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INTRODUCTION 
 
Human population is aging rapidly, raising serious 
global health and  societal  concerns,  at  the  same  time  

 

highlighting the urgent need to better understand the 
process of aging at the molecular, cellular and 
organismal levels. Recent research has revealed aging-
associated accumulation in diverse tissues of the so-
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ABSTRACT 
 
Aging involves tissue accumulation of senescent cells (SC) whose elimination through senolytic approaches may
evoke organismal rejuvenation. SC also contribute to aging‐associated pathologies including cancer, hence it is
imperative to better identify and target SC. Here, we aimed to identify new cell‐surface proteins differentially
expressed  on  human  SC.  Besides  previously  reported  proteins  enriched  on  SC,  we  identified  78  proteins
enriched and 73 proteins underrepresented  in  replicatively senescent BJ  fibroblasts,  including L1CAM, whose
expression is normally restricted to the neural system and kidneys. L1CAM was: 1) induced in premature forms
of  cellular  senescence  triggered  chemically  and  by  gamma‐radiation,  but  not  in Ras‐induced  senescence;  2)
induced  upon  inhibition  of  cyclin‐dependent  kinases  by  p16INK4a;  3)  induced  by  TGFbeta  and  suppressed  by
RAS/MAPK(Erk) signaling (the latter explaining the lack of L1CAM induction in RAS‐induced senescence); and 4)
induced upon downregulation of growth‐associated gene ANT2, growth in low‐glucose medium or inhibition of
the mevalonate  pathway.  These  data  indicate  that  L1CAM  is  controlled  by  a  number  of  cell  growth‐  and
metabolism‐related pathways during SC development. Functionally, SC with enhanced surface L1CAM showed
increased adhesion  to extracellular matrix and migrated  faster. Our  results provide mechanistic  insights  into
senescence of human cells, with implications for future senolytic strategies. 
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called senescent cells (SC) which, along with their 
secreted products, appear to causally contribute to aging 
[1, 2]. From a broader perspective, the process of 
senescence is a cellular stress response leading to 
persistent activation of cell-cycle checkpoints and long-
lasting cell-cycle arrest caused predominantly by lasting 
DNA damage signaling. SC play important patho-
physiological roles in a number of processes during 
ontogenetic development of the mammalian organism 
[3]; for instance, senescence response takes part in 
wound healing [4] and tissue regeneration [5]. As a 
cellular fate commonly triggered by DNA damage 
response, cellular senescence is considered as a primary 
tumorigenesis barrier [6-8]. DNA damage-induced 
cellular senescence also accompanies genotoxic cancer 
therapies [9, 10]. Long-lasting persistence of senescent 
cells in tissues can also induce various pathological 
changes affecting organismal homeostasis (see, e.g. 
references [1, 2]). These effects are thought to be 
elicited by secretion from SC of a complex mixture of 
factors comprising components of the extracellular 
matrix, its modifiers such as proteases and their 
regulators, reactive oxygen species [11] and particularly 
cytokines including morphogens from the TGFβ family, 
pro-inflammatory species (e.g., IL1, IL6, IL8; [12]), and 
chemokines (such as MCP-1; [13]). The composition of 
the SC secretome (denoted as senescence-associated 
secretory phenotype; SASP) varies according to the cell 
type and mechanism of senescence induction [14]. 
Additional factors influencing the secretory response of 
SC, such as interactions of SC with surrounding cells 
and specific tissue microenvironment, likely exist at the 
organismal level. This complexity and variability of 
SASP is the reason why the effects of SASP on the 
tissue microenvironment and the pathogenic role of 
various types of SC remain poorly understood. 
Nevertheless, it was plausibly demonstrated that 
senescent cells can affect neighboring cells by induction 
of oxidative stress and DNA damage resulting in 
secondary ('bystander') senescence [11, 15, 16]. This 
'domino' effect might contribute to the spread of a mild 
but chronic inflammatory environment especially in 
aging tissues [17]. It should also be noted that certain 
chemotherapeutic drugs are able to induce cellular 
senescence in normal tissues within the close proximity 
of tumors, which can also promote local inflammation 
and self-sustaining genotoxic environment.  
 
Of the various interactions of SC with their milieu, the 
interaction with the immune system is especially 
important. SC interact with the immune system in a 
mutual way – besides being a target of the immune 
system (senescence immunosurveillance; [18]), SC can 
modulate the immune system function by either 
immunoactivation [18] or immunosuppression [19, 20]. 

Intriguingly, observations that genetically engineered 
removal of SC from the mouse organism induced a 
'rejuvenating' effect [2] and the presence of SC affected 
the rate of mouse aging [1] both indicate aging-
promoting harmful effects of SC in vivo. Indeed, there 
is accumulating evidence that SC contribute to 
pathogenesis of several aging-associated degenerative 
diseases including atherosclerosis [21], cartilage 
degeneration leading to osteoarthritis [22, 23], cardiac 
fibrosis [24], liver fibrosis [25], type 2 diabetes [26], 
and Alzheimer’s and Parkinson’s diseases [27, 28]. In 
addition, elimination of senescent cells from the tumor 
environment is believed to improve the health condition 
of patients with cancer [29]. 
 
Based on the negative effects of SC in tissues, there is a 
prevailing view that prevention of SC accumulation or 
support of their elimination would be beneficial for the 
health span of the organism. The prerequisite for this 
ambition is our ability to unambiguously detect SC in 
tissues. However, reliable biomarkers strictly specific to 
SC are still missing, despite the SC undergo profound 
changes of their phenotype deviating extensively from 
their parental cells [30]. The purpose of this study was 
to identify candidate protein markers differentially 
expressed on the cell surface of proliferating versus 
replicatively senescent human fibroblasts using 
quantitative proteomic analysis. Apart from several 
previously reported proteins such as PVR, TIMP3, 
GGT2, and ADAMTS1, we identified the neural 
adhesion factor L1CAM as being overrepresented on 
the surface of the replicatively SC. Further analysis of 
L1CAM whose expression is physiologically restricted 
to neural and kidney tissues revealed that except for 
oncogenic Ras-induced senescence, other pro-
senescence stimuli can induce L1CAM. Also intrigued 
by the known association of L1CAM with cancer and 
poor prognosis of cancer patients [31-37], we then 
pinpointed several cellular signaling and metabolic 
pathways involved in regulation to L1CAM expression, 
as well as functional impact of elevated L1CAM 
expression, using several human models of SC. Both the 
overall spectrum of the cell-surface proteins identified 
in our unbiased proteomic screen, and the insights into 
L1CAM regulation and potential roles in senescence are 
presented in this dataset.  
 
RESULTS 
 
L1CAM is enriched on the cell surface of 
replicatively senescent fibroblasts 
 
In our search to identify proteins differently expressed 
on the plasma membrane of senescent cells, we per-
formed quantitative proteomic analysis of cell surface 
proteins of proliferating (PD 28) and replicatively 
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senescent (PD 84) BJ fibroblasts (see Supplementary 
Figure 1A, B for activity of senescence-associated β-
galactosidase and markers of persistent DNA damage 
response, respectively). For enrichment of cell surface 
proteins we utilized biotin labeling of cell surface 
proteins (see Materials and Methods for details). Out of 
650 quantified proteins identified by mass spectrometry, 
151 proteins showed differential expression (Supple-
mentary Table 1). Within this group we focused on the 
candidate proteins whose expression on the surface of 
senescent fibroblasts was increased more than four fold 
over the level in proliferating counterpart cells. In 
addition to several proteins already reported as 
overexpressed  in  senescent cells,  such  as  metallopro- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

teinase inhibitor 3 (TIMP3) [38], γ-glutamyl-
transpeptidase 2 (GGT2) [39] and ADAMTS1 [40], our 
analysis revealed some previously unrecognized 
proteins such as THY1, BST1, FAT1 (for full list of 
differentially changed proteins, see Supplementary 
Table 1) and neural cell adhesion molecule L1, L1CAM 
(Figure 1A). Thirty six most upregulated proteins were 
selected and analyzed for mRNA levels, of which more 
than dozen was significantly elevated (see Sup-
plementary Figure 1C). The changes of total protein 
level of five selected proteins (fibronectin, L1CAM, 
collagen IV, integrin α2 and PVR) in replicative senes-
cent BJ cells were verified by immunoblotting (see 
Supplementary Figure 1D).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. L1CAM is enriched on the surface of replicatively senescent fibroblasts. (A) Proteomic analysis of the surface of
senescent cells. Down‐  (green dots <  four  fold) and up‐regulated  (red dots >  four  fold) proteins  in senescent cells.  (B) Cell surface
proteins of proliferating (Ctrl) and replicatively senescent (RS) BJ fibroblasts were modified by biotin and captured on a streptavidin
column (see Material and Methods for details), and fractions were validated for the presence of L1CAM by Western blotting. L – load
(total protein); FT – flow through (non‐biotinylated protein fraction), E – elution (biotinylated protein fraction). Ponceau S staining is
shown to demonstrate protein  loading. (C) FACS analysis of the surface  level of L1CAM  in BJ fibroblasts. (D) mRNA  level of L1CAM
normalized to GAPDH  in replicatively senescent BJ cells. (E) Live cell  immunofluorescence detection of L1CAM  in proliferating (Ctrl)
and  replicatively  senescent  (RS)  BJ  (upper  panel)  and MRC5  (lower  panel)  fibroblasts.  Scale  bar,  50 μm.  All  experiments  were
performed in biological triplicates. For statistics, two‐tailed Student’s t‐test was used: p ˂ 0.05 (*); p ˂ 0.01 (**); p ˂ 0.001 (***). 
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L1CAM attracted our attention as it is expressed 
physiologically in neural and renal tissues and 
pathologically in several types of human tumors (see 
Discussion for further details). To validate the mass 
spectrometry data, we compared the L1CAM mRNA, 
total and  surface  protein  expression  in  young/prolife- 
rating versus senescent BJ cells. As shown by immuno-
blotting of biotin/streptavidin immunoprecipitates, the 
total level of L1CAM was increased in replicatively 
senescent BJ cells compared to the proliferating cells 
(compare lanes 'L' for proliferating and replicatively 
senescent cells in Figure 1B). The increased cell surface 
protein level in replicatively senescent cells was 
verified by comparing the amount of eluted biotinylated 
L1CAM from streptavidin matrix (see lines 'E' in Figure 
1B). This was further confirmed by flow cytometry 
analysis using live cell staining with L1CAM antibody, 
where the surface protein level of L1CAM was 
markedly elevated in replicatively senescent BJ cells 
(Figure 1C). Note, similar cell surface enhancement of 
L1CAM in replicative senescent BJ cells was observed 
also for fibronectin and PVR (Supplementary Figure 
1E).   The  L1CAM  protein  elevation   was  concordant 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

with the changes of the L1CAM mRNA levels (Figure 
1D and Supplementary Figure 1C, D). Using indirect 
immunofluorescence, we observed marked hetero-
geneity of L1CAM cell surface levels among individual 
cells in both populations of proliferating and senescent 
BJ cells (Figure 1E; for validation of antibody 
specificity, see Supplementary Figure 1F, G; note that 
the L1CAM antibody staining of formaldehyde-fixed 
cells was nonspecific).  
 
Altogether, our data show that L1CAM is 
overrepresented on the cell surface of replicatively 
senescent BJ fibroblasts; and L1CAM’s enhanced 
surface protein level corresponds to the increased 
expression of L1CAM mRNA.   
 
L1CAM expression is cell type- and senescence 
stimulus-dependent 
 
During serial cultivation of cells in vitro there is a 
likelihood of selection of clones with enhanced 
replicative potential [41]. To examine whether in-
creased  L1CAM  expression  in  replicatively  senescent  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. L1CAM expression in premature senescence induced by various stimuli. BJ fibroblasts were brought to
premature senescence by  γ‐irradiation  (PD 32,  IR 20 Gy), 100 μM 5‐bromo‐2'‐deoxyuridine  (PD 32, BrdU), 500 U/ml  IFNγ
(PD35), or by induction of oncogenic HRAS using the Tet on system (see Materials and Methods). Cell surface expression of
L1CAM estimated by  live cell  immunostaining with L1CAM antibody was detected microscopically (A) or (B) by FACS. The
values representing three independent experiments are shown as a fold induction relative to control. (C) Real time RT‐qPCR
quantification of mRNA levels of L1CAM in BJ cells brought to premature senescence as in A. The values representing three
independent  experiments  are  shown  as  a  fold  induction  relative  to  control. GAPDH was used  as  a  reference  gene.  For
statistics, two‐tailed Student’s t‐test was used; p ˂ 0.05 (*); p ˂ 0.01 (**); p ˂ 0.001 (***). Scale bar, 50 μm.  
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BJ cells was due to clonal selection of cells bearing 
higher L1CAM expression, we followed the expression 
of L1CAM in a scenario of prematurely induced 
senescence in BJ cells triggered by ionizing radiation 
(IR) [42], 5-bromo-2'-deoxyuridine (BrdU) [43], and 
interferon-γ (IFNγ) [16, 44],  or overexpression of onco-
genic H-Ras(V12) [46]. With the exception of H-Ras-
induced senescence, the cell surface expression of 
L1CAM was increased in BJ fibroblasts upon exposure 
to all other stimuli (Figure 2A, B; see Supplementary 
Figure 1A for SA-β-gal staining), indicating that cell 
surface expression of L1CAM is not the result of a 
clonal selection during serial passaging. The lack of 
L1CAM induction in H-Ras oncogene-induced 
senescence suggested the dependence of L1CAM 
expression on the type of senescence-inducing stimulus. 
Moreover, we observed that the L1CAM transcript level 
remained unchanged after BrdU treatment despite 
enhanced L1CAM cell surface expression (Figure 2C), 
indicating that both de novo synthesis and/or enhanced 
(re)localization of L1CAM to the cell surface can take 
part in a mechanism of its enhanced cell surface 
expression. The heterogeneity of L1CAM expression in 
the population of SC was apparent among prematurely 
senescent cells as well.  
 
To determine whether the heterogeneous expression of 
L1CAM in senescent cells stems from clonal 
heterogeneity present already in proliferating BJ cells, 
we sorted proliferating BJ cells according to their 
surface L1CAM level by FACS to populations with low 
(L1CAMlow) and high (L1CAMhigh) expression (Supple-
mentary Figure 2A) and followed the L1CAM levels for 
several population doublings. Notably, the differences 
in L1CAM levels between the sorted subpopulations 
balanced out after approximately ten population 
doublings (Supplementary Figure 2B) indicating that 
epigenetic rather than genetic factors likely determine 
the L1CAM heterogeneity. No differences in 
proliferation of L1CAM 'high' versus 'low' cells were 
observed (Supplementary Figure 2C), consistent with 
the notion that L1CAM expression is not linked with 
proliferation advantage of any subpopulation. In 
addition, there were no significant differences in the 
occurrence of DNA damage foci (detected as 53BP1 
and serine 139 phosphorylated histone H2A.X) between 
L1CAMhigh and L1CAMlow cells (see Supplementary 
Figure 2 D and E). We also did not observe any marked 
morphological differences among senescent L1CAMhigh 
and  L1CAMlow populations of BJ cells, except that 
L1CAMhigh cells were slightly larger in size (mean area 
± SEM: 327.6 ± 5.317 μm2 for L1CAMlow and 344.9 ± 
4.113 μm2 for L1CAMhigh; two-tailed paired test, p = 
0.0123; Supplementary Figure 2F). Furthermore, down-
regulation of L1CAM in replicatively senescent cells 
did not result in escape of cells from senescence 

(Supplementary Figure 2G), indicating that L1CAM is 
not involved in senescent cell cycle arrest. 
 
Next we tested a panel of other human cell types, 
including normal and cancerous cells, for L1CAM 
expression during the development of premature 
senescence. Figure 3 summarizes L1CAM mRNA, total 
and cell surface protein levels in a variety of cell types 
brought to senescence by IR or BrdU (Supplementary 
Figure 3A). In accord with a previous study [47], 
pancreatic carcinoma PANC-1 cells featured high 
L1CAM cell surface expression even under unperturbed 
conditions (see Supplementary Figure 3B for the 
relative transcript level of L1CAM in all cell types 
analyzed). IR but not BrdU induced both L1CAM 
transcript level and cell surface expression in PANC-1 
and similarly in osteosarcoma U2OS cells (Figure 3A, 
B). In contrast, BrdU induced L1CAM expression in 
prostate cancer PC3 and melanoma A375 cells more 
potently than IR. Normal diploid fibroblasts MRC-5 and 
HSF-1, and immortalized retinal pigment epithelial 
RPE-1 cells responded by elevation of L1CAM mRNA 
and total protein levels in dependence on the stimulus 
but without concomitant protein expression on the cell 
surface, indicating again that cell surface exposure of 
L1CAM is regulated. Note that the expression of 
L1CAM is the lowest in RPE-1 among the tested cell 
lines (Supplementary Figure 3B); therefore, it is 
possible that the observed elevation of the L1CAM 
level after senescence induction was not sufficient for 
detection of the surface protein level. The transcript 
levels of L1CAM were only slightly induced in prostate 
cancer DU145 cells exposed to either IR or BrdU; and 
the L1CAM protein remained undetectable (Figure 3C). 
In general, our data showed that higher levels of 
L1CAM transcriptional induction appear to be 
necessary for the increase of the total protein level; 
however, even an increased total protein level is not 
always expressed as the enhanced presence of protein 
on the cell surface.    
 
To investigate whether the L1CAM is also induced 
during senescence in different species, we triggered 
premature senescence in three mouse cell lines 
TRAMPC2, TC1 and B16F10 by exposure to docetaxel 
(7.5 μM, 4 days)  as reported previously [48, 49]. In all 
three cell lines, L1CAM transcript levels were elevated 
after docetaxel treatment (see Supplementary Figure 4A 
for L1CAM level and Supplementary Figure 4B for 
senescence-associated beta-galactosidase staining) 
indicating that L1CAM induction during senescence is 
not restricted to human cells. 
 
To conclude, the senescence-associated expression of 
L1CAM on the cell surface is feature shared in normal 
and cancerous cells of human and mouse origin, but 
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dependent on cell type and senescence-inducing 
stimulus. Our findings  also  indicate  that  L1CAM  cell  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

surface expression is a complex process regulated both 
at the level of transcription and posttranscriptionally. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  L1CAM expression  in normal and  tumor  senescent cells depends on  the cell  type and  senescence‐inducing
stimulus.  Normal  (MRC5,  HSF),  immortalized  (RPE‐1)  and  tumor  (PANC‐1,  PC3,  A375,  U2OS,  and  DU145)  cells  were  brought  to
senescence either by BrdU (10 μM for A375, 100 μM for rest of cell types) or  IR (10 Gy) and assayed for cell surface L1CAM protein
expression by  live cell  immunostaining with L1CAM antibodies.  (A) L1CAM mRNA expression by real  time RT‐qPCR quantification  (B)
and total L1CAM protein level by immunoblotting (C). GAPDH was used as a reference gene; β‐actin was used as a loading control. The
values representing two independent experiments are shown as a fold induction relative to control. N.D., not detected. Scale bar, 50 μm. 
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L1CAM expression is a downstream event linked to 
inhibition of cyclin-dependent kinases by p16ink4a 
  
Next, to decipher the mechanisms mediating L1CAM 
expression during induction of senescence, we first 
investigated to which phase of the cell cycle checkpoint 
cascade the expression of L1CAM is linked. To 
uncouple the inhibition of cell cycle from upstream 
events of DNA damage response we utilized ectopic 
expression of tetracycline-regulatable inhibitor of 
cyclin-dependent kinases p16ink4a (p16) in human meso-
thelioma H28 cells in comparison to ectopic expression 
of p21waf1 (p21) known to induce DNA damage 
response [50]. Doxycycline induction of both p16 and 
p21 in two single cell-derived clones (p16) and one 
single-derived p21 clone led to cell cycle arrest 
(Supplementary Figure 5A; for senescence-associated 
β-galactosidase staining, see Supplementary Figure 5B), 
as observed previously [51]. In contrast to p21, no signs 
of enhanced DNA damage response detected as 
53BP1/γH2AX foci were observed after p16 induction 
when compared to non-induced cells (Supplementary 
Figure 5C). A reproducible increase of L1CAM mRNA 
(Figure 4A) and protein (Figure 4B) was observed 
after induction of both p16 (Figure 4C) and p21 (not 
shown), however, without detectable increase of the 
L1CAM cell surface protein level. These findings 
indicated that the induction of L1CAM expression is a 
downstream event following induction of cdk protein 
inhibitor(s).  
 
Cell type-dependent and mutual interaction of 
L1CAM and Erk signaling pathways 
 
It has been reported that activation of the L1CAM 
signaling pathway by antibody-mediated L1CAM cross-
linking or manipulation with its level affect the activity 
of Erk1/2 [52-54]. Indeed,  we  observed  that  the  basal 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
activity of Erk1/2 was higher in L1CAMlow human 
melanoma A375 and BJ cells when compared to 
L1CAMhigh cells (Figure 5A). Additionally, knockdown 
of L1CAM in BJ cells increased Erk1/2 phospho-
rylation (Figure 5B). This data obtained in unperturbed 
cell culture conditions underscored the role of L1CAM 
in the regulation of activity of Erk1/2.  
 
The other way around, inhibition of Erk1/2 activation 
by selumetinib, a chemical inhibitor of MEK, in A375 
(Figure 5C) and HeLa (data not shown) cells resulted in 
marked elevation of L1CAM mRNA, total and cell 
surface protein expression (Figure 5D, E), which 
indicated that the MAPK pathway may operate in a 
negative feedback loop to suppress L1CAM, thus 
balancing its own activity. Further, combined 
knockdown of Erk1 and/or Erk2 by RNA interference 
resulted in elevation of L1CAM mRNA (Figure 5F) and 
surface protein expression (Figure 5G), further 
supporting the interplay between L1CAM and Erk 
pathways. Nevertheless, the exposure of BJ cells to 
selumetinib did not show any effect on L1CAM mRNA 
and protein levels (not shown), indicating cell type-
specific regulation of the L1CAM expression.  
 
These findings fit well with the absence of L1CAM 
expression during H-RAS oncogene-induced senes-
cence (OIS). To exclude the possibility that our strain of 
BJ fibroblasts with tetracycline-inducible RAS onco-
gene lost the competence to induce L1CAM (due to 
cloning of cells with aberrant L1CAM regulation), we 
exposed Ras-induced senescent BJ cells presorted for 
low level of L1CAM to MEK inhibitor selumetinib. As 
shown in Figure 5J, the inhibition of MEK resulted in 
an increased L1CAM protein level, indicating unper-
turbed sensitivity of L1CAM to Erk1/2 inhibition in 
OIS cells, supporting the suppressive role of the 
Ras/MAPK pathway on L1CAM expression.    

Figure 4. L1CAM expression is a downstream event linked to inhibition of cyclin‐dependent kinases. L1CAM mRNA
(A), total protein (B) and surface expression in control cells (ctrl; DOX‐) and doxycycline‐induced (DOX+) H28 cell clones #5,  #34
(expressing p16) and  #24 (expressing p21). L1CAM mRNA level was normalized to GAPDH. All experiments were performed in
three independent replicates. Scale bar, 100 μm.  
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Overall, our results indicate a crosstalk between 
L1CAM and Ras/MAPK pathways, where the elevated 
level of L1CAM is associated with lower Erk1/2 
activity and the Ras/MAPK signaling exerts a suppres-
sive effect on L1CAM gene expression.  
 
L1CAM expression is linked to metabolic changes 
  
Given that L1CAM transcription is regulated by hypoxia 
in tumor cells [55], we asked whether metabolic 
changes associated with senescence (see e.g. references 
[56-58]) contribute to regulation of L1CAM gene 
expression. We noted that the concentration of glucose 
in culture medium affected the expression of L1CAM in 
U2OS and HeLa cells. Both cell types cultured in higher 
concentration of glucose (4.5 g/L) expressed lower 
levels of L1CAM compared  to  cells  cultured  in 1  g/L  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
glucose, indicating that the expression of L1CAM might 
be linked to glycolytic energy metabolism of tumor 
cells (Figure 6A, B). Furthermore, the level of L1CAM 
transcript and protein increased after inhibition of the 
mevalonate pathway (chosen here for being one of the 
pathways that utilize acetyl-CoA, derived from glucose 
metabolism) in BJ fibroblasts by cerivastatin (Figure 
6C). As reported previously, various forms of cellular 
senescence are accompanied by repression of solute 
carrier family 25 member 5 (SCL25A5) coding for 
ADP/ATP translocase 2 (ANT2; [59, 60]), which has 
been implicated in glycolytic metabolism of tumor cells 
[61-63]. RNA interference-mediated downregulation of 
ANT2 but not ANT3 (Supplementary Figure 6A) in 
HeLa and BJ cells led to marked elevation of L1CAM 
both at mRNA and protein levels (Figure 6E). The 
intrapopulation heterogeneity of L1CAM expression 

Figure 5. Interaction of L1CAM with the Erk signaling pathway. (A) Erk 1/2 activity detected as phosphorylation of Erk1/2
(pErk1/2) compared in BJ and A375 cells sorted for L1CAM high and low cell surface level. (B) The effect of L1CAM downregulation
using RNA  interference on Erk1/2 activity detected by  immunoblotting  in BJ fibroblasts. (C) L1CAM mRNA  level estimated by real
time RT‐PCR after inhibition of MEK by selumetinib (10 μM; MEKi) in A375 cells. Total (D) and surface L1CAM levels (E) detected by
immunoblotting  and  live  cell  staining,  respectively,  in A375  cells  after MEK  inhibition using  selumetinib  (10 μM; MEKi).  L1CAM
mRNA (F) and surface protein level (G) in A375 after downregulation of Erk1/2 using RNA interference (siErk1/2). L1CAM mRNA (H)
and  total protein  (I)  levels  in  control  (‐DOX)  and H‐RAS‐induced  (+DOX) BJ  cells before  (ctrl)  and  after  inhibition of MEK using
selumetinib (10 μM; MEKi). (J) The effect of MEK  inhibition by selumetinib (10 μM; MEKi) on the L1CAM total protein  level  in H‐
RAS‐induced senescent BJ cells sorted for low L1CAM level. Non‐template siRNA was used as a control (siNT). For immunoblotting,
TFIIH or β‐actin were used as a control of equal protein loading. For real time RT‐PCR, GAPDH was used as the reference gene. Scale
bar, 100 μm. All experiments were performed in three independent replicates. p ˂ 0.05 (*), two‐tailed Student’s t‐test. 
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was diminished after ANT2 knockdown (data not 
shown). Interestingly, the inhibition of MEK by 
selumetinib in A375 cells resulted in suppression of the 
ANT2 mRNA level associated with the increase of 
L1CAM expression (see Figure 5C and Figure 6F), 
suggesting a reciprocal link between ANT2 and 
L1CAM expression. In support of this notion, there was 
also an inverse relationship between the mRNA levels 
of both genes in A375 cells exposed to IFNγ and TGFβ 
(Figure 6G), the cytokines reported to induce 
senescence [16, 60]. Note that TGFβ alone strongly 
induced cell surface expression of L1CAM in A375 
cells (Figure 6H), which was associated with stronger 
cytostatic effect compared to IFNγ (Supplementary 
Figure  6B).    
  
Altogether our data indicate that the induction of 
L1CAM during senescence might be linked to 
accompanying metabolic changes, specifically to 
suppression of the SCL25A5/ANT2 gene expression.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 L1CAM increases cell migration and adhesion of 
both proliferating and senescent BJ cells 
 
Several studies reported the role of L1CAM in 
enhanced migration of tumor cells (see, e.g., references 
[31, 64]). Indeed, in a wound healing assay, young BJ 
cells with downregulated L1CAM using lentivirally 
transduced short hairpin RNA recovered the disrupted 
area significantly slower than control cells (Figure 7A), 
indicating that migration of normal cells can also be 
affected by L1CAM surface expression (see reference 
[54]). Next we asked whether enhanced expression of 
L1CAM is linked with the migratory properties of 
senescent cells. Utilizing heterogeneity of L1CAM 
expression in the cell population of BJ senescent cells, 
we tested migration of BJ cells sorted by FACS 
according to L1CAM cell surface expression. Replica-
tively senescent BJ cells sorted for higher surface 
L1CAM levels healed the scratch more efficiently than 
their counterparts with lower cell surface  expression  of 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  6.  L1CAM  expression  is  linked  to metabolic  changes. The  effect  of  high  (4.5  g/L)  and  low  (1.0  g/L)  glucose
concentration  in cultivation medium on total L1CAM protein (A) and L1CAM mRNA  levels (B)  in U2OS and HeLa cells detected by
Western blotting and real time RT‐PCR, respectively. (C) The effect of inhibition of the mevalonate pathway by cerivastatin on the
L1CAM total protein  level  in BJ  fibroblasts. L1CAM mRNA  in HeLa and BJ cells  (D) and total L1CAM protein  in Hela cells  (E) after
downregulation of ANT2 using RNA interference. (F) ANT2 mRNA level after inhibition of MEK by selumetinib (10 μM; MEKi) in A375
cells. L1CAM and ANT2 transcripts (G) and L1CAM surface expression (H) in A375 cells exposed to 500 U/ml IFNγ, 10 ng/ml TGFβ, or
their combination  for 4 days. For  real  time RT‐qPCR experiments, GAPDH was used as  the  reference gene. For  immunoblotting,
GAPDH or α‐actinin were used as loading controls.  p ˂ 0.05 (*); p ˂ 0.01 (**); p ˂ 0.001 (***), two‐tailed Student’s t‐test. Scale bar,
100 μm. All experiments were performed in three independent replicates. 
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L1CAM (Figure 7B). To further corroborate these 
findings, we employed a 3D migration assay to follow 
cell motility induced by fetal bovine serum as attractant. 
Using time-lapse cell tracking, several parameters such 
as velocity, Euclidean distance (length of migration that  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the cell overcomes directly from the start point to the 
endpoint), and accumulated distance (cell’s trajectory) 
were evaluated. Notably, senescent BJ cells with high 
L1CAM cell surface expression migrated faster and 
covered  longer   Euclidean  and  accumulated  distances  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7. L1CAM levels correlate with enhanced cell migration and adhesion both in proliferating and senescent
cells. (A) Wound healing assay of proliferating BJ after RNA interference‐mediated knockdown of L1CAM and (B) replicatively
senescent BJ fibroblasts sorted according to cell surface expression of L1CAM. (C) 3D migration assay of replicatively senescent
BJ sorted according to L1CAM cell surface expression presented as velocity  (left chart), Euclidian distance  (middle chart) and
accumulated distance (right chart). (D) 3D migration assay of unsorted replicatively senescent BJ. Left chart – velocity; middle
chart – Euclidian distance; and right chart – accumulated distance. (E) Adhesion assay of replicatively senescent BJ fibroblasts
sorted according to cell surface L1CAM expression and (F) after L1CAM knockdown. All experiments were performed  in three
independent replicates. p ˂ 0.05 (*); p ˂ 0.01 (**); p ˂ 0.001 (***), two‐tailed Student’s t‐test. 
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(Figure 7C). To exclude the possibility of an impact of 
growth conditions on the tested subpopulations, a 3D 
random migration assay of non-sorted but L1CAM 
antibody-labeled senescent BJ fibroblasts was also 
performed. The results revealed a similar trend as in the 
case of L1CAM-sorted BJ cells. L1CAMhigh BJ cells 
migrated faster and travelled further distances (Figure 
7D) compared to L1CAMlow BJ cells. The migration of 
proliferating BJ fibroblasts in the wound healing assay 
was faster compared to replicatively senescent cells, 
where young BJ covered the disrupted area approxi-
mately three times faster (by 16 hours) compared to 
senescent cells (48 hours; see references [65, 66]). The 
proliferation of young cells contributed to faster wound 
recovering as well; however, the difference in the 
velocity was significant (Supplementary Video 1 and 2).  
 
Next we asked whether the cell surface level of L1CAM 
correlates with the cell adhesive properties. As shown in 
Figure 7E, replicatively senescent L1CAMhigh BJ cells 
showed 10, 17 and 20% higher adhesion to the 
components of extracellular matrix laminin, fibronectin, 
and collagen 1, respectively, compared to senescent 
L1CAMlow BJ cells. To confirm the contribution of 
L1CAM to cell adhesive properties, L1CAM was down-
regulated in senescent BJ fibroblasts by RNA 
interference (Figure 7F; for the level of L1CAM down-
regulation, see Supplementary Figure 6C). Indeed, 
control cells adhered more efficiently compared to the 
cells with a decreased L1CAM level. 
 
Taken together, the enhanced level of L1CAM 
correlates with increased migratory properties not only 
of proliferating but also senescent BJ cells. The 
expression of L1CAM affects the adhesion of BJ cells 
to the components of extracellular matrix. 
 
DISCUSSION 
 
Despite that cellular senescence is a phenomenon well 
characterized and recognizable in vitro and the detection 
of SC in tissues is now less problematic due to the 
recently published robust method for their detection 
[67], there is a lack of strictly specific markers that 
would unambiguously allow targeting of SC for 
therapeutic purposes [68]. In search of cell-surface 
determinants overrepresented on senescent cells, we 
identified adhesion molecule L1CAM as being 
enhanced on replicatively senescent BJ fibroblasts. 
Further analysis of L1CAM expression in different 
senescence-inducing scenarios revealed that L1CAM 
expression depends on cell type and senescence-
inducing stimulus, it shows marked intra-population 
heterogeneity and multiple levels of control, including 
regulation of the cell surface exposure. Our data also 
show that the L1CAM signaling pathway is interlinked 

with Erk signaling in a reciprocal manner. Stimuli 
changing cellular metabolism such as glucose levels, 
inhibition of the mevalonate pathway, and suppression 
of ANT2 (SCL325A5) all affected the level of L1CAM 
expression, suggesting that L1CAM gene expression 
might be controlled by the metabolic changes accom-
panying the development of cellular senescence. The 
L1CAM level correlated with increased migratory 
properties of both proliferating and senescent BJ cells 
and with enhanced adhesion of cells to the components 
of extracellular matrix.  
 
Our proteomic comparative analysis of cell surface 
proteins of proliferating and senescent BJ cells based on 
surface protein biotinylation revealed more than 70 
proteins significantly enhanced on the plasma mem-
brane of senescent cells. In previous studies using 
different methodological approaches, several of these 
proteins, such as tissue inhibitor of metalloproteinase 3 
(TIMP3) [38], γ-glutamyltranspeptidase 2 (GGT2) [39] 
and ADAMTS1 [40] have already been reported as 
being overrepresented in senescent cells, thereby 
validating the technique employed in this study.  
 
The L1CAM/L1 cell adhesive molecule is a 
transmembrane glycoprotein originally discovered as a 
cell adhesion molecule in the nervous system [69], 
where it plays a crucial role during the brain develop-
ment, being specifically involved in the neurite 
outgrowth [70] and fasciculation [71], adhesion of 
neurons and astrocytes [72], and cell migration [73]. 
L1CAM attracted our attention due to its aberrant 
expression in several types of human tumors, where it 
acts as a promalignant factor and progression marker. 
For instance, L1CAM expression increases with 
progression of breast cancer [31]. Further, L1CAM 
promotes tumor progression and metastasis in 
melanoma [32] and ovarian [33], gastric [34], lung [35], 
and pancreatic cancers [36, 37], where its presence is 
associated with a poor prognosis. Besides promoting 
cancer cell migration (see, e.g., [36]), including 
perineural invasion of cancer cells (for a review, see ref. 
[74]), L1CAM confers anti-apoptotic protection, 
chemoresistance [75] and radioresistance [76], stimu-
lates cell survival [77] and acts as a pro-angiogenic 
factor [78].  
 
Analysis of L1CAM induction in various cell types and 
senescence conditions revealed that the increase of the 
L1CAM total protein level during senescence was 
mostly associated with the increase of L1CAM 
transcript, indicating senescence-induced de novo 
transcription. Nevertheless, as in the case of HSF and 
RPE-1, the elevation of the total L1CAM protein must 
not necessarily be accompanied by the increase of its 
mRNA level indicative of senescence-mediated 
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posttranscriptional regulation of L1CAM. Moreover, 
the increase of the L1CAM total protein level was not 
always associated with its enhanced cell surface 
presence, indicating that the exposure of L1CAM on the 
cell surface of senescent cells is a complex process 
involving regulation at the transcriptional, post-
transcriptional, and posttranslational levels.  
 
Regulation of the L1CAM gene expression is controlled 
by diverse stimuli such as hypoxia or TGFβ signaling. It 
has been shown that inhibition of HIF-1 leads to 
inhibition of L1CAM and subsequent blockage of tumor 
growth and metastasis in lung cancer [55].  
 
The cell cycle block responsible for premature 
senescence provoked by BrdU or IR is mediated by 
DNA damage response-induced expression of p21 
and/or p16. In our attempt to understand the mechanism 
of L1CAM induction in premature senescence we found 
out that artificial expression of p16 itself is capable of 
elevating L1CAM transcript and protein levels, 
indicating that upstream DNA response signaling is not 
a prerequisite for senescence-mediated transcriptional 
induction of L1CAM. The notion that induction of 
L1CAM transcription was entirely absent in oncogenic 
Ras-induced senescence (Figure 2) led us to investigate 
the role of Ras/MAPK signaling in the control of 
L1CAM gene expression. Several reports point to the 
role of L1CAM signaling in augmentation of Erk 
activity ([52-54]). Based on observed intrapopulation 
variability where the L1CAM levels inversely 
correlated with Erk1/2 'basal' activity which increased 
after L1CAM downregulation, our results showed rather 
opposite relationship indicating cell type differences. In 
contrast, chemical inhibition of MAP kinase MEK or 
downregulation of Erk1 or Erk2 resulted in elevation of 
the L1CAM transcript and protein levels. This suggests 
the suppressive role of the Ras/MAPK pathway on the 
L1CAM expression and the existence of a regulatory 
circuit controlling the mutual balance of L1CAM and 
the Ras/MAPK signaling, where the expression of 
L1CAM is controlled by the Erk pathway in a negative 
feedback loop. It is therefore likely that the level of 
L1CAM expression in a particular cell type depends on 
the equilibrium of interlinked activities of Erk and 
L1CAM pathways. Furthermore, we found that L1CAM 
expression was also upregulated in A375 cells exposed 
to TGFβ in concordance with previous reports [79, 80]. 
Multiple interactions between TGFβ/SMAD and the 
Ras/MAPK pathways have been described (reviewed, 
e.g., in [81]). For instance, the Ras/MAPK pathway can 
suppress the activity of SMAD3 by Erk-dependent 
phosphorylation of SMAD3 [82]. It is therefore likely 
that chemical inhibition of MEK relieves the 
Ras/MAPK-mediated inhibition of the TGFβ pathway, 
resulting in increased expression of L1CAM; however, 

this warrants further investigation. The reciprocal 
expression of SCL25A5/ANT2 and L1CAM genes could 
reflect their reverse transcriptional regulation by the 
TGFβ pathway. The ANT2 gene belongs to early 
immediate genes induced by mitogens such as platelet-
derived growth factor and epidermal growth factor [83], 
indicating the role of the MAPK pathway in ANT2 gene 
expression. Expression of ANT2 is strictly growth-
dependent, and ANT2 is suppressed during growth 
cessation mediated by TGFβ-activated NFI/SMAD 
transcription factor complexes [59, 84]. In contrast, 
L1CAM expression is induced by TGFβ ([79, 80] and 
this study) and suppressed by Ras/MAPK signaling 
(Figure 5). However, it seems that L1CAM expression 
might be ANT2-dependent, as RNA interference-
mediated knockdown of ANT2 resulted in L1CAM 
induction. As L1CAM is induced by metabolic signals, 
we propose that changes in the energy metabolism in 
response to the cell cycle arrest induce L1CAM. Further 
study is needed to reveal the mechanism of L1CAM 
induction in SC.    
 
The cause of heterogeneous expression of L1CAM in 
proliferating and senescent cell populations in vitro is 
unclear. We observed that cells sorted according to the 
L1CAM surface level sustained its level of expression 
for several consecutive population doublings prior the 
establishment/return to the original heterogeneity, 
indicative of the role of epigenetic rather than genetic 
factors (clonal evolution) in the L1CAM intra-
population heterogeneity. Based on our results we 
propose that the individual cell-specific sensitivity to 
Ras/MAPK and TGFβ signaling sets the level of the 
L1CAM surface expression.  
 
