight at 4  °C with anti-F4/80 antibody 
(F4/80 antibody | Cl: A3-1, Bio-Rad, USA). Endogenous 
peroxidases were quenched by incubating the sections in 
3% hydrogen peroxide (Acros Organics, Thermo Fisher 
Scientific, Belgium) for 20  min. The sections were then 
washed twice with 1xPBS. Incubation with Anti-Rat-Bio-
tin (Biotin-SP Affini Pure Goat Anti-Rat IgG (H + L), Jack-
son Immuno research, UK) was performed for 1 h at RT. 
After washing twice in 1 x PBS, the sections were incu-
bated with streptavidin-HRP (HRP-Conjugated Strep-
tavidin, Thermo Fisher) for 30 min at RT. After washing 
with 1 x PBS, the sections were incubated with Tyramide 
working solution (Alexa Fluor™ 488 Tyramide Super-
Boost™ Kit, goat anti-rabbit IgG, Invitrogen, Thermo 
Fisher scientific) by following the manufacturer instruc-
tions. Stop reagent (Alexa Fluor™ 488 Tyramide Super-
Boost™ Kit, goat anti-rabbit IgG, Invitrogen, Thermo 
Fisher scientific) was added to each section for 2  min 
after which the sections were washed 3 times with 1 x 
PBS. Sections were incubated overnight with anti-CD8 
antibody (Novus Biologicals, UK). The sections were 
washed twice with 1xPBS and incubated with goat-anti-
rabbit-polyHRP (Invitroge, Thermo Fisher) for 1 h at RT. 
After incubation, the sections were washed once with 1 x 
PBS and incubated for 1 h with Tyramide working solu-
tion (Alexa Fluor™ 594 Tyramide SuperBoost™ Kit, goat 
anti-rabbit IgG, Invitrogen, ThermoFisher scientific) by 
following the manufacturer instructions. Stop reagent 
(Alexa Fluor™ 594 Tyramide SuperBoost™ Kit, goat anti-
rabbit IgG, Invitrogen, Thermo Fisher scientific) was 
added for 2  min and the sections were washed 3 times 
with 1 x PBS. Hoechst staining was added for 10 min at 
RT and the sections were washed 2 times with 1xPBS. 
Mounting was performed using fluoro-mount aqueous 
mounting medium (Sigma-Aldrich, USA) and the sec-
tions were covered using cover glass (Rectangular cover 
glasses, VWR, Belgium). The images were acquired with 
Vectra Polaris automated system (Akoya Biosciences, 
USA) and analyzed using open-source software QuPath.

Histology
Eosin-Hematoxylin staining − 10  μm cryostat sections 
were brought to RT for 30  min in Mili-Q water. Tissue 
sections were washed for 5  min in 1 x PBS and stained 
with hematoxylin (Sigma-Aldrich, USA) for 3 min (pro-
tected from light). Hereafter, slices were washed with 
Mili-Q water for 5  min and washed with 80% EtOH 
(VWR, Belgium) – 0.15% HCl (Acros Organics, Thermo-
fisher Scientific, Belgium) solution for 1 min. Slides were 
washed again with Mili-Q water for 1  min whereafter 
they were put in ammonia water (0.3% v/v) for 30 s. After 
washing with Mili-Q water for 5 min, they were washed 
with 95% ethanol for 1  min and stained with eosin 
(Sigma-Aldrich, USA) for 1  min (protected from light). 
After staining, dehydration was done by washing with 
95% ethanol for 5  min followed by two washings with 
100% ethanol (5 min each time). After dehydration, clear-
ing of the slides is performed with 100% xylene (clinipath, 
VWR, Belgium) (5 min each). Mounting was done with 
DPX (Merck KGaA, Germany) and cover glass (Rectan-
gular cover glasses, VWR, Belgium). Images of tissue sec-
tions were acquired with the automated Vectra Polaris 
system (Akoya Biosciences, USA) and analyzed with the 
open-source software FIJI.

Statistics
Statistical analysis was performed using GraphPad Prism 
8.0 (GraphPad Software, USA). Data were presented as 
mean ± standard error to the mean (SEM). Statistical 
comparisons between different groups were analyzed 
using two -way Anova and one-way Anova with the 
application of Bonferroni correction. The level of statis-
tical significance was indicated when p < 0.05 (*: p < 0.05; 
**:p < 0.01; ***:p < 0.001, ****:p < 0.0001).

