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Introduction

Generally, ultra-small nanoparticles (NPs) are struc-
tures with diameter up to 10 nm (Yu et al., 2016) pos-
sessing unique physico-chemical and photo-optical 
properties (Bera et al., 2010). Such small nanoparticles 
can be freely filtered by the renal system and thus be 
easily eliminated from circulation, representing a huge 
advantage for clinical application (Pombo Garcia et al., 
2014). Gold-based nanoparticles are widely used in 
nanomedical research due to their biocompatibility con-
firmed by various studies (Shukla et al., 2005; Corraliza, 
2014; Orlando et al., 2016).

Lately, gold-based ultra-small NPs have been mainly 
viewed as a potential imaging platform (Han et al., 
2019), a drug carrier with the ability to invade solid tu-
mours (Bugno et al., 2019; Luo et al., 2019), and even to 
enter the cell nucleus (Sokolova et al., 2020). All of 
these studies suggested that such NPs have high pene-
tration potential towards both, healthy and cancerous 
tissue, without inducing a significant immune response. 
The immune system is the first line of defence of human 
body against foreign infections and objects. It is more 
than certain that this defence has developed some re-
sponse mechanism to NPs (significantly dependent on 
the nature of NPs), which might be potentially problem-
atic for their application in theranostics (Vivier and 
Malissen, 2005; Hirai et al., 2016). Thus, all novel NPs 
viewed as potential candidates for biomedical applica-
tions should be broadly studied in this sense.

To be able to apply gold NPs (AuNPs) in theranostics, 
preferably a pure and monodisperse dispersion is re-
quired. Physical methods produce very clean NPs, with 
the purity of produced colloids the same as the starting 
material (e.g., gold). On the other hand, chemical meth-
ods are very versatile in controlling NP size, shape, and 
thus application with the drawback of generating envi-
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ronmentally unfriendly side products and limited purity 
of NPs (Greene, 2017). Sputter deposition of metal at-
oms onto liquid substrates is one of the methods produc-
ing such NPs (Wender et al., 2011). It combines the ad-
vantages of the physical vapour deposition technique 
and chemical colloidal synthesis (Sergievskaya et al., 
2022). Polyethylene glycol (PEG) is a widely used 
polymeric capping agent, with neutral amphiphilic and 
“stealth” character for nanostructures. PEGylation of 
NPs (i) improves their therapeutic efficacy, (ii) prolongs 
circulation in blood, (iii) decreases immunogenicity, 
and (iv) slows down their removal by the reticuloendo-
thelial system (Liu et al., 2015a). The hydrophilic fea-
tures also improve AuNP stabilization via short-range 
repulsive hydration forces. Thus, PEGylated NPs do not 
form an extensive protein corona and should not be rec-
ognized by the immune system (Pelaz et al., 2015). 
Minimizing these protein-based interactions with cells 
(their receptors) prevents accumulation of NPs in un-
wanted locations, i.e., liver, spleen or bone marrow (Lu 
et al., 2014). Considering these outstanding properties, 
PEG has been approved by the Food and Drug Admi-
nistration of USA for application in medicine and cos-
metics (Liu et al., 2015b; Lee et al., 2021).

In this study, the interactions of ultra-small gold nano-
particles functionalized with either PEG (AuNP-PEG) 
or amine-terminated PEG (AuNP-PEG-NH2) were stud-
ied in respect of their impact on human immune cells. 
THP-1 cells, as a well-established and characterized cell 
line, was used. These cells occur as suspension mono-
cytes under common culture conditions; however, after 
stimulation with phorbol myristate acetate (PMA), they 
adhere and show features of macrophages. In order to 
mimic possible interactions of the two different AuNPs 
in vivo, peripheral-blood mononuclear cells (PBMCs) 
were used as an in vitro model system.

Material and Methods

Cells and media

Three types of cells were used in this study. The hu-
man monocytic cell line (THP-1, ATCC, Manassas, VA) 
was used in the monocytic form (THP-1 MONO), and 
after polarization with PMA to monocyte-derived macro-
phage-like cells (THP-1 MDMs). PBMCs from healthy 
volunteer donors were also used. 