In accord with previous study showing that 
manipulation of the level of L1CAM affects the mig-
ration properties of breast cancer cells [31], we 
observed that downregulation of L1CAM attenuates 
migration of proliferating BJ cells, supporting the role 
of L1CAM in cell locomotion. Intriguingly, also SC 
with a higher level of L1CAM surface expression 
migrated faster, which was accompanied by increased 
adhesion to extracellular matrix proteins laminin-1, 
collagen-1, and fibronectin. Senescent cells migrated 
significantly slower compared to proliferating cells, 
which may reflect overall changes in the adhesion 
apparatus and cytoskeleton of senescent cells, and likely 
an aberrant cell polarity and response to chemotactic 
stimuli. We attempted to decipher the mechanism of 
enhanced locomotory properties of cells with elevated 
L1CAM. To this end, we analyzed the number and 
shape of focal adhesions, the RhoA activity, integrin 
α2β1 and integrin αV levels, and the cell polarization to 
a wound; however, we did not find any significant 
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differences among L1CAM high and low cell 
subpopulations (see Supplementary Figure 7A, B, C, D, 
E, and F). Our results are also broadly consistent with 
the L1CAM participation in axon guidance and 
neuronal migration, in a pathway culminating in MEK 
and Erk activation [85].  Furthermore, a very recent 
study showed that ionizing radiation reduces ADAM10 
expression in brain microvascular endothelial cells and 
this indirectly leads to enhanced L1CAM protein level 
[86], suggesting yet another level of stress-responding 
L1CAM regulation. 
 
Senescent cells represent premalignant cellular forms 
[6], and the expression of the L1CAM oncoprotein in 
senescent cells may provide them with specific features 
that can be inherited by tumor cells bypassing the 
senescence state [87]. There is accumulating evidence 
supported by experimental animal models that cancer 
cells can disseminate early during tumor development 
to form metastases later, after a shorter or longer period 
of dormancy (see, e.g. [88, 89], for a review, see [90]), 
sometimes even without observable formation of a 
primary tumor. Although it has not yet been proved 
experimentally that senescent cells can spread to distant 
tissues from the site of their origin, such possibility 
cannot be ruled out. Provided cellular senescence may 
be bypassed, as supported by several experimental 
findings (see, e.g., refs. [91, 92]), the migratory and 
invasive properties of senescent cells might become 
important. Based on the correlation between the 
L1CAM level and tumor invasiveness it cannot be 
excluded that migration of senescent cells in the tissues 
might also be affected by L1CAM expression. Given 
the emerging roles of SC in promoting both tumo-
rigenesis and organismal aging, our present results may 
inspire future senolytic approaches through exploiting 
the cell-surface expression of L1CAM in cellular 
senescence. 
 
MATERIALS AND METHODS 
 
Chemicals and antibodies 
 
Laminin-1 (human fibroblast-derived) and fibronectin 
(human plasma) were obtained from Sigma-Aldrich (St. 
Louis, MO, USA). Rat tail collagen type I was 
purchased from Millipore. Recombinant IFNγ was 
purchased from Peprotech (Rocky Hill, NJ, USA). 
Mouse monoclonal antibody against L1CAM from 
Sigma-Aldrich (Sigma-Aldrich), mouse monoclonal 
antibody against phosphoserine 139 of histone H2AX 
(Millipore, Billerica, MA, USA), rabbit polyclonal 
antibody against 53BP1 (Santa Cruz, CA, USA), and 
rabbit polyclonal antibody against γ-tubulin (Sigma 
Aldrich) were used for indirect immunofluorescence. 

Mouse monoclonal antibody against GAPDH (Gene-
TEX), rabbit polyclonal antibody against pan-actin 
(Sigma-Aldrich, St. Louis, MO, USA), and rabbit poly-
clonal against αTFIIH (Santa Cruz), rabbit polyclonal 
antibody against integrin αV (Cell Signaling), and mouse 
monoclonal antibody against integrin α2β1(Abcam) were 
used for immunoblotting. Anti-mouse IgG antibody 
Alexa 555 (Invitrogen, Carlsbad, CA, USA) and anti-
rabbit IgG antibody Alexa 488 (Invitrogen) were used as 
secondary antibodies. 
 
Cell cultures and senescence induction 
 
Human cancer cell lines (PC3 (ATCC® CRL-1435™), 
DU145 (ATCC® HTB-81™), A375 (ATCC® CRL-
1619™), U2OS (ATCC® HTB-96™), PANC-1 
(ATCC® CRL-1469™) ) and immortalized human 
epithelial cells (hTERT RPE-1, ATCC® CRL-4000™) 
were cultured in Dulbecco’s modified Eagle’s medium 
(D-MEM, Thermo Fisher Scientific, Waltham, MA, 
USA) supplemented with 10% fetal bovine serum (FBS, 
Gibco/Thermo Fisher Scientific) and 4.5 g/l of glucose. 
Primary human diploid fibroblast BJ (ATCC® CRL-
2522™, population doubling 25-85), MRC5 
(ATCC® CCL-171™, population doubling 24-61), and 
human skin fibroblasts (HSF-1; population doubling 20 
- 26) were cultured in Dulbecco’s modified Eagle’s 
medium (D-MEM, Thermo Fisher Scientific) 
supplemented with 10% fetal bovine serum (FBS, 
Gibco/Thermo Fisher Scientific) and 1 g/l of glucose. 
Both cell culture media were supplemented with 
penicillin/streptomycin (Sigma-Aldrich). Cells were 
plated to match the equal cell density of control and 
senescent cell culture at the time of harvest. 
 
Cells were kept at 37°C under 5% CO2 atmosphere and 
95% humidity. To bring cells to replicative senescence, 
BJ cells were split in ratio 1 : 2 until proliferation 
exhaustion (population doubling 85). To induce 
premature senescence, cells were treated either with 100 
µM BrdU (BJ, MRC5, HSF-1, RPE, PC3, DU145, 
U2OS, PANC-1) for 10 days or with 10 µM BrdU 
(A375) for 7 days, 500 U/ml IFNγ (BJ) for 21 days, or 
irradiated with a dose of 10 or 20 Gy, as indicated. 
Oncogenic mutant H-RasV12 expressed in BJ was 
prepared as described earlier [93, 94]. H-Ras was 
induced by addition of 2 μg/ml of doxycycline every 48 
hours for 16 days. 
 
Preparation of tet-one p16 and p21 constructs 
 
cDNA sequences for p16 and p21 were synthesized in 
Genescript. The cDNAs were subcloned to the Lenti-
X™ Tet-One™ Inducible Expression System, which 
was obtained from Clontech (631847).  
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Preparation of recombinant lentiviruses, 
transduction of cells and clonal expansion 
 
Recombinant lentiviruses were obtained from calcium-
phosphate transfected HEK 293T cells using packaging 
plasmids psPAX2 (Addgene, 12260) and pMD2.G 
(Addgene, 12259) together with either tet-one empty or 
tet-one p16 and p21 constructs. The medium containing 
lentiviral particles was harvested 36 to 48 h post-
transfection, and the viral particles were precipitated 
using PEG-it (System Biosciences). Target cells H28 
were transduced with viruses at multiplicity of infection 
MOI 5-10 and selected for puromycin resistance (2 
μg/ml; Invivogen). For clonal expansion of each 
transduced cell type, single cells were sorted by BD 
FACSaria and the clones were then selected according 
to the expression profile of p16 or p21 protein. 
 
Senescence-associated-β-galactosidase assay 
 
Cells grown on glass coverslips were fixed with 0.5% 
glutaraldehyde at room temperature for 15 minutes, 
washed with PBS supplemented with 1 mM MgCl2, and 
then incubated with pre-warmed X-gal solution (1 
mg/ml X-gal (Sigma-Aldrich), 0.12 mM K3Fe[CN]6, 
0.12 mM K4Fe[CN]6 × 3 H2O, 1 mM MgCl2 in PBS, pH 
6.0) at 37°C and 5% CO2 for 4 to 24 hours (depending 
on the cell type)  according to Dimri et al. [95]. After 
development of visible blue coloring inside the cells, 
coverslips were mounted in Mowiol containing 4',6-
diamidino-2-phenylindole (DAPI; Sigma-Aldrich) and 
viewed by fluorescence microscope Leica DMRXA 
(Leica Microsystems, Germany) equipped with a color 
camera. 
 
Live cell immunofluorescence 
 
Cells grown on glass coverslips were incubated with 
primary antibodies at room temperature for 15 minutes 
in PBS supplemented with Ca2+ and Mg2+ (PBS+). After 
washing with PBS+, incubation with secondary antibody 
was performed at room temperature for 15 minutes. 
After washing with PBS+, cells were fixed with 4% 
formaldehyde at room temperature for 15 minutes. 
Coverslips were mounted in Mowiol containing DAPI 
to counterstain nuclei and viewed by fluorescence 
microscope Leica DMRXA. 
 
Indirect immunofluorescence 
 
Cells grown on glass coverslips were fixed with 4% 
formaldehyde and permeabilized with 0.1% Triton X-
100 in two consecutive steps, each at room temperature 
for 15 minutes, and blocked with 10% FBS at room 
temperature for 30 minutes. After washing with PBS, 
cells were incubated with diluted primary antibodies at 

room temperature for 1 hour and then extensively 
washed with PBS/0.1% Tween 20. The incubation with 
secondary antibodies was performed at room 
temperature for 1 hour. Coverslips were mounted in 
Mowiol containing DAPI to counterstain nuclei and 
viewed by fluorescence microscope Leica DMRXA. 
 
Cell sorting 
 
Cells were washed two times with PBS and detached 
from the cultivation plates by incubation with accutase 
(Accumax, Merck Millipore, USA) at 37°C and 5% 
CO2 for 2 to 3 minutes. To stop the protease, cultivation 
medium was added to the detached cells. Cell 
suspension was centrifuged at 700 x g for 5 minutes. 
The pellet was once washed with cultivation medium to 
get rid of the accutase, and the suspension was again 
centrifuged. Cell pellets were then stained with L1CAM 
antibody diluted 1 : 100 in cultivation medium on ice 
for 20 minutes, centrifuged, washed twice with culture 
medium and incubated with secondary antibody (diluted 
1 : 500 in cultivation medium) on ice for 15 minutes. 
Cells were then washed twice with culture medium and 
after the last wash, they were resuspended in cultivation 
medium without serum and subjected to cell sorting.  
 
Cell cycle measurement 
 
Cells were washed with PBS, trypsinized, and 
subsequently collected into fresh medium. After 
centrifugation (500 x g at 4°C for 3 min), the cell pellet 
was resuspended in PBS. For fixation, a suspension 
drop was let drop into a centrifuge tube with -20°C 
100% ethanol while vortexing and kept in -20°C for at 
least 2 hours. Fixed cells were collected by centrifuga-
tion, the cell pellet washed with PBS, resuspended in 
PBS containing RNase A (final concentration 0.2 
mg/ml; Thermo Fisher Scientific, Waltham, MA, USA) 
and incubated at RT for 30 min. Prior to FACS 
measurement, propidium iodide (final concentration 
12.5 μg/ml)/NP40 (final concentration 0.1%) solution 
was added to the samples. 
 
Surface protein purification and mass spectrometry 
 
BJ cells were labeled with 13C6 arginine. The surface 
proteins were isolated using the biotinylation method 
(according to manufacturer’s protocol, Thermo Fisher 
Scientific). Briefly, cells growing on a 10 cm2 dish were 
washed with ice-cold DPBS and incubated with 
0.25 mg/ml sulfoNHS-S-S-biotin (Thermo Fisher 
Scientific) solution in DPBS at 4°C for 15 min. Cells 
were washed three times and the remaining unreacted 
NHS ester was quenched with 100 mM glycine in 
DPBS. After 10 min at 4°C, the unreacted NHS ester 
was washed away with DPBS. Cells were then lysed on 



www.aging‐us.com  448  AGING 

the dish by adding 500 μl of lysis buffer (0.5% SDS, 
500 mM NaCl, 50 mM Tris, pH 7.4). The lysate was 
denatured at 95°C for 5 min and sonicated. Total protein 
in light and heavy labeled samples was measured by the 
BCA method and samples were mixed in a 1 : 1 protein 
concentration ratio. One hundred μl of pre-equilibrated 
streptavidin-sepharose (GE Healthcare, USA) was 
mixed with the lysate and agitated at room temperature 
for 1 hour. After extensive washing four times with 1 
ml of lysis buffer followed by washing four times with 
1 ml of 1 M NaCl, 50 mM Tris (pH 7.4) and 2 × 1 ml of 
distilled water, the bound proteins were eluted three 
times with 200 µl 0.5% SDS, 50 mM Tris (pH 6.8), 
10% glycerol, 50 mM TCEP at 95°C for 5 minutes. The 
pooled eluate was concentrated on a 10 kDa cut-off 
Microcon ultrafiltration column (Merck Millipore, 
USA) and loaded on the SDS-PAGE gel. After 
electrophoresis, each gel lane was cut into six slices, the 
protein reduced and alkylated by iodoacetamide, and 
digested with trypsin.  
 
Digested peptides were desalted and peptide mixtures 
were measured using LC-MS consisting of a Dionex 
UltiMate 3000 RSLCnano system (Thermo Fisher 
Scientific) coupled via an EASY-spray ion source 
(Thermo Fisher Scientific) to an Orbitrap Elite mass 
spectrometer (Thermo Fisher Scientific). Purified 
peptides were separated on 15 cm EASY-Spray column 
(75 µm ID, PepMap C18, 2 µm particles, 100 Å pore 
size; Thermo Fisher Scientific). For each LC-MS/MS 
analysis, about 1 μg peptides were used for 165 min 
runs. First 5 min, peptides were loaded onto 2 cm trap 
column (Acclaim PepMap 100, 100 µm ID, C18, 5 µm 
particles, 100 Å pore size; Thermo Fisher Scientific) in 
loading buffer (98.9%/ 1%/0.1%, v/v/v, water/ 
acetonitrile/ formic acid) at a flow rate of 6 µl/min. 
Thereafter has been switched valve and peptides were 
loaded in buffer A (0.1% v/v formic acid in water) and 
eluted from EASY-Spray column with a linear 120 min 
gradient of 2% - 35% of buffer B (0.1% v/v formic acid 
in acetonitrile), followed by a 5 min 90% B wash at a 
flow rate 300 nl/min. EASY-Spray column temperature 
was kept at 35°C. Mass spectrometry data were 
acquired with a Top12 data-dependent MS/MS scan 
method. Target values for the full scan MS spectra were 
1 x 106 charges in the 300-1700 m/z range, with a 
maximum injection time of 35 ms and resolution of 
120,000 at m/z 400. A 2 m/z isolation window and a 
fixed first mass of 110 m/z was used for MS/MS scans. 
Fragmentation of precursor ions was performed by CID 
dissociation with normalized collision energy of 35. 
MS/MS scans were performed in an ion trap with ion 
target value of 5 x 104 and maximum injection time of 
100 ms. Dynamic exclusion was set to 70 s to avoid 
repeated sequencing of identical peptides.  

MS raw files were analysed by MaxQuant software 
(version 1.4.1.2), and peptide list were searched against 
the human Uniprot FASTA database and common 
contaminants database by the Andromeda search engine 
with cysteine carbamidomethylation as a fixed 
modification and N-terminal acetylation, methionine 
oxidations and thioacyl-lysine as variable modification. 
The false discovery rate was set to 0.01 for both 
proteins and peptides with a minimum length of six 
amino acids and was determined by searching a reverse 
database. Trypsin was set as protease, and a maximum 
of two missed cleavages were allowed in the database 
search. Peptide identification was performed with an 
allowed initial precursor mass deviation up to 7 ppm 
and an allowed fragment mass deviation of 0.5 Da. 
Matching between runs was performed. Quantification 
of SILAC pairs was performed by MaxQuant with 
standard setting using a minimum ratio count of 2.  
 
Bioinformatics analyses were performed with the 
Perseus software. 
 
Quantitative real time reverse transcription 
polymerase chain reaction (qRT-PCR) 
 
Total RNA was isolated using RNeasy Mini Kit 
(Qiagen, MD, USA) according to the manufacturer’s 
protocol. First strand cDNA was synthesized from 200 
ng of total RNA with random hexamer primers using 
TaqMan Reverse Transcription Reagents (Applied 
Biosystems). qRT-PCR was performed in ABI Prism 
7300 (Applied Biosystems) using SYBR Green I Master 
Mix (Applied Biosystems).  
 
The following sets of primers were used: 
 
L1CAM: forward: 5’ –CGGCTACTCTGGAGAGGAC 
TAC-3’, reverse: 5’- CGGCACTTGAGTTGAGGAT-
3’; 
ANT2: forward: 5’-GCCGCCTACTTCGGTATCTAT 
G-3’, reverse: 5’-CAGCAGTGACAGTCTGTGCGAT-
3’; 
GAPDH: forward: 5’-GCCAAAAGGGTCATCATCT 
C-3’, reverse: 5’-CTAAGCAGTTGGTGGTGCAG-3’. 
 
The relative quantity of cDNA was estimated by the 
ΔΔCt method [96]; data were normalized to GAPDH. 
Samples were measured in triplicates. 
 
SDS-PAGE and immunoblotting 
 
Cells were washed two times with PBS and then 
harvested into Laemmli SDS sample lysis buffer, soni-
cated, and centrifuged at 1600 x g for 10 min. 
Concentration of proteins was estimated by the BCA 
method (Pierce Biotechnology Inc., Rockford, USA). 
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Before separation by SDS-PAGE (9% and 14% gels 
were used), 100 mM DTT and 0.01% bromophenol blue 
were added to the cell lysates. The same protein amount 
(40 μg) was loaded into each well. After electro-
phoresis, proteins were electrotransferred from the gel 
onto a nitrocellulose membrane using the wet transfer 
method and detected by specific antibodies combined 
with horseradish peroxidase-conjugated secondary 
antibodies (donkey anti-mouse, Bio-Rad, Hercules, CA, 
USA). Peroxidase activity was detected by ECL (Pierce 
Biotechnology Inc.). GAPDH or pan-actin were used as 
a marker of equal loading, as indicated. 
 
Wound healing assay 
 
A confluent monolayer was disrupted with 10 μl 
micropipette tip. To remove floating cells, the culture 
medium was removed and replaced by fresh medium. 
Recovery of the disrupted area was monitored with 
time-lapse Leica Microscope DMI6000 for 32 to 48 
hours. Cell migration was quantified by comparing the 
corrupted area with the recovered area according to 
formula: % of recovering = [(corrupted area – recovered 
area) / corrupted area] × 100. The size of the area was 
measured using ImageJ Software; velocity was analyzed 
with tracking plug-in.  
 
3D migration assay 
 
BJ cells sorted according to the L1CAM surface level 
were serum-starved for 24 hours and then seeded into 
collagen-containing Matrigel inserted in the column (μ-
Slide Chemotaxis 3D, Ibidi, Munich, Germany) 
according to the manufacturer’s protocol. Migration 
directed towards serum-containing medium was 
monitored with time-lapse Leica Microscope DMI6000 
for 8 hours. Cell tracking was performed using ImageJ 
Software. For estimation of velocity and distance of the 
tracked cells, Chemotaxis and Migration Tool Software 
(Ibidi) was used. To evaluate random migration, the 
same procedure was used except that BJ cells were 
stained with antibody against L1CAM prior to seeding 
into Matrigel (to discriminate cells according to the 
L1CAM level based on the intensity of L1CAM surface 
staining (no fluorescence signal referred to cells with a 
low L1CAM level; in contrast, high L1CAM cells were 
those that showed strong fluorescence signal).  
 
Adhesion assay 
 
A 96-well cell culture plate was coated with laminin-1 
(10 μg/ml in Hank's balanced salt solution), 
fibronectin (20 μg/ml in H2O), or rat tail collagen 1 (2 
μg/ml in H2O) at 37°C at 5% CO2 for 1 hour. After 
washing with 0.1% BSA dissolved in DMEM (WB), 
the wells were blocked with blocking buffer (0.5% 

BSA in DMEM) at 37°C at 5% CO2 for 1 hour. After 
subsequent washing with WB, the plate was chilled on 
ice for 5 minutes, cell suspensions were seeded into 
the wells and left to adhere in a CO2 incubator at 37°C 
for 30 minutes. Next, the plate was shaken at 200 rpm 
for 10 to 15 seconds and washed three times with WB. 
Cells were then fixed with 4% formaldehyde at room 
temperature for 15 minutes, washed with WB and 
stained with crystal violet (5 mg/ml in 2% ethanol) for 
10 minutes. The plate was subsequently washed 
several times with H2O to get rid of the remains of 
crystal violet. After drying up the plates, 2% SDS (in 
H2O) was added and incubated at room temperature 
for 30 minutes. Optical density at 550 nm was estimated 
by a spectrophotometer (Multiskan EX, Thermo 
Scientific, USA).  
 
RNA interference 
 
siRNAs targeting L1CAM (sense: GCAAGAGACAUA 
UCCACAAtt, antisense: UUGUGGAUAUGUCUCUU 
GCtg) were introduced into the cells using Lipo-
fectamine™ RNAiMAX (Invitrogen, Carlsbad, CA, 
USA). Nonsense siRNA sequences (siNT; Ambion, CA, 
USA) were used as a negative control. shRNAs 
targeting L1CAM were introduced into the cells using a 
lentiviral vector. The shRNA vector targeting L1CAM 
was obtained by insertion of double-stranded oligo: 
5'-CGGCAGCAAGAGACATATCCACAACTCGAG 
TTGTGGATATGTCTCTTGCTGTTTTT-3' into the 
AgeI and EcoRI sites in the pLKO.1 vector.  A non-
target shRNA plasmid was obtained from Sigma (cat. 
No. SHC016). Lentiviral particles were produced by co-
transfection with pMD2.G and psPAX2 (a kind gift 
from Didier Trono) in HEK293T cells as described 
previously [93]. Stably transduced cells were selected 
after 7 days by growing in media containing 2.5 µg/ml 
of puromycin. 
 
RhoA activity measurement 
 
RhoA activity was measured using G-LISA Activation 
Assay (Cytoskeleton, Inc). The procedure was 
performed according to manufacturer’s protocol.  
 
Determination of cell nuclei polarization 
 
Confluent cell monolayer was scratched by pipette tip. 
After 4 hours, cells were stained (live) with the L1CAM 
antibody, then fixed, permeabilized and stained with 
antibody against a marker of MTOC, γ-tubulin. For 
determination of cell polarization, the position of 
MTOC was measured relatively to perpendicular lines 
(90°) positioned toward the scratch line [97]. The nuclei 
with MTOC present within the perpendicular lines were 
considered as polarized. 



www.aging‐us.com  450  AGING 

Abbreviations 
 
ADAMTS1: a disintegrin and metalloproteinase with 
thrombospondin motif 1; ANT2: adenine nucleotide 
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SUPPLEMENTARY MATERIAL 
 

Please browse the Full Text version to see: 

Supplementary Table 1. List of proteins with 
significantly changed expression identified by mass 
spectrometry. 
Supplementary Video 1. Wound healing assay of 
proliferating BJ fibroblasts. 
Supplementary Video 2. Wound healing assay of 
replicatively senescent BJ fibroblasts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary  Figure  1.  (A)  Senescence‐associated  β‐galactosidase  staining  of  BJ  fibroblasts  brought  to  senescence  by
various  means:  replicatively  senescent  (by  splitting  cell  culture  in  ratio  1 : 2  until  proliferation  exhaustion  at  PD 85),  by
treatment of BJ cells (PD 32) with 100 μM BrdU, by  irradiation of BJ cells (PD 32; IR, 20 Gy), by exposure of BJ cells (PD 35) to
IFNγ (500 U/ml; for 21 days) and by tetracycline‐inducible oncogenic H‐RAS (see Materials and Methods and reference [94]). (B)
DNA damage response of proliferating (PD 30) and replicatively senescent (PD 85) BJ fibroblasts detected as DNA damage foci
with antibodies against γH2AX and 53BP1. Scale bar, 20 μm.  
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Supplementary Figure 1. (C) Transcript levels estimated by real time quantitative RT‐PCR in subset of most upregulated hits
obtained by mass spectrometry analysis in proliferating (Ctrl) and replicatively senescent (RS) BJ fibroblasts. GAPDH was used as
a reference gene. Measurements were performed in two independent replicates. p ˂ 0.05 (*); p ˂ 0.01 (**); p ˂ 0.001 (***), (D)
Immunoblot comparing total protein  levels of  fibronectin, L1CAM, collagen  IV,  integrin α2 and PVR  in proliferating  (Ctrl) and
replicatively  senescent  (RS) BJ  fibroblasts.    αTFIIH was used as a  loading  control.  (E)  FACS analysis of  surface expression of
fibronectin  and  PVR  in  proliferating  (Ctrl)  and  replicatively  senescent  (RS)  BJ  cells.  (F)  Effectiveness  of  shRNA‐mediated
downregulation of L1CAM using  lentiviral  transduction  (shL1) compared  to control U2OS cells  transduced with non‐targeting
shRNA  (shNT) detected by Western blotting. GAPDH was used as a  loading control.  (G)  Immunofluorescence staining of  live
control (shNT) and shL1CAM‐treated U2OS cells (shL1) with L1CAM antibody (upper row) and after cell permeabilization (lower
row; note that the signal in permeabilized cells is nonspecific). Scale bars, 50 μm. 
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Supplementary Figure 2. (A) Fluorescence‐associated cell sorting of replicatively senescent BJ fibroblasts. Live cells were sorted
according  to  their  surface  L1CAM  level  into  two  subpopulations  with  low  L1CAM  and  high  L1CAM.  Scale  bar,  50 μm.  (B)
Immunofluorescence staining of surface L1CAM  in sorted BJ fibroblasts  (PD 40) and after additional 11 population doublings  (PD
51). Scale bar, 50 μm. (C) Comparison of proliferation of L1CAM 'high' and 'low' BJ cells sorted by FACS. Quantification of number of
γH2A.X  (D)  and  53BP1  (E)  DNA  damage  foci  per  cell  nucleus  plotted  relative  to  the  L1CAM  surface  fluorescent  intensity.
Replicatively senescent BJ  fibroblasts were presorted according to L1CAM surface  level by FACS  (L1CAMhigh versus L1CAMlow).  (F)
Cell area of BJ fibroblasts sorted for L1CAM high and low level. (G) FACS analysis of DNA content in replicatively BJ fibroblasts after
knockdown of L1CAM (right) using propidium iodide staining. Control cells were transfected with non‐specific siRNA (siNT; left). 
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Supplementary Figure 3. (A) Senescence‐associated β‐galactosidase staining of PANC‐1, PC3, A375, U2OS, MRC5, HSF‐
1, RPE‐1 and DU145 cells brought to premature senescence by BrdU and IR (10 Gy). Scale bar, 50 μm. (B) Comparison of
basal L1CAM transcript levels in different cell types calculated as an average GAPDH to L1CAM Ct values ratio. 
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Supplementary Figure 4. L1CAM transcript levels (A) and senescence‐associated β‐galactosidase activity (B) estimated
in mouse cell lines B16F10, TC1, and TRAMPC2 after exposure to docetaxel (0.75 μM, 4 days). Scale bar, 50 μm.   

Supplementary Figure 5. (A) Cell cycle arrest after overexpression of cyclin‐dependent kinase  inhibitors p16 and p21
(induction with  doxycycline,  DOX+).  (B)  Senescence‐associated  β‐galactosidase  staining  of  H28  clones  after  cell  cycle
arrest  (DOX+).  (C) DNA damage markers  (γH2AX and 53BP1) staining. Cells  irradiated with dose of 1Gy were used as a
staining control (40 minutes after irradiation). Scale bars, 20 μm. 
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Supplementary Figure 6. (A) mRNA of ANT3, ANT2, and L1CAM after downregulation of ANT3 using RNA interference
in HeLa and BJ cells (upper chart) and total L1CAM protein in Hela and BJ cells after downregulation of ANT3 using RNA
interference  (lower panel). GAPDH was used as a  loading control.  (B) Phase contrast microscopic  images of A375 cells
after  exposure  to  500  U/ml  IFNγ,  10  ng/ml  TGFβ,  or  their  combination  for  4  days.  (C)  Effectiveness  of  L1CAM
downregulation by  L1CAM  siRNA  in  replicatively  senescent BJ  fibroblasts detected by Western blotting  (siNT,  control;
L1CAM). GAPDH was used as a loading control. Scale bar, 100 μm. 
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Supplementary Figure 7. (A) Fluorescence staining of L1CAM (surface labeling) and paxillin (after permeabilization) in
non‐sorted replicatively senescent BJ fibroblasts. (B) The ratio of adhesion (paxillin) numbers and area in low L1CAM and
high L1CAM BJ  replicatively  senescent cells.  (C) Circularity of adhesions  in  individual area categories.  (D) Western blot
detecting  integrins  in  low and high  L1CAM  cells  (BJ  replicatively  senescent  fibroblasts). β−actin was used as a  loading
control. (E) RhoA activity in low and high L1CAM cells. “RhoA control” was part of the kit compounds; as negative control
(NTC)  were  used  cells  with  overnight  serum  starvation  and  control  cells  (Ctrl)  were  cells  treated  with  2  μM
lysophosphatidic  acid.  (F)  Polarization  of  nuclei  after wound  healing.  Yellow  line  represents  the  direction  of  scratch
(“wound) in cells monolayer. “v”‐shaped  perpendicular yellow lines for determination of nuclei polarization. Scale bar, 50
μm. All experiments were performed in three independent replicates. For statistics, two‐tailed Student’s t‐test was used.



Supplementary Table 1. The list of proteins with significantly changed expression identified by mass spectrometry. Listed proteins are the 

result of comparison of proliferating (normal, “N”) and replicatively senescent (“S”) BJ fibroblasts. 

Average 

LogFC 

(N/S) 

Average 

LogFC 

(S/N) 

Intensity Test statistic Protein IDs Majority 

protein IDs 

Protein names Gene 

names 

-2.635226 3.371001 7.360006132 -23.73301783 P36268-2; 

B5MCK8; 

P36268; 

P19440; 

P36268-3; 

E7ET76; 

A6NGU5; 

P19440-2; 

E7ETR7; 

Q14390; 

B5MC36; 

P19440-3; 

B5MD39; 

J3KR28; 

B5MC34 

P36268-2; 

B5MCK8; 

P36268; 

P19440; 

P36268-3; 

E7ET76; 

A6NGU5; 

P19440-2 

Gamma-glutamyltranspeptidase 2; 

Gamma-glutamyltranspeptidase 2 heavy chain; 

Gamma-glutamyltranspeptidase 2 light chain; 

Gamma-glutamyltranspeptidase 1; 

Gamma-glutamyltranspeptidase 1 heavy chain; 

Gamma-glutamyltranspeptidase 1 light chain; 

Putative gamma-glutamyltranspeptidase 3; 

Putative gamma-glutamyltranspeptidase 3 heavy 

chain; 

Putative gamma-glutamyltranspeptidase 3 light 

chain 

GGT2; 

GGT1; 

GGT3P 

-1.905034 2.866394 7.451433332 -27.75607925 P32004-3; 

P32004-2; 

F5H1H0; 

P32004; 

F5H025; 

H0Y5C3; 

H3BLW5; 

E9PHJ4; 

E7EMY4; 

E7EVM4; 

E7EPI4 

P32004-3; 

P32004-2; 

F5H1H0; 

P32004; 

F5H025 

Neural cell adhesion molecule L1 L1CAM 

-0.8198013 2.563353 8.94063102 -13.49351502 E9PIM6; 

P04216; 

E9PNQ8; 

E9PIM6; 

P04216; 

E9PNQ8; 

Thy-1 membrane glycoprotein THY1 



J3QRJ3 J3QRJ3 

-0.6515636 2.280897 8.187012807 -3.314451 Q6NZI2; 

Q6NZI2-2; 

Q6NZI2-3 

Q6NZI2; 

Q6NZI2-2 

Polymerase I and transcript release factor PTRF 

-1.056221 2.215119 7.597574532 -29.24840775 Q10588; 

A6NC48; 

H0Y984; 

H0Y9Q9; 

H0Y8G4 

Q10588; 

A6NC48; 

H0Y984 

ADP-ribosyl cyclase 2 BST1 

-1.125573 2.088058 7.692547303 -14.07066679 D6RGG3; 

Q99715; 

Q99715-4; 

Q99715-2; 

H0Y4P7; 

H0Y5N9; 

H0Y991 

D6RGG3; 

Q99715; 

Q99715-4; 

Q99715-2 

Collagen alpha-1(XII) chain COL12A1 

-2.187379 2.041699 6.935658386 -19.17918278 Q9UHI8; 

E5RJR7; 

H7C206; 

E5RI60 

Q9UHI8 A disintegrin and metalloproteinase with 

thrombospondin motifs 1 

ADAMTS

1 

-0.9195065 1.90616 7.760331996 -18.15224672 Q05682-5; 

E9PGZ1; 

Q05682-4; 

F5H1Z9; 

E7EX44; 

Q05682-3; 

Q05682-6; 

Q05682-2; 

Q05682; 

C9J813; 

C9JEK3 

Q05682-5; 

E9PGZ1; 

Q05682-4; 

F5H1Z9; 

E7EX44; 

Q05682-3; 

Q05682-6; 

Q05682-2; 

Q05682; 

C9J813 

Caldesmon CALD1 

-1.562218 1.905389 8.28831631 -23.64976861 P26006; 

P26006-1; 

D6R9X8; 

H0YA49; 

P26006; 

P26006-1 

Integrin alpha-3; 

Integrin alpha-3 heavy chain; 

Integrin alpha-3 light chain 

ITGA3 



B4DDT0 

-2.615552 1.863978 8.272259443 -7.367754393 P35625 P35625 Metalloproteinase inhibitor 3 TIMP3 

-0.7482576 1.856946 7.015443588 -14.01638604 Q92508; 

E7EUT2; 

H7C2J5; 

H0YB49; 

H3BRR7 

Q92508 Piezo-type mechanosensitive ion channel 

component 1 

PIEZO1 

-0.8403708 1.824809 7.734151503 -19.7432219 P54289-5; 

P54289-2; 

P54289 

P54289-5; 

P54289-2; 

P54289 

Voltage-dependent calcium channel subunit alpha-

2/delta-1; 

Voltage-dependent calcium channel subunit alpha-

2-1; 

Voltage-dependent calcium channel subunit delta-1 

CACNA2

D1 

-0.9346483 1.818605 7.536381659 -11.5355114 P49184; 

A6QRJ0; 

Q5HY40; 

E7ESG1; 

E7EUJ0 

P49184; 

A6QRJ0 

Deoxyribonuclease-1-like 1 DNASE1

L1 

-0.9806778 1.676899 6.925193444 -9.263101219 O60565; 

O60565-2 

O60565; 

O60565-2 

Gremlin-1 GREM1 

-0.4855596 1.659285 8.030559245 -9.665333575 P23229-4; 

P23229-2; 

P23229-5; 

P23229-3; 

P23229-9; 

P23229-6; 

P23229; 

P23229-7; 

H7BZ97; 

C9JXX7 

P23229-4; 

P23229-2; 

P23229-5; 

P23229-3; 

P23229-9; 

P23229-6; 

P23229; 

P23229-7 

Integrin alpha-6; 

Integrin alpha-6 heavy chain; 

Integrin alpha-6 light chain 

ITGA6 

-1.806288 1.640436 7.018159374 -6.140773349 P29279; 

P29279-2 

P29279; 

P29279-2 

Connective tissue growth factor CTGF 

0.5815923 1.49904 6.478061208 -2.912109038 Q76M96; 

Q76M96-2; 

H7C5K4; 

Q76M96; 

Q76M96-2; 

H7C5K4 

Coiled-coil domain-containing protein 80 CCDC80 



C9J8I6 

-

0.09137043 

1.469535 7.021313365 -12.18252902 P56199 P56199 Integrin alpha-1 ITGA1 

-1.136728 1.368992 7.048868896 -20.42575459 Q14517; 

D6RCE4; 

H0Y9C8; 

H0Y9H4 

Q14517 Protocadherin Fat 1; 

Protocadherin Fat 1, nuclear form 

FAT1 

0.50196 1.348232 6.428037553 -3.791468659 E7EPS8; 

P28827; 

P28827-2; 

F8WA38; 

E7EVX9; 

J3KRV2; 

B1AJS0; 

B1AJR6; 

O14522; 

B1AJR8; 

B1AJR9; 

O14522-1 

E7EPS8; 

P28827; 

P28827-2; 

F8WA38; 

E7EVX9 

Receptor-type tyrosine-protein phosphatase mu PTPRM 

-1.369706 1.306846 7.900623806 -15.79799287 A8MWK3; 

P19022; 

C9J126; 

C9J8J8; 

P55283-2; 

P55283 

A8MWK3; 

P19022 

Cadherin-2 CDH2 

-0.8834575 1.278044 8.015988105 -10.87469123 P35580; 

P35580-2; 

F8W6L6; 

P35580-3; 

P35580-4; 

E7ERA5 

P35580; 

P35580-2; 

F8W6L6; 

P35580-3; 

P35580-4 

Myosin-10 MYH10 

-0.4353584 1.255742 8.022881813 -55.53520178 Q9UBG0; 

E7EME3 

Q9UBG0 C-type mannose receptor 2 MRC2 

-0.1753502 1.232292 7.71603675 -18.27778286 Q15746-2; 

Q15746-4 

Q15746-2; 

Q15746-4 

Myosin light chain kinase, smooth muscle;Myosin 

light chain kinase, smooth muscle, deglutamylated 

MYLK 



form 

-0.2771412 1.222618 6.750824551 -6.199272727 E9PNW4; 

P13987; 

E9PR17; 

H0YET2 

E9PNW4; 

P13987; 

E9PR17; 

H0YET2 

CD59 glycoprotein CD59 

-0.340934 1.16221 7.656126962 -11.40986537 P22413; 

E9PE72 

P22413 Ectonucleotide pyrophosphatase/phosphodiesterase 

family member 1; 

Alkaline phosphodiesterase I; 

Nucleotide pyrophosphatase 

ENPP1 

-0.481626 1.157108 7.849873742 -11.85777316 P35052; 

H7C410; 

H7C024; 

C9J4Y6; 

H7BZE9; 

H7BZL4 

P35052; 

H7C410; 

H7C024 

Glypican-1; 

Secreted glypican-1 

GPC1 

-0.5312016 1.13829 7.537655417 -4.398699388 P54652 P54652 Heat shock-related 70 kDa protein 2 HSPA2 

-1.252604 1.124189 7.260858132 -8.212856566 P15151-3; 

P15151-2; 

P15151-4; 

P15151 

P15151-3; 

P15151-2; 

P15151-4; 

P15151 

Poliovirus receptor PVR 

-0.2930318 1.081544 7.950447616 -4.531682786 Q09666; 

E9PQE3; 

E9PJZ0; 

E9PKR9; 

E9PJC6; 

E9PLK4; 

Q09666-2 

Q09666 Neuroblast differentiation-associated protein 

AHNAK 

AHNAK 

-0.2698426 1.010279 7.123198075 -10.38509764 E9PMR4; 

P48509 

E9PMR4; 

P48509 

CD151 antigen CD151 

-0.8762278 1.003026 8.740236331 -7.878293555 P07355; 

P07355-2; 

H0YN42; 

H0YMD0; 

H0YMU9; 

P07355; 

P07355-2; 

H0YN42; 

H0YMD0; 

H0YMU9; 

Annexin A2; 

Annexin; 

Putative annexin A2-like protein 

ANXA2; 

ANXA2P

2 



A6NMY6; 

H0YKS4; 

H0YM50; 

H0YNP5; 

H0YMM1; 

H0YKZ7; 

H0YLV6; 

H0YMT9; 

H0YKX9; 

H0YN28; 

H0YL33; 

H0YKL9; 

H0YMW4; 

H0YKV8; 

H0YMD9; 

H0YNA0; 

H0YNB8; 

H0YN52; 

H0YKN4; 

H0YLE2 

A6NMY6; 

H0YKS4; 

H0YM50; 

H0YNP5; 

H0YMM1 

-1.129987 1.00101 9.088667553 -5.424561495 P08670; 

B0YJC4; 

B0YJC5; 

Q5JVS8; 

H7C5W5; 

P17661; 

P41219; 

P41219-2; 

F8W835; 

P07197-2; 

P07196; 

E7EMV2; 

E7ESP9; 

P07197; 

P12036-2; 

P08670; 

B0YJC4; 

B0YJC5 

Vimentin VIM 



P12036 

-0.86436 0.9668734 7.94019762 -12.91442733 Q08431-2; 

F5GZN3; 

F5H7N9; 

Q08431; 

X6R3G6; 

Q08431-3; 

H0YKS8 

Q08431-2; 

F5GZN3; 

F5H7N9; 

Q08431; 

X6R3G6; 