Results and discussion
AgNP characterization
For AgNPs, different coatings were selected: Citrate, 
polyvinylpyrrolidone (PVP), and polyethylene gly-
col (PEG). Citrate-coated silver nanoparticles typically 
exhibit a negative surface charge, which can hinder their 
cellular uptake due to electrostatic repulsion with the 
negatively charged cell membrane. However, this nega-
tive charge can enhance interactions with cell membranes 
that possess positively charged components. Despite this, 
these nanoparticles are still internalized through endo-
cytic pathways, particularly in cancer cells where altered 
membrane properties may influence uptake. In contrast, 
PVP is a neutral polymer that stabilizes nanoparticles, 
enhancing their dispersibility and reducing agglomera-
tion. Ag-PVP nanoparticles are efficiently taken up by 
cells via endocytosis due to their favorable interactions 
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with the cell membrane, which enhances their cellular 
uptake. Lastly, PEG is often used to coat nanoparticles to 
improve biocompatibility and prolong circulation time. 
PEGylated nanoparticles usually have reduced cellular 
uptake due to the steric barrier provided by the PEG layer, 
although they can be specifically internalized through 
receptor-mediated endocytosis if targeting ligands are 
attached [22–25]. The different AgNPs were character-
ized for their size, surface charge and colloidal stability 
using a variety of methods (Fig. 1A). The hydrodynamic 
size of the NPs was measured by dynamic light scattering 
(DLS), indicating an overall size of approximately 40 nm 
for the citrate and PVP-coated 5 nm particles. The 50 nm 
core sized particles revealed hydrodynamic diameters of 
around 72  nm for PVP and PEG-coated NPs, while the 
citrate-coated ones had a diameter of 96.58 ± 2.80  nm. 
The apparent discrepancy between the hydrodynamic 
size and the reported core size by the company can be 
largely attributed to the difference measurements where 
hydrodynamic diameter takes into account the core size 
along with the coating and all solvent ions that are tightly 
bound to the NP surface, making it much larger than the 
actual core sizes. To get an idea on polydispersity, the 
polydispersity index (PdI) of the NPs is also measures, 
where values of around 0.2 or lower typically indicate a 
relatively monodisperse NP suspension, while higher PdI 
values indicate more heterogeneous NP diameters or 
possible agglomeration occurring. The PdI value clearly 
indicate that the citrate-coated NPs were the least sta-
ble, and likely resulted in some agglomeration in water. 
This may be due to the dilution of the citrate-stabilized 

NP in water, where citrate is more loosely bound and 
citrate molecules may detach from the surface, resulting 
in potential NP aggregation. Diluting the NPs in biologi-
cal fluids or using citrate-containing buffers can typically 
help to avoid this phenomenon [26].

The poor stability of the citrate-coated NPs was also 
observed in the nanoparticle tracking analysis (Nano-
Sight LM10), where the sizes of the citrate-coated par-
ticles measured exceeded the sizes of their differentially 
coated counterparts made up of the same core size. 
The results from the nanoparticle tracking analysis also 
revealed overall higher sizes than the DLS for each and 
every particle. This may, in part, be due to the fact that 
both techniques are not optimally suited to properly 
analyse very small particles (i.e. 5  nm core size), where 
the minimal size for nanoparticle tracking analysis is 
around 30  nm, and is therefore higher than for DLS 
[27]. However, DLS has a much lower peak resolution, 
and can therefore cannot easily measure heterogeneous 
samples while nanoparticle tracking analysis can do this 
more readily [28]. The average size measured using both 
methods may therefore vary more readily. The degrada-
tion of Ag-citrate-5  nm NPs exhibited a propensity for 
decomposition at pH 4.5 and at neutral pH (7.4) with 
an increase in free Ag + observed as NP concentration 
increased. At pH 4.5, the NPs displayed a high level of 
Ag + presence; however, at the highest concentration of 
25 µg/ml, a low quantity of Ag + was detected. This phe-
nomenon may be attributed to the breakdown of the 
citrate coating of the NPs, resulting in the aggregation of 
these NPs in the acidic solution. Further characterization 

Fig. 1  Characterization of silver nanoparticles of different surface coatings and different sizes. (A) Table representing the physical characteristics of 
the different nanoparticles including; hydrodynamic diameter based on dynamic light scattering (DLS) and nanoparticle tracking analysis (NanoSight), 
polydispersity index (PdI), and surface charge based on the ζ-potential of the different nanoparticles. All data are displayed as mean ± standard deviation 
(n = 3). TEM images of (B) Ag-citrate-5 nm NP degradation following 24 h and 48 h incubation in culture media at PH 7.4 and PH 4.5. at 5, 10, 15, 20, and 
25 µg/ml concentrations. (C) Ag-citrate-5 nm NPs, (D) Ag-Citrate-50 nm NPs, (E) Ag-PVP-5 nm NPs, (F) Ag-PVP-50 nm NPs, and (G) Ag-PEG-50 nm NPs. The 
respective scale bars are indicated in both the main image as well as the highlighted (red square) magnified high resolution images
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would be necessary to elucidate this observation. Fig-
ure  1C-F displays representative transmission electron 
microscopy (TEM) images of the different NPs, revealing 
an overall quite narrow size distribution and core sizes 
that are in line with those provided by the company.

Ag NPs elicit concentration-dependent ROS and 
cytotoxicity
Analysis of different cell lines exposed to differently 
coated and sized Ag-NPs showed varying results in terms 
of cytotoxicity. The highest effect was seen in Renca cells 
treated with Ag-citrate-5 nm and Ag-PVP-5 nm (Fig. 2A). 