THP-1 MONO were seeded at a concentration of 
10,000 cells/cm2 into a sterile 96-well U-bottom plate 
(TPP, Trasadingen, Switzerland) in RPMI 1640 medium 
(Biosera, Nuaille, France) supplemented with 10 % 
non-heat-inactivated foetal bovine serum (FBS) (Gibco 
– Thermo Fisher, Waltham, MA), L-glutamine, and peni-
cillin/streptomycin antibiotic mixture. Different concen-
trations of AuNP-PEG/AuNP-PEG-NH2 (1, 7 and 13 µg/ml) 
were added and the cells were cultured in a 5 % CO2 
humidified controlled atmosphere at 37 °C for 24 h. For 
the first 6 h of incubation, the cells were kept on a shak-
er to increase the probability of the cell-NP interaction.

THP-1 cells were polarized into THP-1 MDMs by a 
72-h treatment with 100 nM phorbol myristate acetate 
(PMA, Sigma-Aldrich/Merck, Darmstadt, Germany). 
After PMA treatment, the cells were washed and incu-
bated for further 3 days under standard cultivation con-
ditions. For the NP-related experiments, THP-1 MDMs 
were seeded at a concentration of 15,000 cells/cm2 into 
a sterile 96-well flat bottom plate and pre-cultured in 
standard cultivation medium for 24 h. After this pre-
cultivation, the cells were washed with pre-warmed PBS, 
and fresh cultivation medium and rising concentrations 
of AuNP-PEG or AuNP-PEG-NH2 (1, 7 and 13 µg/ml) 
were added, and the cells were cultured in a 5% CO2 
humidified atmosphere at 37 °C for another 24 h.

PBMCs were acquired from two healthy volunteer 
donors by repeated blood collection (3 × 6 ml blood col-
lected to non-coagulating tubes) along with the serum 
from the same volunteers (3 × 6 ml blood collected to 
coagulating tubes). To get the human autologous serum 
(HS), blood in coagulating tubes was incubated for 
30 min at 37 °C, centrifuged (3,000 g, 10 min at 4 °C), 
and the yellow serum was aspired and stored at −80 °C 
until usage. To get PBMCs, the mononuclear layer of 
cells was separated from full venous blood by gradient 
centrifugation (FicollPaque, Sigma-Aldrich/Merck). 
After separation, the cells were seeded at a concentra-
tion of 500,000 cells/ml in 24-well plates for suspension 
cell culture (Sarstedt, Nümbrecht, Germany) in RPMI 
1640 medium supplemented with 10% autologous non-
heat-inactivated HS, L-glutamine and penicillin/strep-
tomycin antibiotic mixture in a 5% CO2 humidified at-
mosphere at 37 °C for 24 h. After 24 h, 13 μg/ml of 
AuNP-PEG or AuNP-PEG-NH2 was added and the cells 
were cultured in a 5% CO2 humidified atmosphere at 
37 °C for 24 h. For the first 6 h of incubation, the cells 
were kept on a shaker. The blood collection from healthy 
volunteers was conducted under the permission of the 
Ethics Committee of the General University Hospital in 
Prague, Czech Republic and all the data are stored under 
GDPR.

In all NP experiments, two types of controls were 
conducted. Firstly, a sample of NP-untreated cells was 
incubated on the same plate as NP-treated samples. 
Secondly, to assess the influence of PEG or PEG-NH2 
solutions, cells treated only with the solution of corre-
sponding PEG in dH2O at the highest volume-wise con-
centration was created on the same plate and incubated 
in the same manner as the NP-treated samples.

Nanoparticles
The NPs used in this study were provided as a col-

loidal dispersion in dH2O. The NPs were prepared by 
direct sputtering of gold into PEG or PEG-NH2 liquid 
substrates and subsequently mixed with dH2O (Rez-
nickova et al., 2017, 2019). For experimental use, NPs 
were aseptically filtered (0.22 µm filter) and directly 
diluted into cell culture media.

Ultra-Small Gold Nanoparticles for Bio-Applications
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Metabolic activity