Q08431-3; 

H0YKS8 

Lactadherin; 

Lactadherin short form;Medin 

MFGE8 

-0.4771206 0.9334971 7.771205192 -8.84920598 J3QQV2; 

J3QSC3; 

O15427; 

J3QQS9; 

J3KTI8; 

J3KT83; 

J3QRA0; 

J3QLE3; 

J3KTM6; 

J3QRU2 

J3QQV2; 

J3QSC3; 

O15427; 

J3QQS9; 

J3KTI8; 

J3KT83; 

J3QRA0 

Monocarboxylate transporter 4 SLC16A3 

-0.5684305 0.8954578 7.284475853 -4.242339781 P05121; 

P05121-2 

P05121; 

P05121-2 

Plasminogen activator inhibitor 1 SERPINE

1 

-0.2510408 0.8626325 7.199919652 -9.841252103 Q16585; 

B7Z635; 

H0YA15; 

H0Y8J3 

Q16585; 

B7Z635 

Beta-sarcoglycan SGCB 

-

0.08886836 

0.8542351 8.206313052 -6.399063413 Q6UVY6; 

Q6UVY6-

2; 

A6PVS1 

Q6UVY6; 

Q6UVY6-2 

DBH-like monooxygenase protein 1 MOXD1 

-0.541765 0.8422145 8.052578525 -2.94282963 P02545; 

P02545-3; 

P02545-5; 

P02545-4; 

P02545-6; 

H0YAB0 

P02545; 

P02545-3; 

P02545-5; 

P02545-4; 

P02545-6 

Prelamin-A/C; 

Lamin-A/C 

LMNA 



-1.015987 0.8093321 7.658593248 -7.175469028 Q92743; 

H0Y7G9 

Q92743; 

H0Y7G9 

Serine protease HTRA1 HTRA1 

-0.1059855 0.8074374 6.385588401 -3.94627221 P17948-2; 

P17948-3; 

P17948; 

P17948-4 

P17948-2; 

P17948-3; 

P17948; 

P17948-4 

Vascular endothelial growth factor receptor 1 FLT1 

-0.3820621 0.7911056 7.729359206 -5.020286273 Q9NR99 Q9NR99 Matrix-remodeling-associated protein 5 MXRA5 

-0.5018922 0.7211539 8.16181704 -9.369371771 P05362; 

E7ESS4; 

K7EKL8 

P05362; 

E7ESS4 

Intercellular adhesion molecule 1 ICAM1 

-0.8823935 0.7083197 7.16521464 -5.336774591 B7Z1R5; 

P38606; 

C9JA17; 

C9JVW8 

B7Z1R5; 

P38606 

V-type proton ATPase catalytic subunit A ATP6V1

A 

-0.1833921 0.6391395 8.367691298 -3.712491978 P12814 P12814 Alpha-actinin-1 ACTN1 

-0.5411816 0.6373784 6.342225229 -12.45568423 Q9UP95-3; 

Q9UP95-5; 

Q9UP95-2; 

Q9UP95-6; 

Q9UP95; 

I3L4N6; 

Q9UP95-7; 

Q9UP95-4; 

Q9H2X9-2; 

Q9H2X9 

Q9UP95-3; 

Q9UP95-5; 

Q9UP95-2; 

Q9UP95-6; 

Q9UP95; 

I3L4N6; 

Q9UP95-7; 

Q9UP95-4 

Solute carrier family 12 member 4 SLC12A4 

1.318747 0.626112 6.55544513 3.226086374 Q9P2B2 Q9P2B2 Prostaglandin F2 receptor negative regulator PTGFRN 

-1.383362 0.6195538 6.439758883 -8.390679352 P50443 P50443 Sulfate transporter SLC26A2 

-0.4099873 0.6084308 8.200850498 -11.03257944 F5H6E2; 

O00159-3; 

O00159; 

O00159-2; 

I3L501; 

I3L204; 

I3L4D4; 

F5H6E2; 

O00159-3; 

O00159; 

O00159-2 

Unconventional myosin-Ic MYO1C 



I3L3Y6; 

I3L168; 

I3L3F5 

1.119024 0.5490283 8.204092838 7.417548163 Q12884; 

B4DLR2; 

Q12884-2; 

C9J131; 

H7C4D9; 

H0YG61; 

F8WF29 

Q12884; 

B4DLR2 

Seprase FAP 

-0.5252888 0.5367492 8.712961003 -8.776629671 P35613-3; 

P35613-4; 

P35613-2; 

P35613; 

4GN83; 

R4GMX5; 

I3L192 

P35613-3; 

P35613-4; 

P35613-2; 

P35613; 

R4GN83; 

R4GMX5; 

I3L192 

Basigin BSG 

-0.1385051 0.5366498 7.509766873 -4.370782114 O43707; 

O43707-2; 

O43707-3; 

F5GXS2; 

H7C144; 

K7EJH8; 

K7EP19; 

D6RH00 

O43707; 

O43707-2; 

O43707-3; 

F5GXS2 

Alpha-actinin-4 ACTN4 

-0.7124568 0.5221562 7.141198845 -6.219432475 P29317; 

Q9UF33-2; 

J3KR66; 

Q9UF33-3; 

B7Z6Q8; 

B1AKC9; 

E9PG71; 

P54764; 

P29323-2; 

P29323-3; 

P29317 Ephrin type-A receptor 2 EPHA2 



Q15375-2; 

Q15375-4; 

Q15375; 

Q9UF33; 

P29323 

-0.2597891 0.5181323 8.35328134 -8.73467869 Q6YHK3; 

Q6YHK3-

4; 

Q6YHK3-

2; 

Q6YHK3-3 

Q6YHK3; 

Q6YHK3-

4; 

Q6YHK3-2 

CD109 antigen CD109 

-0.3001286 0.514097 8.779177866 -2.963840615 Q15149-4; 

Q15149-7; 

Q15149-8; 

Q15149-9; 

Q15149-5; 

Q15149-6; 

Q15149-2; 

Q15149; 

E9PMV1; 

E9PKG0; 

E9PIA2; 

E9PPU0; 

E9PQ28; 

H0YDN1 

Q15149-4; 

Q15149-7; 

Q15149-8; 

Q15149-9; 

Q15149-5; 

Q15149-6; 

Q15149-2; 

Q15149 

Plectin PLEC 

-0.2712871 0.5065004 7.892784471 -5.3323466 Q9Y639-3; 

Q9Y639-1; 

Q9UFM8; 

Q9Y639-4; 

H7BXJ1; 

Q9Y639-5; 

F5GZD0; 

Q9Y639; 

H3BQ94; 

H3BU51; 

Q9Y639-3; 

Q9Y639-1; 

Q9UFM8; 

Q9Y639-4; 

H7BXJ1; 

Q9Y639-5; 

F5GZD0; 

Q9Y639 

Neuroplastin NPTN; 

DKFZp56

6H1924 



F5GYM7 

-0.2973957 0.4972291 7.410726633 -4.017317334 O75326-2; 

O75326; 

F5GYX3; 

H3BMF9 

O75326-2; 

O75326; 

F5GYX3 

Semaphorin-7A SEMA7A 

-0.2550467 0.4927248 8.287420996 -6.303314899 P08195-2; 

P08195-3; 

F5GZS6; 

P08195; 

J3KPF3; 

P08195-4; 

H0YFS2; 

F5H0E2; 

H0YFX4; 

F5GZI0; 

F5H867 

P08195-2; 

P08195-3; 

F5GZS6; 

P08195; 

J3KPF3; 

P08195-4 

4F2 cell-surface antigen heavy chain SLC3A2 

-0.822503 0.4302852 8.722609246 -12.72046596 P05556; 

P05556-2; 

P05556-5; 

P05556-4; 

P05556-3; 

E7EQW5; 

H7C4K3; 

C9JPK5; 

Q5T3E6; 

E9PLR6; 

E7EUI6 

P05556; 

P05556-2; 

P05556-5; 

P05556-4; 

P05556-3 

Integrin beta-1 ITGB1 

-1.067281 0.4262111 7.12765542 -7.69272399 E9PGC8; 

P78559; 

P78559-2; 

J3KPX8 

E9PGC8; 

P78559; 

P78559-2; 

J3KPX8 

Microtubule-associated protein 1A; 

MAP1A heavy chain; 

MAP1 light chain LC2 

MAP1A 

-1.253223 0.4208328 7.025223915 -7.570945305 P11498; 

E9PS68; 

E9PRE7; 

B4DN00 

P11498 Pyruvate carboxylase, mitochondrial PC 



-0.9725628 0.4196467 8.417438476 -7.162131575 P04083; 

Q5T3N1; 

Q5T3N0 

P04083; 

Q5T3N1 

Annexin A1 ANXA1 

-0.3668757 0.4032677 7.774436669 -5.282372492 P05023-3; 

P05023-4; 

P05023; 

P05023-2; 

M0R116; 

P13637; 

P13637-2; 

P13637-3; 

B1AKY9; 

P50993; 

H0Y7C1; 

Q13733; 

Q5TC01; 

Q5TC02; 

E9PRA5; 

M0QXF2; 

P20648; 

P54707; 

P54707-2 

P05023-3; 

P05023-4; 

P05023; 

P05023-2 

Sodium/potassium-transporting ATPase subunit 

alpha-1 

ATP1A1 

-1.317355 0.3936349 6.708556861 -4.450898052 B7Z588; 

O14763-2; 

O14763 

B7Z588; 

O14763-2; 

O14763 

Tumor necrosis factor receptor superfamily member 

10B 

TNFRSF1

0B 

1.104494 0.3890782 5.965794158 9.421417071 Q9HA72-3; 

Q9HA72-2; 

Q9HA72 

Q9HA72-3; 

Q9HA72-2; 

Q9HA72 

Calcium homeostasis modulator protein 2 CALHM2 

-0.9797432 0.3855966 6.713658516 -2.581286037 Q66K79-3; 

Q66K79-2; 

Q66K79; 

E7EQK1 

Q66K79-3; 

Q66K79-2; 

Q66K79; 

E7EQK1 

Carboxypeptidase Z CPZ 

0.6715652 0.3720605 7.898851284 3.534624904 P17693; 

Q5RJ85 

P17693; 

Q5RJ85 

HLA class I histocompatibility antigen, alpha chain 

G 

HLA-G 

-0.1316925 0.3637879 8.261667229 -5.382906415 Q6EMK4 Q6EMK4 Vasorin VASN 



-0.3485005 0.3373114 8.60963709 -4.320996322 Q14315-2; 

Q14315 

Q14315-2; 

Q14315 

Filamin-C FLNC 

-0.275472 0.3362834 9.855234378 -9.498885687 P63261; 

I3L3I0; 

I3L1U9; 

I3L4N8; 

K7EM38; 

I3L3R2; 

J3KT65; 

C9JUM1; 

Q6S8J3; 

Q9BYX7; 

P0CG38; 

P0CG39 

P63261; 

I3L3I0; 

I3L1U9; 

I3L4N8 

Actin, cytoplasmic 2; 

Actin, cytoplasmic 2, N-terminally processed 

ACTG1 

-1.778828 0.3220435 7.284137345 -14.29312658 Q8TF66; 

Q8TF66-2 

Q8TF66; 

Q8TF66-2 

Leucine-rich repeat-containing protein 15 LRRC15 

-0.6020656 0.3130136 8.089905111 -6.812376232 P04156-2; 

A2A2V1; 

P04156; 

X6RKS3 

P04156-2; 

A2A2V1; 

P04156; 

X6RKS3 

Major prion protein PRNP 

0.6635723 0.2973675 8.57623766 3.737426432 P30479; 

P30481 

P30479; 

P30481 

HLA class I histocompatibility antigen, B-41 alpha 

chain;HLA class I histocompatibility antigen, B-44 

alpha chain 

HLA-B 

-0.6688223 0.2720232 7.491893729 -25.21062698 P04899; 

P04899-4; 

P04899-6; 

P04899-3; 

P04899-5; 

P04899-2; 

F5GZL8 

P04899; 

P04899-4; 

P04899-6; 

P04899-3; 

P04899-5; 

P04899-2; 

F5GZL8 

Guanine nucleotide-binding protein G(i) subunit 

alpha-2 

GNAI2 

-0.3451979 0.2651968 7.825860844 -3.066141086 P09525; 

Q6P452; 

B4DDF9 

P09525; 

Q6P452; 

B4DDF9 

Annexin A4; 

Annexin 

ANXA4 

-0.9221008 0.2239167 7.939873532 -3.89511965 P07237; 

H7BZ94; 

P07237; 

H7BZ94; 

Protein disulfide-isomerase P4HB 



F5H8J2; 

I3L398; 

I3L312; 

I3L4M2; 

H0Y3Z3; 

I3NI03; 

I3L3U6; 

I3L3P5; 

I3L1Y5; 

I3L514; 

I3L0S0 

F5H8J2; 

I3L398; 

I3L312 

-0.3066803 0.2162376 8.137005776 -3.320481424 Q9NZM1-

6; 

Q9NZM1; 

F8W8J4; 

Q9NZM1-

2; 

Q9NZM1-

3; 

C9JCN0; 

Q9NZM1-

5; 

H0YD14; 

Q9NZM1-

7; 

Q9NZM1-

8; 

Q9NZM1-

4; 

O75923-

15; 

O75923-3; 

O75923-9; 

O75923; 

O75923-

Q9NZM1-

6; 

Q9NZM1; 

F8W8J4; 

Q9NZM1-

2; 

Q9NZM1-

3; 

C9JCN0; 

Q9NZM1-

5; 

H0YD14 

Myoferlin MYOF 



14; 

O75923-6; 

O75923-

12; 

O75923-5; 

O75923-

11; 

O75923-4; 

O75923-

10; 

O75923-2; 

O75923-8; 

O75923-7; 

O75923-13 

-0.5627048 0.1988712 6.96806246 -4.162451708 P07384; 

E9PRM1; 

E9PIA9; 

E9PLX0; 

E9PJJ3; 

E9PLC9; 

E9PMC6; 

E9PJA6; 

E9PSA6; 

E9PQB3; 

E9PL37 

P07384 Calpain-1 catalytic subunit CAPN1 

-0.6647629 0.1749178 8.256693698 -14.03055158 P62258; 

P62258-2; 

K7EM20; 

B4DJF2; 

I3L3T1; 

K7EIT4; 

I3L0W5 

P62258; 

P62258-2 

14-3-3 protein epsilon YWHAE 

0.5563068 0.1717192 7.903062843 3.510146378 Q5SRN7; 

P30455; 

P30443; 

Q5SRN7; 

P30455; 

P30443; 

HLA class I histocompatibility antigen, A-36 alpha 

chain; 

HLA class I histocompatibility antigen, A-1 alpha 

HLA-A; 

HLA-B 



P04439; 

Q5SRN5; 

P13746; 

P13746-2; 

P05534; 

P18465; 

Q09160; 

P30447 

P04439; 

Q5SRN5; 

P13746; 

P13746-2; 

P05534; 

P18465; 

Q09160; 

P30447 

chain; 

HLA class I histocompatibility antigen, A-3 alpha 

chain; 

HLA class I histocompatibility antigen, A-11 alpha 

chain; 

HLA class I histocompatibility antigen, A-24 alpha 

chain; 

HLA class I histocompatibility antigen, B-57 alpha 

chain;HLA class I histocompatibility antigen, A-80 

alpha chain; 

HLA class I histocompatibility antigen, A-23 alpha 

chain 

-0.6003805 0.1183597 7.138271112 -8.180576895 P19634; 

B4DTZ6; 

P19634-2; 

B1ALD5; 

Q9UBY0 

P19634; 

B4DTZ6 

Sodium/hydrogen exchanger 1; 

Sodium/hydrogen exchanger 

SLC9A1 

-0.4994834 0.08664794 8.455423534 -3.396119975 P21589; 

P21589-2; 

Q96B60; 

H0Y7R7; 

H0Y3X5 

P21589; 

P21589-2; 

Q96B60 

5-nucleotidase NT5E 

0.9564285 0.08447251 8.359987174 8.433963573 Q13308-4; 

Q13308; 

Q13308-6; 

Q13308-2; 

Q13308-3; 

Q13308-5; 

Q86X91; 

C9JQR6; 

H0Y8F1; 

H7C5L0; 

F8WDG7; 

C9J9E8 

Q13308-4; 

Q13308; 

Q13308-6; 

Q13308-2; 

Q13308-3; 

Q13308-5 

Inactive tyrosine-protein kinase 7 PTK7 

0.6789733 0.04670055 8.375992639 8.621075913 P09619; P09619 Platelet-derived growth factor receptor beta PDGFRB 



E5RJ14; 

E5RH16; 

E5RII0 

-0.4270909 0.04348443 9.629317837 -4.055601235 P15144; 

H0YLZ8; 

H0YMC1 

P15144 Aminopeptidase N ANPEP 

0.5335633 -

0.01055578 

8.392274762 2.700304568 P08648; 

H0YIV7; 

H0YHL9 

P08648 Integrin alpha-5; 

Integrin alpha-5 heavy chain; 

Integrin alpha-5 light chain 

ITGA5 

-0.5766908 -0.0157534 7.15112459 -5.294846013 Q9UKU6; 

H0YHU0 

Q9UKU6 Thyrotropin-releasing hormone-degrading 

ectoenzyme 

TRHDE 

-0.55457 -0.1054266 7.880264663 -2.569605347 P26038; 

V9GZ54; 

E9PNP4 

P26038 Moesin MSN 

0.9892844 -0.110106 8.187012807 8.168732263 P02786; 

G3V0E5; 

F5H6B1; 

H7C3V5; 

F8WBE5 

P02786; 

G3V0E5; 

F5H6B1 

Transferrin receptor protein 1; 

Transferrin receptor protein 1, serum form 

TFRC 

0.4388251 -0.1316134 7.05579866 3.526316179 O43155 O43155 Leucine-rich repeat transmembrane protein FLRT2 FLRT2 

-0.42523 -0.1644154 7.369457065 -3.213612012 P00338; 

P00338-3; 

F5GXY2; 

P00338-5; 

P00338-2; 

F5GYU2; 

P00338-4; 

F5GXH2; 

F5H5J4; 

F5H6W8; 

F5GZQ4; 

F5H8H6; 

F5GXC7; 

F5GWW2; 

F5GXU1 

P00338; 

P00338-3; 

F5GXY2; 

P00338-5; 

P00338-2; 

F5GYU2; 

P00338-4; 

F5GXH2 

L-lactate dehydrogenase A chain LDHA 



0.3280323 -0.1646094 7.055722266 3.983196135 Q14974; 

Q14974-2; 

F5H4R7; 

J3KTM9; 

J3QRG4; 

J3QR48; 

J3QKQ5 

Q14974; 

Q14974-2; 

F5H4R7; 

J3KTM9 

Importin subunit beta-1 KPNB1 

0.02162186 -0.1848017 7.348713647 4.411012317 B7Z6M1; 

F8W8D8; 

B4DGB4; 

P13797; 

U3KQI3; 

H7C4N2; 

Q14651; 

B4DI60; 

Q5TBN3; 

C9JAM8 

B7Z6M1; 

F8W8D8; 

B4DGB4; 

P13797 

Plastin-3 PLS3 

0.1071523 -0.1989407 8.425469006 4.169956718 P04075; 

J3KPS3; 

H3BQN4; 

P04075-2; 

H3BUH7; 

H3BR04; 

H3BU78; 

H3BPS8; 

H3BR68; 

H3BMQ8 

P04075; 

J3KPS3; 

H3BQN4; 

P04075-2; 

H3BUH7; 

H3BR04; 

H3BU78; 

H3BPS8 

Fructose-bisphosphate aldolase A; 

Fructose-bisphosphate aldolase 

ALDOA 

0.1202192 -0.2422258 7.862238747 3.677566146 P22314; 

Q5JRR6; 

Q5JRS1; 

Q5JRS3; 

Q5JRS2; 

Q5JRR9; 

Q5JRS0 

P22314 Ubiquitin-like modifier-activating enzyme 1 UBA1 

0.2662768 -0.259461 8.07191881 11.18209612 Q07954; Q07954 Prolow-density lipoprotein receptor-related protein LRP1 



Q6PJ72; 

H0YJI8; 

Q86SW0; 

Q7Z7K9 

1; 

Low-density lipoprotein receptor-related protein 1 

85 kDa subunit; 

Low-density lipoprotein receptor-related protein 1 

515 kDa subunit; 

Low-density lipoprotein receptor-related protein 1 

intracellular domain 

0.4471503 -0.3241694 7.203468052 4.00383768 P41250 P41250 Glycine--tRNA ligase GARS 

0.5089356 -0.3293228 7.45054162 5.038680592 E5RIP4; 

Q15043-2; 

Q15043-3; 

Q15043; 

E5RFZ8; 

E5RGA7; 

E5RJ40; 

E5RJG5 

E5RIP4; 

Q15043-2; 

Q15043-3; 

Q15043; 

E5RFZ8; 

E5RGA7; 

E5RJ40; 

E5RJG5 

Zinc transporter ZIP14 SLC39A1

4 

0.606916 -0.3416286 7.711765062 7.328882975 P50990; 

P50990-2; 

P50990-3; 

H7C4C8; 

H7C2U0 

P50990; 

P50990-2; 

 

P50990-3 

T-complex protein 1 subunit theta CCT8 

0.08637615 -0.3646449 7.574922105 2.920172509 Q9HCU0 Q9HCU0 Endosialin CD248 

0.3490255 -0.3903963 7.376029182 18.19770867 Q13085; 

Q13085-4; 

Q13085-3; 

Q13085-2; 

Q59FY4; 

K4DID9; 

O00763-2; 

F8W8T8; 

O00763; 

K7EII5; 

S4R3S7; 

K7EK64; 

K7EPF1; 

Q13085; 

Q13085-4; 

Q13085-3; 

Q13085-2 

Acetyl-CoA carboxylase 1; 

Biotin carboxylase 

ACACA 



D3YTK0; 

K7EJ22; 

X6RCE4; 

A8MYL5; 

F6QQI9; 

H0YGH5 

0.6629347 -0.3944108 8.361557861 13.83940922 P00533; 

E9PFD7; 

Q504U8; 

P00533-4; 

P00533-3; 

P00533-2; 

C9JYS6; 

H3BLT0; 

Q15303-4; 

Q15303-3; 

Q15303-2; 

Q15303 

P00533; 

E9PFD7; 

Q504U8 

Epidermal growth factor receptor EGFR 

0.1522483 -0.3949608 7.993859296 2.949855327 P60842; 

J3KT12; 

P60842-2; 

J3QL43; 

J3QS69; 

J3QR64; 

J3KSZ0; 

J3KTB5; 

J3QLN6; 

J3KTN0; 

J3QKZ9; 

J3KS25; 

J3QL52; 

B4E102; 

J3KT04; 

J3KS93; 

E7EMV8; 

P60842; 

J3KT12; 

P60842-2; 

J3QL43; 

J3QS69; 

J3QR64; 

J3KSZ0; 

J3KTB5 

Eukaryotic initiation factor 4A-I EIF4A1 



J3KSN7 

0.6243753 -0.4111571 7.722000114 3.727359961 P09651-3; 

F8W6I7; 

P09651-2; 

P09651; 

F8VZ49; 

Q32P51; 

F8VTQ5; 

F8VYN5; 

H0YH80; 

F8W646 

P09651-3; 

F8W6I7; 

P09651-2; 

P09651; 

F8VZ49; 

Q32P51; 

F8VTQ5; 

F8VYN5; 

H0YH80 

Heterogeneous nuclear ribonucleoprotein A1; 

Heterogeneous nuclear ribonucleoprotein A1-like 2 

HNRNPA

1; 

HNRNPA

1L2 

0.6694804 -0.4336232 7.815517979 8.859049323 A8MUD9; 

P18124; 

C9JZ88; 

C9JIJ5 

A8MUD9; 

P18124 

60S ribosomal protein L7 RPL7 

1.3236 -0.439109 6.59709158 9.740350076 Q16832; 

Q5T245; 

Q5T244 

Q16832 Discoidin domain-containing receptor 2 DDR2 

0.4825385 -0.4398329 8.342560843 11.67645753 P17813-2; 

P17813; 

F5GX88 

P17813-2; 

P17813; 

F5GX88 

Endoglin ENG 

0.2670516 -0.461005 7.230474467 3.812095826 P53618; 

E9PP73; 

E9PP63; 

E9PKQ1 

P53618; 

E9PP73 

Coatomer subunit beta COPB1 

0.6802252 -0.4643452 8.251078264 7.589381255 Q9Y490; 

Q5TCU6; 

H0YMT1 

Q9Y490; 

Q5TCU6 

Talin-1 TLN1 

0.2559237 -0.4673738 7.229528264 6.426431085 Q8WWI5-

3; 

Q8WWI5-

2; 

Q8WWI5; 

H9KV47 

Q8WWI5-

3; 

Q8WWI5-

2; 

Q8WWI5; 

H9KV47 

Choline transporter-like protein 1 SLC44A1 



0.5252671 -0.4874394 7.895510943 10.5798975 P13639 P13639 Elongation factor 2 EEF2 

0.06818932 -0.5022803 8.785116195 4.457904216 Q5JP53; 

P07437; 

Q5ST81; 

E9PBJ4; 

I3L2F9; 

A6NNZ2; 

M0R042; 

Q9H4B7 

Q5JP53; 

P07437; 

Q5ST81 

Tubulin beta chain TUBB 

0.03337007 -0.5136254 8.268554572 3.148735304 P14618-2; 

H3BTN5; 

Q504U3; 

H3BQ34; 

H3BUW1; 

H3BTJ2; 

H3BT25; 

H3BU13; 

H3BN34; 

H3BQZ3; 

P30613-2; 

P30613 

P14618-2; 

H3BTN5; 

Q504U3 

Pyruvate kinase PKM; 

Pyruvate kinase 

PKM; 

PKM2 

0.4067857 -0.5619652 6.660286665 5.273753973 Q9UIQ6; 

Q9UIQ6-3; 

Q9UIQ6-2 

Q9UIQ6; 

Q9UIQ6-3; 

Q9UIQ6-2 

Leucyl-cystinyl aminopeptidase; 

Leucyl-cystinyl aminopeptidase, pregnancy serum 

form 

LNPEP 

0.07628538 -0.5661218 8.790299241 2.985573075 P68363; 

C9JDS9 

P68363 Tubulin alpha-1B chain TUBA1B 

0.433929 -0.5688156 6.776831888 9.654982769 P26639; 

P26639-2; 

E7ERI3; 

G3XAN9; 

D6R9F8; 

D6RCA5; 

D6RDJ6 

P26639; 

P26639-2; 

E7ERI3; 

G3XAN9 

Threonine--tRNA ligase, cytoplasmic TARS 

0.4264258 -0.5689441 7.48784512 3.444640687 Q9BQ51; 

Q9BQ51-3; 

Q9BQ51; 

Q9BQ51-3; 

Programmed cell death 1 ligand 2 PDCD1L

G2 



Q9BQ51-2 Q9BQ51-2 

0.5047729 -0.5904408 7.740978162 4.313465548 J3KPE3; 

P63244; 

H0YAF8; 

H0Y8W2; 

D6RHH4; 

H0YAM7; 

D6RFX4; 

D6R9Z1; 

D6RAC2; 

D6R9L0; 

D6RFZ9; 

D6REE5; 

D6RAU2; 

E9PD14; 

D6RF23; 

H0Y8R5; 

D6RBD0; 

H0Y9P0; 

D6RHJ5; 

D6RDI0; 

D6RGK8; 

D6R909 

J3KPE3; 

P63244; 

H0YAF8; 

H0Y8W2; 

D6RHH4; 

H0YAM7; 

D6RFX4; 

D6R9Z1; 

D6RAC2; 

D6R9L0; 

D6RFZ9; 

D6REE5 

Guanine nucleotide-binding protein subunit beta-2-

like 1 

GNB2L1 

0.740651 -0.5974088 7.98562404 8.589858118 Q16555; 

Q16555-2; 

E5RFU4; 

E9PD68; 

Q14194; 

Q14194-2 

Q16555; 

Q16555-2 

Dihydropyrimidinase-related protein 2 DPYSL2 

0.1028378 -0.6254985 7.242342621 4.133167956 B4DJV2; 

O75390; 

H0YIC4; 

F8VTT8; 

F8W4S1; 

F8W642; 

B4DJV2; 

O75390; 

H0YIC4 

Citrate synthase;Citrate synthase, mitochondrial CS 



F8W0J2; 

F8VZK9; 

F8VP03; 

F8VX07; 

F8VRP1; 

F8VX68; 

F8VWQ5; 

F8VPF9; 

F8VU34; 

F8VPA1; 

F8VR34; 

F8W1S4; 

H0YH82 

0.04054174 -0.6334343 8.045909467 7.666544775 P68371 P68371 Tubulin beta-4B chain TUBB4B 

0.4235244 -0.6454482 7.36763542 8.031518914 Q01813; 

Q01813-2; 

B1APP8; 

H0Y3Y3; 

Q5VSR5; 

B1APP6; 

H0Y757; 

V9GYV7; 

V9GY25 

Q01813; 

Q01813-2 

6-phosphofructokinase type C PFKP 

0.6507646 -0.6945081 7.530699042 10.45569552 Q9UNN8 Q9UNN8 Endothelial protein C receptor PROCR 

0.3482324 -0.7307753 7.67972762 20.37109029 P30041 P30041 Peroxiredoxin-6 PRDX6 

0.4875892 -0.7504454 6.876835347 11.17526694 P23470-2; 

P23470 

P23470-2; 

P23470 

Receptor-type tyrosine-protein phosphatase gamma PTPRG 

0.6642097 -0.7527287 7.291613017 5.028380226 Q15582; 

G8JLA8; 

H0Y8L3; 

S4R3C6; 

H0Y9D7; 

H0YAB8; 

D6RBX4; 

Q15582; 

G8JLA8; 

H0Y8L3 

Transforming growth factor-beta-induced protein 

ig-h3 

TGFBI 



H0YAH8 

0.08610431 -0.7629748 7.050070264 3.529912298 P12236; 

I7HJJ0 

P12236; 

I7HJJ0 

ADP/ATP translocase 3 SLC25A6 

0.5425057 -0.7708058 7.586992157 7.967525457 O00299 O00299 Chloride intracellular channel protein 1 CLIC1 

0.09410089 -0.7786054 8.61381012 18.58600268 P08238; 

Q58FF7; 

Q5T9W8; 

Q58FF6; 

Q58FG1 

P08238 Heat shock protein HSP 90-beta HSP90AB

1 

0.1139672 -0.7788777 8.111598525 2.647299672 P50454; 

E9PPV6; 

E9PR70; 

E9PKH2; 

E9PK86; 

E9PMI5; 

E9PNX1; 

E9PJH8; 

E9PIG2; 

E9PRS3; 

E9PQ34; 

E9PLA6; 

H0YEP8 

P50454; 

E9PPV6; 

E9PR70; 

E9PKH2 

Serpin H1 SERPINH

1 

0.7225292 -0.8086142 7.169233451 7.578278132 P78527; 

E7EUY0; 

P78527-2; 

H0YG84 

P78527; 

E7EUY0; 

P78527-2 

DNA-dependent protein kinase catalytic subunit PRKDC 

0.00963387

5 

-0.8526151 8.339411687 6.952445549 P68104; 

Q5VTE0; 

Q05639; 

Q5JR01; 

A6PW80 

P68104; 

Q5VTE0; 

Q05639 

Elongation factor 1-alpha 1; 

Putative elongation factor 1-alpha-like 3; 

Elongation factor 1-alpha 2 

EEF1A1; 

EEF1A1P

5; 

EEF1A2 

0.6031219 -0.871997 7.744379051 25.04900951 O14786; 

E9PEP6; 

O14786-3; 

O14786; 

E9PEP6; 

O14786-3; 

Neuropilin-1 NRP1 



E7EX60; 

O14786-2; 

Q5T7F0; 

Q5JWQ4; 

Q5JWQ6; 

H0Y4A0; 

Q5JWQ2 

E7EX60; 

O14786-2; 

Q5T7F0; 

Q5JWQ4; 

Q5JWQ6 

1.518031 -0.8916695 8.65394537 16.34822065 P08473; 

C9JR96; 

C9IYX7; 

C9J9X7; 

C9JDZ3; 

Q3KQS6 

P08473 Neprilysin MME 

0.4483725 -0.8953682 7.686636269 4.318938805 Q08211; 

Q08211-2 

Q08211 ATP-dependent RNA helicase A DHX9 

0.8336903 -0.9452013 6.757502312 10.36198129 P11586; 

F5H2F4; 

V9GYY3 

P11586; 

F5H2F4 

C-1-tetrahydrofolate synthase, cytoplasmic; 

Methylenetetrahydrofolate dehydrogenase; 

Methenyltetrahydrofolate cyclohydrolase; 

Formyltetrahydrofolate synthetase; 

C-1-tetrahydrofolate synthase, cytoplasmic, N-

terminally processed 

MTHFD1 

0.02772026 -0.983789 7.240224654 10.83514694 E9PCY7; 

P31943; 

G8JLB6; 

D6RIU0; 

D6RBM0; 

E7EQJ0; 

D6RAM1; 

E5RGV0; 

D6R9T0; 

D6RFM3; 

D6RIT2; 

E7EN40; 

D6RDU3; 

D6RJ04; 

E9PCY7; 

P31943; 

G8JLB6; 

D6RIU0; 

D6RBM0; 

E7EQJ0; 

D6RAM1; 

E5RGV0; 

D6R9T0; 

D6RFM3; 

D6RIT2; 

E7EN40; 

D6RDU3; 

D6RJ04; 

Heterogeneous nuclear ribonucleoprotein H; 

Heterogeneous nuclear ribonucleoprotein H, N-

terminally processed 

HNRNPH

1 



D6RIH9; 

H0YB39; 

D6RDL0; 

F5GZT4; 

H0YBG7; 

H0YBD7; 

E5RJ94; 

D6R9D3; 

D6RF17; 

E5RGH4; 

H0YAQ2 

D6RIH9; 

H0YB39 

1.17932 -0.9923528 7.536331136 29.20368216 P55287; 

H3BUU9; 

P55287-2; 

H3BQH2 

P55287; 

H3BUU9; 

P55287-2; 

H3BQH2 

Cadherin-11 CDH11 

1.236646 -1.016687 7.274550385 20.45869937 Q15758; 

M0QXM4; 

Q15758-3; 

Q15758-2; 

M0QX44; 

M0R144 

Q15758; 

M0QXM4; 

Q15758-3; 

Q15758-2 

Neutral amino acid transporter B(0) SLC1A5 

0.8900964 -1.023622 8.537579853 8.2437182 P24821; 

P24821-3 

P24821; 

P24821-3 

Tenascin TNC 

0.3082541 -1.108425 7.175627764 11.05602579 P11413; 

P11413-3; 

P11413-2; 

E7EUI8; 

E7EM57; 

E9PD92 

P11413; 

P11413-3; 

P11413-2; 

E7EUI8; 

E7EM57; 

E9PD92 

Glucose-6-phosphate 1-dehydrogenase G6PD 

0.9256737 -1.129905 7.028774527 6.463470132 O15260-2; 

Q5T8U5; 

O15260; 

O15260-3 

O15260-2; 

Q5T8U5; 

O15260; 

O15260-3 

Surfeit locus protein 4 SURF4 

0.4955928 -1.143054 9.640382045 4.742145806 P02751-3; 

P02751; 

P02751-3; 

P02751; 

Fibronectin; 

Anastellin; 

FN1 



P02751-17; 

P02751-7; 

P02751-15; 

P02751-5; 

F8W7G7; 

P02751-14; 

P02751-8; 

P02751-9; 

P02751-10; 

P02751-6; 

P02751-11; 

P02751-13; 

P02751-4; 

P02751-12; 

H0Y7Z1; 

P02751-16; 

P02751-2; 

H0Y4K8 

P02751-17; 

P02751-7; 

P02751-15; 

P02751-5; 

F8W7G7; 

P02751-14; 

P02751-8; 

P02751-9; 

P02751-10; 

P02751-6; 

P02751-11; 

P02751-13; 

P02751-4; 

P02751-12; 

H0Y7Z1 

Ugl-Y1; 

Ugl-Y2; 

Ugl-Y3 

1.008057 -1.144584 6.928190948 9.978322065 O94813-3; 

O94813-2; 

O94813; 

X6R3P0; 

E9PCX4; 

H0Y968; 

Q5T0V3; 

Q5T0V4; 

O75093-2; 

Q5T0V0; 

O75093 

O94813-3; 

O94813-2; 

O94813; 

X6R3P0 

Slit homolog 2 protein; 

Slit homolog 2 protein N-product; 

Slit homolog 2 protein C-product 

SLIT2 

0.4177591 -1.290321 8.063783561 31.95225824 P49327 P49327 Fatty acid synthase; 

[Acyl-carrier-protein] S-acetyltransferase; 

[Acyl-carrier-protein] S-malonyltransferase; 

3-oxoacyl-[acyl-carrier-protein] synthase; 

3-oxoacyl-[acyl-carrier-protein] reductase; 

3-hydroxyacyl-[acyl-carrier-protein] dehydratase; 

FASN 



Enoyl-[acyl-carrier-protein] reductase; 

Oleoyl-[acyl-carrier-protein] hydrolase 

0.1541943 -1.738072 7.699777042 17.96160289 P10809; 

E7ESH4; 

E7EXB4; 

B7Z712; 

C9JL25; 

C9JL19; 

C9JCQ4; 

C9J0S9 

P10809 60 kDa heat shock protein, mitochondrial HSPD1 

0.9098883 -1.741541 7.318960229 11.11732347 P23219-4; 

P23219-3; 

P23219-2; 

P23219; 

P23219-6; 

P23219-5; 

X6RJD6 

P23219-4; 

P23219-3; 

P23219-2; 

P23219; 

P23219-6; 

P23219-5 

Prostaglandin G/H synthase 1 PTGS1 

1.250658 -1.893089 7.618612835 19.03813169 O43175; 

Q5SZU1 

O43175;Q5

SZU1 

D-3-phosphoglycerate dehydrogenase PHGDH 

1.381006 -2.717192 8.426250932 44.01747361 P12110; 

P12110-3; 

P12110-2; 

C9JH44; 

H7C0M5 

P12110; 

P12110-3; 

P12110-2 

Collagen alpha-2(VI) chain COL6A2 

1.206643 -2.719661 9.101918834 75.87730302 P12111-2; 

P12111; 

E7ENL6; 

E9PCV6; 

P12111-4; 

P12111-5; 

P12111-3; 

C9JNG9; 

I3L392 

P12111-2; 

P12111; 

E7ENL6; 

E9PCV6; 

P12111-4; 

P12111-5 

Collagen alpha-3(VI) chain COL6A3 

1.430392 -2.94586 8.688215086 42.15969595 P12109 P12109 Collagen alpha-1(VI) chain COL6A1 
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Abstract. Cellular senescence is the process of the permanent 
proliferative arrest of cells in response to various inducers. 
It is accompanied by typical morphological changes, in 
addition to the secretion of bioactive molecules, including 
proinflammatory cytokines and chemokines [known as the 
senescence-associated secretory phenotype (SASP)]. Thus, 
senescent cells may affect their local environment and induce 
a so-called 'bystander' senescence through the state of SASP. 
The phenotypes of senescent cells are determined by the 
type of agent inducing cellular stress and the cell lineages. 
To characterise the phenotypes of senescent cancer cells, two 
murine cell lines were employed in the present study: TC-1 
and B16F10 (B16) cells. Two distinct senescence inductors 
were used: Chemotherapeutic agent docetaxel (DTX) and 
a combination of immunomodulatory cytokines, including 
interferon γ (IFNγ) and tumour necrosis factor α (TNFα). It 
was demonstrated that DTX induced senescence in TC-1 and 
B16 tumour cell lines, which was demonstrated by growth 
arrest, positive β-galactosidase staining, increased p21Waf1 
(p21) expression and the typical SASP capable of inducing a 
‘bystander’ senescence. By contrast, treatment with a combi-
nation of T helper cell 1 cytokines, IFNγ and TNFα, induced 
proliferation arrest only in B16 cells. Despite the presence 
of certain characteristic features resembling senescent cells 
(proliferation arrest, morphological changes and increased p21 
expression), these cells were able to form tumours in vivo and 
started to proliferate upon cytokine withdrawal. In addition, 
B16 cells were not able to induce a ‘bystander’ senescence. In 
summary, the present study described cell line- and treatment-
associated differences in the phenotypes of senescent cells 

that may be relevant in optimization of cancer chemo- and 
immunotherapy.