Fig. 2  In vitro analysis of Ag NP cytotoxicity in different cells. Representative bar graphs generated for the indicated cells (4T1, A549, Renca, HeLa) and 
mesenchymal stem cells (MSC). (A) Effect on the viability of cells. (B) Effect on mitochondrial ROS production in living cells. (C) Effect on the mitochondrial 
area. D) Effect on cellular morphology. The data are presented for cells exposed to different inorganic NPs at the indicated concentrations for 24 h and ex-
pressed relative to the level of untreated control cells (100%). The data are gathered from three independent experiments (n=3). The level of significance 
was indicated when appropriate (*:p< 0.05; **:p< 0.01; ***:p < 0.001; ****:p<0.0001)
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At the lowest concentration (5 µg/mL), both AgNPs vari-
ants already induced a highly significant cytotoxic effect 
(p < 0.001). Furthermore, the induced cytotoxicity of 
Ag-citrate-5  nm was accompanied by ROS increases 
(p < 0.01) (Fig. 2B). Significant changes in mitochondrial 
area and cell morphology in the Renca cells were also 
observed for both Ag-citrate-5  nm and Ag-PVP-5  nm 
(Fig. 2D). For the 5 nm sized Ag NPs, the mitochondrial 
and the actin area significantly decreased (p < 0.001) in a 
concentration-dependent manner, starting from a con-
centration of 15 µg/mL.

In all cases, the smallest Ag-NPs induced the high-
est cytotoxic effect. As smaller NPs have higher sur-
face area-to-volume ratios, this allows them to release 
more Ag+ ions and therefore the kinetics of Ag+ release 
as well as the extent of surface available for interac-
tion with its physiological environment is higher for 
smaller NPs [29]. The choice of stabilizer also impacts 
catalytic performance. For instance, PVP, a long-chain 
polymer, hinders substrate access to the catalyst, result-
ing in diminished catalytic activity compared to AgNPs 
stabilized with citrate. The same is true for PEG chains. 
Therefore, besides their size, their coating also influences 
Ag+ release. Prasad et al. previously showed that citrate 
coated AgNPs resulted in higher levels of intracellular 
Ag+ compared to PVP coated AgNPs [30]. In our study, 
the influence of the coating is less clear, where the toxic-
ity of PVP or citrate-coated 5 nm NPs is cell-dependent. 
This may be attributed to the fact that apart from con-
trolling NP degradation kinetics, the coating will also 
play a major role in the extent of cellular uptake levels 
of the NPs. Cellular uptake is in turn highly cell type-
dependent as it will depend on the degree of cell cycle 
progression or total cellular surface area [31]. The Renca 
cells showed the highest sensitivity to Ag-citrate-5  nm 
and Ag-PVP-5  nm. At the lowest concentration (5  µg/
mL), these AgNPs induced a significant decrease in via-
bility, though only the Ag-citrate-5  nm induced ROS-
mediated cell death. Our data are consistent with those of 
previous studies done by Gliga et al. where it was shown 
that small AgNPs were cytotoxic to human lung cells 
and that AgNPs with a size of less than 20 nm in diam-
eter induced high levels of ROS production [32]. The 
lack of ROS-mediated cytotoxicity in Renca cell line by 
Ag-PVP-5 nm suggests another mechanism to trigger cell 
death without increasing mitochondrial ROS production. 
One possible mechanism is the leakage of cytochrome 
c from the mitochondria. Ott et al. showed that loosely 
bound cytochrome c can be released from the outer 
mitochondrial membrane by electrostatic charge [33]. 
Alternatively, cytoplasmic ROS production can induce 
various cellular damages eventually leading to cell death, 
while we only took mitochondrial ROS production into 
account. We, therefore, suggest further investigations are 

needed to fully understand the mechanism of toxicity in 
different cell lines induced by differently coated AgNPs. 
Furthermore, we showed that both, Ag-citrate-5  nm 
and Ag-PVP-5  nm AgNPs significantly reduced the 
mitochondrial area of Renca cells in a dose dependent 
manner. This suggests that both AgNPs damage mito-
chondria, leading to cell death. Changes in cell mor-
phology induced by Ag-citrate-5 nm and Ag-PVP-5 nm 
were also dose dependent. All in all, we know that the 
surface coating of AgNPs, media composition, and ionic 
strength evidently influence alterations in surface chem-
istry, shape, aggregation, and dissolution. These factors 
can lead to significant modifications during nanopar-
ticle exposures. Such transformations have a quantita-
tive impact on exposure concentration and consequently, 
the dose. Additionally, they affect the nature of the NPs, 
which can range from dispersed spherical nanoparticles 
to irregularly shaped particles, aggregates, small spheres, 
and dissolved silver. Under such conditions, it becomes 
complicated to pinpoint the exact cause of the increased 
toxicity from Ag-citrate-5 nm NPs compared to the other 
coatings and concentrations and therefore, we moved 
forward with exploring further the potential of these NPs 
for our therapeutic application.