The metabolic activity of the cells exposed to AuNP-
PEG or AuNP-PEG-NH2 was measured by means of an 
MTS assay (Cell Titer 96 Aqueous One Solution Cell 
Proliferation Assay, MTS, Promega, Madison, WI). The 
colorimetric assay determines the activity of cellular de-
hydrogenases. After 24 h incubation with NPs, in case 
of suspension cells (THP-1 MONO and PBMCs), the 
cell suspensions were centrifuged and the supernatants 
from the cells were aspired and stored for further use in 
−80 °C (for analysis of released cytokines). In case of 
adherent cells (THP-1 MDMs), supernatants were di-
rectly aspired and stored as in the previous case. To all 
cell types, fresh cultivation medium was added (each 
cell type-specific medium) and supplemented with the 
MTS solution at a final concentration 10 % (V/V). Cells 
were incubated in the incubator with a 5% CO2 humidi-
fied atmosphere at 37 °C for 2 h and afterwards, their 
absorbance was measured (492/620 nm, Tecan Spark 
reader, Tecan, Männedorf, Switzerland). After the meas-
urement of metabolic activity, the obtained values were 
normalized to the relative cell count acquired either by 
counting the cells by flow cytometry (for suspension 
cells, BD Biosciences FACS Canto II) or by measure-
ment of DNA content (for adherent cells) by fluorescent 
staining with CyQuant NF (Invitrogen, Thermo Fisher 
Scientific, Waltham, MA) by a multi-detection micro-
plate reader (Spark, Tecan).

Apoptosis/necrosis detection
Determination of apoptotic and dead cells in PBMCs 

after the measurement of metabolic activity was con-
ducted using flow cytometry. The cells were centri-
fuged, and 300 µl of PBS containing 7-aminoactinomy-
cin D (7AAD, BD Biosciences, Franklin Lakes, NJ) and 
Hoechst 33342 (Invitrogen, Thermo Fisher Scientific) 
was added to each well of PBMCs. The final concentra-
tion of both stains was 10 µg/ml. The cells were incu-
bated in this solution for 30 min at room temperature in 
the dark. Fluorescence intensity was measured using a 
flow cytometer (BD Biosciences FACS Canto II). The 
7AAD signal was measured with 488 nm laser and 
670LP filter. The Hoechst 33342 signal was measured 
with 405 nm laser and emission was gained with 450/40 
bandpass filter. The data were processed by FlowJo X 
software (BD Biosciences).

Cell surface characterization of PBMCs
Characterization of surface markers of the tested cells 

was conducted using flow cytometry. The THP-1 cells 
immediately and PBMCs after their isolation and 1 h 
incubation under standard conditions were washed in 
pre-warmed PBS and stained with antiCD11b-PE-Cy5, 
antiCD16-PE-Cy5 (both BD Biosciences), antiCD14-
FITC, antiCD68-FITC, antiCD86-FITC (all DAKO 
Agilent Technologies, Santa Clara, CA) and antiCD163-
BV421, antiCD206-APC (both BioLegend, San Diego, 
CA) for 30 min at 4 °C shielded from light. The pres-

ence of CD markers was determined in respective chan-
nels using BD FACS Canto II. The data were processed 
by FlowJo X software (BD Biosciences).

Cytokine release from PBMCs
Production of a wide panel of 42 cytokines was de-

tected by the Human Cytokine Antibody Array (Abcam, 
Cambridge, UK). Frozen supernatants harvested from 
PBMCs exposed to both AuNPs were incubated with the 
array membrane overnight at 4 °C on a rocking shaker; 
all other steps were done in accordance with the manu-
facturer’s manual. Data were processed by the ImageLab 
software (BioRad Laboratories, Hercules, CA). In order 
to achieve reference results, beside supernatants from 
untreated control cells (negative control), also superna-
tants from pro-inflammatorily stimulated cells (positive 
control) were used. These cells (positive control) were 
treated with the culture medium supplemented with 
50 μg/ml of bacterial lipopolysaccharide (LPS, Sigma-
Aldrich/Merck) for 24 h, on the same plate and in the 
same manner as AuNP-treated cells and untreated con-
trol.

Transmission electron microscopy
THP-1 MDMs were seeded at a concentration of 

25,000 cells/cm2 onto round glass slides of 15 mm di-
ameter located in wells of a 6-well plate and incubated 
for 24 h in a humidified incubator at 37 °C and 5% CO2 
atmosphere. Then, 13 µg/ml of AuNP-PEG or AuNP-
PEG-NH2 was added and the cells were incubated for 
another 24 h. Cells were fixed in 2.5 % of glutaralde-
hyde in 0.1 M HEPES (Thermo Fisher Scientific) for 
30 min. Then, the samples were dehydrated in a graded 
series of ethanol (15 min at each concentration on ice), 
then embedded in Quentol 651-NSA, and 80 nm ultra-
thin sections were prepared using ultramicrotome Leica 
EM UC6 (Leica Microsystems, Wetzlar, Germany) 
equipped with a diamond knife (Diatome, Nidau, Swit-
zerland). The sections were mounted on formvar-coated 
3.05 mm copper slots (Agar Scientific, Standsted, UK) 
and examined using JEOL JEM-1400 Flash TEM oper-
ated at 80 kV and equipped with a Matataki Flash sCMOS 
camera (JEOL, Tokyo, Japan).