Introduction

Cellular senescence is usually defined as a cellular state 
characterized by specific metabolic, epigenetic, genetic and 
phenotypical changes culminating in the inability of cells to 
proliferate (1). These changes rely on substantial modifica-
tions of their secretome, transcriptome and proteome (2,3). 
Typical characteristics of cellular senescence include a flat and 
large morphology, the presence of vacuoles, positive staining 
for the senescence-associated β-galactosidase marker, and 
the increased expression of specific cyclin-dependent kinase 
inhibitors, including p16Ink4a, p21Waf1 (p21) and p27Kip1 (4). 
Senescent cells are often multinucleated, and their nuclei are 
often larger compared with those in proliferating cells (5). 
Furthermore, senescent cells exhibit changes in the chromatin 
structure with the appearance of senescence-associated 
heterochromatin foci (6).

To date, four different types of senescence have been 
distinguished: Stress-induced premature senescence (SIPS), 
replicative senescence (RS), oncogene-induced senescence 
and oncogene-invalidation-induced senescence (7). The 
different types of stimuli inducing senescence engage 
common and specific effector pathways and result in senes-
cent phenotypes that, consequently, share general and specific 
markers (8). Replicative senescence was first described in 
1961 by Hayflick and Moorhead (9) as limited proliferating 
potential observed in primary human fibroblasts . This type 
of senescence may be induced by diverse stimuli, including 
damage to telomeric DNA, resulting in the activation of the 
DNA damage response (10,11). Compared with RS, SIPS 
operate independently of telomere attrition and is induced by 
oxidative stress in addition to by numerous pharmacological 
drugs (e.g. doxorubicin), bacterial toxins (12), immunomodu-
latory cytokines [including interferon γ (IFNγ) and tumour 
necrosis factor α (TNFα)] or small synthetic and natural 
compounds (13-15).

Senescent cells secrete a specific pattern of cytokines, 
chemokines, growth factors and proteases (16,17) that consti-
tute the senescence-associated secretory phenotype (SASP). 

Distinct phenotypes and ‘bystander’ effects of senescent tumour 
cells induced by docetaxel or immunomodulatory cytokines
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The typical SASP components are immunomodulatory and 
inflammatory cytokines, including interleukin (IL)-6, IL-8, 
IL-1, chemokines [e.g. growth-regulated oncogene α (GROα)] 
and growth factors (e.g. insulin-like growth factor) (8,18,19). 
It has been demonstrated that SASP is able to reinforce the 
senescence programme and influence the tissue and tumour 
microenvironment, affecting tumour and immune cells (1,20). 
Senescent cells may induce senescence in cells in their 
surrounding environment via paracrine effects, an effect 
known as ‘bystander’ senescence (17,21,22). It is also known 
that senescence-associated cytokines trigger and maintain 
the senescence phenotype in an autocrine manner (23,24). 
Cytokines that are produced by senescent cells may also 
mediate the impact of ionizing radiation on senescence; in vivo 
experiments indicated the presence of DNA damage in tissues 
distant from the irradiated field resembling the radiation-
linked ‘bystander effect’ (25,26).

In the present study, comparative analysis was performed 
by evaluating the effects of two distinct senescence inductors: 
Docetaxel (DTX) and a combination of immunomodulatory 
cytokines, IFNγ and TNFα (27). It was previously demon-
strated that DTX is able to induce senescence in TC-1 and 
TRAMP-C2 tumour cell lines (28). However, the tumour 
growth of proliferating murine TC-1 cancer cells in synge-
neic B6 was accelerated by the co-administration of TC-1 or 
TRAMP-C2 prostate cancer cells made senescent by treatment 
with DTX, or by lethally-irradiated cells. IFNγ and TNFα have 
been described as potential senescence inducers in vivo in 
certain tumour cell lines (27). However, further phenotyping 
and mechanistic studies of DTX and for IFNγ and TNFα 
combined treatment are required in order to understand how 
tumour cell senescence may serve a function in cancer control 
and development.

The aim of the present study was to compare the cell 
phenotypes resulting from two different methods of senes-
cence induction, DTX and IFNγ + TNFα, in two distinct 
murine tumour cell lines, TC-1 and B16. Furthermore, the 
present study evaluated the ability of culture medium to induce 
SASP-associated ‘bystander’ senescence.

Materials and methods

Cell culture and mice. The TC-1 cell line is generated by the 
in vitro co-transfection of murine lung C57BL/6 cells with 
human papillomavirus type 16 (HPV16) E6/E7 and activated 
human Ha-Ras oncogenes (29). The B16F10 (B16) murine 
melanoma cell line is syngeneic in C57BL/6 mice (30). The two 
cell lines were obtained for the present study from American 
Type Culture Collection (Manassas, VA, USA). The two cell 
types were cultured in RPMI-1640 medium (Sigma-Aldrich, 
Merck KGaA, Darmstadt, Germany) supplemented with 10% 
foetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), and antibiotics (gentamicin and 
nystatin) in standard conditions (5% CO2, 37˚C and 95% rela-
tive humidity). C57Bl/6NCrl (B6) male mice (weight ~25 g; 
7-8 weeks old), were obtained from AnLab, s.r.o. (Prague, Czech 
Republic) and maintained in specific pathogen-free conditions. 
The total number of the mice used in the study was 112. The 
mice were housed and assayed under a controlled tempera-
ture of 22±2˚C, humidity of 55±5% and a 12:12-h light:dark 

cycle with ad libitum access to rodent chow (Altromin-1310 
breeding diet for rats and mice; Altromin Spezialfutter GmbH 
& Co. KG, Lage, Germany) and water (autoclaved, UV disin-
fected). All experiments were performed according to the EU 
Directive 2010/63/EU on the protection of animals used for 
scientific purposes (http://ec.europa.eu/environment/chemi-
cals/lab_animals/legislation_en.htm). Experimental protocols 
were ethically approved by the Institutional Animal Care 
Committee of the Institute of Molecular Genetics (Prague, 
Czech Republic).

Induction of ‘primary’ premature senescence. TC-1 and 
B16 cells were cultured in fresh RPMI-1640 medium 
for 24 h, following which the medium was removed and 
replaced with medium containing either recombinant IFNγ 
(50 U/ml; R&D Systems, Inc., Minneapolis, MN, USA) and 
TNFα (5 ng/ml; PeproTech, Inc., Rocky Hill, NJ, USA) or 
7.5 µM DTX (Actavis Generics, Dublin, Ireland). The doses 
of DTX and IFNγ + TNFα were optimized to induce senes-
cence but not apoptosis, as reported previously (17,28). To 
induce senescence, TC-1 and B16 tumour cells were cultured 
in the medium containing DTX or IFNγ + TNFα for 4 days 
at 37˚C. IFNγ and TNFα were added to the culture medium 
each day of the treatment. In this experiment B16 tumour cells 
were washed following the 4-day treatments and then cultured 
in fresh medium until day 7 of cultivation. The cell number 
was counted on days 4 and 7 using an automated cell counter 
(Countess®; Invitrogen; Thermo Fisher Scientific, Inc.).

Induction of ‘bystander’ senescence. Medium conditioned by 
medium from senescent or ‘parental’ tumour cells (control) 
was used to provoke bystander senescence. First, primary 
senescence was induced by the cultivation of tumour cells in 
the RPMI-1640 medium containing either DTX or recombi-
nant IFNγ and TNFα for 4 days at 37˚C. The medium was 
then replaced with fresh medium and cells were cultivated 
for another 24 h to prepare senescence-conditioned medium 
[defined as DTX senescent medium (SM) or IFNγ + TNFα 
medium (IFNγ + TNFα M)]. The medium was then used for 
the induction of ‘bystander’ senescence. Tumour cells were 
cultured for 4 days in fresh medium at 37˚C mixed with the 
senescent medium at a ratio of 1:1. As a control, conditioned 
medium from untreated ‘parental’ tumour cells was used 
[defined as tumour medium (TM)].

Senescence-associated (SA)-β-galactosidase staining. Senescent 
cells were visualised by estimation of senescence-associated 
β-galactosidase activity using the Senescence β-galactosidase 
Staining kit (Cell Signaling Technology, Inc., Danvers, MA, 
USA) according to the manufacturer's protocol. Cell culture 
images were obtained using an inverted fluorescence microscope 
Leica DMI6000 with total internal reflection fluorescence illu-
mination at a magnification of x20 (Leica Microsystems GmbH, 
Wetzlar, Germany).

Reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR). RNA samples from TC-1 and B16 cell lines were 
isolated using RNeasy Plus mini kit (Qiagen Sciences, Inc., 
Gaithersberg, MD, USA) according to the manufacturer's 
protocol. cDNA was synthesized with random hexamer 
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primers using the High-Capacity cDNA Reverse Transcription 
kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
temperature profile for RT was 42˚C for 30 min, 99˚C for 
5 min and 10˚C for 5 min. RT-qPCR was performed in an 
LC480II system (Roche Applied Science, Penzberg, Germany) 
using SYBR Select Master mix containing SYBR Green dye 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
samples underwent a denaturation step (95˚C for 6 min), 
followed by 42 amplification cycles (95˚C for 30 sec, 60˚C for 
50 sec and 72˚C for 70 sec), melting step (95˚C for 1 min, 65˚C 
for 1 min and 95˚C continuous acquisition) and cooling (37˚C 
for 1 min). The relative quantity of cDNA was estimated by the 
2-ΔΔCq method (31). The following primers were purchased 
from East Port Praha s.r.o. (Prague, Czech Republic): β-actin 
(ACTB) forward, 5'-CATTGCTGACAGGATGCAGAAGG-3' 
and reverse, 5'-TGCTGGAAGGTGGACAGTGAGG-3'; p21 
forward, 5'-CAGATCCACAGCGATATCCA-3' and reverse, 
5'-ACGGGACCGAAGAGACAAC-3'. The final concentration 
of the primers used was 1 µM. Fold changes in transcript levels 
were calculated relative to β-actin, which was used as the 
endogenous reference gene control. The relative expression in 
the control group was normalized to 1. All samples were run 
in triplicate.

Enzyme-linked immunosorbent assay (ELISA). The protein 
levels of murine GROα (cat no. DY453; R&D Systems, Inc.) 
and IL-6 (cat no. 555240; BD Biosciences, San Diego, CA, 
USA) were detected in the supernatants of non-senescent and 
senescent TC-1 and B16 cells using high-sensitivity ELISA 
kits. Supernatants were prepared by 4-day cell treatments at 
37˚C followed by a medium change and another 24 h of cell 
cultivation (1.5x106 cells/5 ml) in fresh medium. Experiments 
were performed according to the manufacturer's protocols.

Estimation of DNA replication. B16 and TC-1 cells were driven 
to ‘primary’ or ‘bystander’ senescence as described above. DNA 
replication was estimated by 5-ethynyl-2'-deoxyuridine (EdU) 
incorporation with Click-iT Plus EdU Alexa Fluor 647 Flow 
Cytometry Assay kit (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. On day 4 of the 
treatments, cells were incubated with 10 µM EdU for 24 h at 
37˚C. For the Click-iT reaction, cells were washed once with 
PBS and detached using trypsin. Furthermore, the cells were 
washed twice in PBS and resuspended in fresh PBS. EdU 
incorporation was measured using a BD FACSVerse™ flow 
cytometer (BD Biosciences) and the data were analysed using 
FlowJo 10 software (FlowJo LLC, Ashland, OR, USA).

Flow cytometry. Cell size and granularity of 20,000 cells was 
evaluated by analysing the side scattering (SSC) and forward 
scattering (FSC) of the unstained cells. FSC intensity is asso-
ciated with the cell size, whereas SSC corresponds with the 
cell refractive index that depends on the cell granularity (32). 
The data were presented as FSC-A and SSC-A plots, where -A, 
also known as the pulse area, represents the integral of the 
height and width of the pulse. Pulse area is considered to 
be more accurate when compared with the pulse height (-H) 
value only. Cell size and granularity were measured using 
a BD FACSVerse™ flow cytometer (BD Biosciences). Cell 
autofluorescence was measured in the APC channel. Data 

were analysed using FlowJo 10 software (FlowJo LLC), as 
described below.

Immunofluorescence staining. TC-1 and B16 (control and 
treated) cells were grown on glass coverslips coated with 
0.01% poly-L-lysine solution (Sigma-Aldrich; Merck KGaA) 
for 15 min at room temperature. Senescence was induced by 
DTX or IFNγ + TNFα, as described above. On day 4 of the 
treatment, cells were fixed with 4% formaldehyde and permea-
bilized with 0.1% Triton X-100 in two consecutive steps, each 
for 15 min at room temperature. Subsequently, the cells were 
washed once with PBS, blocked in 10% FBS/PBS for 30 min 
at room temperature, stained with diluted primary antibodies 
at 1:100 for 1 h at room temperature and washed twice with 
PBS/0.1% Tween-20. Following washing with PBS, cells were 
incubated with diluted secondary antibody at 1:500 for 1 h 
at room temperature. To counterstain nuclei, coverslips were 
mounted in Mowiol containing 4',6-diamidine-2-phenylindole 
at room temperature (Sigma-Aldrich; Merck KGaA). Cells 
were examined using a fluorescence microscope at a magnifi-
cation of x63 (Leica DMI6000; Leica Microsystems GmbH). 
The antibodies used were as follows: Phospho-Ser139 of 
histone H2A histone family, member X (γH2AX) rabbit mono-
clonal antibody (cat no. 9718; Cell Signaling Technology, Inc.) 
and goat anti-rabbit immunoglobulin G antibody conjugated 
with Alexa 488 (cat no. A11034; Invitrogen; Thermo Fisher 
Scientific, Inc.).

Western blotting. TC-1 and B16 (control as well as treated) 
cells were washed twice with PBS and harvested with 
sample lysis buffer (20 mM HEPES, 50 mM NaCl, 1% mM 
EDTA, 0.1% Triton X-100 and 10% glycerol in double 
distilled water) supplemented with a cOmplete™ ULTRA 
Tablets, mini, EASYpack Protease Inhibitor сocktail (cat 
no. 05892970001; Roche Diagnostics GmbH, Mannheim, 
Germany) and PhosSTOP phosphatase inhibitor cocktail (cat 
no. 04906837001; Roche Diagnostics GmbH). Concentration 
of proteins was determined by the bicinchoninic acid method 
(Pierce; Thermo Fisher Scientific, Inc.). DTT (100 mM) and 
0.01% bromphenol blue was added to lysates prior to separa-
tion by 12% SDS-PAGE. Equal amounts of protein (35 µg) 
were loaded into each well. Proteins were electrotransferred 
onto a nitrocellulose membrane using wet transfer. The 
membrane was blocked in 10% nonfat dry milk diluted in 
0.1% Tween/PBS for 1 h at room temperature, and detected 
by specific antibodies combined with horseradish peroxidase-
conjugated secondary antibody (anti-rabbit; cat. no. 1706515; 
Bio-Rad Laboratories, Inc., Hercules, CA, USA). The 
membrane was incubated with primary antibodies (anti-p21 
and anti-GAPDH) overnight at 4˚C and secondary antibody 
for 1 h at room temperature. Peroxidase activity was detected 
by SuperSignal West Dura Extended Duration Substrate (cat. 
no. 34075; Pierce; Thermo Fisher Scientific, Inc.). GAPDH 
was used as a loading control. The following primary anti-
bodies were used: Anti-mouse p21 rabbit monoclonal antibody 
(1:1,000; cat. no. ab109199; Abcam, Cambridge, UK) and 
anti-mouse GAPDH rabbit monoclonal antibody (1:1,000; cat. 
no. 2118S; Cell Signaling Technology, Inc.). Protein signals 
were detected by developing the blots with X-ray film (Agfa 
Healthcare Corporation, Greenville, SC, USA) on X-ray film 
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processor (Optimax 2010, Protec GmbH, Ottobrunn, Bavaria, 
Germany). X-ray films then were scanned (Epson Scan 
Perfection V700 Photo, Japan) and final data were edited by 
Adobe Photoshop CS6 (Adobe Inc., version 13).

In vivo experiments. B6 mice (8 per group) were transplanted 
on day 0 subcutaneously (s.c.) with control TC-1 or B16 cells 
(3x104), DTX-induced senescent TC-1/DTX or B16/DTX 
cells (in two doses: 3x104 and 3x105), IFNγ + TNFα-treated 
TC-1/IFNγ + TNFα or B16/IFNγ + TNFα cells (3x104 each). In 
the case of induction of ‘bystander’ senescence, B6 mice (8 per 
group) were transplanted on day 0 s.c. with control TC-1 and 
B16 cells (3x104), ‘bystander’ senescent TC-1/SM or B16/SM 
cells (in two doses: 3x104 and 3x105). Mice were observed 
twice a week and the size of the tumours was recorded. Two 
diameters of the tumours (largest diameter and perpendicular) 
were measured with a calliper and the tumour size was 
expressed as the tumour area (cm2) by the following formula: 
Tumour area (cm2) = largest diameter (cm) x perpendicular 
diameter (cm). The maximum tumour size in one direction 
was 1.8 cm. Mice were sacrificed by cervical dislocation and 
CO2 asphyxiation.

Statistical analysis. For the statistical analyses of the in vitro 
experiments, statistical significance was determined by a 
two-tailed analysis of variance test and subsequently by 
Bonferroni multiple comparisons as a post-test using GraphPad 
Prism 5.04 (GraphPad Software, Inc., La Jolla, CA, USA). All 
experiments were performed in three independent replicates. 
For the evaluation of in vivo experiments, analysis of variance 
from the Number Cruncher Statistical System v.10 (NCSS, 
LLC, Kaysville, UT, USA) statistical package was utilized. 
The data were presented as the mean ± standard deviation in 
the figures. P<0.05 was considered to indicate a statistically 
significant difference.

Results

DTX and IFNγ + TNFα-mediated senescence induction in 
mouse tumour cell lines TC-1 and B16. First, the impact of 
DTX and IFNγ in combination with IFNγ + TNFα in terms of 
senescence induction on two tumour cell lines, TC-1 (Fig. 1) 
and B16 (Fig. 2) was examined. The two cell lines were 
sensitive to 7.5 µM DTX treatment and became senescent 
subsequent to 4 days of incubation, as characterized by 

Figure 1. DTX induces senescence in TC-1 cells. (A) Senescence-associated β-galactosidase activity in TC-1 cells treated with DTX or IFNγ + TNFα for 
4 days. (B) The size and granularity of control or IFNγ + TNFα-treated senescent TC-1 cells was determined by forward and side scatter flow cytometry 
analysis. (C) Autofluorescence of the TC-1 control cells is presented in light grey, DTX-treated in black and IFNγ + TNFα-treated in grey. (D) Reverse 
transcription-quantitative polymerase chain reaction quantification of p21 in control, DTX- and IFNγ + TNFα-treated TC-1 cells. (E) Immunoblotting detec-
tion of mouse p21 in control, DTX- and IFNγ + TNFα-treated TC-1 cells harvested on day 4. GAPDH was used as a loading control. Representative results 
from at least three independent experiments are presented. Data are presented as the mean ± standard deviation. CTRL, control cells; DTX, docetaxel; IFNγ, 
interferon γ; TNFα, tumour necrosis factor α; FSC, forward scattering; SSC, side scattering; p21, p21Waf1.
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increased SA-β-galactosidase activity and typical phenotypic 
and morphological changes of the cells (Figs. 1A and 2A). 
In comparison with the DTX treatment, no indicators of 
senescence were observed in TC-1 cells following incubation 
with IFNγ + TNFα (Fig. 1C-E). IFNγ + TNFα-treated B16 
cells were larger, flattened and elongated (spindle-shaped) 
compared with the controls (Fig. 2A). Additionally, the cellular 
senescent phenotype was confirmed by FACS measurement 
of the size and granularity of TC-1 and B16 cells. In the two 
tumour cell lines, a significant >5-fold increase of SSC and 
FSC high-gated cells was detected [statistical analysis from 
three independent experiments: TC-1 13.2±1.92 vs. TC-1/DTX 
85.33±1.99 (P<0.001); B16 15.87±1.88 vs. B16/DTX 94.93±2.65 
(P<0.01); the numbers correspond to the percentage of gated 
cells, Figs. 1B and 2B] following DTX treatment compared 
with the control. A 4-fold increase of SSC and FSC high-gated 
cells was detected following IFNγ + TNFα treatment in B16 but 
not in TC-1 cells [TC-1 13.2.33±1.92 vs. TC-1/IFNγ + TNFα 
8.8±0.64 (P>0.05); B16 15.87±1.88 vs. B16/IFNγ + TNFα 
64.23±7.70 (P<0.05); Figs. 1B and 2B]. As senescent cell 
autofluorescence is considered to be a marker of senescence, 

in the present study, autofluorescence was evaluated in TC-1 
and B16 cells following DTX treatment (Figs. 1C and 2C). 
In comparison with DTX-treated cells, TC-1 cells following 
IFNγ + TNFα treatment did not exhibit increased auto-
fluorescence, compared with the control cells; whereas 
B16/IFNγ + TNFα-treated cells exhibited higher autofluo-
rescence compared with the control or DTX-treated cells. An 
increase in p21 gene expression, typical of cell stress/senes-
cence, was detected by RT-qPCR in DTX-treated TC-1 and 
B16 cells (Figs. 1D and 2D) and was significant in B16 cells 
(P<0.01), but not in IFNγ + TNFα-treated B16 and TC-1 cells. 
Immunoblotting detection of mouse p21 indicated increased 
protein expression in DTX-treated TC-1 and B16 cells and also 
a moderate increase in IFNγ + TNFα-treated B16 cells, but not 
in TC-1 cells (Figs. 1E and 2E).

Furthermore, TC-1 and B16 tumour cell proliferation 
was evaluated in vitro at different time points (day 4 and 7) 
following DTX and IFNγ + TNFα treatments. Following 4 days 
of treatments in TC-1 cells (Fig. 3A), a significant increase in 
the number of tumour cells was observed in the control and 
IFNγ + TNFα-treated groups compared with day 0 (P<0.001), 

Figure 2. DTX induces senescence in the B16 cell line. (A) Senescence-associated β-galactosidase activity in B16 cells treated with DTX or IFNγ + TNFα 
for 4 days. (B) The size and granularity of control or IFNγ + TNFα-treated, senescent B16 cells was determined by forward and side scatter flow cytometry 
analysis. (C) Autofluorescence of the B16 control cells is presented in light grey, DTX-treated in black and IFNγ + TNFα-treated in grey. (D) Reverse 
transcription-quantitative polymerase chain reaction quantification of p21 in control, DTX- and IFNγ + TNFα-treated B16 cells. (E) Immunoblotting detection 
of mouse p21 in control, DTX- and IFNγ + TNFα-treated B16 cells harvested on day 4. GAPDH was used as a loading control. Representative results from 
at least three independent experiments are presented. Data are presented as the mean ± standard deviation. **P<0.01 vs. CTRL. CTRL, control cells; DTX, 
docetaxel; IFNγ, interferon γ; TNFα, tumour necrosis factor α; FSC, forward scattering; SSC, side scattering; p21, p21Waf1; B16, B16F10 cell line.
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whereas no cell proliferation was detected in DTX. In B16 cells, 
a loss of proliferation was detected following DTX treatment 
for 4 days, but not following IFNγ + TNFα treatment, where 
the number of proliferative cells was increased compared with 
day 0 (P<0.01) but did not reach the number in the control 
group (Fig. 3B). In addition, the medium containing DTX and 
IFNγ + TNFα was removed and the cells were cultured in 
fresh medium until day 7. Then, the number of proliferating 
B16 cells was examined. It was identified that the number of 
tumour cells pretreated with IFNγ + TNFα was comparable to 
the control group, and was significantly increased compared 
with day 0 (P<0.01). In the case of DTX pretreated B16 cells, 
the cell cycle remained arrested.

To evaluate the loss of proliferation associated with senes-
cence development, the discontinuation of DNA replication 
was assayed by the detection of EdU incorporation into DNA. 
Only limited subsets of EdU-positive cells were observed 

in TC-1 and B16 cell populations following cultivation 
with DTX, as measured by FACS analysis (Fig. 3C and D). 
Proliferative arrest was also detected in IFNγ + TNFα-treated 
B16 cells, but not in IFNγ + TNFα-treated TC-1 cells. Average 
percentages (from three measurements) of EdU-positive cells 
and the differences between experimental groups were as 
follows: TC-1 82.9±4.50 vs. TC/DTX 35.2±5.28 (P<0.05); 
TC-1 82.9±4.50 vs. TC-1/IFNγ + TNFα 75.3±7.11 (P>0.05); 
B16 94.73±1.96 vs. B16/DTX 26.43±7.80 (P<0.01) and B16 
94.73±1.96 vs. B16/IFNγ + TNFα 7.95±0.42 (P<0.001).

To verify the in vitro cessation of proliferation in senescent 
cells, the growth of senescent tumour cells was evaluated 
in vivo. B6 mice were injected with DTX-induced senescent 
cells in the same dose as a control testing dose for prolifer-
ating cells (3x104) and a 10-fold dose (3x105). Mice were 
also injected with the cells that underwent treatment with 
IFNγ + TNFα (3x104). No tumour growth was observed 

Figure 3. Analysis of TC-1 and B16 cell proliferation during ‘primary’ induction. (A) TC-1 and (B) B16 cells were treated with DTX and IFNγ + TNFα. 
Cell proliferation was determined by counting the cell number on days 4 (TC-1 and B16) and 7 (B16 only). Control cells were passaged on day 4. Data are 
presented as the mean ± standard deviation. ***P<0.001 vs. day 0. For EdU incorporation: Cells were driven to senescence by 4-day treatments with DTX or 
IFNγ + TNFα, and then incubated with 10 µM EdU for 24 h. Click-iT reaction was performed on fixed cells, and FACS analysis was performed to determine 
the fraction of proliferating (C) TC-1 and (D) B16 cells in the treated and control samples. Representative results from three independent experiments are 
presented. Mice (8 per group) were transplanted subcutaneously on day 0 with (E) TC-1 and (F) B16 cells (3x104), with IFNγ + TNFα-treated cells (3x104) or 
with senescent DTX-treated cells at the doses 3x104 [B16 or TC-1/DTX(a)] or 3x105 [B16 or TC-1/DTX(b)] tumour cells and the tumour growth was monitored. 
The experiment was repeated two times with similar results. *P<0.05 [TC-1 or TC-1/IFNγ + TNFα vs. TC-1/DTX (a or b)]; [B16 or B16/IFNγ + TNFα vs. B16/
DTX (a or b); analysis of variance]. CTRL, control cells; DTX, docetaxel; IFNγ, interferon γ; TNFα, tumour necrosis factor α; B16, B16F10 cell line.
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following the injection of DTX-treated senescent TC-1 and 
B16 cells (P<0.05 compared with the controls injected with 
untreated cells and harbouring growing tumours). On the 
other hand, TC-1, as expected, in addition to B16 cells, did 
not exhibit tumour growth arrest in vivo following treatment 
with immunostimulatory cytokines. The differences in tumour 
growth rates were not significant compared with the growth 
of tumours following the injection of mice with proliferating 
tumour cells. This indicates that following treatment with 
IFNγ + TNFα, B16 cells underwent an only temporary loss of 
proliferation (Fig. 3E and F).

Induction of cellular senescence is associated with DNA 
damage response. The presence of DNA damage foci positive 
for γH2AX, a factor participating in DNA double-strand break 
sensing and repair, was investigated by immunofluorescent 
staining. In the majority of the DTX-treated TC-1 (Fig. 4A) and 
B16 cells (Fig. 4B) an increase of γH2AX foci was detected 
with persistent DNA damage response. Following treatment 
with IFNγ + TNFα, only a small number of TC-1 and B16 cells 
exhibited a mild increase in γH2AX foci compared with the 
control cells. Quantification analysis indicated an increase in 
the number of micronuclei in TC-1 and B16 cells treated with 
DTX compared with control cells, with a significantly greater 
percentage of TC-1 cells with 1 or 2 micronuclei (P<0.001) 
and B16 cells with 2 (P<0.01) or 3 or more micronuclei 
(P<0.001) compared with the control cells (Fig. 4C and D). 

A significantly greater percentage of TC-1 cells treated with 
IFNγ + TNFα had 1 micronuclei per cell compared with 
control cells (P<0.05; Fig. 4C). More than three micronuclei 
were detected in B16 cells only (Fig. 4D).

Senescent cells produced IL-6 and GROα cytokines. To 
analyse the production of selected cytokines (GROα and 
IL-6) by senescent tumour cells, supernatants were prepared 
and analysed by ELISA. A significant increase in secreted 
GROα was observed following DTX treatment in TC-1 cells 
compared with control cells (P<0.01; Fig. 5A). Significantly 
higher levels of IL-6 (P<0.001) and GROα (P<0.05) were 
detected in IFNγ + TNFα-treated B16 cells compared with 
control cells, while the secretion of IL-6 following DTX treat-
ment was not established, although the levels of GROα in B16 
cells following DTX treatment were significantly increased 
compared with the control cells (P<0.01) (Fig. 5B). Notably, 
IL-6 levels in B16 cells were substantially lower, as compared 
with TC-1 cells. IL-6 was also induced in TC-1 cells upon 
IFNγ + TNFα treatment that did not induce genotoxic stress. 
This was expected considering that IL-6 is regulated through 
nuclear factor-κB, which is activated by TNFα (33)

Conditioned medium from DTX-treated senescent tumour cell 
culture was able to induce ‘bystander’ senescence in TC-1 and 
B16 cell lines. To analyse the ‘bystander’ phenomenon of SASP 
in tumour cells that were driven to senescence, murine TC-1 

Figure 4. DNA damage detection in TC-1 and B16 tumour cell lines. To detect DNA damage, control, DTX- or IFNγ + TNFα-treated (A) TC-1 and (B) B16 
cells were stained with phosphoSer139 H2A histone family, member X antibody and mounted with Mowiol containing 4’,6-diamidine-2-phenylindole. Scale 
bar, 20 µm. Percentage of cells with 1, 2, 3 or more micronuclei in (C) TC-1 and (D) B16 cells treated with DTX or IFNγ + TNFα was quantified. Data are 
presented as the mean ± standard deviation. *P<0.05, **P<0.01 and ***P<0.001 vs. CTRL. A total of 100 cells were analysed in each experimental group. CTRL, 
control cells; DTX, docetaxel; IFNγ, interferon γ; TNFα, tumour necrosis factor α; B16, B16F10 cell line.
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and B16 cells were exposed to culture media partly enriched 
with conditioned media (1:1) from TC-1 and B16 cells that were 
driven to senescence by cultivation with 7.5 µM DTX (SM). 
In the case of B16 cells, medium from IFNγ + TNFα-treated 
cells was also used (IFNγ + TNFα medium). IFNγ + TNFα 
medium from TC-1 cells was not tested since there was no 
proliferation arrest of ‘primary’ senescence following this 
treatment. For comparison, medium from parental untreated 
cells was also used (TM). The presence of senescent cells in 
cultures exposed to these media was assessed using established 
markers of cellular senescence. After 4 days of exposure, the 
culture medium conditioned by DTX-treated cells resulted in 
the increased activity of SA-β-galactosidase in TC-1 and B16 
cells (Figs. 6A and 7A) and the increased size and granularity of 
the tumour cells analysed by flow cytometry (Figs. 6B and 7B). 
The mean percentages (from three measurements) of SSC and 
FSC high-gated cells were as follows: TC-1 19.83±1.90 vs. 
TC-1/SM 83.27±0.59 (P<0.001); TC-1 19.83±1.90 vs. TC-1/TM 
19.24.3±1.49 (P>0.05); B16 13.83±0.57 vs. B16/SM 93.77±3.17 
(P<0.001); B16 13.83±0.57 vs. B16/TM 18.2±1.3 (P>0.05) and 
B16 13.83±0.57 vs. B16/IFNγ + TNFα medium 4.84±0.47 
(P>0.05). Significantly elevated levels of p21 in SM-treated 
cells (P<0.05; Figs. 6C and D, 7C and D) as compared with 
fresh medium and medium from untreated tumour cells 
were identified. By contrast, the medium conditioned with 

medium from IFNγ + TNFα-treated cells was unable to 
induce ‘bystander’ senescence. Generally, the patterns of these 
senescent markers observed in ‘bystander’ cells were similar 
to those in senescent cells.

‘Bystander’ senescent cells exhibit proliferation arrest. The 
number of proliferating TC-1 and B16 cells was determined 
during cultivation with SM and TM. The pattern of results 
was similar to that directly following DTX and IFNγ + TNFα 
treatments. There was no proliferation of TC-1 and B16 cells 
cultivated with SM, whereas following the cultivation of B16 
cell lines with TM, a significant loss of proliferation compared 
with the control day 0 was observed (P<0.001; Fig. 8A and B). 
In addition, TC-1 cells cultivated with TM proliferated in 
the same manner as the control proliferative cells. Similar 
to ‘primary’ senescent cells, the arrest of DNA replication 
in ‘bystander’ senescent cells was tested by incorporation of 
EdU (Fig. 8C and D). Decreased incorporation of EdU in the 
cells cultured in senescent medium compared with tumour 
medium from untreated cells was observed. The mean percent-
ages (from three measurements) of EdU-positive cells and the 
differences between experimental groups were following: TC-1 
84.03±4.00 vs. TC/SM 26.93±3.28 (P<0.001); TC-1 84.03±4.00 
vs. TC-1/TM 68.67±2.46 (P>0.05); B16 93.67±2.46 vs. B16/SM 
10.8±1.3 (P<0.001) and B16 93.67±2.46 vs. B16/TM 54.5±5.65 
(P<0.05). Next, the proliferative arrest of TC-1 and B16 cells 
cultivated with SM was also confirmed in vivo. For this 
purpose, B6 mice were injected with two doses of ‘bystander’ 
senescent cells, the same dose as the testing dose (3x104) and a 
10-fold dose (3x105). Notably, no tumour growth was observed 
in B6 mice following the injection of ‘bystander’ senescent 
TC-1 and B16 cells (Fig. 8E and F; P<0.05 compared with the 
controls injected with untreated cells and harbouring growing 
tumours). B16 cells treated with conditioned media from the 
IFNγ + TNFα cells were not tested since no morphological 
changes or increased p21Waf1 expression were observed.

DNA damage response in ‘bystander’ senescent cells. It was 
investigated whether the conditioned senescent medium may 
induce DNA damage in a ‘bystander’ manner in TC-1 and 
B16 cells. Notably, there was an increase in the number of 
γH2AX foci following incubation of the cells with senescent 
medium (Fig. 9A and B). Quantification analysis indicated 
an increase in the number of micronuclei in the cells treated 
with SM in TC-1 and B16 cell lines compared with control 
cells (Fig. 9C and D). There was a significant increase in the 
percentage of TC-1 cells treated with SM with 1 micronu-
cleus per cell compared with the control cells (P<0.01); and 
a significant increase in the percentage of B16 cells treated 
with SM with 1, 2, 3 or more micronuclei per cell compared 
with the control cells (P<0.01). TM medium resulted in an 
increase only in the group with 1 micronucleus per cell in the 
B16 cell line (Fig. 9D). This increase may be explained by the 
fact that TM, conditioned control cell medium, was obtained 
from the proliferating cancer cells culture. The secretome of 
proliferating tumour cells also harbors cytokines, chemo-
kines and other soluble agents that may be genotoxic (1), 
and their concentration when the cells are cultured in the 
TM medium may be higher when compared with the cells 
cultured in fresh medium, although no senescence induction 

Figure 5. Secretion of IL-6 and GROα by murine TC-1 and B16 tumour cell 
lines. Enzyme-linked immunosorbent assay of IL-6 and GROα in superna-
tants of (A) TC-1 and (B) B16 cells treated with DTX and IFNγ + TNFα. 
Supernatants were tested in triplicate and the results from three independent 
experiments are presented as the mean ± standard deviation. ***P<0.001, 
**P<0.01 and *P<0.05 vs. CTRL. Asterisks correspond to comparisons 
between control and treated groups. CTRL, control cells; DTX, docetaxel; 
IFNγ, interferon γ; TNFα, tumour necrosis factor α; B16, B16F10 cell line; 
GROα, growth-regulated oncogene α; IL-6, interleukin 6.
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Figure 6. Induction of ‘bystander’ senescence in TC-1 tumour cells. (A) Senescence-associated β-galactosidase activity in TC-1 cells cultured for 4 days 
in medium (SM), or proliferating cell medium (TM). (B) The size and granularity of control and senescent TC-1 cells was determined by forward and side 
scatter flow cytometry analysis. (C) Expression of p21 in TC-1 cells cultured for 4 days in different media (reverse transcription-quantitative polymerase chain 
reaction). (D) Immunoblotting detection of mouse p21 in TC-1 cells harvested on day 4 following cultivation in different media. GAPDH was used as a loading 
control. Data are presented as the mean ± standard deviation. *P<0.05 vs. CTRL. CTRL, control cells; SM, senescence medium; TM, tumour medium; FSC, 
forward scattering; SSC, side scattering; p21, p21Waf1. 

Figure 7. Induction of ‘bystander’ senescence in B16 tumour cells. (A) Senescence-associated β-galactosidase activity in B16 cells cultured for 4 days in the 
medium from DTX-treated cells (SM), IFNγ + TNFα-treated cells or proliferating cell medium (TM). (B) The size and granularity of control and senescent 
B16 cells was determined by forward and side scatter flow cytometry analysis. (C) Expression of p21 in B16 cells cultured for 4 days in different media (reverse 
transcription-quantitative polymerase chain reaction). (D) Immunoblotting detection of mouse p21 in B16 cells harvested on day 4 after cultivation in different 
media. GAPDH was used as a loading control. Data are presented as the mean ± standard deviation. **P<0.01. CTRL, control cells; SM, senescence medium; 
TM, tumour medium; FSC, forward scattering; SSC, side scattering; p21, p21Waf1; B16, B16F10 cell line; IFNγ, interferon γ; TNFα, tumour necrosis factor α.
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was observed in the present study. When compared with 
‘primary’ senescence, the pattern of DNA damage in 
‘bystander’ senescence was similar (Figs. 4 and 9). This 
indicated that ‘bystander’ senescence is induced by the DNA 
damage response pathway.

Discussion

The present study provides insight into the effects of two known 
inducers of cell stress and premature cellular senescence in a 
number of cell lines: DTX as a chemotherapeutic agent and a 
combination of Th1 cytokines, IFNγ and TNFα (28,34). The 
differences in the senescence-associated phenotype between 
the cells that underwent these two treatments were compared. 
For the experiments, two murine cell lines were employed: 
TC-1 expressing human HPV16 E6 and E7 oncoproteins, 
and B16 melanoma cell lines. DTX has been demonstrated 

to induce senescence in TC-1 cells. p53 and retinoblastoma 
protein (pRb) are inactivated in unperturbed TC-1 cells by the 
presence of E3 ubiquitin ligases E6 and E7 (35), respectively, 
so it is unclear how proliferation arrest is mediated. p53 and 
pRb may be reactivated in TC-1 cells by the suppression of E6 
and E7, which may be downregulated by genotoxic stress (35). 
This is analogous to HeLa cells exposed to genotoxic senes-
cence-inducing conditions (36).

The present study particularly focused on the capability 
of cells to induce ‘bystander’ senescence through their secre-
tome. The phenotype and biological behaviours of senescent 
cells correspond with the particular agents that induce cellular 
stress and subsequent premature senescence. These effects 
may be distinct in various cell lineages, reflecting the presence 
or absence of intact crucial signalling pathways.