Ag NPs induce higher cytotoxicity than Fe-doped CuO, 
ZnO, of Cu-doped TiO2
Next, we compared the toxicity of the Ag-citrate-5  nm 
to other formulations that had been previously tested 
in-house and revealed potent anti-tumor immunity (Fe-
doped CuO, Fe-doped ZnO and Cu-doped TiO2) [19, 34]. 
The Ag-citrate-5  nm revealed higher levels of toxicity 
than any of the other formulations in all three cancer cell 
lines tested (CT26, Renca, 4T1) (Fig. 3).

The data reveals that Fe-doped CuO exert the second 
highest level of cytotoxicity, followed by Fe-doped ZnO 
and lastly by Cu-doped TiO2. The results are somewhat 
in line with expectations, where overall, it would be 
expected that pure CuO and ZnO would be more toxic 
than AgNPs as the former particles possess far higher 
degradation kinetics. However, the Fe-doped NPs here 
have been shown to slow down NP dissolution and 
hereby reduce particle toxicity [35]. The particular for-
mulations described here were found to exert the high-
est level of cancer cell selective toxicity, where they could 
kill tumor cells under conditions where normal cells 
remained unaffected [34]. While the Ag-citrate-5  nm 
NPs did display higher toxicity in Renca than in MSCs, 
this formulation has not been optimized for tumor-selec-
tive toxicity as it is far more difficult to define conditions 
through which NP dissolution kinetics can be controlled. 
For the Cu-doped TiO2 NPs, the results revealed hardly 
any cytotoxicity, which is in line with our previous 
reports [19]. For the Cu-doped TiO2 NPs, no cancer cell 
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Fig. 3  In vitro cytotoxicity of different NP types against murine cancer cells. Representative bar graphs generated for the indicated cells (CT26, 4T1, and 
Renca. (A) Effect on the viability of cells. (B) Effect on mitochondrial ROS production. (C) Effect on the mitochondrial area. The data are presented for cells 
exposed to different inorganic NPs at the indicated concentrations for 24 h and expressed relative to the level of untreated control cells (100%). The data 
are gathered from three independent experiments (n = 3). (D) Representative high-content images of Renca (left panel) and 4T1 (right panel) cells stained 
with the indicated dyes to measure cell death or mitochondrial ROS for control conditions (top row), or cells exposed to Ag-citrate-5 nm at 5 µg/ml (mid-
dle row) or at 25 µg/ml (bottom row) for 24 h. The level of significance was indicated when appropriate (*:p < 0.05; **:p < 0.01; ***:p < 0.001; ****:p < 0.0001)
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selective toxicity had been found, but the NPs had been 
shown to be potent activators of dendritic cells, driven 
largely by the crystal structure of the largely insoluble 
TiO2 matrix, combined with cancer cell death triggered 
by released Cu ions. In addition to AgNPs, 4%Fe-CuO 
NPs induced ROS mediated cell death in Renca cells. 
Although other inorganic NPs induced cytotoxic effects 
in Renca, 4T1 and CT26 cell lines, the effect was not ROS 
mediated.

AgNPs induce immunogenic cell death and promote 
inflammatory cytokine secretion
As the Ag-citrate-5 nm displayed potent toxicity against 
Renca cells, we examined whether the NP-mediated 
cell death could evoke immune responses that would 
promote anti-tumor immunity. For that purpose, ini-
tially, we assessed ICD levels from cells exposed to Ag-
citrate-5  nm and compared them to those from cells 

exposed to Fe-doped CuO, Fe-doped ZnO and Cu-doped 
TiO2 particles in CT26, 4T1 and Renca cell lines. Our 
results showed that ICD levels were highly dependent on 
NP- and cell type. In line with the cytotoxicity results the 
Ag-citrate-5 nm and Fe-doped CuO NPs were the most 
potent in inducing calreticulin translocation, while both 
Fe-doped ZnO and Cu-doped TiO2 NPs did not cause 
any significant effects (Fig.  4B). Next, we explored the 
effect of varying the Ag NP properties on the induction 
of ICD in Renca cells. For this end, cells were incubated 
with the differently sized and coated AgNPs and analysed 
for the cell surface translocation of calreticulin, a potent 
marker of immunogenic cell death (ICD). Through ICD, 
dying cells can release damage associated molecular pat-
terns (DAMPs) to attract and activate dendritic cells to 
initiate immunogenic cell death [36]. It is known that 
calreticulin, one of the DAMPs and also one of the most 
abundant proteins in the endoplasmic reticulum (ER), is 