Human PBMCs were incubated in RPMI medium 
with 10 % autologous human serum for 24 h. Afterwards, 
14 µg/ml of AuNP-PEG or AuNP-PEG-NH2 was added 
and the cells were incubated for another 24 h. The cells 
were attached to a cover glass covered with poly-lysine 
by a cytospin machine. The cells were fixed with 2 % 
glutaraldehyde and 2 % paraformaldehyde in 0.1 M 
Sörensen’s sodium-potassium phosphate buffer at pH 
7.2–7.4 (all Thermo Fisher Scientific). After washing, 
cells were dehydrated in a graded series of ethanol and 
embedded in LR-White resin (Sigma-Aldrich/Merck). 
Ultrathin sections of 80 nm were prepared using ultra-
microtome Leica EM UC6 (Leica Microsystems) equipp-
ed with a diamond knife (Diatome). The sections were 
mounted on formvar-coated 3.05 mm copper slots (Agar 
Scientific) and examined in a JEOL JEM-1400 Flash 
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transmission electron microscope operated at 80 kV and 
equipped with a Matataki Flash CMOS camera (JEOL).

Statistical analysis
All the presented data (with the exception of cytokine 

studies) were acquired from at least three independent 
repetitions, each conducted at least in triplicates. Mean 
values are presented with standard deviations shown by 
error bars. Statistical analysis was conducted in the Sta-
tistica software (StatSoft, Tulsa, OK) employing non-
parametric matched pair Wilcoxon test and two factor 
ANNOVA with post-hoc Fisher-LSD analysis. Results 
showing a P value < 0.05 were considered significant.

Results

Colloidal dispersions of AuNPs

Ultra-small AuNPs were prepared by sputtering gold 
directly into pure PEG (AuNP-PEG) or into amine-ter-
minated PEG (AuNP-PEG-NH2) (Reznickova et al., 
2017). These spherical AuNPs were characterized previ-
ously and showed no toxicity for an osteoblastic cell 
line (Reznickova et al., 2019). Their characteristics are 
briefly presented in Table 1 and commented further. The 
average size of AuNPs determined by transmission elec-
tron microscopy (TEM) based on 300 particles was 
5.9 nm and 2.9 nm for AuNP-PEG and AuNP-PEG-
NH2, respectively. The average size of AuNPs deter-
mined by dynamic light scattering (DLS) was 8.8 nm 
and 4.4 nm for AuNP-PEG and AuNP-PEG-NH2, re-
spectively. The difference in AuNP dimensions deter-
mined by TEM and DLS is caused by the fact that TEM 
detects only the Au core, while the DLS value includes 
the NP core with the PEG corona. The low merit of 
polydispersity index of both AuNPs shows highly uni-
form (monodisperse) AuNPs in colloidal dispersions 
(Uskokovic, 2012). Zeta potential represents the value 
of the surface charge of nanoparticles (Doane et al., 
2012). Therefore, the negative value of zeta potential in 
the case of AuNP-PEG-NH2 suggests that amine groups 
are grafted onto the surface of AuNPs and the groups 
with negative charge create the outer side of the NPs’ 
corona (Kolská et al., 2014).

Cell characterization
This study is based on observation of the effect of 

PEGylated AuNPs on different immune cells. Firstly, 

the well-established and widely used THP-1 cell line 
was used. Under common culture conditions, this cell 
line is in the suspension form of monocytes (THP-1 
MONO); however, after stimulation with PMA, adher-
ent macrophages are derived from these THP-1 cells 
(THP-1 MDMs). Thus, this cell line was used in both 
forms characterized by differing morphology and sur-
face markers (Fig. 1). It is apparent that both cell types 
reveal previously described characteristics (Richter et 
al., 2016; Baxter et al., 2020). 