DTX is a microtubule-stabilizing taxane that is widely 
used clinically for the treatment of breast and prostate cancer 

Figure 8. Analysis of TC-1 and B16 cell proliferation during ‘secondary’ induction. (A) TC-1 and (B) B16 cells were seeded in 25 cm2 cell culture flasks in 
triplicate and treated with SM and TM. Cell proliferation was determined by counting the cell number on day 4. Data are presented as the mean ± standard 
deviation. ***P<0.001 vs. day 0. For EdU incorporation: Cells were driven to senescence by cultivation for 4 days in the medium from DTX-treated cells (SM), 
proliferating cell medium (TM) and in fresh RPMI medium (CTRL), and then incubated with 10 µM EdU for 2 h. Click-iT reaction was performed on fixed 
cells and FACS analysis was performed to determine the fraction of proliferating (C) TC-1 and (D) B16 cells in the treated and control samples. Mice (8 per 
group) were transplanted subcutaneously on day 0 with (E) TC-1 and (F) B16 cells (3x104), with SM (3x104) [B16, TC-1/DTX(a)] or with SM at a density of 
3x105 [B16, TC-1/DTX(b)] of tumour cells and the tumour growth was monitored. The experiment was repeated two times with similar results. *P<0.05 [TC-1 
vs. TC-1/SM (a or b)]; [B16 or B16 vs. B16/SM (a or b); analysis of variance]. CTRL, control cells; SM, senescence medium; TM, tumour medium; B16, B16F10 
cell line; DTX, docetaxel.
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types and small cell carcinoma of the lung (37). The present 
study characterized the phenotype of DTX-induced senescent 
cells. DTX has already been described to induce cellular 
senescence in several tumour cell lines in a limited number of 
studies (38,39). DNA damage following DTX treatment was 
previously described in MCF7 cells (40) and in p53-non-func-
tional MDA-MB-231 cells (41). However, the effects of DTX 
in terms of senescence induction remain not fully described or 
understood. The presence of micronuclei along with γH2AX 
foci in DTX-treated cells in the present study indicates at the 
generation of DNA double-strand breaks prior to or during 
mitosis, resulting in the activation of persisting cell cycle 
checkpoints and the development of senescence in daughter 
cells. A previous study demonstrated the therapeutic effects of 
DTX on TC-1 cells in several experiments (42) and, notably, 
demonstrated that DTX induced senescence in the TC-1 cells 
(and TRAMP-C2 cells), which accelerated tumour growth 
when co-cultured with proliferating tumour cells (28). The 
present study provides further insight and, notably, demon-
strates the capacity of SASP from DTX-induced cells to induce 
‘bystander’ senescence. In two murine cell lines, DTX induced 
cellular stress and proliferation arrest, accompanied by the 

increased production of IL-6 and GROα, typical (although not 
exclusively) components of SASP. Concurrent with previously 
published results, the results of the present study demonstrate 
that DTX is capable of inducing stable senescence in different 
tumour cell lines with the capacity to induce genotoxic stress 
and senescence in neighbouring cells.

It has been previously demonstrated that IFNγ 
or IFNγ + TNFα induce cellular stress and prolif-
eration arrest/senescence, or even apoptosis, in certain cell 
lineages (27). This is associated with the induction of the 
transforming growth factor-β signalling pathway and subse-
quent induction of NADPH oxidase 4 protein and oxidative 
stress (17). The results of the present study indicated that the 
reason why the TC-1 cell line did not undergo cell arrest was 
due to a lack of oxidative stress. Previously, it has been demon-
strated that the cytostatic effects of IFNγ on B16 cells (B16 
cells expressing the ubiquitination-based cell cycle indicator) 
were associated with G1 arrest, mediated by the induction of 
p27 (43).

The present study evaluated the effects of IFNγ + TNFα 
treatment on B16 cells. The data demonstrated a cytostatic 
effect, as opposed to the true senescence-inducing effect 

Figure 9. DNA damage response in ‘bystander’ cells treated with conditioned medium from senescent TC-1 and B16 cell lines. Immunofluorescence detection 
of phosphoSer139 H2A histone family, member X in (A) TC-1 and (B) B16 cells treated with relevant SM and TM medium for 4 days. Scale bar, 20 µm. 
Percentage of cells with 1, 2, 3 or more micronuclei in (C) TC-1 and (D) B16 cells treated with SM or TM was quantified. Data are presented as the mean ± stan-
dard deviation. **P<0.01 and ***P<0.001 vs. CTRL. A total of 100 cells were analysed in each experimental group. CTRL, control cells; SM, senescence 
medium; TM, tumour medium; B16, B16F10 cell line.
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of IFNγ + TNFα in B16 cells. Notably, unlike TC-1 cells, 
IFNγ + TNFα-treated B16 cells produced elevated amounts 
of GROα, a principle component of SASP that serves a role 
in senescence induction and maintenance in a paracrine 
manner (1). However, the treated B16 cells injected into mice 
resulted in tumour growth. Furthermore, the cells did not 
produce SASP capable of inducing ‘bystander’ senescence, 
suggesting that other components or higher concentrations of 
IL-6 and GROα are required. This indicates a lack of para-
crine cytokine loop components contributing to senescence 
maintenance (44).

In conclusion, the results of the present study indicate that 
DTX induces senescence in TC-1 and B16 cells. Furthermore, 
in B16 cells, IFNγ + TNFα treatment induces a reversible 
proliferation arrest, as opposed to true senescence, despite the 
fact that this treatment induced certain senescence markers. 
TC-1 cells were indicated to be resistant to IFNγ + TNFα 
treatment. These results suggest that each senescent inducer 
must therefore be studied in the context of a specific cell type.
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ABSTRACT: Cationic colloidal gold nanorods (GNRs) have a
great potential as a theranostic tool for diverse medical
applications. GNRs’ properties such as cellular internalization
and stability are determined by physicochemical characteristics
of their surface coating. GNRs modified by (16-
mercaptohexadecyl)trimethylammonium bromide (MTAB),
MTABGNRs, show excellent cellular uptake. Despite their
promise for biomedicine, however, relatively little is known
about the cellular pathways that facilitate the uptake of GNRs,
their subcellular fate and intracellular persistence. Here we
studied the mechanism of cellular internalization and long-term
fate of GNRs coated with MTAB, for which the synthesis was
optimized to give higher yield, in various human cell types
including normal diploid versus cancerous, and dividing versus nondividing (senescent) cells. The process of MTABGNRs
internalization into their final destination in lysosomes proceeds in two steps: (1) fast passive adhesion to cell membrane
mediated by sulfated proteoglycans occurring within minutes and (2) slower active transmembrane and intracellular transport of
individual nanorods via clathrin-mediated endocytosis and of aggregated nanorods via macropinocytosis. The expression of
sulfated proteoglycans was the major factor determining the extent of uptake by the respective cell types. Upon uptake into
proliferating cells, MTABGNRs were diluted equally and relatively rapidly into daughter cells; however, in nondividing/senescent
cells the loss of MTABGNRs was gradual and very modest, attributable mainly to exocytosis. Exocytosed MTABGNRs can again be
internalized. These findings broaden our knowledge about cellular uptake of gold nanorods, a crucial prerequisite for future
successful engineering of nanoparticles for biomedical applications such as photothermal cancer therapy or elimination of
senescent cells as part of the emerging rejuvenation approach.

■ INTRODUCTION

Gold nanorods (GNRs) as novel theranostic agents promise a
radical change in drug and gene delivery,1,2 biological
imaging,1−3 biosensing,2,4,5 and cancer therapy.1−3,6 The
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relative feasibility of the wet chemical synthesis and nontoxicity
of gold favor GNRs over other nanocarriers. The unique optical
properties of GNRs provided by localized surface plasmon
resonance (LSPR) allow a direct observation of GNRs by dark
field microscopy7 and more precisely by continuous and two-
photon excitation laser scanning microscopy based on LSRP
scattering and two-photon luminescence, respectively.8 Im-
portantly, an ability to convert absorbed near-infrared light into
localized heat makes GNRs an effective tool for elimination of,
e.g., malignant tumor cells. According to computer simulations,
when considering particles of equal volume, the GNR light
absorption is an order of magnitude higher when compared to
the gold nanospheres and nanoshells.9 Moreover, irradiated
GNRs generate heat 6 times faster when normalized to a gram
of gold than other popular NIR absorbing gold nanoparticles
called nanoshells.10

For applications such as cancer thermotherapy, an efficient
uptake of nanoparticles (NPs) by the cells is an important
prerequisite. However, despite the great potential of gold NPs
in biomedical applications, the studies dealing with the exact
mechanism of their cellular uptake are scarce and rather
inconsistent. As reported previously, biological behavior of NPs
including cellular uptake is controlled not only by their size,
shape, charge, and surface coating, but also by various
physicochemical properties of solvation layer, its surface
functional group, opsonization, and aggregation, which all
should be taken into consideration.11−14 NP internalization
proceeds as a two-step process, when the NPs initially adhere
to the cell membrane and subsequently are internalized by
transfer through the plasma membrane.15 During adhesion, the
surfactants and other molecules attached to the surface of NPs
as well as targeting peptides, antibodies, and nucleic acids
interact with a cell membrane and determine the efficiency of
cellular uptake.16,17 In general, the cationic NPs are highly
absorbed by nonphagocytic cells compared to negatively
charged and the most inert uncharged NPs.18−20 The literature
suggests two mechanisms explaining internalization of
positively charged NPs: (1) components of biological fluids
able to form protein corona21 on the surface of NPs such as
transferrin may induce specific recognition of NPs by cell
membrane receptors,22 and (2) strong electrostatic interactions
between a cationic nanoparticle and a negative cell surface.13,16

Probably the latter is the most important factor responsible for
activation of cellular uptake of cationic NPs, as the
accumulation of cationic NPs on a cell membrane changes
the membrane potential forcing the cell to restore it by
internalization of NPs.20,23

After the initial adhesion of NPs to cell membrane, both
endocytosis18,24 and direct translocation of NPs across the
membrane23,25 were described. During endocytosis, NPs are
isolated from the intracellular space inside the double-
membrane vesicles. NP translocation is associated with
membrane disruption and generation of holes that is associated
with increased toxicity.26,27 It is thought that the internalization
of nanoscale materials involves all the main endocytic pathways,
clathrin-mediated endocytosis (CME), caveolin-mediated
endocytosis, macropinocytosis, and phagocytosis.13,28 CME is
considered the dominant pathway.22,29,30 In addition, a
combination of several endocytic pathways operating in parallel
was demonstrated. Brandenberger at al. showed that the citrate-
stabilized 15 nm gold nanospheres are taken up by macro-
pinocytosis as well as by clathrin- and caveolin-mediated
endocytosis. On the other hand, PEGylated gold nanospheres

were internalized by clathrin- and caveolin-mediated endocy-
tosis, but not by macropinocytosis.31 Similarly, 45 nm citrate
gold nanospheres enter various cells by CME, while the smaller
13 nm gold nanospheres by receptor-independent endocy-
tosis.30 Furthermore, using specific inhibitors against scavenger
receptor-, caveolin-, and clathrin-mediated endocytosis, Cheng
et al. described the uptake of PEG-stabilized nanospheres
dependent on particle size, cell type, and presence of the serum
proteins by these three different pathways.21 Hence, according
to the present concept, various types of therapeutic models of
NPs may show a different intake intensity, preference of a
different mechanism of cellular uptake, and exhibition of a
different level of toxicity.
With respect to cell delivery, the most popular and effective

are cationic NPs bearing organic ammonium salts, even though
they are associated with cytotoxic effects.32,33 Due to their high
cellular absorption they are suitable, for instance, for drug and
gene delivery34,35 and targeted photothermal cell ablation
(cancer therapy).36,37 A promising approach is to utilize
mesenchymal and neural stem cells for delivery of NPs to
malignant tumors38,39 as an efficient tool for photothermal
depletion of cancer cells. It was demonstrated that a high
number of cationic GNRs engulfed by neural stem cells
generated a sufficient amount of heat to kill surrounding cancer
cells.36 Apart from this, tumor tropic properties of stem cells
loaded with GNRs improved intratumoral distribution of
nanoparticles compared to free GNRs injected directly to the
tumor.37 It should be noted that, besides the thermal tumor
ablation, cationic gold NPs can enhance sensitivity of cancer
cells to X-radiation which may allow dose reduction during
radiotherapy.40

Gold nanorods are usually synthesized in cetyltrimethylam-
monium bromide (CTAB) that shows serious cytotoxicity.41

Vigderman et al. reported a strategy of complete exchange of
noncovalently bound bilayer of CTAB for covalently anchored
analogue (16-mercaptohexadecyl)trimethylammonium bromide
(MTAB).42 As a result, stable noncytotoxic cationic GNRs
(MTABGNRs) capable to be engulfed in millions per cell were
prepared. However, the mechanism of such extensive cellular
absorption, the mode of intracellular transport, and the location
of the final destination of MTABGNRs are not known. Here, we
present a comprehensive study of elementary factors
participating in the adhesion of cationic MTABGNRs to cell
plasma membrane, the mode of membrane crossing, kinetics of
intracellular accumulation, and persistence at final subcellular
destination.

■ RESULTS
S y n t h e s i s o f ( 1 6 -M e r c a p t o h e x a d e c y l ) -

trimethylammonium Bromide (MTAB). The synthesis of
(16-mercaptohexadecyl)trimethylammonium bromide
(MTAB) was adapted from the work of Vigderman et al. and
Bonomi et al. (Figure 1A; and refs 42,43). First, the
commercially available hexadecane-1,16-diol (1) was converted
to a corresponding dibromide (2) under standard bromination
conditions (NBS, Ph3P). The reaction yield (99%) was found
to be better than published data (70%) probably due to the use
of flash chromatography for product purification instead of
crystallization.42 The dibromohexadecane (2) was further
treated with potassium thioacetate to get bromohexadecane-
thioacetate (3), whereas the obtained yield (57%) was again
found better to published data (50%; see refs 42,43). Moreover,
the purification conditions used by Vigderman et al. and
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followed by us led to a mixture of product 3 with hexadecane-
1,16-dithioacetate (as a byproduct) described as yellow oil,
whereas the pure bromohexadecanethioacetate (3) in our case
was colorless solid, and thus our yield was substantially better
(57% of pure product 3 instead of 50% of mixed product/
byproduct; see ref 42). The last two steps were adapted from
Bonomi et al.43 The monothiester (3) was quaternized by using
trimethylamine into 16-thioacetylhexadecyl-N,N,N-trimethy-
lammonium bromide (4) to give a stoichiometric yield (99%)
thanks to more convenient alkylation solvent (acetonitrile).
The cleavage of acetyl from product 4 was carried out in
anhydrous methanol using in situ generated hydrogen chloride
to give the final product (MTAB) in satisfactory yield (82%).
The overall yield of four-step synthesis was 46% which is twice
as high as the published one (22%).40,42

Characterization of 633 nm Cationic GNRs and Their
Stability in Cell Culture Medium. To facilitate an imaging

and semiquantification of GNRs by confocal microscope and
fluorescence-activated cell sorter, CTAB-stabilized GNRs with
absorption maximum spectrally tuned to the red region of
electromagnetic spectrum (633 nm) were synthesized. Only a
minimal change in absorption spectrum was observed after
functionalization of nanoparticles with MTAB (MTABGNRs)
(Figure S1A), and MTABGNRs retained their uniform shape and
narrow size distributions (Figure 1B). The average dimensions
of +GNR were estimated by computer image analysis of field
emission scanning-electron microscopy (FE-SEM) micrographs
using specialized shape analysis software package based on
Wolfram Language44 as 53.9 ± 5.7 nm in length and 26.2 ± 3.6
nm in width (Figure 1C) with aspect ratio 2.1 ± 0.2 (see
Supplementary Methods for details). The ζ-potential of 300
μM (Au0) MTABGNRs colloid solutions was determined to be
25.0 ± 0.38 mV (Figure S1B).
Prior to starting cell culture experiments, the stability of

MTABGNRs dispersed into cell culture media was assessed.
During dilution of MTABGNRs into complete culture medium
(10% FBS/DMEM), neither a color change nor a spectral shift
or reshaping of the longitudinal absorption peak corresponding
to longitudinal LSPR was observed (Figure 2A). Note, the
absorbance at 390 nm remained unaffected during nanoparticle
dilution and was chosen as optimal to estimate particle
concentration in culture medium (see Material and Methods).
On the other hand, in culture medium without serum
(DMEM) MTABGNRs began to form aggregates, which was
observed as a color change of nanoparticle dispersion from blue
to purple (not shown) and by spectral red shift and broadening
of longitudinal peak (Figure 2B). Similarly, the lowest stability
of MTABGNRs was observed in phosphate buffered saline (PBS/
Ca2+/Mg2+) containing neither serum proteins nor amino acids.
High stability in complete DMEM medium compared to
instability in solutions without FBS indicates the stabilizing
effect of bovine serum. The “anti-aggregation” effect of serum
was apparent also during application of MTABGNRs to cell
cultures, where MTABGNRs applied in DMEM without serum
showed larger aggregates in comparison to complete culture
medium (this effect was already clearly visible 1 h after
application of MTABGNRs to cells; see Figure 2C). The
adsorption of serum proteins on the surface of MTABGNRs
was confirmed by measurement of ζ-potential, when the ζ-
potential of MTABGNRs (100 μM Au0) was changed from
positive (15.9 ± 1.00 mV) to negative (−12.5 ± 1.09 mV) after
dilution of MTABGNRs to complete DMEM (Figure S1B).
To better understand the aggregation process, the kinetics of

formation of aggregates was studied. MTABGNRs at concen-
tration 30 μM (Au0) were diluted in 10% FBS/DMEM,
DMEM, or PBS/Ca2+/Mg2+ and the absorbance spectra were
measured in kinetic mode every 1 s for 30 min and processed
by a MATLAB script to obtain kinetic data. As shown in Figure
S2A and B, in contrast to nanoparticles diluted into 10% FBS/
DMEM, the value of maximal absorbance of the longitudinal
peak of MTABGNRs in both DMEM and PBS/Ca2+/Mg2+

declined quickly during the first 15 s. Simultaneously, the
wavelength of maximal absorbance was blue-shifted as a result
of the longitudinal and transverse plasmon peak fusion (Figure
S2A and C). This means that during the first few seconds rods
formed aggregates that then grew gradually over the following
30 min as indicated by the reverse shift of absorbance maxima
to higher wavelengths.

Semiquantitative Estimation of MTABGNRs Cellular
Uptake. Next we followed the kinetics of cellular uptake of

Figure 1. Preparation of MTABGNRs. (A) Modified synthesis of (16-
mercaptohexadecyl)trimethylammonium bromide (MTAB).42,43 (B)
FE-SEM images of MTAB functionalized GNRs with longitudinal
LSPR tuned to 633 nm (MTABGNRs) (bar 100 nm). (C) Size
distribution histograms of MTABGNRs.
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MTABGNRs semiquantitatively by confocal reflectance micros-
copy and by fluorescence-activated cell sorting (FACS) using
side-scatter mode setup for detection of the longitudinal LSPR
band (see Material and Methods for details). In comparison to
PEGylated GNRs, the cellular uptake of MTABGNRs was
considerably more effective (Figure 3A), as reported.42 The
MTABGNRs began to accumulate on the cell surface during the
first 10 min followed by their apparent internalization into cells
and localization to perinuclear space (see Figure 3B for
semiquantitative FACS analysis and Figure 3C for confocal
microscopy). The uptake of MTABGNRs proceeded for at least
next 24 h. The decrease of MTABGNRs signal at 48 h (Figure
3B) can be accounted for by the dilution effect caused by the
ongoing cell division (see below). The amount of internalized
nanoparticles per cell during the first 24 h showed linear
concentration dependence in the range between 1 and 30 μM
(Au0) (Figure S3B). Notably, the uptake did not reach
saturation in a broad range (1 to 100 μM Au0) of MTABGNR
concentration (see Figure 3D and Figure S3B). The estimation
of the number of internalized MTABGNRs for 24 h was several
tens of thousands per cell (Figure S3C).

Notably, when comparing various human normal and
cancerous cell types (DU145, PC3, LNCaP, HeLa, U2OS,
HCT116, BJ, and MRC5) apparent differences in the amount
of engulfed MTABGNRs were observed. To estimate the process
of MTABGNRs intake in a standardized manner, the same
amount of cells in suspension (106) was exposed to the same
amount of MTABGNRs (20 μM Au0) for 5 h at 37 °C on rotator,
and the amount of NPs absorbed by cells was analyzed by flow
cytometry. In comparison to other cell types, the amount of
MTABGNRs absorbed by LNCaP cells was considerably lower
(see Figure 3E and F). Note, the uptake of MTABGNRs by
normal human fibroblasts BJ and MRC5 ranked high, being
similar to HeLa and DU145 cancer cell lines.

MTABGNRs Are Localized in Lysosomes. The MTABGNRs
were distributed in cytoplasm with predominant perinuclear
localization (see Figure 4A for confocal microscopy in scanning
mode XZY), the intranuclear presence of MTABGNRs was not
observed in any cell line tested using both confocal and
transmission electron microscopy (TEM; Figure S4). Similarly,
TEM analysis did not reveal MTABGNRs inside the mitochon-
dria. Of note, the MTABGNRs were localized also to filopodia of
mouse bone marrow mesenchymal stem cells (Figure 4B).

Figure 2. Stability of MTABGNRs in cell culture media. (A) UV−vis spectra of MTABGNRs dispersed in complete culture medium and analogous UV−
vis spectra of aqueous MTABGNRs dispersion derived and normalized to the same concentration (A390 nm) from the absorption spectrum of initial
aqueous dispersion of MTABGNRs (path length 0.4 cm). (B) UV−vis spectra of MTABGNRs dispersed in complete culture medium (DMEM
complete), in medium without serum (DMEM w/o FBS), and in phosphate buffered saline (PBS/Ca2+/Mg2+) at 30 μM (Au0) concentration (path
length 1 cm). (C) Confocal reflectance images of a backscattered light from longitudinal LSPR mode of GNRs (red scatter; central plane) and bright
field microscopic images (central plane) of DU145 cells incubated with 30 μM (Au0) MTABGNRs dispersed either in complete culture medium or in
serum-free medium after 1 and 24 h. The nuclei and plasma membrane were stained by DAPI and WGA, respectively. Bar 10 μm.
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The MTABGNRs accumulation in perinuclear space indicated
their localization in endoplasmic reticulum (ER), Golgi
apparatus, or lysosomes. To discriminate precisely the final
destination of MTABGNRs in cells, we assessed colocalization of
MTABGNRs with specific markers of endoplasmic reticulum
(PDIA3), Golgi apparatus (Golgin-97), and lysosomes (LAMP-
1). As shown in Figure 4C and D, low association of
MTABGNRs with markers of Golgi and ER was observed 24 h
after exposure of cells to the MTABGNRs. However, a clear
coassociation with lysosomal marker LAMP-1 was apparent.

Quantitative estimation of MTABGNRs colocalization with three
markers of subcellular compartments showed that lysosomes
were a major destination compartment for MTABGNRs though
small fraction of MTABGNRs was present also in ER and Golgi
(Figure 4D). Furthermore, MTABGNRs colocalized with acridine
orange positive structures (note, acridine orange accumulates in
lysosomes and in other acidic organelles; data not shown).
TEM images confirm that MTABGNRs were localized in
membranous structures as individual or multiple particles
(Figure S4).

Figure 3. Semiquantitative estimation of cellular uptake of MTABGNRs. (A) Cellular uptake of PEGGNRs and MTABGNRs after 24 h incubation of
DU145 cells with 30 μM (Au0) GNRs (bar 7.5 μm). Data from fluorescence-activated cell sorting (FACS) (B) and confocal images (C) of DU145
cells treated with 20 μM (Au0) MTABGNRs for time as indicated (bar 7.5 μm). (D) Confocal images of DU145 cells treated with different
concentration of MTABGNRs for 24 h (bar 7.5 μm). Comparison of cellular uptake among various cell lines loaded with 20 μM (Au0) MTABGNRs for
24 h using confocal microscopy (bar 10 μm) (E) and using FACS (F), when 106 DU145, LNCaP, HeLa, HCT116, and BJ cells were incubated with
20 μM (Au0) MTABGNRs on rotator (to minimize cell proliferation) for 5 h. Nuclei and F-actin were stained by DAPI and Alexa Fluor 488-
phalloidin, respectively. Images (C, D) represent maximal projection of 15 optical planes of red scatter of GNRs; images (A, E) represent 15 optical
planes of red scatter of GNRs combined with central plane of nuclei (DAPI) and F-actin (phalloidin) to illustrate the shape of the cells.
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Cellular Uptake of MTABGNRs Proceeds in Two Steps.
To uncover whether the uptake of MTABGNRs is a passive or
energy-dependent process, the uptake of MTABGNRs by cells
was compared at 37 and 4 °C (when the cellular metabolism
and membrane dynamics substantially slow down). Compared
to physiological 37 °C, significantly lower cellular uptake of
MTABGNRs that were localized predominantly on the cell
membrane instead of perinuclear space at 4 °C (Figure 5A, B)
indicated that internalization of MTABGNRs is an energy-driven
(temperature-dependent) process. However, the clear accumu-
lation of MTABGNRs on the cell membrane at 4 °C (Figure 5A)
indicated that the mechanism of cellular uptake of MTABGNRs is

a two-step process composed of passive adhesion of MTABGNRs
on cell membrane followed by their active intracellular
absorption. Notably, the amount of MTABGNRs in three
different cell types assessed after incubation at 37 °C correlated
with the amount adhered on these cells at 4 °C, i.e., the amount
of MTABGNRs captured by LNCaP cells at 37 °C and at 4 °C
was lower compared to other two cell lines (Figure 5B) which
indicated that the adhesion of MTABGNRs on cell surface is a
key step determining the cellular capacity for the uptake of
MTABGNRs.
To follow the kinetics of adhesion of MTABGNRs on the

plasma membrane, the HeLa cells were incubated with 50 μM

Figure 4. Localization of MTABGNRs in cells. (A) Perinuclear localization of MTAB modified GNRs in DU145 cells treated with 30 μM (Au0)
MTABGNRs for 24 h scanned in the x−z plane (bar 7.5 μm) and (B) localization at filopodia in neuron-like cells differentiated from mouse bone
marrow mesenchymal stem cells in x−y maximal projection (bar 25 μm) after 24 h incubation with 50 μM (Au0) MTABGNRs. (C, D) Colocalization
analysis of MTABGNRs and lysosomes (LAMP-1), endoplasmic reticulum (PDIA3), and Golgi apparatus (Golgin-97) in HeLa cells after 24 h-
treatment with 20 μM (Au0) MTABGNRs. Thresholded Manders’ coefficients (tM) is given (confocal images of central plane; bar 10 μm). The nuclei,
plasma membrane, and F-actin were stained by DAPI, WGA, and phalloidin, respectively.
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(Au0) MTABGNRs up to 5 h at 4 °C. In contrast to cellular
uptake taking place at 37 °C, when the steady state
accumulation of MTABGNRs in cells was reached after 24 h
(Figure 3B), the steady state accumulation of MTABGNRs
adhering on the cell surface at 4 °C had already reached the
maximum after 3 h (Figure 5C) indicating saturation of
adhesion of nanoparticles on the cell surface.
To track the internalization phase of MTABGNRs, HeLa cells

were pulsed with MTABGNRs (50 μM Au0) for 1 h and the
colocalization of MTABGNRs with cortical (submembrane) F-
actin was followed by phalloidin staining. Although more than
90% of MTABGNRs were present in the intracellular space after
10 h, the bulk of MTABGNRs (more than 70%) was internalized
already within the first 3 h (Figure 5D,E). To conclude, the
uptake of MTABGNRs is biphasic characterized with passive
rapid adherence of MTABGNRs on the cell membrane (minutes)
followed by slow active trafficking into their final destination in
lysosomes (hours).
Cellular Adhesion of MTABGNRs is Mediated by

Sulfated Proteoglycans. The first step of NPs uptake
includes adhesion to the cell membrane and interaction with
plasma membrane components. To understand this process,
the question if GNRs adhesion is mediated by proteins
adsorbed on NPs surface from the biological media or by high

positive charge of GNRs was investigated. It was difficult to
compare the extent of MTABGNRs adhesion in the complete
culture medium and serum-free medium, as MTABGNRs formed
aggregates in serum-free medium hampering the exact
quantification. For this reason, the role of serum protein
adsorption on MTABGNRs was assessed by estimation of the
extent of intracellular colocalization of nanoparticles at their
final destination in lysosomes using the colocalization analysis
of NPs with lysosomal protein LAMP-1. 58% and 44% of the
applied MTABGNRs colocalized after 24 h with the lysosomes in
complete culture medium and serum free medium, respectively,
indicating the absence of a substantial effect of serum proteins
on uptake of MTABGNRs and their final destination in lysosomes
(Figure 6A and Figure S5).
The highly sulfated side chains of the cell membrane

proteoglycans bearing the strong negative charge favor them for
binding of cationic polymers, lipids, and polypeptides.45 To
examine the role of proteoglycans in adhesion of MTABGNRs,
we removed chondroitin sulfate, the common glycosaminogly-
can present on the cell membrane,46 by enzymatic cleavage
with chondroitinase. In each experiment, cells in suspension (5
× 105) and cells on coverslips were preincubated with 1 U of
chondroitinase ABC for 30 min followed by 1 h incubation with
MTABGNRs in the presence of the enzyme. After this treatment,

Figure 5. Two-step process of the cellular uptake of MTABGNRs. (A) Perinuclear (37 °C) or plasma membrane (4 °C) localization of MTABGNRs in
HeLa cells incubated with 50 μM (Au0) MTABGNRs for 5 h (confocal images of central plane; bar 7.5 μm). (B) Comparison of cellular uptake of
MTAB GNRs in DU145, HeLa, and LNCAP cells treated with 20 μM (Au0) MTABGNRs for 5 h at 37 and 4 °C using FACS. (C) FACS analysis of
the adhesion of MTABGNRs on the plasma membrane of HeLa cells treated with 50 μM (Au0) MTABGNRs at 4 °C for time as indicated. (D, E)
Colocalization analysis of MTABGNRs and F-actin expressed as tM (D) measured at HeLa cells pulse-labeled with 50 μM (Au0) MTABGNRs for 1 h,
washed and cultivated in the fresh medium up to 23 h at 37 °C (confocal images of central plane; bar 7.5 μm). The nuclei were stained by DAPI and
the F-actin was stained by phalloidin.
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the highest decrease of MTABGNRs adhesion was observed in
HeLa cells compared to DU145 and LNCaP cells (see Figure
6B,C). Note the decrease of nanoparticle adsorption correlated
with expression of chondroitin sulfate on the given cell type
(Figure 6B,D). Furthermore, the addition of chondroitin sulfate
directly to the dispersion of nanoparticles prior to their
exposure to all three tested cell types significantly decreased the
adhesion of MTABGNRs in concentration dependent manner by
competitive binding to MTABGNRs (Figure 6E). Almost
complete inhibition of MTABGNRs uptake was observed with
10 mg/mL of chondroitin sulfate.
Altogether, our data indicate that binding of cationic

MTABGNRs to the cell membrane is at least in part mediated
by electrostatic interactions with sulfated proteoglycans and the
cell-specific uptake of MTABGNRs correlates with the expression
of anionic compounds on cell surface.

MTABGNRs Are Internalized by Macropinocytosis and
Clathrin-Mediated Endocytosis (CME). To highlight the
mechanism of internalization across the plasma membrane, we
utilized scanning electron microscopy (SEM). SEM micro-
graphs of the ultrathin sections of the cells indicated that
individual MTABGNRs were absorbed via small plasma

membrane pits while larger aggregates of NPs were engulfed
by membrane ruffling indicative of macropinocytosis (Figure
7A,B). To investigate which internalization pathway is
responsible for transport of MTABGNRs into lysosomes, whether
CME or macropinocytosis,47,48 we analyzed the presence or
absence of coassociation of MTABGNRs with markers of clathrin
pathway (note there are no markers specific for macro-
pinocytosis). Weak association of MTABGNRs with the marker
of clathrin pits CON.1 or early endosome marker EEA1
suggested that macropinocytosis is the dominant transport
pathway of MTABGNRs from the plasma membrane to
lysosomes (see Figure 7C and Figure S6A,B). Note, the
increasing coassociation of MTABGNRs with LAMP-1 with time
(see Figure 7C and Figure S6C) indicated that lysosomes were
the dominant cellular subcompartment of terminal distribution
of MTABGNRs. The cellular uptake of MTABGNRs by macro-
pinocytosis was supported further by analysis of the cell surface
with FE-SEM. As shown in Figure S6D, a plasma membrane
ruffle around the aggregate of MTABGNRs folded back onto the
membrane. Note, both individual nanoparticles and their
aggregates were engulfed (Figure S6E), and the quantity of

Figure 6. Role of proteoglycans in adhesion of MTABGNRs on the cell surface. (A) Colocalization analysis expressed as tM of MTABGNRs dispersed in
DMEM complete and in DMEM without serum and lysosomes (LAMP-1) measured in HeLa cells carefully washed with PBS after 1 and 24 h-
treatment with 20 μM (Au0). (B) FACS analysis of DU145, HeLa, and LNCaP cells and (C) confocal images of HeLa cells pretreated with 1 U of
chondroitinase ABC for 30 min and incubated with 100 μM (Au0) MTABGNRs and 50 μM (Au0) MTABGNRs, respectively, for 1 h in the presence of
enzyme (bar 10 μm). (D) Chondroitin sulfate expression on DU145, HeLa, and LNCaP cells measured by FACS. (E) Suppression of MTABGNRs
cellular adhesion on HeLa, DU145, and LNCaP cells by chondroitin sulfate addition to 50 μM (Au0) MTABGNRs dispersed in complete culture
medium at glycosaminoglycan final concentration of 0.1 μg/mL, 1 μg/mL, and 10 μg/mL (bar 7.5 μm). The nuclei were stained by DAPI. Confocal
images represent maximal projection of 15 optical planes.
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adsorbed aggregates increased with incubation time (data not
shown).
To further confirm the mode of cellular uptake of

MTABGNRs, CME and macropinocytosis were blocked using
chemical inhibitors. First, cytochalasin D (CytoD; 5 μM) that
suppresses actin polymerization49 was used to inhibit macro-
pinocytosis of MTABGNRs into HeLa cells. The significant
decrease of scattered light by GNRs showed the dependency of
MTABGNRs incorporation on intact actin polymerization
(Figure 7D). As actin inhibitors may have an effect on both
macropinocytosis and CME in some cell lines,50 we tested 5-
(N-ethyl-N-isopropyl)amiloride (EIPA) and chlorpromazine
hydrochloride (CPZ) to selectively block macropinocytosis and
CME, respectively.49 As shown on Figure 7E, both 0.1 mM
EIPA and 100 μM CPZ inhibited the uptake of MTABGNRs as
nanoparticles persisted on cell membrane compared to control
nontreated cells. Moreover, the colocalization analysis of

MTABGNRs with cytoskeletal F-actin stained by phalloidin
demonstrated the clear increase of the coassociation among
MTABGNRs and actin cytoskeleton in the presence of EIPA and
CPZ that indicated lower transport of MTABGNRs into the
perinuclear space in the inhibitor-treated cells (Figure 7F). The
uptake of fluorescently labeled transferrin that is internalized
especially by CME was used as a control of inhibition effect of
EIPA and CPZ (Figure 7E).
To conclude, our findings indicate that individual and

aggregated nanorods are engulfed by CME and macro-
pinocytosis, respectively.

Fate of MTABGNRs in Cells Depends on Cell Prolifer-
ation and Exocytosis. Finally, we assessed a further fate of
MTABGNRs in cells. During cell division, MTABGNRs (30 μM
Au0) were regularly distributed into daughter cells (Figure S7A)
and were still observable in cells until the eighth cell cycle
division (Figure 8A). To follow the persistence of MTABGNRs in

Figure 7. Transmembrane and intracellular transport of MTABGNRs. (A,B) SEM scans of ultrathin sections of DU145 cells incubated with 50 μM
(Au0) MTABGNRs for 24 h. (A) Individual GNR engulfed via invagination of the plasma membrane (yellow arrow). (B) Aggregate of GNRs
surrounded by membrane protrusion (yellow arrow) (main picture: bar 5 μm, zoom: bar 250 nm). (C) Time series colocalization analysis of
MTABGNRs and clathrin (CON-1), early endosomes (EEA-1) and lysosomes (LAMP-1) measured during 24 h incubation of HeLa cells with 20 μM
(Au0) MTABGNRs and expressed as tM. (D) FACS analysis of HeLa cells pretreated with 5 μM CytoD for 30 min and subsequently incubated with
20 μM (Au0) MTABGNRs in the presence of inhibitor (5 μM) for 5 h. (E) Confocal images of HeLa cells nontreated or inhibited with 0.1 mM EIPA
or 100 μM CPZ for 20 min and then incubated with 50 μM (Au0) MTABGNRs for 1 h and 30 min at 37 °C in fresh medium without inhibitor or in
the presence of 0.1 mM EIPA or 100 μM CPZ and (F) colocalization analysis of MTABGNRs and F-actin of cells prepared as described above.
Transferrin labeled by DY-495-NHS-ester was added to cells for the last 20 min of the endocytosis period (confocal images of central plane; bar 10
μm). The nuclei were stained by DAPI and the F-actin was stained by phalloidin.
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nondividing cells, we took advantage of permanently cell cycle-
arrested senescent cells.51 As shown in Figure 8B, the
MTABGNRs were present in senescent cells even one month
after their exposure to cells although in a diminished amount.
To assess whether MTABGNRs can be lost from the cells, BJ
fibroblast treated with 100 μM (Au0) MTABGNRs were
cocultured with EGFP-transfected HeLa cells (Figure 8C).
Notably, an apparent proportion of MTABGNRs inside
neighboring NPs-nontreated HeLa cells was observed after
relatively short coincubation (24 h) indicating that despite the
long-term persistence of MTABGNRs in senescent cells,
intercellular transfer of MTABGNRs between two cell types is
possible. We can exclude indirect transfer of NPs released from
cells during cell death or yet noninternalized NPs from cell
surface as SEM analysis did not reveal the presence of GNRs
either free (Figure S7B) or on the cell surface of BJ cells
(Figure S7C). Moreover, the MTABGNRs were transferred
among cells also in cell culture system separating the cocultured
cell types with semipermeable membrane (Boyden chamber;
data not shown), underscoring the possibility of intercellular
transfer of MTABGNRs based on exocytosis.

■ DISCUSSION
Biophysical properties of gold nanoparticles make them
exploitable as a promising tool for cancer diagnostics and
the r apy . Go ld nanopa r t i c l e s coa t ed w i th (16 -
mercaptohexadecyl)trimethylammonium bromide (MTAB)
are attributed by excellent cellular uptake predisposing them
for such applications. To broaden our knowledge about the
mechanistic basis of interactions of MTAB gold nanoparticles
with cells, we performed a detailed study of cellular uptake of
MTAB-coated gold nanorods in various human cells including
normal, cancerous, dividing, and nondividing (senescent) types.
We optimized the synthesis of the surfactant MTAB to give

higher yield and prepared MTAB-coated nanoparticles

exhibiting a uniform size and shape, good colloid stability in
cell culture medium, and extremely high absorption by normal
and cancer cells. We investigated the mechanism of uptake of
MTABGNRs to show the intake of nanorods is the biphasic
process involving passive adherence of nanorods to negatively
charged sulfated proteoglycans, for which cell surface
concentration is a rate limiting factor restricting the extent of
nanoparticle internalization, and an active energy-dependent
process of internalization per se mediated by both CME and
macropinocytosis. In spite of high adsorption, MTABGNRs were
well tolerated by cells and retained in lysosomes of nondividing
cells over a long period. The release and the readsorption of
MTABGNRs were investigated as well.

Nanoparticle Synthesis and Stability. For biomedical
applications, the stability of nanoparticles in biological fluids is
of special relevance. In agreement with previous reports
showing that the protein adsorption on GNRs improved the
stability of nanoparticles in biological media,18,24 we observed a
significant stabilizing effect of serum on colloid of MTABGNRs.
The identity of blood plasma constituent stabilizing the
MTABGNRs is under investigation.

Semiquantitative Estimation of Cellular Uptake of
MTABGNRs. To quantify the extent of accumulation of
MTABGNRs, we utilized the approach based on strong LSPR
scattering GNRs.52−54 For quantification of nanoparticles by
regular confocal microscope or fluorescence-activated cell
sorter,8,55 prepared GNRs exhibit the high scattering efficiency
of a 633 nm excitation laser. Compared to two-photon
excitation microscopy, the advantage of this setup was that
scanning under low incident power reduced the formation of
possible artifacts resulting from melting of GNRs due to a
photothermal effect.56,57 This enabled us to estimate the uptake
of MTABGNRs and to compare its kinetics semiquantitatively in
various cell lines. We confirm that MTABGNRs are engulfed with
high efficiency42 and their cellular uptake is concentration- and
time-dependent like the incorporation of gold NPs coated with
other cationic compounds.19,24,36 Using a similar amount of
nanoparticles expressed as a total gold as in the study of
Vigderman and Zubarev,42 the calculated quantity of absorbed
LSPR = 633 nm MTABGNRs was several tens of thousands
nanoparticles per cell, which is almost 2 orders of magnitude
lower than two million nanoparticles per cell referred by
Vigderman and Zubarev. Note, however, the volume of NPs
used in this study was eight times larger than theirs, and the full
saturation of NPs in cells has not been reached almost certainly
in our experiments, which can account for this discrepancy.