Fig. 4  Immunostimulatory effects of Ag NPs evaluated in vitro (A) A schematic describing the mechanism of AgNP induced immunogenic cell death. 
(B) Histograms displaying the level of surface-located calreticulin in Renca, 4T1 and CT26 cells exposed to Ag-citrate-5 nm (5 µg/ml), 2% Fe-ZnO (15 µg/
mL), 4% Fe-CuO (5 µg/mL), and to 33% Cu-TiO2 (30 µg/mL) for 24 h. (C) Histograms displaying the level of surface-located calreticulin in Renca cells 
exposed to differently coated and sized AgNPs at a concentration of 5 µg/mL for 24 h as measured by ImageStream analysis. (D) Cytokine expression in 
Renca cells after exposure to 5 µg/ml Ag-citrate-5 nm in vitro for 24 h. Results are presented as mean ± SEM (n = 3) in percentages of calreticulin detected 
on the cell surface or of intracellularly expressed cytokines. The level of significance was indicated when appropriate (*:p < 0.05; **:p < 0.01; ***:p < 0.001; 
****:p < 0.0001)
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translocated from the ER to the cell surface due to ROS-
mediated ER stress. Under the conditions used, the larger 
NPs (50 nm) did not evoke any ICD, which is in line with 
the reduced cytotoxicity observed for these larger par-
ticles (Fig. 4C). The biggest effects were clearly observed 
for the Ag-citrate-5 nm, followed by Ag-PVP-5 nm. The 
difference between these two may be related to differ-
ences in the level of ROS, where calreticulin transloca-
tion and induction if ICD in general have been heavily 
linked with ROS induction levels [37].

It should be noted that in this study, only calreticulin 
exposure on the cell surface was investigated as a potent 
ICD marker. In addition to calreticulin, other agents that 
can be used as ICD markers (e.g. ATP, HGMB1, ANXA1, 
and type 1 IFN) are needed to ensure proper stimula-
tion of anti-tumoral immunity. To better understand the 
antitumor effect of Ag-citrate-5  nm in Renca cells, we 
therefore examined cytokine expression by exposing the 
cells to Ag-citrate-5 nm at concentrations of 2 µg/ml and 
5 µg/ml. To see the cytokine expression in the cells, we 
blocked the release 4 h before staining with Brefeldin A, 
which inhibits protein transport from the endoplasmic 
reticulum to the Golgi complex. Our results showed that 
there was a dose-dependent significant increase in the 
expression of cytokines such as IL-6, IFNα/β, IFNγ, IL-12 
and TNFα (Fig. 4D).

The cytokines evaluated are all linked to tumor immu-
nity through various mechanisms. Firstly, IL-6 protects 
cancer cells from therapy-induced DNA damage and oxi-
dative stress by facilitating repair and induction of anti-
oxidant and pro-survival metabolic pathways [38]. Since 
we showed that Ag-citrate-5 nm were able to induce cell 
death mediated by ROS, it further triggers the Renca 
cells to significantly increase the expression of IL -6 as a 
defense mechanism to increase antioxidants and induce 
cell proliferation and reduce cell apoptosis. This is in line 
with the study of Wu et al. which showed that the expres-
sion of IL -6 was positively associated with treatment 
resistance in hormone-resistant prostate cancer [39]. 
Secondly, we also looked at the expression of the IFNα/β 
receptor (IFNAR2), to which type I IFN can bind [40]. 
The increased signaling through IFNAR2, depends heav-
ily on whether IFNα or IFNβ is binding to the receptor. 
IFNβ has been shown to be responsible for pro-survival 
responses [41], while in contrast IFNα induces an anti-
survival response in cancer cells by triggering antiprolif-
erative signals and stimulating the cytotoxic activity of 
various immune cells [42].

A third cytokine is IFNγ, which is mainly produced by 
natural killer (NK) and T cells. It promotes immune cell 
activation, maturation, proliferation, cytokine expression 
and effector function. It also induces antigen presenta-
tion, growth arrest, and apoptosis in tumor cells [43]. 
The effect of IFNγ, on immune cells can however be both 

stimulatory or anti-inflammatory. It can stimulate anti-
cancer immunity through CD8+ T cell expansion, CD4+ 
T cell polarization into Th1, polarization of myeloid cells 
toward inflammatory dendritic cells or tumor associated 
macrophages [44]. However, chronic exposure to IFNγ 
may deplete and impair T cell function by inducing the 
expression of IDO and PD-L1, directly inhibiting T cell 
formation, proliferation, clonal diversity, and T cell main-
tenance. As with immune cells, it can have a dual effect 
on tumor cells. It exerts an antitumor effect by directly 
inhibiting tumor growth through apoptosis and necrop-
tosis and growth arrest through senescence while it can 
increase MHC-I on the tumor cell surface and hereby 
increase antigenicity [45]. However, IFNγ, has also been 
shown to have tumor-promoting effects in breast cancer 
and glioblastoma by maintaining survival and stem cell 
formation, decreasing antigen presentation and enhanc-
ing immunosuppressive molecules [46, 47].

A fourth cytokine we studied that has pro-inflamma-
tory and anti-tumor properties is IL-12. In the TME, 
IL-12 is produced and secreted by antigen-presenting 
cells, which is crucial for the recruitment and effector 
functions of cytotoxic T and NK cells, while in CD4+ 
T cells it enhances the transcription of T-bet, which 
increases the expression of Th1-specific chemokines and 
cytokines to polarize CD4+ T cells into activated Th1 
cells [48].