Since NPs used for diagnostics or treatment are ad-
ministered intravenously, the first cells to encounter 
NPs are cells from peripheral blood. In order to mimic 
the in vivo situation, primary cells from human blood 
were used (PBMCs). Isolated PBMCs were character-
ized by flow cytometry (Fig. 2) and two types of PBMCs 
were detected – a small population of monocytes (about 
5 %) and a larger population of lymphocytes (about 
90 %). Both cell types carried specific surface CD mark-
ers. PBMCs containing both cell types in the indicated 
ratio were used for further experiments with AuNPs. To 
prevent excessive activation of PBMCs and to preserve 
absorption of native blood proteins, non-inactivated au-
tologous blood serum obtained from healthy individuals 
was used in all cultivation experiments with their PBMCs.

Effect of AuNPs on cell behaviour
The metabolic activity of different immune cell types 

– suspension monocytes (THP-1 MONO), adherent mac-
rophages (THP-1 MDMs) and suspension PBMCs – 
was determined after 24 h incubation with different 
types of AuNPs and different concentrations (Fig. 3).

AuNPs functionalized with PEG showed an interest-
ing trend. Whereas adherent cells (THP-1 MDMs) did 
not respond to the presence of AuNP-PEG dramatically, 
suspension monocytes (THP-1 MONO) and PBMCs in-
creased their metabolic activity in a dose-dependent 
manner compared to untreated control cells. As another 
control of the system, a volume-wise content of PEG or 
PEG-NH2 solutions (to which the highest concentration 
of AuNPs was sputtered – CTRL(PEG) and CTRL 
(PEG-NH2)) was used in the experiment to determine 
the reaction solely to PEG or PEG-NH2. 

THP-1 MONO treated with increasing concentration 
of AuNP-PEG dispersion increased their metabolic ac-
tivity to approx. 200 % of the untreated control. How-
ever, the PEG solution without AuNPs (CTRL (PEG)) 
induced the metabolic rate too, but to a significantly les-
ser extent. An analogical effect was apparent in PBMCs, 
where the increase in the metabolic activity triggered by 
AuNP-PEG was not as high as in THP-1 MONO, while 
still being significant. The AuNP-PEG dispersion did 
not significantly change the metabolic activity of THP-1 
MDMs, but the PEG solution (CTRL (PEG)) reduced 
their activity significantly to approx. 70 % of the un-
treated control, which can be evaluated as toxic.

On the other hand, the AuNP-PEG-NH2 dispersion 
caused similar induction in the metabolic activity of 
THP-1 MONO and PBMCs as the AuNP-PEG dispersion. 

Table 1. Characterization of AuNPs by different analytical 
methods

AuNP-PEG AuNP-PEG-NH2

Size (mm) TEM 5.9 ± 0.8 2.9 ± 0.8
DLS 8.8 ± 2.2 4.4 ± 0.9

PDI 0.201 0.252
zeta potential (mV) −24.7 ± 4.5 −47.0 ± 1.3
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Fig. 1. Flow cytometry characterization of THP-1 cell line in the form of monocytic suspension (A – THP-1 MONO) and 
adherent macrophages after stimulation by phorbol myristate (B – THP-1 MDMs). Frequency of surface CD markers on 
these cell types (C).

Fig. 2. Flow cytometry characterization of primary PBMCs isolated from peripheral blood of healthy human donors. Two 
distinct populations of cells were present – monocytes and lymphocytes (A). Frequency of surface CD markers on these 
two cell types (B).

However, the solution of PEG-NH2 (CTRL (PEG-NH2)) 
revealed metabolic induction identical to AuNP-PEG-NH2 
in these two cell types. The metabolic activity of THP-1 
MDMs was slightly but significantly decreased by the 
highest concentration of AuNP-PEG-NH2 dispersion. The 
PEG-NH2 solution (CTRL (PEG-NH2)) caused identical 

reduction of THP-1 MDM metabolic activity (approx. 
reduction to 60 %), similarly as the PEG solution. 

Additionally, the fitness of PBMCs (as the clinically 
relevant cell type) was assessed by determination of the 
level of apoptosis or necrosis induced by the tested 
AuNP dispersions and PEG solutions (Fig. 4). The treat-

T. Bělinová et al.
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ment did not increase the apoptotic rate or cell death 
significantly above a basic level of approx. 10 %, which 
was comparable to the untreated control PBMCs. 

AuNP localization in cells
Because the tested AuNP dispersions affected the cell 

metabolism, it was essential to know whether AuNPs 
penetrated into cells. The clinically relevant PBMCs 
(Fig. 5), in which the AuNPs caused some metabolic ef-
fects, as well as the cell line of THP-1 MDMs (Fig. 6), 
in which no effect on metabolic activity was detected, 
were incubated with AuNP-PEG or AuNP-PEG-NH2 for 
24 h and analysed by TEM. 