Mechanism of Intracellular Uptake of MTABGNRs.
Cellular uptake of MTABGNRs can be characterized as a two-
step mechanism composed of the rapid adhesion of NPs on the
cell membrane and slower active transmembrane and intra-
cellular transport of membrane vesicles containing NPs to their
final destination in lysosomes, which is in agreement with
polystyrene NPs.15,58 In the process of adhesion to the plasma
membrane and the cellular recognition, protein adsorption on
gold nanoparticles prior to their administration to cells may
modify the features of nanoparticle surface18,21,22,59,60 and play
an important role. Our results showed that the presence of
serum proteins stabilized the MTABGNRs against aggregation. At
the same time, the presence of serum was not a prerequisite for
their cellular uptake as MTABGNRs colocalized with lysosomes
irrespective of the presence or absence of serum during the
absorption phase. Thus, we presume that serum constituents do

Figure 8. Cellular dilution, persistence, and exocytosis of MTABGNRs.
(A) Dilution of GNRs during cell division of DU145 cells pulse-
labeled with 30 μM (Au0) MTABGNRs for 24 h (confocal reflectance
images; maximal projection; bar 7.5 μm). (B) Persistence of
nanoparticles in replicatively senescent BJ fibroblast pulse-labeled
with 50 μM (Au0) MTABGNRs for 24 h after 1 month (bar 25 μm).
Cell viability was determined by calcein AM staining. (C) Transfer of
MTABGNRs from BJ fibroblasts pulse-labeled with 100 μM (Au0)
MTABGNRs for 24 h and subsequently cultured in fresh medium to the
EGFP-transfected HeLa cells after 24 h cocultivation in the ratio 2:1
(bar 10 μm). The nuclei were stained by DAPI.
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not directly mediate the internalization of MTABGNRs into cells,
which supports the model of binding positively charged
nanoparticles to plasma membrane by electrostatic interactions.
We identified sulfated proteoglycans (namely, chondroitin
sulfate) carrying highly negative charge as MTABGNRs binding
partners on cell membrane. Transmembrane proteoglycans are
proteins post-translationally modified by one or more types of
glycosaminoglycanslarge linear polysaccharide chains that
contain sulfate and uronic acid groups bearing negative
charges.61 The role of heparane and chondroitin sulfate
proteoglycans in the attachment and internalization of cationic
silica particles was reported previously.62,63 Based on our data,
we presume that cationic MTABGNRs initially adhere to the cell
surface due to an electrostatic interaction between positively
charged quaternary ammonium salts and negatively charged
sulfated cell membrane molecules.
Notably, among seven cell types tested, only prostate cancer

cell line LNCaP incorporated MTABGNRs significantly less
efficiently than the others. The diminished amount of adhered
NPs after enzymatic cleavage of chondroitin sulfate and variable
cellular content of chondroitin sulfate indicate that the degree
of proteoglycan expression on the cell surface determines the
capacity of cellular uptake of MTABGNRs as high absorption of
MTABGNRs by HeLa cells and low absorption by LNCaP cells
correlated with the amount of chondroitin sulfate present on
the surface of these cell types. However, it is expected that
besides chondroitin sulfate other sulfated proteoglycans (e.g.,
heparan and keratan sulfate) or sulfolipids (e.g., sulfatide) can
participate in adhesion of MTABGNRs (or compensate the lack
of chondroitin sulfate) as chondroitinase treatment did not
result in the complete reduction of cellular uptake of GNRs
despite the notion that the presence of free chondroitin sulfate
in culture medium led to the full inhibition of membrane
adhesion of MTABGNRs. Thus, it can be presumed that the
uptake of MTABGNRs by cells composing organism tissues will
be balanced by the presence of negatively charged components
in extracellular space and on cell membranes.
After adhesion to cell membrane, MTABGNRs were actively

engulfed into intracellular space as was indicated by differences
in internalization affected by temperature (4 and 37 °C). In
addition, given the presence of MTABGNRs inside vesicular
structures and their absence in the cytoplasm as proven by
TEM indicated that, rather than their passive penetration,64−66
MTABGNRs are internalized by endocytosis when a cargo is
internalized inside the transport vesicles derived from the
plasma membrane. The final destination of MTABGNRs in
lysosomes indicated that from the four main endocytic
pathways in nonphagocytic cells, i.e., clathrin-mediated
endocytosis, macropinocytosis, caveolin-mediated endocytosis,
and clathrin- and caveolin-independent endocytosis,67,68 the
first two are involved in MTABGNRs internalization as only these
are linked to lysosomes as a predominant final destination.
Nevertheless, we did not observe the distinct colocalization of
MTABGNRs with clathrin. Therefore, we considered macro-
pinocytosis to play the main role in the internalization of
MTABGNRs. The choice between CME or macropinocytosis of
MTABGNRs internalization pathway probably depends on the
size of objects formed by particles on cell membrane. Note,
while CME internalized cargo of average size 120−150 nm
through invagination of the plasma membrane coated with
clathrin,47,67 macropinocytosis is an actin-driven process during
which particulate matter greater than 1 μm such as viruses,

bacteria, and other particles are surrounded by membrane
protrusions that subsequently collapse onto and fuse with the
plasma membrane.48,67 The internalization of MTABGNRs by
macropinocytosis was supported by several items of evidence.
Selective blocking of endocytic pathways using CytoD and
EIPA as inhibitors showed that cellular uptake of MTABGNRs
depends on actin polymerization and on Na+/H+ exchange,
which are essential for macropinocytosis.49 Moreover, scanning
electron micrographs showed that MTABGNRs are present on
the cell membrane not only as individual nanorods, but also as
aggregates exceeding the size of clathrin-coated pits, caveolae,
or membrane invaginations of clathrin- and caveolin-
independent endocytosis.
Nevertheless, the role of CME in MTABGNRs internalization

should still be considered, as individual nanoparticles or their
small aggregates contained in membrane vesicles were observed
by SEM and TEM. The CPZ-mediated depletion of clathrin
and AP2 proteins on the plasma membrane resulted in the
partial inhibition of MTABGNRs uptake as well. Based on our
data, we assume that individual NPs and small aggregates can
be engulfed by CME while larger aggregates are engulfed by
macropinocytosis. Cellular uptake by macropinocytosis with a
contributing role of CME was reported also for positively
charged polystyrene NPs69 and citrate-capped gold NPs.31

Given that MTABGNRs colocalized very weakly also with ER and
Golgi, the possible endocytic contribution of caveolin-mediated
endocytosis70,71 (transferring cargo into ER and Golgi
apparatus), and yet poorly understood clathrin- and caveolin-
independent endocytosis72 with yet unknown destination
cannot be excluded and should be further investigated.
It was reported that direct penetration of cationic NPs

through the cell membrane as another mode/route of particle
internalization can be associated with cytotoxicity.23,26,27

However, this is unlikely in the case of MTABGNRs when
membrane-mediated separation of GNRs from surrounding
intracellular compartments may prevent toxic effects compared
to NPs freely distributed in the cytosol.25,64 In fact, we observed
weak toxicity, if at all, of MTABGNRs at cellular and organism
level (manuscript in preparation). As said, this can be
accounted for by the predominant localization of MTABGNRs
in the perinuclear space but not in the nucleus and
mitochondria as reported for other types of gold NPs,25,73,74

which reduces the possible genotoxicity by damage of nuclear
DNA75 or the induction of a stress response as a result of
structural damage of mitochondria.73

Intracellular Persistence and Intercellular Transfer of
MTABGNRs. For potential biomedical applications, the fate of
NPs is of special interest. In nondividing (senescent) cells, the
long-term persistence of MTABGNRs (more than one month)
was observed. In contrast, proliferating cell cultures diluted
MTABGNRs quite rapidly by cell division indicating equal
distribution of endosomes and lysosomes loaded with
MTABGNRs into daughter cells. This is in agreement with a
study of Kim et al.,76 who showed the decreasing concentration
of NPs in different phases of the cell cycle after 24 h (G2/M >
S > G0/G1) indicating the separation of NPs into daughter
cells.
The contribution of exocytosis to the loss of nanoparticles

from the cell (reviewed by Oh et al.14) was also addressed in
our study. Importantly, we showed that the exocytosed
MTABGNRs may be reabsorbed back to the cell or by
neighboring cells. Hence, exocytosis may contribute to
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distribution of GNRs in tissues. On the other hand, the long-
term accumulation of MTABGNRs in senescent cells suggested
that exocytosis of MTABGNRs is a rather slow and inefficient
process. Thus, the long-term persistence in nondividing or
slowly dividing cells makes MTABGNRs an optimal tool for
cancer targeting using, for example, tumor-tropic stem cells as a
vehicle when cells usually home to the tumor in 3 to 7 days.77,78

Furthermore, given the role of senescent cells in organismal
aging and recent development of therapeutic approaches
targeting senescent cells,79,80 the protracted persistence of
nanoparticles envisaged in senescent cells can be utilized in
future nanoparticle-based “senolytic” modalities.
In conclusion, we believe these findings broaden our

knowledge about cellular uptake and fate of gold nanorods,
which is one of the crucial prerequisites for future successful
engineering of nanoparticles for biomedical applications such as
photothermal cancer therapy or elimination of senescent cells
as part of the emerging rejuvenation approaches.

■ MATERIALS AND METHODS
Chemicals. Alexa Fluor 488 phalloidin (A12379), calcein

AM (C3099), wheat germ agglutinin (WGA), Alexa Fluor 488
conjugate (W11261) were purchased from Invitrogen,
Carlsbad, CA, USA. 4′,6-Diamidino-2-phenylindole (DAPI,
D9542), agarose (low melting point), cetyltrimethylammonium
bromide (CTAB), chlorpromazine hydrochloride (CPZ),
chondroitin sulfate sodium salt from shark cartilage, chon-
droitinase ABC, cytochalasin D (Cyto D), ethyl-N-isopropyl
amiloride (EIPA), gold(III) chloride trihydrate (HAuCl4·
3H2O), Hoechst 33258 (14530), Mowiol 4-88 (81381),
poly(ethylene glycol)methyl ether thiol (Mn 6000, 729159),
silver nitrate (AgNO3), sodium borohydride (NaBH4), and
human transferrin were obtained from Sigma-Aldrich, St. Louis,
MO, USA. Ascorbic acid was purchased from Penta, Prague,
Czech Republic. Dy-495-NHS-ester was delivered from
Dyomics, Jena, Germany. Vestopal W was purchased from
FlukaChemie AG, Buchs, Switzerland. 18.2 MΩ Milli-Q water
and water per injection (Ardeapharma a. s., Sevetin, Czech
Republic) were used for nanoparticle synthesis and for
biological experiments, respectively.
Antibodies. Antibodies against protein disulfide-isomerase

A3 (PDIA3;HPA003230) and chondroitin sulfate (CS; C8035)
were obtained from Sigma-Aldrich. Antibody against Golgi-
associated protein golgin A1 (Golgin-97; A-21270) was
purchased from Invitrogen. Antibodies against lysosome-
associated membrane proteins1 (LAMP-1; sc-20011) and
early endosome antigen 1 (EEA1; sc-6415) were purchased
from Santa Cruz Biotechnology, Inc., Dallas, TX, USA.
Anticlathrin heavy chain antibody (CON.1) was kindly
provided by Dr. Jan Cerny (originally from Dr. T. Kirchhausen,
Harvard Medical School, Boston, MA, USA). Alexa Fluor 488-
conjugated secondary antibodies (goat anti-mouse, goat anti-
rabbit, donkey anti-goat) were obtained from Invitrogen.
Preparation of Cetyltrimethylammonium Bromide

(CTAB)-Stabilized Gold Nanorods. GNRs were prepared
by a modification of the seeded-growth method in the presence
of silver nitrate refined by El-Sayed and Murphy groups.81,82

The synthesis involved preparation of monocrystalline gold
seeds (2−4 nm) by fast reduction of gold(III) salt by sodium
borohydride (NaBH4) in the presence of CTAB, and their
addition into the growth solution of gold(I) complexed to
CTAB in the presence of silver(I) in aqueous solution.
According to the published protocol, the specific synthesis

parameters were as follows: the seed solution (5 mL) consisted
of 0.1 M CTAB and 0.25 mM HAuCl4 and 0.6 mM NaBH4.
The growth solution (800 mL) consisted of 0.1 M CTAB, 0.5
mM HAuCl4, 0.75 mM ascorbic acid, and 0.05 mM AgNO3 in
water. Exactly 960 μL of the seed solution was added to the
growth solution at 25 °C.

F u n c t i o n a l i z a t i o n o f G N R s w i t h ( 1 6 -
Mercaptohexadecyl)trimethylammonium Bromide
(MTAB). Functionalization of GNRs with MTAB was carried
out according to protocols published recently.42 In a typical
procedure, 21 mL of as-synthesized CTAB-coated GNRs was
purified by two cycles of centrifugation, removal of the
supernatant, and redispersion of sedimented GNRs. First, the
GNRs solution was centrifuged at 3600 × g for 15 min and the
precipitate was redispersed back to 21 mL of 5 mM CTAB in
water. Small nanoparticles present in the supernatant were
discarded. The resulting solution was centrifuged at 4700 × g
for 20 min and the precipitate was redispersed in 1.5 mL of
water. Next, GNRs in microcentrifuge tube were concentrated
to 100 μL by centrifugation at 4700 × g for 12 min. Following
the last centrifugation, 3 mg of MTAB were then added to the
concentrated GNRs dispersion, sonicated (15 min, 85 W), and
kept for 2 h at 45 °C. Afterward, GNRs were stored at room
temperature. After 4 days, 100 μL of concentrated GNRs
solution was diluted to 0.5 mL using Milli-Q water, sonicated
(15 min, 85 W), and left at 45 °C for 2 h. The final step
involved removal of residual MTAB by two more cycles of
centrifugation in two following days. GNRs were diluted to the
original volume of 21 mL by water and centrifuged at 4700 × g
for 20 min. For storage purposes, the MTAB-functionalized
GNRs (MTABGNRs) were diluted to concentration ranging
from 0.35 to 0.45 mM (Au0) by dispersion of in water. Before
every experiment, the quality and concentration of GNRs
dispersions was checked spectroscopically by DU 730 Life
Science UV/vis Spectrophotometer (Beckman Coulter Inc.,
Fullerton, CA, USA). Kinetic data were obtained using Ocean
Optics QE65000 Spectrometer (Ocean Optics Inc., Dunedin,
FL, USA). The ζ-potential of modified MTABGNRs in water and
in complete culture medium was measured by Zetasizer Nano
ZS (Malvern Instruments Ltd., Malvern, UK) at 37 °C (see
Figure S1B).
The shape and size of GNRs was characterized by field

emission scanning-electron microscopy (FE-SEM) as follows:
0.5 μL of 100-fold water-diluted colloid of GNRs was drop-
casted onto a carbon-coated TEM grid and observed in a JSM-
7500f JEOL FE-SEM (JEOL Ltd., Tokyo, Japan) microscope at
7 kV using bright field (backscattered electron) imaging regime.

Estimation of Nanoparticle Concentration. For prac-
tical purposes throughout this study, the concentration of
GNRs was expressed as a molar amount of metallic gold (Au0)
in colloidal solution. Au0 concentration in aqueous solution and
in complete culture medium was estimated from the
absorbance of GNRs dispersions at 390 nm that is relatively
independent of particle shape83 and composition of diluent
(e.g., culture medium, see Figure 2A). The amount of metallic
gold was calculated by following formula Au0 [mM] = 0.355 ×
A390/path length [cm], adopted from the work of Edgar et al.83

For verification, the Au0 concentration for 30 μM and 100 μM
(Au0) dispersion of MTABGNRs was analyzed using atomic
absorption spectroscopy (AAS) (Figure S1C). The gold
content was determined at 242.8 nm using PU 9400X atomic
absorption spectrophotometer (Philips Scientific, Cambridge,
UK) equipped with a 10 cm air/acetylene burner. Deuterium
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lamp was used for background correction. Our results show
that the estimation of metallic gold content in GNRs solution
by the absorption at 390 nm falls within 7% mean error in
comparison to direct chemical analysis.
Cell Cultures. Human cancer cell lines DU145, HeLa,

U2OS, PC3, and HCT116 were cultured in “high” glucose (4.5
g/L) Dulbecco’s modified Eagle’s medium (DMEM; Biochrom
AG, Berlin, Germany) and LNCaP cells in RPMI-1640 medium
(Biochrom AG; Invitrogen/Gibco, Grand Island, NY, USA).
Normal human fibroblast BJ at population doublings 25−40
(young) and 84 (senescent) and MRC-5 at population
doublings 33−37 were cultured in “low” glucose (1.0 g/L)
DMEM (Gibco). Media were supplemented with 10% fetal
bovine serum (FBS; Gibco). Culture medium for MRC-5 cells
was supplemented with 1% MEM nonessential amino acids
solution (Sigma-Aldrich). Human cancer cell lines and
fibroblasts were obtained from ATCC (Manassas, VA, USA).
Bone marrow isolated mouse mesenchymal stem cells
(mMSCs) at passage 0−1 in vitro were cultured in “high”
glucose DMEM supplemented with 15% FBS. All culture media
contained 100 U/mL of penicillin and 100 μg/mL
streptomycin (Sigma- Aldrich). Cells were cultivated at 37 °C
under 5% CO2 atmosphere and 95% humidity.
To differentiate mMSCs into neuron-like cells, mMSCs were

precultured in MSCBM medium (PT-3238; Lonza, Walkers-
ville, MD, USA) supplemented with MCGS (PT-4106E;
Lonza), L-glutamine (PT-4107E; Lonza), and gentamicin
sulfate (GA-1000, PT-4504E; Lonza) for 3 days and then
seeded on glass coverslips in fresh MSCBM medium with or
without MTABGNRs. In both cases, the neuronal phenotype was
observed the day after.
Preparation of Samples for Optical Microscopy and

FACS. Cells were seeded onto coverslips or 6-well plate (4 ×
104 to 1 × 105 cells per coverslip and 3 × 105 to 1 × 106 cells
per well) and left to adhere overnight (16 h). The cells were
then incubated with MTABGNRs or PEGGNRs at concentration
in the range from 0.5 to 100 μM (Au0) diluted into fresh
culture medium mostly for 24 h or as indicated (10 min to 48
h). Cells cultured in nanoparticle-free media were used as
controls. For microscopic analysis, the coverslips with cells were
washed three times with phosphate buffered saline (PBS) and
fixed in 4% formaldehyde for 15 min at room temperature.
After washing 3× with PBS, the cell plasma membranes
glycoconjugates were stained with WGA-Alexa Fluor 488 (5
μg/mL in Hankś balanced salt solution; HBSS) for 10 min at
room temperature or cells were permeabilized with 0.2% Triton
X-100 for 10 min, washed 3× in PBS, blocked with 3% BSA in
PBS for 30 min and then incubated with Alexa Fluor 488-
phalloidin (diluted 1:200 in PBS/3% BSA) for 1 h at 37 °C for
F-actin staining. After the final wash (3× HBSS or PBS for 5
min), the coverslips were mounted with Mowiol 4−88
containing 4′,6-diamidino-2-phenylindole (DAPI;1 μg/mL) to
counterstain nuclei. To determine cell viability, cells were
incubated with 5 μM calcein AM diluted in culture medium at
37 °C for 30 min, 3× washed with PBS and then fixed.
For FACS analysis, GNRs-loaded cells in 6-well plates were

washed 3× with PBS and trypsinized with 0.25% trypsin/0.53
mM ethylenediaminetetraacetic acid (EDTA). Trypsin was
inhibited by adding DMEM containing 10% FBS and after
washing with PBS using centrifugation (700 × g; 3 min) live
cells or 4% formaldehyde-fixed cells (15 min at room
temperature) were counted by flow cytometer.

Visualization of MTABGNRs by Bright Field and Dark
Field Microscopy and by Confocal Reflectance Micros-
copy. GNRs (aggregates) were detected by bright field and
dark field microscopy as described previously7,84 using Leica
DM6000 B microscope (Leica Microsystems, Wetzlar,
Germany), and using Leica TCS SP5 AOBS (bright field).
To visualize GNRs by confocal reflectance microscopy (Leica
TCS SP5 AOBS; Leica Microsystems), a backscattered light
from the longitudinal LSPR mode of GNRs was utilized using
the following settings: the sample was irradiated by 633 nm
laser and detection window was set to 631−636 nm (note
without filtering the laser wavelength by acousto-optic beam
splitter). DAPI and Alexa Fluor 488 were excited with the 405
and 488 nm lasers and the emissions were measured at 445−
485 nm and 510−560 nm in the fluorescence mode,
respectively. Maximal projection images combined from 15
optical planes were processed by ImageJ and individual
channels were merged in Adobe Photoshop CS3 software
(Adobe Systems Inc., San Jose, CA, USA).

Semiquantification of MTABGNRs Uptake by Fluores-
cence-Activated Cell Sorting (FACS). To estimate the
cellular uptake of MTABGNRs semiquantitatively, the strong
scattering feature of gold nanorods was utilized using a BD LSR
II flow cytometer (BD Biosciences). The DU145 cells were
exposed to various concentrations of MTABGNRs for 24 h, and
after a careful wash the scattered light of the MTABGNRs was
detected in the side scatter mode of the cytometer at 635 ± 10
nm (Red-SSC) using 633 nm laser illumination. Only single
cells were included in the analysis. Data were analyzed using the
FlowJo software (Tree Star Inc., Ashland, OR, USA). The
signal was expressed as a median of “scattered” intensity
measured in linear scale. As demonstrated on FSC/Red-SSC
dot plots (Figure S3A), the scattered light of the MTABGNRs
taken up by cells is readily detectable. Importantly, as Red-SSC
possessed linear correlation between signal intensity measured
and concentration of MTABGNRs added to cells in the range
from 1 to 30 μM (Au0) at 37 °C (see Figure S3B) and from 1
to more than 150 μM (Au0) at 4 °C (data not shown), the
experiments comparing cellular uptake at different experimental
conditions were performed with 20 μM (Au0) (incubation at 37
°C) or 50 μM (Au0) (incubation at 4 °C). During the
measurement of live cells, the dead cells positive for the viability
marker Hoechst 33258 (5 μg/mL) were excluded from analysis.

Indirect Immunofluorescence and Colocalization
Analysis. Formaldehyde-fixed cells were permeabilized with
0.2% Triton X-100 for 10 min, washed 3× with PBS and
incubated with 10% FBS for 30 min to prevent a nonspecific
binding of antibodies. Coverslips with cells were stained with
primary antibody diluted in PBS with 0.1% Tween 20: anti-
PDIA3 (diluted 1:500), anti-Golgin-97 (1:50), anti-LAMP-1
(1:250), anti-CON.1 (1:100), and with anti-EEA1 (1:100) for
60 min. After 3× washing with 0.1% Tween-20/PBS for 5 min,
the samples were stained with Alexa 488-conjugated secondary
antibody (diluted 1:1 000 in PBS with 0.1% Tween 20) for 60
min. Coverslips were 3× washed with 0.1% Tween-20/PBS (5
min) and mounted with Mowiol 4−88 containing DAPI to
stain nuclei. The cells were visualized with Leica TCS SP5
AOBS confocal microscope using the settings described above.
To visualize the chondroitin sulfate expression, the live cells on
coverslips or live cell suspension (5 × 105 cells) were stained
with anti-chondroitin sulfate primary antibody (diluted 1:100 in
PBS/Ca2+/Mg2+) for 20 or 30 min at 37 °C, respectively, and
after careful washing, the cells were stained with Alexa 488-
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conjugated secondary antibody (diluted 1:500 in PBS/Ca2+/
Mg2+) for 15 or 30 min at 37 °C, respectively. The washed cells
seeded on coverslips were fixed and mounted while the cell
suspension was analyzed on FACS using a 488 nm laser.
Quantitative colocalization analysis was performed using

“Co-localization Threshold” plug-in of Fiji (http://pacific.mpi-
cbg.de/wiki/index.php/Colocalization_Threshold) and quanti-
fied with thresholded Manders’ coefficients (tM85). The
number of red pixels (GNRs) colocalizing with green pixels
(lysosomes, endoplasmic reticulum, Golgi apparatus, clathrin,
early endosomes, and F-actin) was expressed as tM1 and
calculated from three images of central plane of cells, which
were scanned from three different places on sample.
Electron Microscopy Analysis of Ultrathin Cell

Sections. To localize nanoparticles in cells at the ultra-
structural level, DU145 cells (30 × 105) seeded on 100 mm
culture dishes were treated with 50 μM (Au0) MTABGNRs for
24 h. Cells were washed 3× with PBS and then trypsinized.
After inhibition of trypsin by 10% FBS-DMEM, cells were
washed in PBS by three rounds of centrifugation (200 × g, 3
min) and fixed in 1 mL of 4% formaldehyde/1% glutaraldehyde
in PBS (pH 7.4) for 2 h at room temperature. Fixed cells were
washed in PBS (3 × 20 min) and in water (1 × 20 min) using
centrifugation, and the cell pellet was embedded in 4% low
melting point agarose (in volume ratio 1:1) at 40 °C. Samples
were cooled and kept at 4 °C overnight and then sliced into 1 ×
1 mm2 pieces. Next, samples were washed in water and post-
fixed in 1 mL of 1% osmium tetroxide for 2 h at room
temperature. After wash in water (4 × 15 min), the samples
were serially dehydrated in alcohol/acetone (25%, 50%, 75%,
90%, and 96% ethanol each for 15 min, 2 × 100% ethanol for
15 min and 3 × in 100% acetone for 20 min). Dehydrated
samples were embedded in Vestopal W polyester resin (starting
with 25% Vestopal W in acetone and ending in 100% Vestopal
W) and polymerized at 60 °C for 3 days. Ultrathin sections
(50−70 nm) were stained with 10% solution of uranyl acetate
in methanol for 30 min and Reynolds’ lead citrate for 5 min.
Images were obtained with transmission electron microscope
(TEM) Philips CM100 (Philips EO, Netherlands) and with
scanning electron microscope (SEM) Nova NanoSEM 450
(FEI, Brno, Czech Republic) using concentric backscatter
detector (CBS).
Cell Surface Analysis Using Field Emission Scanning-

Electron Microscopy (FE-SEM). To analyze cell surface
during internalization of nanoparticle by FE-SEM, DU145 cells
(5 × 105) were grown on silicon wafer inside the 6-well plate
and then incubated with 50 μM (Au0) MTABGNRs for 5 h at 37
°C or for 5 h at 4 °C and then 10 min at 37 °C to slow down
the process of nanoparticle internalization. Next, cells were 3×
washed carefully with PBS and then fixed in freshly prepared
4% formaldehyde/1% glutaraldehyde in PBS (pH 7.4) for 1 h
at room temperature. Fixed samples were washed 3× in PBS for
15 min and then dehydrated in 25%, 50% 75%, 90%, 96%, and
100% ethanol (20 min each) and then 2× in 100% acetone for
20 and 10 min. Finally, cells were air-dried overnight and
examined on JEOL JSM-7500F FE-SEM scanning electron
microscope. Backscattered electrons images were acquired
using acceleration voltage 15 kV, and secondary electron
images were acquired in so-called “gentle beam” with effective
electron beam energy equivalent to 1 kV acceleration voltage (3
kV primary beam voltage and 2 kV stage bias).
Semiquantification of MTABGNRs During the Cell

Division and Exocytosis. DU145 cells pulse-labeled with

30 μM (Au0) MTABGNRs for 24 h were seeded onto glass
coverslips (1.2 cm diameter) in a 6-well plate (3.5 cm diameter;
4 × 105 cells per well) and left to proliferate for the next 60 h
(to approximately the second cell division). Cells on coverslip
were fixed while the remaining cells in the dish were trypsinized
and transferred to the new well. After every passage, cells were
counted by Countess automated cell counter (Invitrogen) to
calculate the number of population doublings. Similarly, GNR-
treated cells were titrated using binary dilution to obtain a
single cell adherent culture. After 24 h, mitotic cells were fixed
and microscopically analyzed.
To monitor the transfer of MTABGNRs between two cell lines

BJ fibroblast were pulse-labeled with 100 μM (Au0) MTABGNRs
for 24 h and then were cultured in fresh medium for 24 h to
transport all nanoparticles into the intracellular space. Cells
were trypsinized and cocultured with GNRs-free HeLa cells
stably expressing EGFP in the ratio 2:1 for 24 h.

Statistical Analysis. The length and width of the nanorod
were expressed as a mean and standard deviation (SD)
calculated from >300 particles. The ζ-potential was calculated
as a mean and SD from 4 values obtained during the 2 min of
measurement. The verification of GNRs concentration by AAS
was formulated as a mean and SD of two measurements. The
data from FACS were expressed as a mean value and SD of
three independent experiments. The thresholded Manders’
coefficients were calculated from three different images scanned
during the same experiment. Statistical significance between
groups was analyzed by Student’s t test: P < 0.05 (*), P < 0.01
(**), and P < 0.001 (***).
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1. Supplementary Data 

Chemical synthesis of (16-mercaptohexadecyl)trimethylammonium bromide. 

General synthetic data 

NMR spectra were generally recorded at Varian Gemini 300 (1H 300 MHz, 13C 75 MHz, Palo 

Alto, CA, USA). In all cases, the chemical shift values for 1H/13C spectra are reported in ppm (δ) 

relative to residual solvent peak. Signals are quoted as s (singlet), d (doublet), t (triplet), and m 

(multiplet). 

The electron spray mass spectra (ESI MS respectively MSn) were measured on a LCQ FLEET 

ion trap and evaluated using Xcalibur v 2.5.0 software (both Thermo Fisher Scientific, San Jose, 

CA, USA). The sample was dissolved in deionized water (Goro, Prague, Czech Republic), and 
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injected continuously (8 µL/min) by Hamilton syringe into electrospray ion source. The 

parameters of electrospray were set up as follows: sheath gas flow rate 20 arbitrary units, aux gas 

flow rate 5 arbitrary units, sweep gas flow rate 0 arbitrary units, spray voltage 5 kV, capillary 

temperature 275 °C, capillary voltage 13 V, tube lens 100 V. 

The high resolution mass spectra (HRMS) were determined by a coupled LCMS system 

consisting of DionexUltiMate 3000 analytical LC system and Q Exactive Plus hybrid quadrupole-

orbitrap spectrometer and the mass spectra were processed in Xcalibur 3.0.63 software (all 

ThermoFisher Scientific, Bremen, Germany). The compounds were dissolved in methanol (Sigma 

Aldrich) and injected into the LCMS system equipped with a Waters Atlantis dC18 

(2.1×100 mm/5 µm) column. As a ion source HESI was used with following setting: sheath gas 

flow rate 40, aux gas flow rate 10, sweep gas flow rate 2, spray voltage 3.2 kV, capillary 

temperature 350 °C, aux gas temperature 300 °C, S-lens RF level 50. 

Prepared compounds 

1,16-dibromohexadecane (2). 6.95 g (26.9 mmol) of hexadecane-1,16-diol (1) was dissolved 

in anhydrous tetrahydrofuran (260 mL) via sonication. The solution was cooled to -10 °C for 15 

min. 28.2 g (107.6 mmol) of triphenylphosphine and 19.15 g (107.6 mmol) of N-

bromosuccinimide was slowly added. The mixture was vigorously stirred 5 min. Consequently, 

the reaction was allowed to reach room temperature then was stirred 5 h. The reaction mixture was 

extracted with water/ethyl-acetate and evaporated under reduced pressure giving crude product. 

The pure product was obtained by column chromatography using heptane/ethyl-acetate (1/1) 

elution system as colourless crystals (11.28 g, 99% yield). m.p. 51-53 °C; 1H NMR (CDCl3, 300 

MHz): δ 3.40 (t, 4H, J = 6.9 Hz), 1.91-1.80 (m, 4H), 1.36-1.20 (m, 24H). 13C NMR (CDCl3, 75 
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MHz): δ 63.06, 34.04, 32.83, 29.68, 29.61, 29.59, 29.52, 29.42, 28.75, 28.16, 25.72. ESI-MS 385.0 

(calculated for [C16H32Br2] 384.23). 

16-bromo-1-hexadecanethioacetate (3). 2 g (5.20 mmol) of 1,16-dibromohexadecane was 

dissolved in acetone (25 mL) via sonication. 594 mg (5.2 mmol) of potassium thioacetate was 

added at one time. The mixture was stirred under the nitrogen atmosphere for 4.5 h at room 

temperature. Acetone was removed under reduced pressure and the crude product was purified by 

column chromatography on silica using petrolether/ethyl-acetate (25/1), to obtain pure 16-bromo-

1-hexadecanethioacetate (1.12 g,57% yield). 1H NMR (CDCl3, 300 MHz): δ 3.40 (t, 2H, J = 6.7 

Hz), 2.86 (t, 2H, J = 7.3 Hz), 2.32 (s, 3H), 1.91-1.79 (m, 2H), 1.61-1.50 (m, 2H), 1.48-1.19 (m, 

24H). 13C NMR (CDCl3, 75 MHz): δ 196.07, 34.08, 32.83, 30.64, 29.62, 29.55, 29.53, 29.48, 

29.43, 29.15, 29.11, 28.81, 28.76, 28.17. ESI-MS 380.0 (calculated for [C18H35BrOS] 379.44). 

16-thioacetylhexadecyl-N,N,N-trimethylammonium bromide (4). 827 mg (2.17 mmol) of 16-

bromo-1-hexadecanethioacetate was dissolved in mixture of ethyl-acetate (3 mL) and acetonitrile 

(7 mL) via sonication. 4.2 M ethanolic solution of trimethylamine (20 mL) was added. The 

solution was vigorously stirred under the nitrogen atmosphere for 10 days at room temperature. 

Solvents were removed under reduced pressure and the crude product was purified by column 

chromatography on silica, using chloroform/methanol/ammonia (6/3/1) to obtain pure product 

(950 mg, 99% yield). 1H NMR (CD3OD, 300 MHz): δ 3.30 (m, 2H), 3.10 (s, 9H), 2.46 (t, 2H, J = 

7.3 Hz), 2.31 (s, 3H), 1.82-1.71 (m, 2H), 1.61-1.50 (m, 2H), 1.41-1.20 (m, 24H).13C NMR 

(CD3OD, 75 MHz): δ 196.09, 129.90, 129.23, 126.37, 58.11, 53.83, 35.24, 32.38, 30.73, 30.75, 

30.70, 30.63, 30.35, 30.28, 29.43,28.95, 27.52. ESI-MS 359.0 (calculated for [C21H44NOS+] 

358.64). 
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16-mercaptohexadecyl-N,N,N-trimethylammonium bromide (MTAB). 950 mg (2.17 mmol) 

of 16-thioacetylhexadecyl-N,N,N-trimethylammonium bromide was dissolved in anhydrous 

methanol (50 mL). 1.23 mL (17.3 mmol) of acetyl chloride was added dropwise. The solution was 

stirred for 48 h at reflux. The solvents were removed under reduces pressure. The crude product 

was suspended in acetone (25 mL) via sonication. The mixture was stored in the fridge at 4° C for 

48 h. The resulting white precipitate was filtered and washed with acetone (3 × 25 mL). The 

residue was vacuum dried to obtain pure product (704 mg,82% yield). 1H NMR (CD3OD, 300 

MHz): δ 3.31 (m, 2H), 3.10 (s, 9H), 2.46 (t, 2H, J = 7.3 Hz), 1.81-1.72 (m, 2H), 1.60-1.51 (m, 2H), 

1.43-1.22 (m, 24H). 13C NMR (CD3OD, 75 MHz): δ129.96, 129.25, 126.35, 58.13, 53.86, 35.25, 

32.37, 30.75, 30.74, 30.69, 30.61, 30.38, 30.29, 29.44,28.97, 27.50. HRMS 316.30282 (calculated 

for [C19H42NS+] 316.30270). 

 

2. Supplementary Methods 

Preparation of GNRs coated with polyethylene glycol (PEG).  

PEG-coated GNRs (PEGGNRs) were prepared by ligand exchange from CTAB GNRs. 1 mL of 

synthesized CTAB GNRs was centrifuged at 6 000 × g for 10 min. The precipitate was redispersed 

in 1 mL of freshly dissolved poly(ethylene glycol)methyletherthiol (mPEG thiol; Mn 6000) at 

concentration 1.5 mg/mL in water. Dispersion was sonicated 3 × 30 s at 160 W, shaken (600 rpm) 

overnight at 40 °C and then left undisturbed at room temperature for two days. Finally, GNRs were 

sonicated (3 × 30 sec, 160 W), and an excess of PEG was removed by two rounds of centrifugation 

(6 000 × g, 10 min) and resuspension of precipitate in water in two following days. 
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Computer image analysis of FE-SEM micrographs 

FE-SEM micrographs of GNRs samples were used to determine the mean and standard deviation 

of rod lengths and widths. The analysis was conducted by software package ParticleRecognition44 

based on Wolfram Mathematica programming language. The package provides graphical user 

interface which is designed to interactively explore image filtering and segmentation methods to 

analyze variously shaped particles in microscopic image. After the segmentation it allows 

characterization of segmented particles based on their morphological properties, with focus given 

to differentiation of the shapes of the segmented particles (see Figure S1D).  

 

Estimation of number of MTABGNRs absorbed by cell. 

To estimate the number of MTABGNRs internalized per cell, DU145 cells (5 × 105) were seeded 

onto 6-well plate, left to adhere overnight (16 h) and then exposed to 2 mL of medium containing 

30 µM or 50 µM (Au0) of MTABGNRs for 24 h. After incubation, the GNRs-contained medium was 

collected and the absorption spectrum was recorded. The concentration of remaining metallic gold 

was determined from absorbance at 390 nm as described above. Cells loaded with GNRs were 

washed, trypsinized and counted by Countess automated cell counter (Invitrogen). The number of 

absorbed nanoparticles per cells was calculated according to Vigderman et al.42 First, the total 

amount of absorbed gold was calculated from difference between initial and remaining Au0 

concentration as (Au0
Initial – Au0

Remain.) [mM] × M(Au) [g/mol] × 2 = 6.2 ± 0.7 µg Au for 30 µM 

and 11.9 ± 1.2 µg Au for 50 µM of initial Au0. Second, calculated amount of Au0 per cells was 6.2 

± 0.7 µg Au/number of cells = 6.64 ± 2.69 × 10-6 µg Au/cell for 30 µM and 11.9 ± 1.2 µg 

Au/number of cells = 1.85 ± 0.32 × 10-5 µg Au/cell for 50 µM of initial Au0. Then, the volume of 
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the rod was determined by formula π × [(r2) × (L – 2r) + (4/3r3)] = 24 351 nm3. Average length (L 

= 53.9 nm) and width (W = 2r = 26.2 nm) were obtained from SEM images. The mass of Au per 

rod was calculated as volume of the rod [nm3] × density of gold [µg/nm3] = 24 351 nm3 × 1.931.10-

14 µg/nm3 = 4.70 × 10-10 µg Au/rod. This means that 6.64 ± 2.20 × 10-6 [µg Au/cell]/4.70 × 10-10 

[µg Au/rod] = 14 128 ± 5 745 MTABGNRs were absorbed by one cell after exposition to 30 µM 

(Au0) and 1.85 ± 0.26 × 10-5 [µg Au/cell]/4.70 × 10-10 [µg Au/rod] = 39 362 ± 6 809 of MTABGNRs 

after exposition to 50 µM (Au0) concentration. 
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3. Supplemental Figures 

 

Figure S1. (A) UV-vis spectra of MTABGNRs dispersed in water before (CTAB) and after 

functionalization with (16-mercaptohexadecyl)trimethylammonium bromide (MTAB) 

(normalized at 390 nm, path length 0.4 cm). (B) The -potential of 300 and 100 µM (Au0) water 

solutions of MTABGNRs and -potential of 100 µM (Au0) MTABGNRs dispersed in complete culture 
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medium (DMEM complete). (C) Comparison of gold concentration in nanoparticles estimated by 

absorbance measurement at 390 nm (A390) and by atomic absorption spectroscopy (AAS). (D) 

Illustration of FE-SEM image analysis by ParticleRecognition package. The software package 

allows for identification of shapes and aggregated particles. Only rod shaped particles are counted 

in the final statistics and the amount of other shapes (i.e. spherical particles) is considered in the 

rod yield parameter. 