The last cytokine we studied was TNFα, which can 
bind to its 2 receptors (TNFR1 and TNFR2), through 
which TNFα family members exert their effects. The 
resulting effects are highly dependent on the concentra-
tion of TNFα produced, as well as other possible cyto-
kines in the TME, as TNFα can induce either cell death 
or alternatively promote cell survival [49]. TNFα expres-
sion may also serve as a mechanism of immune defense 
by dedifferentiation of cancer cells and associated loss of 
immunogenicity [50].

Taken together, the significant induction of various 
cytokines and receptors by the Ag NPs can trigger a vari-
ety of possible responses, which can be either pro- or 
anti-tumor immunity. However, based on the in vitro 
data, the use of Ag-citrate-5 nm holds a high potential for 
remodeling the TME and hereby influencing the efficacy 
of ICB.

It is also been shown that oxidative damage activates 
signaling pathways, such as the nuclear factor kappa B 
(NF-κB) pathway, resulting in the production of proin-
flammatory cytokines like interleukin-6 (IL-6), inter-
leukin-1 beta (IL-1β), and tumor necrosis factor alpha 
(TNF-α). These cytokines further propagate the inflam-
matory response and can create a feedback loop that 
sustains high levels of ROS production. The induction of 
ICD through ROS and the associated release of cytokines 
create a more immunogenic tumor microenvironment. 
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This environment is more favorable for the success of 
immunotherapies, such as checkpoint inhibitors (e.g., 
anti-PD-1/PD-L1), which aim to reinvigorate T cells to 
recognize and attack cancer cells. By increasing ROS 
production or modulating cytokine levels, therapies can 
boost the immune system’s ability to target and eliminate 
tumor cells. Thus, the strategic manipulation of ROS and 
cytokine production can synergize with existing immu-
notherapies, potentially leading to more effective cancer 
treatment outcomes [51–53].

Ag NPs synergistically impede tumor growth together with 
anti-PD1 ICB
Given the potency of the Ag-citrate-5 nm NPs on Renca 
cells in vitro, we evaluated the therapeutic efficacy of the 
particles in a subcutaneous syngeneic luciferase-expres-
sion (luc+) Renca tumor model. In a first study, animals 
were treated either with PBS (control), local peritu-
moral administration of Ag-citrate-5 nm, intraperitoneal 
administration of anti-PD-1 antibody, or a combination 
of both Ag NP and ICB. Please note that the NPs were 
injected locally (peritumoral) to obtain high local accu-
mulation. While intravenous administration is typically 
preferred in clinical settings, this is associated with low 
accumulation in the tumor and thus low therapeutic 
efficacy [54]. Immunotherapy was always given through 
3 repeated doses, each with 4 days in between. In a last 
combination group, Ag-citrate-5  nm was also adminis-
tered a total of 3 times, with 4 days in between. Tumor 
growth was then monitored through optical imag-
ing, revealing that single treatments led to higher total 
tumor flux at day 30 while the combination of NP + anti-
PD1(boost) and NP (boost) + anti-PD1 (boost) resulted in 
a significant reduced lower tumor growth rate (p < 0.0001) 
(Fig. 5A). At day 30, the level of neutrophil elastase and 
caspase activity at the tumor site were measured through 
optical imaging. The results showed that the elastase 
activity in control group (p < 0.01) and the combination 
group (p < 0.001) was significant higher compared to the 
anti-PD1 group. Besides, the elastase activity in the com-
bination group was slightly higher than the control group 
but the difference was not significant (Fig.  5C). Tumor 
cell staining showed that the combination group signifi-
cantly increased the calreticulin translocation (Fig.  5D) 
(p < 0.05). Overall, we could only determine a signifi-
cant reduction in tumor growth rate in the combination 
group of Ag-citrate-5  nm with anti-PD1 compared to 
other groups. This effect might be explained by the fact 
that Ag-citrate-5  nm is capable of inducing calreticulin 
translocation and pro-inflammatory cytokine expression, 
as shown in our previous in vitro experiment, and when 
combined with anti-PD1, anti-tumoral immune response 
is triggered, but not strong enough to induce a potent 

anti-tumor response as a monotherapy. While the tumors 
did not show a clear response to ICB as a monotherapy, 
indicating their high level of immunosuppression or lack 
of tumor infiltrating immune cells, the combination with 
Ag-citrate-5 nm was able to overcome this problem.