Images of the control PBMCs (AuNP-untreated) show 
the expected two types of cells, larger monocytes/mac-
rophages and smaller lymphocytes (Fig. 5A–C). Orga-

nelles in the cells are not perfectly visible, because a 
contrast agent was not used for preparation of the sam-
ples to avoid the interference with AuNPs and their 
clearer visualization. 

In case of PBMCs treated with AuNP-PEG (Fig. 5D–
G), only a small portion of cells contained these AuNPs. 
The majority of the observed cells did not contain any 
AuNP-PEG inside them, but the AuNP-PEG were clear-
ly present in the cell vicinity (Fig. 5D). However, some 
cells contained the AuNP-PEG, and in this case the 
AuNP-PEG formed aggregates (dense and compact, 
Fig. 5E) and were localized in the cytoplasm of morpho-
logically healthy and damaged cells. Due to the used 
non-contrasting technique, it is hard to localize the ag-
gregates to specific organelles, but it is obvious that they 
did not penetrate into the nucleus.

Fig. 3. Metabolic activity of immune cells – THP-1 cell line in the form of suspension monocytes (THP-1 MONO) and 
adherent macrophages (THP-1 MDMs) and primary PBMCs after 24 h treatment with two different AuNPs. The thick line 
shows 100 % of the untreated control (not shown in the column), * shows results significantly different to the untreated 
control (p < 0.05), # shows significant difference to a volume-wise similar content of PEG-solutions – CTRL (PEG) and 
CTRL (PEG-NH2) (P < 0.05), ns – non-significant.

Fig. 4. Fitness of PBMCs after 24 h treatment with AuNP-PEG or AuNP-PEG-NH2, bacterial LPS and PEG solutions – 
CTRL (PEG) and CTRL (PEG-NH2).

Ultra-Small Gold Nanoparticles for Bio-Applications
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Fig. 5. Examples of TEM images of PBMCs cultivated without AuNPs (A–C), with AuNP-PEG (D-G) and AuNP-PEG-
NH2 (H–K) for 24 h. Scale bar of images – A, D, H = 10 µm, B, E, I = 5 µm, C= 0.5 µm, F, J = 1 µm and G, K = 0.2 µm.

On the other hand, AuNP-PEG-NH2 were localized 
inside most of the PBMCs or in their close vicinity (Fig. 
5H). This type of AuNPs formed two different aggregate 
forms (Fig. 5K). Firstly, highly dense aggregates similar 
to the ones observed in the AuNP-PEG-treated samples 

(Fig. 5F and G) formed several small clusters. Secondly, 
less dense aggregates were observed exclusively in this 
sample (Fig. 5J). AuNP-PEG-NH2 often filled a large 
volume of the cell cytoplasm without noticeable com-
partmentalization.

T. Bělinová et al.
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Similar results were obtained in THP-1 MDMs incu-
bated for 24 h with AuNP-PEG or AuNP-PEG-NH2 
(Fig. 6). Both AuNPs were localized in some vesicles 
inside the cells; however, their form varied. The AuNP-
PEG particles formed large aggregates localized around 
the cell nucleus (Fig. 6C), while AuNP-PEG-NH2 formed 
small aggregates dispersed in the cytoplasm and in some 
vesicles within the whole cell (Fig. 6E and F). 

In conclusion, both tested AuNPs were found in 
PBMCs as well as in THP-1 MDMs, and their distribu-
tion pattern and characteristics were similar in respect of 
the individual AuNP types in both cell types.

Cytokine release after incubation of PBMCs 
with AuNPs

The interactions of immune cells with any nanoparti-
cles are highly interesting especially in respect of their 
possible immunomodulation properties and immune 
system activation. In order to assess such potential of 
AuNPs, production of cytokines by PBMCs after incu-
bation with AuNP-PEG or AuNP-PEG-NH2 was deter-
mined. A broad panel of 42 cytokines was employed for 
multi-target screening and complex profile achievement 
(Fig. 7). Bacterial LPS was introduced as a positive in-
flammation control. The results showed that AuNPs in-

teract with PBMCs and can stimulate them to release 
various cytokines. An enhanced release was detected for 
IL-1β, IL-6, GM-CSF and IL-10; however, strictly from 
AuNP-PEG-NH2-treated cells. The AuNP-PEG disper-
sion induced a detectable increase in IL-6 only. On the 
other hand, LPS treatment resulted in a more pronoun-
ced increase in pro-inflammatory cytokines, including 
those detected previously as well as TNF-α. These re-
sults suggest that the intensity of AuNP-induced im-
mune response is mild in comparison to that induced by 
LPS. In case of the AuNP-PEG dispersion, production of 
certain cytokines was even inhibited (except for IL-1β 
and IL-6). Data regarding the cytokines that were not 
detectable were omitted.