 

Figure S2. Kinetics of aggregation of 30 µM (Au0) MTABGNRs dispersed in DMEM complete, in 

DMEM w/o FBS and in PBS/Ca2+/Mg2+ expressed as (A) absorbance spectra (0 – 30 min after 

diluting) or as (B) maximal absorbance and (C) wavelength of maximal absorbance measured 

every 1 sec for 30 min (path length 1 cm). 
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Figure S3. (A) Comparison of representative FSC/Red-SSC dot plots between DU145 cells loaded 

with 1 – 100 µM (Au0) MTABGNRs for 24 h, (B) graphical representation of scattered light 

measured with FACS (left) and linear correlation between Red-SSC intensity and MTABGNRs 

concentration up to 30 µM (Au0)  (right). (C) Estimation of number of MTABGNRs absorbed by 

DU145 cells after 24 h incubation with 30 and 50 µM (Au0) MTABGNRs calculated from difference 

between initial and remaining Au0 concentration.  
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Figure S4. TEM micrographs of ultrathin section of DU145 cells incubated with 50 µM (Au0) 

MTABGNRs for 24 h. The aggregates of nanoparticles (a - c, f and g) or the single nanoparticle (e) 

located inside the vesicular structures (main picture: bar 5 µm, zoom: bar 250 nm). 

 

Figure S5. Colocalization of MTABGNRs dispersed in DMEM complete and in DMEM without 

serum with lysosomes (LAMP-1) measured in HeLa cells treated with 20 µM (Au0) MTABGNRs 

for 1 and 24 h. The nuclei were stained by DAPI (confocal images of central planes; bar 10 µm). 
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Figure S6. Confocal images of coassociation of MTABGNRs with (A) clathrin (CON-1), (B) early 

endosomes (EEA-1), and (C) lysosomes (LAMP-1) measured in HeLa cells during 24 h incubation 

with 20 µM (Au0) MTABGNRs (confocal images of central plane; bar 10 µm). (D, E) DU145 cells 

imaged using FE-SEM in backscattered electrons mode that allows to see GNRs up to depth of 

approximately 100 nm (left) and in secondary electrons mode that visualizes only structures on the 

cell surface (electrons penetration in nm range) (right). Note the engulfment of nanoparticle 

aggregate via membrane ruffling after incubation with 50 µM (Au0) MTABGNRs for 5 h at 4 °C and 

subsequently 10 min at 37 °C (D) and the uptake of both individual (white arrows) and aggregated 

(red arrows) GNRs (E) after 5 h incubation at 37 °C with 50 µM (Au0) MTABGNRs (bar 100 nm). 
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Figure S7. (A) Combination of bright (gray) and dark field (red) microscopy of GNRs in mitotic 

cells (bar 10 µm). (B) Demonstration of absence of free GNRs (backscattered electrons mode; bar 

10 µm) and (C) absence of GNRs on cell surface (left: backscattered electrons mode, right: 

secondary electrons mode; bar 100 nm) in BJ fibroblasts pulse-labeled with 100 µM (Au0) 

MTABGNRs for 24 h and subsequently cultured in fresh medium for 24 h imaged using FE-SEM. 

 

The Supporting Information is available free of charge on the ACS Publications website at DOI: 

10.1021/acs.bioconjchem.6b00491. 

 



 18 

REFERENCES 

(1) Novotny, F. (2016) Particle Recognition, a Mathematica GUI interface for analysis of 

complex shaped particles in micrographs. Comput. Phys. Commun., in press. 

(2) Vigderman, L., Manna, P., and Zubarev, E. R. (2012) Quantitative replacement of cetyl 

trimethylammonium bromide by cationic thiol ligands on the surface of gold nanorods and their 

extremely large uptake by cancer cells. Angew. Chem., Int. Ed. 51, 636-41. 

 

 

 

 

 



lable at ScienceDirect

Biomaterials 154 (2018) 275e290
Contents lists avai
Biomaterials

journal homepage: www.elsevier .com/locate/biomater ia ls
Biological safety and tissue distribution of (16-mercaptohexadecyl)
trimethylammonium bromide-modified cationic gold nanorods

Monika Zarska a, Michal Sramek a, Filip Novotny a, b, Filip Havel a, b, Andrea Babelova c,
Blanka Mrazkova a, Oldrich Benada d, Milan Reinis e, Ivan Stepanek e, Kamil Musilek f, g,
Jiri Bartek a, h, k, Monika Ursinyova i, Ondrej Novak j, Rastislav Dzijak a, Kamil Kuca f, g, ***,
Jan Proska b, g, **, Zdenek Hodny a, *

a Department of Genome Integrity, Institute of Molecular Genetics of the CAS, v.v.i., Prague, Czech Republic
b Department of Physical Electronics, Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Prague, Czech Republic
c Laboratory of Mutagenesis and Carcinogenesis, Cancer Research Institute BMC, Slovak Academy of Sciences, Bratislava, Slovakia
d Laboratory of Molecular Structure Characterization, Institute of Microbiology of the CAS, v.v.i., Prague, Czech Republic
e Immunology Unit, Czech Centre for Phenogenomics, BIOCEV and Department of Transgenic Models of Diseases, Institute of Molecular Genetics of the CAS.
v.v.i., Prague, Czech Republic
f Department of Chemistry, Faculty of Science, University of Hradec Kralove, Hradec Kralove, Czech Republic
g Biomedical Research Center, University Hospital, Hradec Kralove, Czech Republic
h Genome Integrity Unit, Danish Cancer Society Research Center, Copenhagen, Denmark
i Department of Metallomics, Slovak Medical University in Bratislava, Bratislava, Slovakia
j Department of Auditory Neuroscience, Institute of Experimental Medicine of the CAS, v.v.i., Prague, Czech Republic
k Division of Genome Biology, Department of Medical Biochemistry and Biophysics, Karolinska Institute, Stockholm, Sweden
a r t i c l e i n f o

Article history:
Received 14 June 2017
Received in revised form
13 October 2017
Accepted 27 October 2017
Available online 1 November 2017

Keywords:
Genotoxicity
Autophagy
Lysosomal stress
Spleen
Thrombocytes
Plasmonic photothermal effect
* Corresponding author. Department of Genome In
Genetics of the CAS, v.v.i., Videnska 1083, CZ 142 20
** Corresponding author. Department of Physical E
Sciences and Physical Engineering, Czech Technical Un
CZ 115 19 Prague 1, Czech Republic.
*** Corresponding author. Biomedical Research
Sokolska 581, CZ 500 05 Hradec Kralove, Czech Repu

E-mail addresses: kamil.kuca@fnhk.cz (K. Kuca), p
hodny@img.cas.cz (Z. Hodny).

https://doi.org/10.1016/j.biomaterials.2017.10.044
0142-9612/© 2017 Elsevier Ltd. All rights reserved.
a b s t r a c t

The exceptionally high cellular uptake of gold nanorods (GNRs) bearing cationic surfactants makes them
a promising tool for biomedical applications. Given the known specific toxic and stress effects of some
preparations of cationic nanoparticles, the purpose of this study was to evaluate, in an in vitro and in vivo
in mouse, the potential harmful effects of GNRs coated with (16-mercaptohexadecyl)trimethylammo-
nium bromide (MTABGNRs). Interestingly, even after cellular accumulation of high amounts of MTABGNRs
sufficient for induction of photothermal effect, no genotoxicity (even after longer-term accumulation),
induction of autophagy, destabilization of lysosomes (dominant organelles of their cellular destination),
alterations of actin cytoskeleton, or in cell migration could be detected in vitro. In vivo, after intravenous
administration, the majority of GNRs accumulated in mouse spleen followed by lungs and liver.
Microscopic examination of the blood and spleen showed that GNRs interacted with white blood cells
(mononuclear and polymorphonuclear leukocytes) and thrombocytes, and were delivered to the spleen
red pulp mainly as GNR-thrombocyte complexes. Importantly, no acute toxic effects of MTABGNRs
administered as 10 or 50 mg of gold per mice, as well as no pathological changes after their high accu-
mulation in the spleen were observed, indicating good tolerance of MTABGNRs by living systems.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Applications of gold nanorods (GNRs) in biomedicine, whether
as contrast agents, drug/gene delivery vehicles or as agents for
photothermal therapy [1e3], require thorough studies of their
biological safety. Both in vitro and in vivo toxicity of gold nano-
particles (NPs) depend on their size [4,5], surface charge [6,7] and
surface coating [8,9]. Importantly, toxicity and harmful effects were
reported for some preparations of both anionic and cationic gold
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NPs. For instance, Goodman et al. showed that the LC50 value for
2 nm core quaternary ammonium group-bearing gold particles
measured in mammalian cells Cos-1, red blood cells and bacteria
(E. coli) using the MTT assay for cell survival and proliferation,
haemolysis and bacterial viability assays, respectively, was much
lower than for analogous anionic NPs [6]. The high toxicity of
cationic NPs is accounted for by their strong adhesion to the cell
membrane resulting in formation of membrane disruptions
including holes, membrane thinning and membrane erosion that
increase with density of the cationic charge of NPs [10,11]. Another
example of nanoparticle harmful effects is damage to cellular DNA
due to the interaction between cationic NPs and DNA [12]. Geno-
toxicity of 2 nm core gold NPs with a quaternary ammonium
functionality that depended on hydrophobicity of the NP surface
was reported [8]. While the genotoxicity decreased with increasing
hydrophobicity, the cytotoxicity and generation of reactive oxygen
species increased. Oxidative stress induced by NPs may lead to loss
of homeostasis and autophagic cell death [13,14]. Perturbation of
autophagy was observed for several classes of nanomaterials
including negatively and positively charged NPs [15]. Cationic NPs
can localize into lysosomes [16,17]. Lysosomal dysfunction based on
lysosome overload (due to the storage of NPs) or alkalization can
prevent autophagosome-lysosome fusion leading to accumulation
of autophagosomes and blocking the autophagy flux [15,18]. Lyso-
somal damage due to lysosomal membrane permeabilization after
application of polystyrene NPs with primary amine groups was
reported [19]. Such lysosomal rupture can be accounted for by the
high proton buffering capacity of surface amines of the particles
that leads to excessive proton pump activity and osmotic swelling.
Last but not least, depolymerization of the F-actin cytoskeleton
after application of poly(diallyl-dimethylammonium chloride)
(PDDAC)/poly(styrenesulfonate) (PSS) polyelectrolyte-coated and
quaternary ammonium group-bearing GNRs was observed [20].

Given the high complexity of (human) organism, the potential
toxicity and the passage of cationic GNRs through the body
including analysis of organ and tissue distribution, interactions
with blood cells and mode of clearance of NPs from the body
require careful exploration. Comparing gold NPs with four different
surface charges, Arvizo et al. showed that negative and positive NPs
exhibited distinctly shorter plasma circulation time than neutral
and zwitterionic NPs [21]. A similar charge dependency on bio-
distribution of gold composite nanodevices was observed by Balog
et al. [22]. Importantly, cationic NPs generally induce inflammatory
reactions with higher frequency than anionic and neutral nano-
materials [23,24]. In the case of quaternary ammonium group-
bearing gold NPs (2 nm), Moyano et al. demonstrated that the
immune response increases with increasing hydrophobicity of NPs
both in vivo and in vitro [9]. Furthermore, compared to negatively
charged and neutral NPs, transient side effects on the peripheral
blood system were observed for gold nanoclusters with primary
amines [7].

Recently, cationic GNRs coated with (16-mercaptohexadecyl)
trimethylammonium bromide (MTABGNRs) featuring highly effi-
cient cellular uptake were developed as a promising theranostic
tool [25]. As has been shown previously, the fast adhesion of
cationic MTABGNRs to cell membrane sulphated proteoglycans and
their extensive transmembrane transport by clathrin-mediated
endocytosis and macropinocytosis make MTABGNRs optimal for
targeted plasmonic photothermal cancer therapy and imaging [16].
Due to their long-term retention in non-dividing or slowly dividing
cells and possible transport into neighbouring cells by exocytosis,
MTABGNRs are especially promising for the tumour targeting stra-
tegies utilizing, for instance, NP-cargoed stem cells [26,27]. Despite
large amounts of MTABGNRs absorbed by cells, they possess no acute
cytotoxicity, as reported previously [25]. However, little is known
about the effects of MTABGNRs on cellular homeostasis, their in vivo
safety and biodistribution. To evaluate the possible effects of
MTABGNRs on cellular homeostasis, we explored here the interfer-
ence of MTABGNRs with several cellular subsystems including DNA
toxicity, autophagy, lysosomal stability, organization of cytoskel-
eton, and cell migratory properties. Furthermore, analyses of the
in vivo distribution of MTABGNRs in mouse tissues and safety
investigated in relation to their tissue destination were also
performed.

2. Material and Methods

2.1. Chemicals

20,70-dichlorodihydrofluorescein diacetate (H2DCFDA, D6883),
40,6-diamidino-2-phenylindole (DAPI, D9542), apyrase from po-
tatoes, bovine serum albumin (BSA), collagen (human), collagenase
A, cytochalasin D (Cyto D), DPX Mountant for histology (06522),
heparin sodium salt, Hoechst 33342, low melting point agarose,
Mayer's Hematoxylin solution, Mowiol 4e88 (81381), periodic acid
and Schiff's reagent were from Sigma-Aldrich (St. Louis, MO, USA).
Calcein AM (C3099), Dynabeads M � 450 Tosylactivated (ø 4.5 mm;
14013), Wheat Germ Agglutinin (WGA), Alexa Fluor 488 Conjugate
(W11261) and Alexa Fluor 488 Phalloidin (A12379) were purchased
from Invitrogen (Carlsbad, CA, USA). Vestopal W was purchased
from Fluka Chemie AG (Buchs, Switzerland) and nitric acid (65%;
HNO3; Suprapur) from Merck Millipore (Darmstadt, Germany).
Water for injection from Ardeapharma a. s. (Sevetin, Czech Re-
public) was used as diluent for in vivo experiments.

2.2. Antibodies

The following primary antibodies were used: anti-phospho-
histone H2A.X (serine 319; JBW301) was obtained from Merck
Millipore, anti-53BP1 (H-300) and anti-lysosome-associated
membrane protein 1 (LAMP-1; H4A3) were from Santa Cruz
Biotechnology (Dallas, TX, USA), anti-light chain 3 (LC3B; D11) was
from Cell Signaling Technology (Danvers, MA, USA), anti-actin
(1A4) was from Sigma-Aldrich. BV421 conjugated anti-CD 41
(MWReg30), BV421 anti-CD62P (AK4), BV421 or APC anti-CD11c
(N418), APC anti-CD45 (30-F11), FITC anti-CD8a (LY-2), PerCP
anti-CD3 (145-2C11), BV711 anti-CD4 (RM4-5), PE anti-CD44 (IM7),
PE-Cy7 anti-CD62L (MEL-14), FITC or APC anti-CD69 (H1$2F3), APC
anti-NK1.1 (PK136), BV711 anti-CD11b (M1/70), APC anti-Gr1 (RB6-
8C5) and APC-Cy7 anti-F4/80 (BM8) antibodies were from Bio-
Legend (San Diego, CA, USA). PE-conjugated anti-CD86 (GL1), FITC
anti-CD19 (1D3) and anti-CD16/CD32 antibodies were from BD
Biosciences (San Jose, CA, USA). FITC-conjugated anti-CD 41 (P2)
antibody was from Beckman Coulter (Fullerton, CA, USA). Second-
ary Alexa-488 (goat anti-mouse, goat anti-rabbit) and Cy3 (donkey
anti-mouse) conjugated antibodies were purchased from Invi-
trogen and Jackson ImmunoResearch (West Grove, PA, USA),
respectively. HRP-conjugated secondary antibodies (goat anti-
rabbit, goat anti-mouse) were from Bio-Rad (Hercules, CA, USA).

2.3. Cell cultures

Human prostate cancer cell line DU145 (ATCC, Manassas, VA,
USA) and cervix carcinoma cell line HeLa were cultured in Dul-
becco᾿s modified Eagle᾿s medium (DMEM) containing 4.5 g/L
glucose (Biochrom AG, Berlin, Germany) and supplemented with
10% foetal bovine serum (FBS; Gibco). Normal human foreskin BJ
fibroblasts (ATTC) at population doublings 25e40 and 84 (repli-
catively senescent) and immortalized non-transformed canine
kidney epithelial MDCK cells were cultured in DMEM



M. Zarska et al. / Biomaterials 154 (2018) 275e290 277
supplemented with 1.0 g/L glucose (Invitrogen/Gibco, Grand Island,
NY, USA) and 10% FBS. Primary mouse podocytes were isolated
according to Takemoto et al. [28], cultured in RPMI-1640 medium
(Biochrom AG and Gibco) supplemented with 10% FBS, insulin
(5 mg/ml), transferrin (5 mg/ml), and sodium selenite (5 ng/ml)
media supplement (Sigma-Aldrich) and stained after exposure to
MTABGNRs by phalloidin according to the protocol described pre-
viously [16]. Bone marrow mouse mesenchymal stem cells (mBM-
MSCs) were isolated as reported previously [29], seeded at density
10 � 106 cells per well in a 6-well plate and cultured in DMEM,
4.5 g/L of glucose supplemented with 15% FBS. After 3 days, non-
adherent cells were removed by change of the medium, left until
confluence and used directly or after additional passage. Mouse
prostate cell line TRAMP-C2 (ATCC [30]) was cultured in DMEM,
4.5 g/L of glucose supplemented with 4.75% FBS, 5% Nu-serum IV
culture supplement (BD Bioscience, Bedford, MA, USA), 5 mg/ml
insulin (Sigma-Aldrich) and 10 nM dehydroepiandrosterone
(DHEA; Sigma-Aldrich). Culture media were supplemented with
penicillin (100 U/mL) and streptomycin (100 mg/ml; Sigma-
Aldrich). Cell cultures were maintained at 37 �C under 5% CO2 at-
mosphere and 95% humidity.

2.4. Animals

Male C57/BL6 mice (12e13 week-old) were obtained from
Charles River Laboratories (Sulzfeld, Germany) and bred in the
animal facility of the Institute of Molecular Genetics, Prague, Czech
Republic. Experimental protocols were approved by the Institu-
tional Animal Care Committee of the Institute of Molecular Ge-
netics, Prague and by the Departmental Expert Committee for the
Approval of Projects of Experiments on Animals of the Czech
Academy of Sciences, Prague.

2.5. Preparation of MTAB-coated gold nanorods

MTAB-coated GNRs (MTABGNRs; size 54 nm in length and 26 nm
in width) were prepared from cetyl trimethylammonium bromide
(CTAB)-stabilized GNRs by a ligand exchange of noncovalently
bound CTAB per covalent MTAB coating in aqueous media accord-
ing to the protocol described previously [16]. The z�potential of
MTABGNRs (23.9 mV) was measured after their dilution into 5%
glucose/water solution (f.c. 100 mM Au0) by Zetasizer Nano ZS
(Malvern Instrument, Worcestershire, UK). As the gold NPs in
colloid solution slightly differ in size, the determination of their
absolute number is almost impossible. For this reason, the con-
centration of GNRs was expressed as a molar amount of a metallic
gold (Au0) in colloid solution using the formula Au0

[mM] ¼ 0.355 � Absorbance at 390 nm/path length [cm] as
described previously [16,31].

2.6. Quantification of DNA damage foci

BJ fibroblasts (seeded 1 � 105 cells per coverslip) were exposed
to different concentrations of MTABGNRs (30 mM, 50 mM, and 100 mM
Au0; diluted into culture medium) for 24 h and after careful wash
out of non-adsorbed GNRs cultured for additional 13 days. GNR-free
and X-ray-irradiated (10 Gy) cell cultureswere used as negative and
positive controls, respectively. To monitor the DNA damage
response, cells were washed 3 � with PBS and then fixed in 4%
formaldehyde for 15 min at room temperature, washed 3 � with
PBS, permeabilized with 0.2% Triton X-100 for 10 min, washed
3 � with PBS, incubated with 10% FBS for 30 min and stained with
specific antibodies against DNA damage markers anti-phospho-
H2AX (gH2AX; 1: 500) and anti-53BP1 (1: 200) diluted in PBS/
0.1% Tween-20 for 60 min. After washing with 0.1% Tween-20/PBS
(3 � 5 min), the cells were stained with a combination of Alexa 488
(1: 1000) and Cy3 (1: 300) conjugated secondary antibodies for
60 min and then washed again with 0.1% Tween-20/PBS
(3 � 5 min). The coverslips were mounted with Mowiol 4e88
containing DAPI (1 mg/mL) to visualize nuclei. Fluorescence images
and dark field images of GNRs [32] were obtained by a Leica
DM6000 B fluorescence microscope (Leica Microsystems, Wetzlar,
Germany). The numbers of DNA damage foci in whole cell pop-
ulations were quantified microscopically using an Olympus ScanR
automated microscope and Olympus ScanR software (Olympus,
Hamburg, Germany), as described previously [33]. A total of
400 cells were analyzed per sample in each experiment.

2.7. Cell proliferation assay

To analyze the cell cycle progression, a suspension of asyn-
chronous DU145 cells was stained with Cell Proliferation Dye
eFluor 450 (65-0842-85; eBioscience, San Diego, CA, USA) diluted
in PBS at 10 mM (f.c.) 20 min at room temperature. Staining was
stopped by adding cold (4 �C) complete medium. After 3 � wash
with complete DMEM, the cells were seeded (1 � 105) in a 6-well
plate, cultured for 24 h and then exposed to 50 mM (Au0)
MTABGNRs for 24 h. Before addition of GNRs (0 h) or after 6, 24, 48,
72 h, cells were washed with PBS and then detached with 0.48 mM
EDTA, washed againwith PBS using centrifugation (700� g; 3min),
and fixed in 4% formaldehyde for 15 min at room temperature. Cell
proliferation dye eFluor 450 was quantified by flow cytometer BD
LSRII (BD Biosciences, San Jose, CA) by laser excitation at 405 nm
and detection of fluorescence emission at 450 ± 25 nm. Simulta-
neous detection of MTABGNRs utilizing strong light scattering fea-
tures of GNRs in the side scatter mode using 633 nm laser at
635 ± 10 nm was performed as described previously [16]. The ac-
quired data were analyzed by FlowJo software (Tree Star, Ashland,
OR, USA).

2.8. Detection of autophagy

BJ fibroblasts (12 � 105) and DU145 cells (30 � 105) were plated
onto 100 mm culture dishes and cultured overnight. The cells were
then incubated with 50 mM (Au0) MTABGNRs or with medium
without GNRs for 24 h. As a positive control, cells were brought to
autophagy by serum starvation (24 h) in Eagle᾿s balanced salt so-
lution (EBSS; Gibco) supplemented with calcium and magnesium.
Cells were then washed 3 � in PBS, harvested into lysis buffer
(50 mM TRIS-HCl, pH 6.8, 2% SDS and 10% glycerol), incubated at
95 �C for 5 min, sonicated to shear DNA using Soniprep 150 (MSE,
London, UK) and centrifuged at 16 000 � g for 10 min to collect the
supernatant. The concentration of proteins in the lysate was esti-
mated by bicinchoninic acid assay (Pierce Biotechnology, Rockford,
USA). After addition of 100 mM DTT (f.c.) and 0.01% bromophenol
blue (f.c.), proteins were separated with SDS-PAGE (15% gel) and
blotted onto nitrocellulose membrane (Pall Corporation, Port
Washington, NY, USA). Membranes were blocked in 10% not-fat
milk and incubated with anti-LC3B primary antibody diluted 1:
1000 in 0.1% Tween-20/PBS/1% not-fat milk overnight at 4 �C.
Membranes were 5 � washed with 0.1% Tween-20/PBS for 5 min
and incubated with HRP-conjugated secondary antibodies. Protein
visualization was done using ECL chemiluminescence reagent (GE
Healthcare, Buckinghamshire, UK). The optical density of the bands
was determined using ImageJ. For microscopic analysis of auto-
phagy, the DU145 cells stably expressing EGFP-LC3 were seeded on
coverslip (2 � 105 cells), exposed to 30e100 mM (Au0) MTABGNRs or
starved in EBSS medium for 24 h, fixed, mounted with Mowiol
4e88 containing DAPI and visualized by Leica TCS SP5 AOBS
confocal microscope (Leica Microsystems) using 488 nm laser.
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MTABGNRs were detected by confocal reflectance microscopy as
described previously [16].

2.9. Evaluation of lysosomal stability

Overnight culture of DU145 cells (5 � 105) seeded in a cell
culture dish (40 mm diameter) was co-cultured with 30e100 mM
(Au0) MTABGNRs for 24 h. As positive controls, cells were treated
with 1 mM H2O2 for 3 h or with 200 mM chloroquine for 3 h to
induce lysosomal membrane permeabilization and lysosomal
alkalization, respectively. After washing with PBS, the cells were
incubated with acridine orange (AO, 15 mg/ml) in culture media at
37 �C for 20 min, washed with fresh DMEM, and then imaged in a
Leica TCS SP5 AOBS confocal microscope set to 488 nm laser exci-
tation and 493e560 nm or 590e720 nm emission to visualize
fluorescence in the ‘green’ and ‘red’ channel, respectively. Note that
AO is a metachromatic fluorophore and lysosomotropic base that
accumulates in lysosomes by proton trapping, where it emits red
fluorescence after excitation by blue light (high AO concentration).
The cytosolic and nuclear localization of AO is linked with emission
of green fluorescence (low AO concentration). To measure the
changes of lysosomal pH, the DU145 cells (5 � 105) and BJ fibro-
blasts (6 � 105) seeded in a 40 mm culture dish were incubated
with 30e100 mM (Au0) MTABGNRs for 24 h. After careful wash cells
in suspension (detached with 0.25% trypsin/0.53 mM ethyl-
enediaminetetraacetic acid, EDTA) or adherent cells were stained
by 1 mM LysoSensor Green DND-189 (L7535; Invitrogen) for
30 min at 37 �C. The medium was replaced and cells were imme-
diately measured by flow cytometer BD LSRII or visualized by Leica
TCS SP5 AOBS confocal microscope using a 488 and 633 nm laser.
Colocalization of MTABGNRs with lysosomal marker LAMP-1 was
performed according to the protocol described previously [16].

2.10. Cell migration assay

Confluent mBM-MSCs were incubated with 30e100 mM (Au0)
MTABGNRs for 24 h. The migration ability of untreated and
MTABGNRs-loaded mBM-MSCs was evaluated by the CytoSelect 24-
Well Cell Migration Assay (CBA-101; Cell Biolabs, San Diego, CA,
USA). As a source of chemoattractant, culture medium conditioned
with mouse prostate carcinoma cell line TRAMP-C2 for 3 days was
used. Conditioned medium or fresh medium containing 10% FBS
(500 ml) was added to the lower chamber of the cultivation plate.
Suspension of trypsinized mBM-MSCs was washed twice with 0.5%
FBS/DMEM. Three hundred ml of the cell suspension containing
1� 105 cells was added to the polycarbonate membrane insert well
(8 mmpores). As a positive control, cytochalasin D (2 mM)was added
to the cells to inhibit cell migration. Cells were left to migrate
through themembrane at 37 �C for 16 h. Cells migrated through the
membrane were detached and transferred into a clean well using
Cell Detachment Buffer. Finally, cells were lysed and quantified
using CyQuant GR Fluorescent Dye. The fluorescence intensity was
measured at excitation/emission 490 nm/510e570 nm with the
Modulus Microplate Multimode Reader (Turner BioSystems, Sun-
nyvale, CA, USA).

2.11. Estimation of in vivo distribution of MTABGNRs

Freshly prepared MTABGNRs were centrifuged at 6000 � g for
10 min and resuspended in 5% glucose/water solution to obtain the
concentration of MTABGNRs corresponding to 0.35 and 1.7 mM Au0.
The stability of MTABGNRs in the glucose solution was confirmed
spectrophotometrically (see Supplementary Fig. 6A). One hundred
fifty ml of MTABGNRs (corresponding to 10 and 50 mg Au/mouse or
0.37 and 1.8 mg MTABGNRs/kg of body weight) or 150 ml of 5%
glucose solution were injected intravenously via retro-orbital sinus
to C57/BL6 mice (6 per group) kept under short-term isoflurane
anesthesia. Mice were sacrificed 24 h or 10 days later. Blood, lungs,
liver, kidney, spleen and brain were collected immediately. Blood
collected to a heparinized tube was centrifuged at 1100 � g for
15 min and plasma was frozen in liquid nitrogen and stored
at �80 �C until subsequent use. Organs were weighed and sliced
into pieces (0.3e0.8 cm3), which were either fixed in 4% formal-
dehyde at 4 �C for 24 h for further histochemical analysis or frozen
in liquid nitrogen and stored at �80 �C until quantification of the
gold content by inductively coupled plasma mass spectrometry.
2.12. Histochemistry

Fixed tissues were washed twice in water, transferred into 70%
ethanol and incubated for 24 h, then thewashing stepwas repeated
once again. Next, the samples in 70% ethanol were processed using
an ASP200 tissue processor (Leica Microsystems) and subsequently
embedded in paraffin wax using an EG1150 embedding station
(Leica Microsystems). Paraffin blocks were cut into 3e4 mm slices,
which were then transferred onto Superfrost Plus slides (Thermo
Fisher Scientific, Pittsburgh, PA, USA) and dried at 37 �C overnight.
Tissue sections were dewaxed in xylene (2 � 10 min), hydrated in
descending series of ethanol/water (100%, 95%, 70%, 50% for 3 min
each) and finally rinsed in distilled water for 5 min. Slides were
then boiled in 0.01 M sodium citrate (pH 6) in an electric pressure
pot for 12 min and blocked with 3% BSA at room temperature for
30 min. Cells membrane-specific staining was done with WGA-
Alexa Fluor 488 conjugate at concentration 5 mg/ml in HBSS at
37 �C for 1 h. The sections were thenwashed in PBS (3� 5min) and
covered with coverslips using Mowiol 4e88 containing DAPI.

MTABGNRs in tissues were detected by confocal reflectance mi-
croscopy (Leica TCS SP5 AOBS confocal microscope; 633 nm exci-
tation laser, detection window 631e636 nm) as described
previously [16]. 405 and 488 nm lasers were used to excite DAPI
(emission 445e485 nm) and Alexa Fluor 488 (emission
510e560 nm), respectively.

For field emission scanning-electron microscopy (FE-SEM)
analysis, the tissue sections were transferred onto siliconwafer and
dried at 37 �C overnight. The slices were then dewaxed in xylene
(2� 10min), washed in absolute ethanol (3� 3min) and examined
by FE-SEM (JEOL JSM-7500 F; JEOL, Tokyo, Japan). Backscattered
electron images were acquired at acceleration voltage 15 kV.

For histopathological analyses, the dewaxed and hydrated tissue
sections on the slides were immersed in 0.5% periodic acid for
5 min, carefully washed in distilled water and stained by Schiff's
reagent at room temperature for 15 min. Then the slides were
washed in running water and counterstained in Mayer's Hema-
toxylin solution at room temperature for 3min.Washed slides were
dehydrated in ethanol (70% and 100% for 3 min each), air dried and
mounted with DPX mounting medium. Bright-field images were
acquired by a Leica DM6000 B microscope equipped with a Leica
DFC490 colour camera.
2.13. Quantification of gold content by inductively coupled plasma
mass spectrometry (ICP-MS)

Murine tissue samples were wet-mineralized with 65% HNO3 in
high pressure microwave system MLS 1200 Mega (Milestone, Sor-
isole, Italy). Due to the low sample weight, mineralization of tissue
samples was carried out in closed inserts placed inside Teflon
vessels. Subsequently, the gold concentration in mineralized sam-
ples was determined by an ICP-MS instrument (XSeries 2 ICP-MS;
Thermo Fisher Scientific, Bremen, Germany).
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2.14. Enzyme-linked immunosorbent assay (ELISA)

To determine the level of IFNg in the murine plasma, ELISA kit
OptEIA for the detection of murine IFNg (BD Biosciences, San Jose,
CA) was used. Plasma was diluted 10 � in the assay diluent and the
concentration of IFNg was measured according to the manufac-
turer's instructions (detection limit of the assay was determined as
30 pg/ml of IFNg in the plasma). Plasma level of complement
component C3 was measured in 50 000 � diluted plasma samples
using Mouse Complement C3 ELISA Kit (ab157711; Abcam, Cam-
bridge, UK) according to the manufacturer's protocol.

2.15. Flow cytometry analysis of immune cell populations in the
spleen

Spleens from the sacrificed mice were immediately transferred
into the complete RPMI-1640 medium supplemented with mer-
captoethanol (2� 10�5 M) and spleen cell suspensionwas prepared
using a cell strainer (70 mm). Then the erythrocytes were lysed with
the TRIS-NH4Cl lysis buffer (10 mM TRIS hydrochloride, 150 mM
NH4Cl). The cell suspension was washed (PBS, 1% FBS, 0.1% NaN3)
and pre-incubated with anti-CD16/CD32 antibody to minimize
non-specific binding at 4 �C for 15 min, washed and labelled with
primary antibodies at 4 �C for 30 min. Relevant isotype controls
were used. Then the immune cell populations and their activation
were analyzed by flow cytometry using a BD LSR II flow cytometer.
CD8þ CD45þ cells were assigned as CD8þ T cells, CD4þ CD45þ cells
as CD4þ T cells, CD44þ CD62Lþ CD4þ or CD8þ T as Tcm (T central
memory), CD44þ CD62L� CD4þ or CD8þ T as Tem (T effector
memory), CD44� CD62L� CD4þ or CD8þ T as Teff (T effector), CD19þ

cells as B cells, NK1.1þ CD3� cells as NK cells, NK1.1þ CD3þ cells as
NKT cells, CD11bþ cells as myeloid cells, CD11bþ Gr1þ cells as
immature myeloid cells, CD11bþ F4/80þ cells as macrophages and
CD11bþ CD11cþ cells as dendritic cells (conventional) [34e36].

2.16. Detection of interaction of MTABGNRs with blood cells

One ml of fresh human venous blood was diluted with 1 ml of
2mMEDTA/PBS (pH 7.2) andwith 0.5ml of 500 mM (Au0) MTABGNRs
resuspended in 5% glucose solution and then incubated for 5 h with
gentle rocking. Then blood smears were prepared, placed into a
fixative solution (5 ml of 4% formaldehyde and 45 ml of 95%
ethanol) for 5 min, carefully washed with PBS, and thrombocytes
were stainedwith FITC anti-CD41 antibody (diluted 1: 10 in PBS) for
1 h. After washing with PBS the blood smears were mounted to
coverslips using Mowiol 4e88 containing DAPI and scanned by
confocal microscopy.

2.17. Transmission electron microscopy (TEM)

Spleens excised from sacrificed animals were cut into small
pieces (1 mm3) and fixed with Trump᾿s fixative (1% glutaraldehyde/
4% formaldehyde/PBS, pH 7.4) at 4 �C for 24 h. Then the samples
were postfixed with osmium tetroxide, embedded in Vestopal W
polyester resin and ultrathin sections (50e70 nm) were stained
with uranyl acetate and Reynolds' lead citrate using a protocol
described previously [16]. Images were obtained with FEI Morgagni
268 TEM (FEI, Hillsboro, OR, USA) equipped with Mega View III
digital camera (Olympus, Tokyo, Japan).

2.18. Statistical analysis

The data are expressed as a mean value and SD of three inde-
pendent experiments (in vitro) or of 5e6 mice per group (in vivo).
Student's t-test was used to determine the statistical significance
among groups: P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***).

3. Results

Different doses of NPs are needed for diverse biomedical
application. With the intent to use GNRs in plasmonic photo-
thermal therapy (PPTT) of cancer [16], at first we established an
effective PPTT dose of MTABGNRs. To this purpose, human cancer
HeLa cells were pre-treated with various concentration of
MTABGNRs for 24 h and then exposed to two-photon laser irradia-
tion (see Supporting Information). Cell death was measured as the
loss of calcein staining. As shown on Supplementary Fig. S1, 5 mM
(Au0) MTABGNRs effectively induced cell death resulting from loss of
the cell membrane integrity and membrane blebbing (see Supple-
mentary Video S1 for time-lapse imaging of the photothermal ef-
fect of MTABGNRs). Therefore for subsequent in vitro toxicological
evaluation we selected the concentration range of MTABGNRs cor-
responding to 30e100 mM Au0.

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.biomaterials.2017.10.044.

3.1. MTABGNRs do not activate DNA damage response

Given that some gold nanoparticle preparations harbour geno-
toxic effects [8,37e40], we estimated whether the presence of
MTABGNRs in cells is capable of inducing DNA damage. For this
purpose, we let human normal BJ fibroblasts to taken up MTABGNRs
(50 mM Au0) and then we microscopically monitored the presence
or absence of DNA damage response (DDR) detected as foci of
histone H2AX phosphorylated on serine 139 (gH2AX [41]) and p53
binding protein 1 (53BP1 [42]) during a 14 day-period (Fig. 1A; for
quantification of 53BP1 and gH2AX foci by Olympus Scan R, see
Fig. 1B and C). This approach was chosen as the currently most
sensitive method for detection of various forms of DNA damage
including oxidative DNA damage and DNA double strand breaks
[43e47]. Contrary to X-ray-exposed cells (10 Gy) used as a technical
control, the number of DDR foci in MTABGNRs-treated cells was
comparable to control cells cultured in the same conditions in
culture medium without GNRs. This was further verified using
various concentrations of MTABGNRs (30, 50,100 mMAu0 for 24 h), as
shown in Supplementary Fig. 2A. Moreover, a perturbation of cell
proliferation (50 mM Au0; Fig. 1D; see Material and Methods for
details) or elevation of intracellular reactive oxygen species (ROS)
(Supplementary Fig. 2B) were not observed in the presence of
GNRs. Altogether MTABGNRs, when present in cells for extended
periods of time, did not induce DNA damage and did not disturb the
cell cycle even at doses 10 times higher than effective PPTT
concentration.

3.2. MTABGNRs do not induce autophagy and destabilization of
lysosomes

Furthermore, some types of gold NPs can induce stress response
manifested as enhanced autophagy (for example, see Refs. [13,18];
reviewed in Ref. [15]). To check for the presence of activated
autophagy in BJ cells exposed to MTABGNRs, the ratio between two
forms of microtubule-associated light chain 3 (LC3) protein was
followed. Although conversion of LC3 from the cytoplasmic form
LC3-I to LC3-II located to the autophagosome membrane was
clearly observed after induction of autophagy by nutrient starva-
tion [48] (see Fig. 2A for immunoblotting detection), neither up-
regulation of LC3-II nor increase of the LC3-II/LC3-I ratio was
observed in BJ cells exposed to 50 mM (Au0) MTABGNRs. Similar re-
sults were obtained with cancer cell line DU-145 (see
Supplementary Fig. 3A). Furthermore, microscopic examination of

https://doi.org/10.1016/j.biomaterials.2017.10.044
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DU145 cell line expressing EGFP-tagged LC3 did not show any in-
crease of number of autophagosomes after 24 h incubation with
30e100 mM (Au0) MTABGNRs in contrast to serum starved cells
which manifested GFP-LC3-positive dots (Supplementary Fig. 3B).

MTABGNRs accumulate in large amounts in lysosomes (see Fig. 2B
for colocalization of MTABGNRs with lysosomal marker LAMP-1 in BJ
and DU145 cancer cell line); therefore, we examined whether
lysosomal localization of MTABGNRs can affect this cellular
compartment by induction of lysosomal stress. Acridine orange
(AO) was utilized as a sensitive marker of lysosome intactness([49];
see Material and Methods for details). Analysis of intracellular
distribution of AO showed that the dye accumulated in both control
and MTABGNRs-exposed cells predominantly in lysosomes (Fig. 2C,
red signal) and to a lesser extent in the cytoplasm and nucleus
(green signal). This indicates that MTABGNRs did not inflict per-
meabilization of the lysosomal membrane in contrast to lysosomal
destabilizer hydrogen peroxide (note the loss of lysosomal red and
an increase of the cytoplasmic AO concentration resulting in yellow
signal in cells treated with hydrogen peroxide [50,51]). Similarly,
lysosomal alkalization was not observed compared to chloroquine
effects (note the decrease of the lysosomal AO concentration
resulting in the shift from red to yellow fluorescence in
chloroquine-treated cells [52]). Additionally, the changes of lyso-
somal pH were measured by the LysoSensor Green DND-189 probe
whose fluorescence intensity increases upon acidification that was
previously utilized to determine the pH of acidic organelles [53,54].
Importantly, no significant decrease or increase of LysoSensor
fluorescence intensity due to increase or decrease of lysosomal pH,
respectively, was calculated from three independent experiments
on BJ and DU145 GNRs-treated cells compared to controls (see
Fig. 2D for flow cytometry and Supplementary Fig. 3C for confocal
microscopy). The destabilization of lysosomes was not manifested
even after long-term retention (one month) of MTABGNRs in the
lysosomes of replicatively senescent (i.e. non-dividing) BJ cells with
characteristic senescence-associated expansion of lysosomal
compartment (note that MTABGNRs were still present in the lyso-
somes; Supplementary Fig. 3D).

To conclude, the intracellular presence of large amounts of
MTABGNRs did not result in activation of autophagy or lysosomal
stress even after their long-term retention inside cells.