To evaluate the role of cytotoxic (CD8+) T cells in the 
therapeutic potency of the Ag NPs in their combina-
tion therapy with ICB, experiments were repeated in 
the presence of anti-CD8 antibodies to deplete CD8+ T 
cells (Fig. 5A). The data reveal that depletion of CD8+ T 
cells largely impeded the therapeutic efficacy of the Ag-
citrate-5 nm and anti-PD1 combination group. However, 
despite the presence of CD8+ T cell neutralizing anti-
bodies, a reduction in tumor growth was still apparent. 
This may be due to the direct cytotoxicity of the Ag NPs, 
although this is unlikely given that the NP only group 
did not reveal the same trend. A more likely explanation 
is that anti-PD1 therapy not only affected CD8+ T cells. 
Recent data have revealed that while PD1 is indeed not 
limited to T cells, but is also expressed in TAMs, mak-
ing TAMs inactivate upon binding tumor cell-associated 
PD-L1. Treatment with an anti-PD-1 antibody there-
fore not only activates cytotoxic T cells, but was found 
to also affect TAMs so that they increase phagocytic 
potency against tumor cells [55]. This study provides 
results which corroborate the findings of previous work 
done by Naatz et al. where they clearly showed therapeu-
tic effects without relapse of tumor cells post-treatment 
with 6% Fe-doped CuO NPs combined with myeloid-
derived suppressor cell silencing [21]. The combination 
group of Ag-citrate-5  nm with anti-PD1 also showed a 
slight increase in elastase activity at the tumor site, indi-
cating a more severe inflammatory process. Although the 
increased levels of neutrophil elastase correspond with 
increased inflammation, this is not favorable for tumor 
killing. Lerman et al. showed that infiltrating myeloid 
cells exert pro-tumorigenic effects via neutrophil elas-
tase [56]. Our results also showed that the combination 
group did not increase caspase activation in mice, indi-
cating that the combination group did not induce apop-
tosis. These results are consistent with our findings that 
Ag citrate-5 nm treatment in combination with anti-PD1 
triggered significantly high calreticulin translocation 
at the tumor site and therefore suggest the induction of 
ICD, which is contrary to apoptosis as a non-immuno-
genic form of cell death.

To further investigate the effect of the combination 
group, we increased the concentration of Ag-citrate-5 nm 
to 50 µg/mouse (n = 8) and the anti-PD1 concentration to 
200  µg/mouse (n = 8). The results showed that at higher 
concentration of the therapeutic agents, tumor growth 
could be further suppressed (Fig. 5B).
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Fig. 5 (See legend on next page.)
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Ag NPs and anti-PD1 ICB generate a potent anti-tumor 
immune response
To analyse the effect of different treatments in the acti-
vation of T cells, we stained tumor tissue sections with 
anti-CD8 and F4/80 antibodies to investigate which 
treatments increased the presence of cytotoxic T cells 
and macrophages at the tumor site, respectively. The 
control group showed an accumulation of cytotoxic T 
cells and macrophages at the tumor periphery, while 
treatment with AgNPs and anti-PD1 showed more infil-
trated immune cells. The highest infiltration was clearly 
observed in the combination group (Fig. 6).

To evaluate whether the therapies would be able to 
induce systemic immune responses, splenocytes were 
isolated from mice having received the different treat-
ments. Therefore, we looked at the presence of different 
immune cells (CD4, CD8) and T cell activation markers 
CD69 and CD38. T-lymphocytes account for the major-
ity of CD4 + T cells and CD8 + T cells. CD4 + T cells, upon 
activation and differentiation into specific effector sub-
types, significantly contribute to the immune response by 
secreting cytokines. CD8 T cells, on the other hand, play 
a crucial role in immune surveillance and defense against 
infections and cancer. Upon encountering antigenic 
stimulation, naïve CD8 T cells differentiate and acquire 
effector functions, allowing them to eliminate infected 
or cancerous cells. CD69 is an early marker of lympho-
cyte activation, appearing rapidly on the surface of the 
plasma membrane upon stimulation. CD38, on the other 
hand, is selectively expressed during the activation of a 
subset of mature T cells with reduced proliferation but 
enhanced potential for cytokine production [57–60] Flow 
cytometry analysis revealed significant increased levels of 
CD4 + T cells 48 h after treatment with either NP, Anti-
PD1 or combination of both compared to the control 
group. (Fig.  6E). The combination group of NPs + Anti-
PD1, resulting in an increase in CD8+ T cells present 
compared to the other groups (Fig. 6H). Splenocyte stain-
ing of the combination group also showed significant 
higher CD69+ T (p < 0.01) and CD38+ T-cell compared 

to control group (p < 0.0001), specifically 24  h after the 
2nd boost (Fig. 6F and G). The increase in CD69+ T cells 
combined with an increase in CD8+ T cells only in the 
combination group, suggests that the combined therapy 
was able to generate anti-tumor immunity in the spleen, 
which would indicate the generation of a systemic anti-
tumor effect. This will likely affect both CD4+ and CD8+ 
T cells, but the increase in CD8+ T cells is in line with the 
local infiltration of CD8+ T cells in the tumor.