Discussion
Firstly, we characterized THP-1-MONO and THP-1 

MDM cells in respect of their surface CD markers and 
compared them with PBMCs. The population of mono-
cytes derived from PBMCs had the characteristics com-
parable to THP-1 MONO; however, some markers of 
polarized macrophages found in the population of THP-1 
MDMs (CD11b, CD163) were also apparent. We incu-
bated PBMCs in autologous human serum instead of 
FBS to create conditions as natural as possible and to try 

Fig. 6. Examples of TEM images of THP-1 MDMs cultivated without AuNPs (A–B), with AuNP-PEG (C–D) and AuNP-
PEG-NH2 (E–F) for 24 h. Scale bar of images – A, C, E = 5 µm, B = 1 µm, D = 0.5 µm and F = 2 µm.
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to avoid polarization of PBMCs just by the xeno-derived 
serum components. Moreover, the use of autologous se-
rum for experiments studying the interaction of immune 
cells with AuNPs is unique. We also characterized the 
abundant lymphocyte population derived from PBMCs, 
and they matched the markers of lymphocytes ade-
quately.

Secondly, we incubated three immune cell types with 
AuNP-PEG and AuNP-PEG-NH2 and determined their 
metabolic activity via detection of activity of cellular 
dehydrogenases. A dose-dependent induction of the 
metabolic activity triggered by AuNP-PEG occurred in 
THP-1 MONO cells and to a lower degree in PBMCs. 
Such stimulation effect of NPs, which under some con-
ditions (higher dose) are cytotoxic, was already de-
scribed and called hormesis (Kawata et al., 2009). The 
metabolic stimulation was also observed after a short-
time treatment of THP-1 monocytes by ultra-small sili-
con-carbide NPs (Belinova et al., 2020). In longer-last-
ing experiments, these silicon-carbide NPs polarized 
monocytic cells (THP-1 MONO) to macrophage-like 
(THP-1 MDMs) or dendritic-like cells (Belinova et al., 
2020). However, no influence on the metabolic activity 
of THP-1 MDMs was detected after exposure to AuNP-
PEG. The PEG solution had no effect on THP-1 MONO 
and PBMC metabolic activity but reduced the metabolic 
activity of THP-1 MDMs, confirming that the effect of 
PEG on cells cannot be disregarded (Pham Le Khanh et 
al., 2022). In addition, we observed a strong effect of the 
PEG-NH2 solution on the metabolic activity of the test-
ed cells – strong induction in THP-1 MONO, moderate 
induction in PBMCs, and strong reduction in THP-1 
MDMs. Thus, these reactions to the PEG-NH2 solution 
did not allow us to attribute the apparent induction of 
THP-1 MONO metabolic activity by AuNP-PEG-NH2 
to the effect of AuNP dispersion as in the previous case, 
but more to the effect of the PEG-NH2 solution. Despite 
the significant differences in the metabolic activity of 

the tested cells, none of the treatments was as harmful as 
to cause cell death (neither apoptosis nor necrosis). Our 
results also suggest that the so far widely accepted inert-
ness of PEG might not be true with the amine-terminat-
ed PEG (PEG-NH2).

Thirdly, the distribution and character of AuNPs in-
side the tested cells differed in respect of their PEG mo-
dification. AuNP-PEG-NH2, which are smaller (2.9 nm) 
and their zeta potential implies smaller aggregation 
(Shrestha et al., 2020), were found in the majority of 
PBMCs and in the form of less dense clusters distribut-
ed almost homogenously in their cytoplasm in compari-
son to AuNP-PEG. The latter AuNPs are slightly larger 
(5.9 nm) and their zeta potential implies higher aggrega-
tion. This is documented by just a small number of cells 
containing AuNP-PEG inside them, and in that case 
they formed large and dense aggregates. Despite differ-
ent distribution and character of AuNPs within PBMCs, 
they induced similar effects on their metabolic activity 
(significant increase) but no detectable induction of cell 
death (neither apoptosis nor necrosis). On the other 
hand, the effects of the two different AuNPs on the cyto-
kine release differed significantly (despite the fact that it 
was detected only semi-quantitatively). PBMCs treated 
with the highest tested concentration of AuNP-PEG-
NH2 released enhanced levels of pro-inflammatory cy-
tokines IL-1β, IL-6, GM-CSF and IL-10, although they 
did not reach the level of cells treated with LPS, a 
broadly used inducer of the inflammatory reaction. 
Although a small pro-inflammatory response to these 
AuNPs was apparent, their harmful effect on the whole 
organism was not expected. Induction of pro-inflamma-
tory cytokine release after incubation of a monocytic 
cell line with NH2-terminated nanoparticles has been 
observed previously with silicon carbide NPs (Belinova 
et al., 2020). On the other hand, AuNP-PEG induced 
only IL-6 release, but the level of other pro-inflammato-
ry cytokines found increased after AuNP-PEG-NH2 

Fig. 7. Cytokine release from PBMCs after 24 h incubation with AuNPs and LPS determined by multi-cytokine panel.
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treatment was below the level of the untreated control 
after the AuNP-PEG treatment. We can speculate that 
these cells react less to the AuNP-PEG, because AuNP-
PEG did not enter the cells to such extent as AuNP-
PEG-NH2, and thus only a few cells reacted to these 
NPs.  In the case of AuNP-PEG-NH2, which were pres-
ent in most of visualized cells, the immune reaction was 
more intense. On the other hand, the amine termination 
of NPs is well known as a positive stimulator of cell 
growth and adhesion (Faucheux et al., 2004; Hopper et 
al., 2014), and thus it is no surprise that PBMCs were 
more activated by them. While the amine termination is 
beneficial for cell stimulation, AuNP-PEG-NH2 have 
high biomedical application potential – firstly to enter 
the cells and serve as an imaging agent, secondly to de-
liver a compound to cells serving as a delivery agent or 
to stimulate cells by inducing an immune reaction with-
out being generally harmful.

The incubation of two different AuNPs with THP-1-
MDMs (adherent differentiated cells) produced other 
effects. Both AuNPs were detected inside the cells in a 
very similar pattern as in PBMCs – dense and large clus-
ters of AuNP-PEG localized in the vesicles, and smaller 
clusters of AuNP-PEG-NH2 distributed homogenously 
in the cytoplasm. This implies that both particles enter 
the THP-1 MDMs cells without affecting their meta-
bolic activity. This has already been observed with other 
ultra-small NPs based on silicon carbide, where SiC-
NPs terminated with the NH2-group had similarly no ef-
fect on the metabolic activity of macrophages but caused 
a significant increase of metabolism in suspension mono-
cytes (Belinova et al., 2020). As monocytes are special-
ized in engulfing foreign materials inside the human 
body, it is anticipated that they would be prone to inter-
nalize AuNPs (with different termination) as well.  Thus, 
these cells (monocytes/macrophages) can allow NPs to 
enter them without affecting their functional state. 

We have shown that the ultra-small AuNPs prepared 
by direct sputtering into PEG or PEG-NH2 solutions can 
be potentially viewed as a tool to be utilized in theranos-
tics. PEGs have long been considered as biologically 
inert, but there is growing evidence that they are not.  As 
much as 72 % of people have at least some antibodies 
against PEGs (Yang et al., 2016), presumably because 
of their exposure to cosmetics and various pharmaceuti-
cals. Moreover, about 7 % of these people have the anti-
body level high enough to predispose them to anaphy-
lactic reactions. Thus, the widely accepted consensus of 
PEG providing for a stealth effect to hide NPs from im-
mune cells (Milla et al., 2012) should not be taken for 
granted and should be tested.

In this study, we demonstrated that both tested 
PEGylated AuNPs entered different immune cells but 
did not influence their activity significantly, were non-
toxic and only mildly immune-stimulating.  They could 
serve as “Trojan horses” for theranostically relevant 
NPs (Ali and Chen, 2015). The brain is an immunologi-
cally privileged site, which is tightly controlled by the 
blood brain barrier, although circulating immunocytes, 

such as monocytes/macrophages and a distinct subset of 
lymphocytes, may cross this barrier without disruption 
of its structural integrity (Corraliza, 2014). Thus, mono-
cytes/macrophages appear to be the choice as cellular 
vehicles for the delivery of NPs to treat and diagnose 
CNS pathologies. 
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