Together, these data reveal that only the combination 
group of Ag-citrate-5 nm with anti-PD1 had more CD8+ 
in splenocyte staining. Splenocyte staining also showed 
a significantly high presence of CD69+ T cells, suggest-
ing that the treatment activated the immune system. 
We could see that when the tumor was treated with 
Ag-citrate-5 nm, there was higher level of immune cells 
present at the tumor site implying that Ag-citrate-5 nm 
is capable of inducing cell death which attracts immune 
cells to the tumor site. These data support the results 
obtained for tumor growth and TME immunomodula-
tion. Tumors treated with Ag-citrate-5  nm and anti-
PD1, showed significant lower tumor flux compared 
to the control group at day 30. Of interest, hematoxylin 
and eosin staining of vital organs revealed no structural 
damage to any of the organs (liver, lungs, kidney) studied 
(Fig. 6I).

Conclusions
In the present study, we aimed at exploring the potential 
of various inorganic NPs for the induction of immuno-
genic cell death. The goal was to select the optimal NP 
for combination therapy with an immunotherapeutic 
agent to enhance the therapeutic efficacy of IT agents. 
In our explorations, we observed that among the differ-
ent metallic NPs and with differently sized and coated 
AgNPs, Ag-citrate-5 nm showed the highest cytotoxicity 
to cancer cells while preserving the healthy cells at con-
centrations as low as 5 µg/ml, in vitro. This could be cor-
related to the ability of Ag NPs to induce ROSs. Although 
a moderate level of ROS can enhance tumor growth, an 

(See figure on previous page.)
Fig. 5  Therapeutic effects of Ag-citrate-5 nm on Renca tumors and syngergy with anti-PD1 ICB. (A) Relative photon flux (radiance) of Renca-luc + tumors 
either injected (a) peritumorally with PBS (100 µl/animal; control), (b) peritumorally with Ag citrate-5 nm (20 µg/mouse), (c) intraperitoneally with an 
anti-PD-1 antibody (150 µg/animal). The mice in the combination groups were injected peritumorally with Ag citrate-5 nm (20 µg/mouse) and intraperi-
toneally with anti-PD-1 antibody (150 µg/animal). The combination groups and the IT group were in total injected intraperitoneally with anti-PD-1 three 
times (boost) with an interval of 4 days between injections. Further control groups include (1) intraperitoneal administration of anti-CD8 (150 µg/ml), (2) 
anti-PD1 + anti-CD8, (3) Ag citrate-5 nm + anti-CD8 or Ag citrate-5 nm + anti-PD1 + anti-CD8. Representative bioluminescence images of mice with Renca 
Luc+ flank tumors in different treatment groups. These groups also include treatment with anti-CD8 antibody either as monotherapy, or in combination 
with NPs, anti-PD1 or both where anti-CD8 antibody (150 µg/animal) was administered intraperitoneally three times with an interval of 4 days between 
injections. (B) Tumor flux of Renca Luc+ cells in photon per flux. Subcutaneous Renca tumors were treated with higher concentration of Ag-citrate-5 nm 
(50 µg/mouse) and Anti-PD1 (200 µg/mouse). Representative bioluminescence images of mice with Renca Luc+ flank tumors in different treatment 
groups. Representative image of the tumors at the final timepoint. (C) Bar graphs displaying the level of caspase and elastase at the tumor as measured 
through non-invasive optical imaging. Representative fluorescence images of mice with Renca Luc+ flank tumors in different treatment groups. (D) Bar 
graphs showing the cancer cell-selective calreticulin translocation to the cell surface as evaluated through ImageStream based flow cytometry upon 
treatment with the various conditions. The results are presented as the mean of the animals/group ± SEM. The level of significance was indicated when 
appropriate (*:p < 0.05; **:p < 0.01; ***:p < 0.001)
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excess of ROS can be lethal to cancer cells by directly 
oxidizing their lipids, DNA, and proteins. This was par-
ticularly true in Renca cells which were highly sensitive 
to Ag-citrate-5 nm, where it induced ROS mediated cyto-
toxicity associated with a reduction in mitochondrial area 
and shrinkage of Renca cells. The cell death and cell stress 
induced by Ag-citrate-5  nm resulted in translocation of 
calreticulin from the endoplasmic reticulum to the cell 
surface, which is an important marker of immunogenic-
ity, and significantly increased the expression of several 
cytokines with potent immune modulating properties. 
Combined with classical anti-PD1 ICB, Ag-citrate-5 nm 
resulted in highly significant tumor reduction, higher lev-
els of tumor cell death, increased infiltration of immune 
cells at the tumor site, elevated calreticulin transloca-
tion, and neutrophil elastase activity, increased levels of 
newly activated CD4 + T cells and increased population 

of CD8 + T cells in the spleen. Overall, our study pro-
vides new insights into the use of Ag citrate-5  nm NPs 
as a potential combination therapy with IT. Finally, we 
suggest that different concentrations, routes of adminis-
tration, and regimens of combination therapy could be 
explored in the future to obtain the most effective treat-
ment strategy for subcutaneous Renca tumors and to val-
idate this strategy in orthotopic tumor models.
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