3.3. MTABGNRs do not affect podocytes in vitro

The transit of NPs via the renal system during their circulation in
blood on their way of elimination from the organism might induce
nephrotoxic effects [55]. The loss or damage of podocytes from
renal glomeruli due to nephrotoxic stress can result in severe renal
failure and subsequent requirement of dialysis [56,57]. To explore
the potential podocytotoxic effects of MTABGNRs, primary podocytes
isolated from the mouse kidney [28] were exposed to various
amounts of MTABGNRs (0e100 mM Au0) in vitro for 24 h. The
disturbance of actin cytoskeleton is a sensitive marker of stressed
podocytes [58]. However, despite the fact that mouse podocytes
absorbed large amounts of MTABGNRs (Fig. 3), phalloidin staining
did not reveal any obvious reorganization of the actin cytoskeleton
or appearance of actin stress fibers indicative of absence of podo-
cyte stress in contrast to podocyte toxicity elicited by magnetic NPs
coated with sodium oleate (core diameter 7.6 nm; see
Supplementary Fig. 4A) or CTAB-stabilized GNRs (CTABGNRs;
Supplementary Fig. 4B). In addition, the kidney epithelial MDCK
cells expressing RFP-actin were incubated with 0e100 mM (Au0)
MTABGNRs and the integrity of actin network was followed by live-
cell imaging. Again, no changes in actin distribution were observed
in MDCK cells treated with MTABGNRs. Note, however, the disap-
pearance of peripheral actin bundles and network of actin
filaments in MDCK cells treated with CTABGNRs (Supplementary
Fig. 4C). To conclude, in contrast to CTABGNRs and magnetic nano-
particles, MTABGNRs did not cause reorganization of actin cyto-
skeleton and podocytotoxic effects.

3.4. The uptake of MTABGNRs does not affect cell migration

The delivery of NPs to tumour tissue by specific types of cells
such as stem cells is surveyed as a prospective way for cancer
treatment [26,27]. For the success of such strategy, cell migration
should be unaffected by nanoparticle load. Given that some nano-
particle preparations affect cell migration [59,60], we explored the
chemotactic migratory capacity of mesenchymal stem cells derived
from the mouse bone marrow (mBM-MSCs) e a promising vehicle
for tumour nanoparticle delivery. Like in most other cell types [16],
the uptake of MTABGNRs by mBM-MSCs was highly efficient
(Fig. 4A). Using the Boyden chamber migration test, chemotaxis of
mBM-MSCs induced by the mouse TRAMP-C2 prostate cell line was
comparable to control cells and thus not affected by the presence of
MTABGNRs (Fig. 4B and C). Cells exposed to cytochalasin D, which
promotes actin depolymerization, were used as a control of
inhibited cell migration [61]. To verify the results, the migration
ability of DU145 cells and BJ fibroblasts towards optimal serum
environment (10% FBS) was measured (Supplementary Fig. 5). In
conclusion, the intracellular presence of MTABGNRs did not affect
cell migration.

3.5. Distribution of MTABGNRs in the mouse

To gain the knowledge about the destination of MTABGNRs in
tissues after in vivo delivery, we analyzed the distribution of
MTABGNRs in mouse tissues after intravenous application via retro-
orbital venous sinus. We chose MTABGNRs dose corresponding to
10 mg Au per mouse (equal to 0.37 mg MTABGNRs/kg of body weight)
that was reported to induce tumour ablation after local GNRs
application and laser irradiation [62,63]. The application of
MTABGNRs was well tolerated as no local reaction at and near the
injection sitewas observed. Nomortality or behavioural andweight
changes in mice receiving MTABGNRs were observed (the weight of
control mice was 26.64 ± 1.28 g, the weight of GNR-treated mice
was 27.36 ± 3.75 g 10 d post injection). Twenty-four hours and 10
days after MTABGNR injection mice were sacrificed and the liver,
lungs, spleen, kidney and brain samples were assayed for the
presence of MTABGNRs by optical confocal reflectance microscopy
combined with histochemistry, field emission scanning-electron
microscopy (FE-SEM), or inductively coupled plasma mass spec-
trometry (ICP-MS). Compared to control mice injected with 5%
glucose/water, examination of tissue slices by confocal reflectance
microscopy did not show detectable presence of MTABGNRs in the
liver, lungs, kidney and brain (not shown). However, a large amount
of MTABGNRs was observed in the red pulp of the spleen both after
24 h and 10 days after injection (Fig. 5A). As detection of GNRs was
impeded by light reflection of the tissue itself, their accumulation in
the tissue sections was verified by FE-SEM analysis, which revealed
both single and clustered MTABGNRs in the spleen (Fig. 5B). More-
over, small amounts of MTABGNRs were found in the lungs and liver
(Supplementary Fig. 6B and C). Finally, the gold content in the
spleen, lungs and liver was quantified by ICP-MS measurements
(see Fig. 5C and D for quantification of Au amount in tissues)
showing the highest gold concentration in the spleen
(29.6 ± 24.7 mg Au/kg; 22 ± 17.6% of injected dose) and lower gold
concentrations in the lungs and liver (2.5 ± 3.0 and 0.4 ± 0.2 mg Au/
kg; 3.7 ± 4.7 and 5.4 ± 2.9% of injected dose, respectively) after 24 h.
Importantly, similar organ distribution and no decrease in organ
gold concentration were determined 10 days post injection,



Fig. 1. Genotoxicity of MTABGNRs. (A) Indirect immunofluorescence detection of 53BP1 and gH2AX foci in BJ human fibroblasts monitored 13 days after exposure to 50 mM (Au0)
MTABGNRs (24 h pulse). X-ray-irradiated cells (10 Gy) served as a positive control. GNRs were visualized in dark field mode; the nuclei were stained by DAPI (bar, 10 mm).
Quantification of 53BP1 (B) and gH2AX (C) DNA damage foci of the same experiment as in A by Olympus ScanR. (D) Proliferation of DU-145 cells estimated by Cell Proliferation Dye
eFluor 450 after 24 h incubation with 50 mM (Au0) MTABGNRs using flow cytometry analysis (left) correlated with the amount of GNRs in the cells (right). For each experiment,
control cells were cultured in the same conditions in culture medium without GNRs (Ctrl).
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indicating persistent accumulation of MTABGNRs in the tissues.

3.6. Therapeutic dose of MTABGNRs does not cause splenotoxicity

Due to the robust accumulation of MTABGNRs in murine spleen,
the possible pathological impact of GNRs on the spleen was
explored at dose 10 mg Au per mouse. Periodic acid-Schiff (PAS)
staining of the spleen sections showed no tissue damage and his-
tological changes in mice exposed to MTABGNRs both after 24 h and
10 days (Fig. 6). Next, we investigated the effect of the nanoparticle
presence on activation of the immune system and on distribution of
the splenic cell populations. Estimation of the blood level of INFg
that is produced by CD4þ and CD8þ T cells in response to antigen
stimulation [64] as well as the quantification of complement
component C3 that plays a central role in the activation of both
classical and alternative complement pathways [65] by ELISA did
not reveal activation of the immune system (the plasma levels of
IFNg in all mice were under the detection limit 30 pg/ml; the
complement C3 plasma concentration was 1.46 ± 0.38 mg/ml and
1.14 ± 0.23 mg/ml in control and GNR-treated mice, respectively,
24 h post injection and 1.25 ± 0.25 mg/ml and 1.43 ± 0.18 mg/ml in
control and GNR-treatedmice, respectively, 10 d post injection). The
cellularity and activation status of splenic lymphoid e T, B cells and
natural killer (NK) cells and myeloid e macrophages and dendritic
cells were measured using flow cytometry (see Material and
Methods for details) either 24 h or 10 days upon MTABGNRs
administration. We did not see any dramatic impacts of the
MTABGNR injection on the spleen in terms of proportional changes
in lymphoid and myeloid cell distribution, toxicity or immune
response induction. The only significant decrease was noticed in
the percentage of effector (CD44�/CD62L�) CD4þ, as well as CD8þ

cells. Notably, these cell populations harboured a higher percentage
of CD69þ cells that represented activated cells. All these changes
were transient since the analysis performed 10 days after MTABGNR



Fig. 2. Evaluation of autophagy and lysosomal destabilization in cells exposed to MTABGNRs. (A) Autophagosome formation measured as conversion of the cytoplasmic form of
microtubule-associated light chain 3 (LC3-I) to autophagosome-associated form (LC3-II) using immunoblotting analysis of BJ cells treated with 50 mM (Au0) MTABGNRs for 24 h or
serum-starved (EBSS, positive control) and comparison of the relative ratio of LC3-II/actin and LC3-I/actin determined by optical densitometry at GNR-treated and control cells. Actin
was used as a loading control. (B) Colocalization of MTABGNRs with lysosomal marker LAMP-1 in BJ and DU145 cells exposed to 20 mM (Au0) MTABGNRs for 24 h (confocal images of
central plane; the nuclei were stained by DAPI; bar, 10 mm). (C, upper row) Evaluation of lysosomal stability in DU145 cells treated with 30e100 mM (Au0) MTABGNRs for 24 h using
AO staining. Cells treated with hydrogen peroxide (1 mM) for 3 h and cells treated with chloroquine (200 mM) for 3 h served as positive control of lysosomal membrane per-
meabilization and lysosomal alkalization, respectively. (C, lower row) GNRs scanned in red scatter mode (confocal images of central plane; bar, 10 mm). (D) Flow cytometry analysis
of lysosomal pH measured in DU145 and BJ cells incubated 24 h with 30e100 mM (Au0) MTABGNRs using LysoSensor Green DND-189 fluorescence probe. Cells cultured without GNRs
were used as a control (Ctrl; A, C and D).
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administration did not show any differences of effector cells be-
tween the treated and untreated animals. However, a significant
increase of CD86þ dendritic cells was observed even 10 days after
MTABGNR injection, indicating maturation/activation of splenic
dendritic cells (see Table 1 and Supplementary Table S1 for detailed
analysis). Application of 5-times higher dose (i.e. 50 mg Au per
mouse) slightly intensified the changes in spleen cell populations
observed for 10 mg Au dose. The percentage of CD4þ and CD8þ

effector cells again decreased 24 h after MTABGNR injection.
However, their portions returned back to the original levels 10 days
post application. Besides that the percentage of splenic CD4þ T cells
24 h post injection increased, as compared to the percentages
observed upon 10 mg Au per mouse administration, while their
number decreased under the level measured in control animals 10
days post injection indicating only transient activation of T cell re-
sponses. Moreover, the number of effector memory (CD44þ/
CD62L�) CD8þ cells 24 h post injection and dendritic cells 10 days
post injection declined. Note, one animal in group of six developed



Fig. 3. Actin cytoskeleton perturbation assay in podocytes. Phalloidin staining of F-actin in primary mouse podocytes exposed to 30e100 mM (Au0) MTABGNRs for 24 h (maximal
projection; the nuclei were stained by DAPI; bar, 25 mm). Control cells were cultured without GNRs (Ctrl).

Fig. 4. Migration of mouse bone marrow mesenchymal stem cells (mBM-MSCs) treated with MTABGNRs. (A) Cellular uptake of 50 mM (Au0) MTABGNRs by mBM-MSCs after 24 h
(maximal projection; the nuclei and F-actin were stained by DAPI and Alexa Fluor 488-phalloidin, respectively; bar, 25 mm). (B) Analysis of migration of mBM-MSCs pulse labelled
with 50 mM (Au0) MTABGNRs for 24 h. TRAMP-C2-conditioned or fresh (negative control) media was used as chemoattractant in the fluorometric chamber-based cell migration assay.
(C) Migration of mBM-MSCs pulse-labelled with 30, 50 and 100 mM (Au0) for 24 h to TRAMP-C2-conditioned media compared to GNRs-free mBM-MSCs (Ctrl). Cells treated with
cytochalasin D (CytoD; 2 mM) were used as a positive control for inhibition of cell migration.
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an abdominal alopecia and slightly enlarged spleen (Table 1 and
Supplementary Table S2). The accumulation of MTABGNRs in spleen
after application of low (therapeutic) dose was accompanied by
changes in spleen immune cell populations not deviating from
physiological range. However, higher doses of MTABGNR induced
more pronounced changes in spleen immune populations.

3.7. MTABGNRs are absorbed by thrombocytes and leukocytes in the
blood stream and are delivered to the spleen in GNR-thrombocyte
complexes

We proposed that GNRs delivered to the spleen are absorbed
primarily by specific types of blood cells and then scavenged in the
spleen. Incubation of MTABGNRs with human blood in vitro revealed
that only a minor amount of MTABGNRs adhered to the cell mem-
brane of erythrocytes (Fig. 7A), the most abundant blood compo-
nent known to be removed by the spleen. Note, the incubation of
MTABGNRs (100 mM Au0) with human blood in vitro did not result in
erythrocyte haemolysis (see Supplementary Fig. 7A). Notably, we
observed extensive absorption of MTABGNRs by anuclear objects
positive for blood thrombocyte marker CD41 and by both mono-
nuclear and polymorphonuclear leukocytes (Fig. 7A). Transmission
electron microscopy (TEM) ultrastructural analysis of the spleen
showed the absence of free MTABGNRs but their presence on
thrombocytes located in the red pulp 24 h after injection (Fig. 7B).
Despite the clear interaction of MTABGNRs with thrombocytes, the
number of thrombocytes in blood from MTABGNRs-injected animals
was unaffected (see Supplementary Fig. 7B for detection of CD41-
positive thrombocytes in mouse blood 24 h after application).
Note, the incubation of human blood in vitro with MTABGNRs
(100 mM Au0) did not lead to activation of thrombocytes as was
estimated by platelet activation marker CD62P [66] (see
Supplementary Fig. 7C and D). Similarly, the aggregation of non-
activated and activated thrombocytes isolated from EDTA-laden
blood was not observed in the presence of 50 mM (Au0)
MTABGNRs. However, marked aggregation of activated thrombo-
cytes isolated from heparinized blood was observed (see
Supplementary Fig. 7E), probably accounted for strong interaction
between MTABGNRs and sulphated proteoglycans [16].

4. Discussion

The unique optical properties of cationic MTABGNRs, including
low cytotoxicity [25], make them a promising theranostic tool [16].
In this study we explored the potential negative biological impacts
of MTABGNRs on cells cultured in vitro as well as in vivo utilizing a
mouse model.

Previous reports of genotoxic effects caused by specific types of
NPs warranted investigation of the MTABGNR genotoxicity. Paino
et al. showed, for instance, that gold NPs coated with either sodium
citrate or polyamidoamine dendrimers giving them negative and
positive charges, respectively, exhibited in vitro genotoxicity [37].
In vivo, citrate gold NPs caused DNA damage in the cerebral cortex
of adult rats both after long-term and short-term exposure [38].
Notably, 30 nm NPs induced higher levels of DNA damage than
10 nm NPs after acute administration. On the other hand, the
smaller size of gold NPs (2.4 nm) is critical for their localization in
the nucleus [67]. Strikingly, DNA damage was observed even when
gold NPs were absent in the nucleus but located in cytoplasmic
vesicles [39], alike the localization of MTABGNRs. Besides their size,
the ability of NPs to cause DNA damage also depends on their
surface modification. For example, negatively charged citrate gold
NPs elicitedmarked DNA damage, but similar-sized gold NPs coated
with negative 11-mercaptoundecanoic acid were not genotoxic



Fig. 5. In vivo distribution of MTABGNRs. (A) In vivo accumulation of MTABGNRs in the spleen 24 h and 10 d post i.v. injection (10 mg Au/mouse) detected using confocal reflectance
microscopy (maximal projection; the plasma membrane and nuclei were stained byWGA and DAPI, respectively; main picture, bar 7.5 mm; zoom, bar 2.5 mm). (B) FE-SEM analysis of
the spleen 24 h post injection (bar 1 mm; zoom, bar 100 nm). (C) ICP-MS quantification of MTABGNRs in mouse tissues expressed as mean gold concentration (mg) per kilogram of
tissue wet weight (6 mice/group) and (D) as a percentage of injected gold accumulated in organ. Mice injected with 5% glucose solution were used as a control (Ctrl).
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[40]. Similarly, it was observed that DNA damage depends on the
hydrophobicity of surface coating of NPs [8]. All these findings
forced us to examine whether cationic MTABGNRs may induce
various forms of DNA damage resulting in activation of DDR [44].
Importantly, even long-term persistence of high amounts of
MTABGNRs in normal human cells did not cause physiologically
relevant activation of DDR, indicating the absence of genotoxic ef-
fects of this type of NPs.

MTABGNRs are predominantly accumulated and stored in lyso-
somes [16], which might lead to lysosome destabilization, either
mild affecting lysosomal homeostasis or severe resulting in
apoptosis [68]. Importantly, the persistence of MTABGNRs in the
lysosomes did not lead to lysosomal membrane permeabilization
and changes of lysosomal pH as assessed by lysosomotropic agents
acridine orange [50,52] and LysoSensor Green DND-189 [18].

Autophagy is a process essential for maintaining the cellular
homeostasis when aged or damaged organelles and intracellular
pathogens are engulfed by double-membrane vesicles called
autophagosomes, which next fusewith lysosomes and the engulfed
components are degraded by enzyme-catalyzed hydrolysis [69].
NPs can induce autophagy through oxidative stress or can block the
autophagic flux [15]. For instance, it has been shown that citrate
nanospheres stimulate the formation of autophagosomes
[13,18,70]. It is presumed that accumulation of citrate gold NPs in
the lysosomes causes lysosome alkalization, and thus impairs the
fusion between autophagosomes and lysosomes and blocks the
autophagic pathway [18]. Given this tight functional relationship
between the lysosomal compartment and autophagy, we moni-
tored the effect of MTABGNRs on induction of autophagy as a more
sensitive test than AO assay and we did not observe any alteration
of autophagy.

Podocytes are specialized glomerular cells in mammalian kid-
neys that are essential for plasma ultrafiltration and production of
primary urine. The actin cytoskeleton localized in the sub-
membranous region is indispensable for maintaining the podocyte
infrastructure and architecture of the foot processes that cover the
glomerular capillaries and through which the blood is filtered [57].
Various stresses induce reorganization of the podocyte actin



Fig. 6. Histological analysis of the spleens of mice exposed to MTABGNRs. Representative PAS staining of the spleen sections (A) 24 h and (B) 10 d after MTABGNR administration or
spleen sections of control mice (Ctrl) (upper figure, bar 100 mm; bottom figure, bar 20 mm; WP, white pulp; RP, red pulp).

Table 1
Flow cytometry analysis of the spleen immune cell populations (%) of C57/BL6 mice (6 mice/group) exposed to MTABGNRs (10 and 50 mg Au/mouse) for 24 h and 10 days ([
significant increase; Y significant decrease; 0 without significant changes).

Dose 10 mg Au 50 mg Au 10 mg Au 50 mg Au

T cells (%) 24 h 10 d 24 h 10 d B cells (%) 24 h 10 d 24 h 10 d

CD8þ T cells 0 0 0 0 B cells 0 0 0 0
CD4þ T cells 0 0 [ Y CD69þ of B cells 0 0 0 0
TCM of CD8þ 0 0 0 0 NK cells (%)
TCM of CD4þ 0 0 0 0 NK cells 0 0 0 0
CD69þ of TCM of CD8þ 0 0 0 0 CD69þ of NK cells 0 0 0 0
CD69þ of TCM of CD4þ 0 0 0 0 Myeloid cells (%)
TEM of CD8þ 0 0 Y 0 Myeloid cells 0 0 0 0
TEM of CD4þ 0 0 0 0 CD69þ of myeloid cells 0 0 0 0
CD69þ of TEM of CD8þ 0 0 0 0 CD86þ of myeloid cells 0 [ 0 Y

CD69þ of TEM of CD4þ 0 0 0 0 Macrophages 0 0 0 0
TEF of CD8þ Y 0 Y 0 CD69þ of macrophages 0 0 0 0
TEF of CD4þ Y 0 Y 0 CD86þ of macrophages 0 0 0 0
CD69þ of TEF of CD8þ [ 0 [ 0 Dendritic cells 0 0 0 Y

CD69þ of TEF of CD4þ [ 0 0 0 CD69þ of dendritic cells 0 0 0 0
CD86þ of dendritic cells 0 [ 0 0

CM, central memory; EM, effector memory; EF, effector.
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network [58,71], resulting in release of mutual podocyte contacts,
loss of podocytes from glomeruli and severe impairment of renal
function [57,72]. It has been reported that GSH- and BSA-protected
gold nanoclusters impair kidney function in vivo [55]. Moreover, the
citrate gold nanospheres attack the cytoskeleton of human dermal
fibroblast to broke and disrupt actin filaments into actin dots
[73,74]. Similarly, exposure of breast cancer cell line MDA-MB-231
to cationic PDDAC-coated GNRs resulted in actin filament depoly-
merization [20]. Utilizing mouse podocytes as a sensitive model to
follow the perturbations of the actin cytoskeleton, we found that
MTABGNRs did not show any changes in actin organization and
cellular distribution diminishing the threat of nephrotoxicity.
However, to definitely answer this question, specifically aimed
analyses including long-term administration of MTABGNRs in the
organism should be performed.

Mesenchymal stem cells are reported to evince tropic and
migratory properties for malignant tumours [75,76], and therefore
they can serve as a natural vehicle for targeting NPs to tumour
tissues [77,78]. Apparently, unaltered tissue invasion andmigration
of NP-loaded cells is a prerequisite for such application. Notably,
reduced cell invasion andmigrationwas found after treatment with
cationic fullerenes bearing quaternary ammonium and primary
amine groups, which can contraindicate this strategy [59]. Never-
theless, as we showed here, mBM-MSCs loaded with MTABGNRs did
not change the migratory properties towards chemoattractant
released by tumour cells in migration tests in vitro, thus not pre-
cluding their utilization as a vehicle for delivery of NPs to the
tumour tissue.

Understanding tissue distribution, interaction with blood cells
after systemic application and excretory pathway(s) is clearly
fundamental for clinical use of any drug and contrast agent. In the
case of gold nanospheres, their organ distribution was dependent
on NP size, when smaller NPs penetrated easier into tissues
compared to larger particles [79e81]. While 10 nm sized nano-
spheres were detected in different tissues including blood, liver,
spleen, kidney, testis, thymus, heart, lungs and brain, the larger NPs
(50, 100 and 250 nm) were found only in the blood, liver and spleen
[79]. Despite clear accumulation in organs, citrate-stabilized
12.5 nm gold nanospheres did not cause any toxicity and any
changes in blood biochemistry and tissue histology in mice at a
dose ranging from 0.04 to 0.4 mg NPs/kg of body weight injected
daily for 8 days [82]. On the other hand, spherical citrate gold NPs
ranging from 8 to 37 nm injected at a dose of 8 mg NPs/kg/week
induced severe sickness in mice associated with pathological



Fig. 7. In vitro interaction of MTABGNRs with blood cells. (A) Absorption of MTABGNRs by thrombocytes detected by CD41 antibody and by mononuclear and polymorphonuclear
leukocytes stained by DAPI; yellow arrowheads mark adherence of MTABGNRs to erythrocytes (bar 5 mm). (B) MTABGNRs absorbed by thrombocyte (arrowheads) in the red pulp of the
spleen visualized by TEM 24 h after administration of 10 mg Au to the mouse (left figure, bar 2 mm; right figure, bar 200 nm). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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abnormalities in the liver, lungs and spleen and resulting in death
of the majority of mice within 21 days. Interestingly, 3, 5, 50 and
100 nm NPs in the same experiment did not show harmful effects
[5]. The changes of gene expression in the targeted organs e liver
and spleeneweremeasured even for a very low dose of 0.01mg/kg
20 nm citrate gold NPs [83]. In addition, modification of the
nanoparticle surface with polyethyleneglycol (PEG) to prolong the
circulation of gold NPs in the blood [84e86] triggered inflammation
and apoptosis in the liver at day 7 after application of a single dose
of PEG-coated 13 nm gold NPs (at concentrations 0.85 and 4.26 mg/
kg). Acute inflammation immediately post-treatment (5 min) was
observed already for a lower dose (0.17 mg/kg). Moreover, the
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pathological changes in liver tissues were accompanied by a sig-
nificant increase in transcript levels of adhesion molecules ICAM-1,
E-selectin, and VCAM-1, chemokines MCP-1/CCL-2, MIP-1a/CCL-3,
MIP-1b/CCL-4, and RANTES/CCL-5 and inflammatory cytokines IL-
1b, IL-6, IL-10, IL12b, and TNF-a [87]. In accord with the reported
size-dependent tissue distribution of NPs after i.v. application, we
found that quite large MTABGNRs (size 54 � 26 nm) distributed
predominantly into the spleen, lungs and liver. Interestingly, while
generally a higher amount of NPs was found in the liver than in the
spleen [79,80,82e84,87,88], MTABGNRs mostly accumulated in the
spleen, which can be accounted for by their specific surface coating.
For instance, Akiyama et al. reported that the amount of gold
retained in the spleen decreased with the increasing amount of PEG
added to the suspension of CTAB-stabilized GNRs during nano-
particle preparation, while the retention in the liver and tumour
tissues increased [86]. Similarly, different organ distribution of gold
NPs bearing various surface substituents and charges was observed
[21,22]. While 11 nm negatively charged (carboxyl group-bearing)
gold composite nanodevices were located predominantly in the
spleen one day post-injection, the highest accumulation of 5 nm
and 22 nm positively charged (primary amine group-bearing)
nanodevices was found either in the kidney and spleen or the
lungs, respectively [22]. Arvizo et al. also detected lower liver
accumulation of positively charged (quaternary ammonium group-
bearing) 2 nm core gold NPs when compared to negative and
zwitterionic NPs after i.v. injection [21]. Hence various interactions
of NPs with blood cells and tissues during systemic applicationmay
occur. Despite the higher harmful effect of cationic NPs when
compared to anionic and neutral NPs as described previously
[6,7,10,89], the application of MTABGNRs at the therapeutic dose
(0.37 mg NPs/kg of body weight [62,63]) did not result in acute
mortality, changes in animal behaviour, weight loss or activation of
the immune system. In spite of substantial and long-term infiltra-
tion of the spleen by the MTABGNRs indicating very slow NP clear-
ance, no changes in the spleen histology and pathophysiological
alteration of the main spleen cell populations were observed. The
decrease of effector T lymphocytes together with changes in the
proportion of activated T cells were transient. The only effect
noticed on spleen cells 10 days after MTABGNRs administration was
increased portion of CD86þ matured dendritic cells. However, five
times higher doses of MTABGNRs led to even more pronounced
accumulation of MTABGNRs in spleen accompanied with significant
changes of selected immune cell populations suggesting transient
activation of the immune system (for a review, see Ref. [90]).

Generally, the particulate materials are removed from the cir-
culation in tissues by the mononuclear phagocyte system [91]. The
phagocytosis of NPs by Kupffer cells during the blood flow through
the liver was observed for both citrate and PEGylated NPs [88,92].
In contrast, as we showed here, MTABGNRs in the circulation inter-
acted first with blood cells and thenwere trapped predominantly in
the red pulp of the spleen as MTABGNR-thrombocyte and likely to a
lesser extent as MTABGNR-erythrocyte complexes during the pas-
sage of blood cells though the spleen sinus wall [93]. Somewhat
unexpectedly, the presence of MTABGNR in the circulatory system
did not inflict apparent haematological abnormalities. Importantly,
carbon and polystyrene latex NPs were reported to cause an ag-
gregation of thrombocytes and increased the risk of thrombosis
after clinical use of NPs [94,95]. Nevertheless, the binding
MTABGNRs to thrombocytes and extensive scavenging of
thrombocyte-bound MTABGNRs by the spleen did not result in ag-
gregation and activation of thrombocytes and/or thrombocyto-
penia which is similar to findings reported for citrate-stabilized
gold NPs [96]. Lastly, cationic NPs non-covalently coated with
dimethylene bis (hexadecyldimethyl-ammonium bromide) or 2 nm
NPs covalently coated with quaternary ammonium group cause
haemolysis [6,97], whereas MTABGNRs adhered to the erythrocyte
cell membrane left them intact.

Altogether, our data showed that MTABGNRs, despite their
outstandingly high accumulation in the cells, appeared to be bio-
logically inert. They did not interfere with their destination cellular
subsystems in the way to induce severe stress response, genotox-
icity in vitro and acute toxicity in vivo in the mouse animal model.
The possible explanation of MTABGNRs non-toxicity in vitro and
in vivo might be a complete exchange of non-covalently bound
toxic CTAB by its covalently bound thiolated analog MTAB during
nanoparticle preparation [25]. Thus contrary to gold NPs stabilized
by non-covalently bound cationic surfactants, as said cytotoxic
CTAB-stabilized GNRs [98], haemolytic 16-2-16-capped NPs [97] or
actin-disturbing PDDAC/PSS polyelectrolyte-coated GNRs [20],
where the surfactant can be released from NPs surface and interact
with cells, MTABGNRs do not contain free or easily released surfac-
tant to cause toxic effects. Another favourable factor may be the
larger size of MTABGNRs as cytotoxicity, ROS generation, genotox-
icity, cell membrane disruption and immunogenicity were
described primarily for very small 2 nm cationic gold NPs [6,8,9].
Therefore, the combination of relatively large GNRs with stabili-
zation of NP by covalently bound cationic surfactant is condition for
high cellular absorption and biocompatibility. Yet additional
studies, namely those dealing with the effects of long-term appli-
cation of MTABGNRs in vivo, are needed to definitely prove the bio-
logical safety of this promising theranostic tool.
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Abbreviations

AO acridine orange
BSA bovine serum albumin
CTAB cetyl trimethylammonium bromide
Cyto D cytochalasin D
DAPI 40,6-diamidino-2-phenylindole
DDR DNA damage response
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DMEM Dulbecco᾿s modified Eagle᾿s medium
DTT dithiothreitol
EBSS Eagle᾿s balanced salt solution
EDTA ethylenediaminetetraacetic acid
ELISA Enzyme-linked immunosorbent assay
FBS foetal bovine serum
FE-SEM field emission scanning-electron microscopy
GNRs gold nanorods
H2DCFDA20,70-dichlorodihydrofluorescein diacetate
HBSS Hank's balanced salt solution
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
ICP-MS inductively coupled plasma mass spectrometry
IFNg interferon gamma
mBM-MSCs bone marrow mouse mesenchymal stem cells
MTAB (16-mercaptohexadecyl) trimethyl ammonium bromide
MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide
NK cells natural killer cells
NPs nanoparticles
PAS Periodic acid-Schiff
PBS phosphate buffered saline
PDDAC poly(diallyldimethylammonium chloride)
PEG polyethyleneglycol
SD standard deviation
SDS-PAGE sodium dodecyl sulphate polyacrylamide gel

electrophoresis
TEM transmission electron microscopy
TRIS tris(hydroxymethyl)aminomethane
WGA wheat germ agglutinin
mM Au0 MTABGNRs micromolar concentration of a metallic gold in

GNRs solution
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Supplementary Methods 

Intracellular ROS production measurement. DU145 cells (5 × 105) and BJ fibroblasts (6 × 105) 

seeded in a 40 mm culture dish were co-cultured with 30 – 100 µM (Au0) MTABGNRs for 24 h or 

with 50 µM (Au0) of CTAB-stabilized GNRs (≤ 0.2 mM CTAB) for 3 h or with 1 mM H2O2 for 

3 h (positive controls). Untreated cells were used as negative control. After washing with PBS, 

cells were incubated with ROS indicator 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA; 

10 µM) diluted in culture medium for 30 min at 37°C. The cells were washed and immediately 

imaged by Leica TCS SP5 AOBS confocal microscope using a 488 and 633 nm laser. 

Estimation of blood platelet count. Twenty-four h before and 24 h after MTABGNR injection into 

C57BL/6 mice (i.v. via retro-orbital sinus; 10 µg Au; 5 animals per group) the blood was collected 

from the tail vein (50 µl) into heparinized tubes, diluted 1 : 25 with Tyrode’s solution (134 mM 

NaCl, 12 mM NaHCO3, 2.9 mM KCl, 0.34 mM NaH2PO4, 1 mM MgCl2, 10 mM HEPES, 5 mM 

glucose and 0.2 U/mL apyrase, pH 7.4) and then incubated with BV421 anti-CD41 antibody 

(diluted 1 : 520) for 30 min at room temperature. The number of thrombocytes was then measured 

by flow cytometry (BD LSRII, BD Biosciences, San Jose, CA) using Flow Cytometry Absolute 

Count Standard according to the manufacturer's protocol (Bangs Laboratories, Fishers, IN, USA). 

Haemolytic assay, thrombocyte activation and aggregation. 200 µl EDTA/PBS (pH 7.2) and 100 

µl of 500 µM (Au0) MTABGNRs resuspended in 5% glucose solution or 100 µl of 5% glucose 

solution alone was added to 200 µl of fresh human venous blood. To evaluate haemolysis the blood 

samples were incubated without shaking for 30 min, centrifuged at 1 100 × g for 15 min and 

haemoglobin concentration was measured in plasma using Hemoglobin Assay Kit (MAK115; 

Sigma-Aldrich) according to the manufacturer’s protocol. Blood incubated with 1% Triton X-100 



 3 

for 30 min was used as haemolytic sample. To determine a percentage of activated thrombocytes, 

the blood samples were incubated with gentle rocking on rocking shaker for 1 h, diluted 1 : 25 

with Tyrode’s solution containing apyrase (0.2 U/ml) and stained with FITC anti-CD41 (diluted 

1 : 10) and BV421 anti-C62P (diluted 1 : 100) antibodies at room temperature for 30 min. The 

activated thrombocytes were measured as CD41+ CD62P+ events by flow cytometry using a BD 

LSR II flow cytometer. Blood incubated with human collagen at concentration 2 µg/ml for 1 h was 

used as a positive control of platelet activation. To evaluate the aggregation of non-activated 

thrombocytes, the EDTA supplemented (6 ml of 3 mM EDTA/PBS, pH 7.2 per 4 ml blood) or 

heparinized blood was layered over 5 ml of Ficcol-Pague solution, centrifuged at 400 × g for 35 

min and platelet-rich plasma was collected, centrifuged at 1 800 × g for 10 min, resuspended in 

200 µl of Tyrode’s solution without apyrase in 10% FBS and incubated with 50 µM (Au0) 

MTABGNRs for 2 h at 37°C with shaking. To evaluate the aggregation of activated thrombocytes, 

the isolated thrombocytes were pre-treated with human collagen (2 µg/ml) for 5 min prior to 

addition of GNRs and processed as above. Then both non-activated and activated thrombocytes 

were cytospined on glass slides, fixed in 4% formaldehyde, stained with FITC anti-CD41 antibody 

(diluted 1 : 10 in PBS) for 1 h and mounted with Mowiol 4-88. 
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Supplemental Figures 

 

Figure S1. In vitro demonstration of the plasmonic photothermal effect of MTABGNRs. HeLa cells 

were seeded in a 35-mm dish (In Vitro Scientific D35-14-1.5-N) and incubated overnight. Next 

day, 5 µM (Au0) MTABGNRs (maximum absorbance at 760 nm) was added to the growth medium, 

in which the cells were cultured for additional 24 h. Untreated cells served as negative control. 

After washing with PBS, cells were stained with Hoechst 33342 (0.5 µg/ml, 20 min, 37°C) to 

visualize nuclei, then washed twice with PBS and imaged in Leibovitz medium at 37°C.  The Leica 
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SP8 WLL MP microscope was operated in both confocal (excitation realized by DMOD 405 nm 

laser and supercontinuum white light laser WLL2) and two-photon excitation mode (Chameleon 

Ultra I laser, Coherent). Experiment was performed using 20x objective with a numerical aperture 

NA=0.75. First, images of cells in DIC and cell fluorescently labelled nuclei were acquired by 

DMOD 405 nm laser (square field of view with a side 581.25 µm; pixel resolution 2048 px). Next, 

the plasmonic photothermal effect was triggered by the excitation of the sample with Chameleon 

Ultra I laser tuned to 760 nm (laser power 76 mW; frame average 16; frame period 1.29 s; pulse 

duration ~140 fs; pulse repetition rate 80 MHz; square field of view with a side 145.31 µm; pixel 

resolution 512 px). The dead cells were visualized by the loss of calcein staining (20 µM; staining 

time, 20 min, 37°C). Calcein fluorescence was excited with WLL2 laser set to 494 nm (square 

field of view with a side 581.25 µm; pixel resolution, 2048 px). Bar 100 µm. 
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Figure S2. (A) DNA damage detected as a formation of 53BP1 and H2AX foci in human BJ 

fibroblasts loaded with 30 – 100 µM (Au0) MTABGNRs for 24 h (visualized in dark field mode). 

Cells irradiated with X-ray (10 Gy) were used as positive control; cells cultured without GNRs 

were used as negative control (Ctrl). The nuclei were stained by DAPI; bar 7.5 µm. (B) 

Comparison of ROS level detected by H2DCFDA and shown as green fluorescence intensity in 

DU145 and BJ cells incubated with 30, 50 and 100 µM (Au0) MTABGNRs for 24 h. Cells treated 

with hydrogen peroxide (1 mM) for 1 h, cells exposed to 50 µM (Au0) CTAB-stabilized GNRs (≤ 

0.2 mM CTAB) for 3 h were used as positive controls (confocal images of central plane; bar 25 

µm).  
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Figure S3. (A) Immunoblotting of the LC3 proteins in DU145 cells incubated with 50 µM (Au0) 

MTABGNRs for 24 h and relative ratio of LC3-II/actin and LC3-I/actin measured by optical 

densitometry. (B) Autophagosome formation (yellow arrowheads) in EGFP-LC3-transfected 

DU145 cells cultured 24 h in EBSS medium (positive control) or in DMEM/10% FBS without 

(negative control; Ctrl) or with 30 – 100 µM (Au0) MTABGNRs (confocal images of central plane; 

the nuclei were stained by DAPI; bar, 25 µm). (C) Representative images of DU145 cells treated 

with 30 – 100 µM (Au0) MTABGNRs for 24 h and stained by LysoSensor Green DND-189 (confocal 

images of central plane scanned in fluorescent (upper row) and red scatter (lower row) mode; bar, 

10 µm). (D) Colocalization of MTABGNRs with lysosomal marker LAMP-1 in senescent BJ 

fibroblasts after 24 h-pulse labelling with 50 µM (Au0) MTABGNRs monitored after one month 

(confocal images of central plane; the nuclei were stained by DAPI; bar 25 µm). 
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Figure S4. Primary mouse podocytes were incubated with (A) magnetic nanoparticles (MNPs) 

coated with sodium oleate (core diameter 7.6 nm) for 24 h or (B) with 50 µM (Au0) CTABGNRs (≤ 

0.2 mM CTAB) for 3 h or cultured without NPs (Ctrl). Stress response was detected as F-actin 

reorganization by phalloidin staining in A) by Metafer slide scanning platform (MetaSystems, 

Newton, MA, USA; magnification 630 ×)  and in B) by confocal imaging (maximal projection). 

The nuclei were stained by DAPI. Bar, 10 µm. (C) Confluent RFP-actin-transfected MDCK cells 

were incubated for 24 h without (Ctrl) or with 30 – 100 µM (Au0) MTABGNRs. Cells incubated with 

50 µM (Au0) CTABGNRs (≤ 0.2 mM CTAB) for 3 h were used as positive control. Live cells were 

visualized by Leica TCS SP5 AOBS confocal microscope using 561 and 633 nm lasers (confocal 

images of maximal projection of 15 optical planes of actin combined with central plane of red 

scatter of GNRs; bar, 10 µm). 



 11 

 

Figure S5. Migration of DU145 cells and BJ fibroblasts pulse labeled with 50 µM (Au0) 

MTABGNRs for 24 h from 0.5% FBS/DMEM to 10% FBS/DMEM evaluated using the Boyden 

chamber assay. Control cells were cultured without GNRs (Ctrl). 
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Figure S6. (A) UV-vis spectrum of MTABGNRs diluted in 5% glucose/water solution and 

absorption spectrum of freshly prepared MTABGNRs normalized to the absorbance at 390 nm. (B) 

FE-SEM images of lung and (C) liver tissue sections 24 h after MTABGNR application (bar 1 µm, 

zoom: bar 100 nm). 
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Figure S7. (A) Haemolysis was evaluated by measurement of hemoglobin plasma concentration 

in human blood incubated 30 min with or without (Ctrl) 100 µM (Au0) MTABGNRs or with 1% 

Triton X-100 used as haemolytic control. (B) Flow cytometry analysis of CD41+ thrombocytes in 
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blood before and 24 h after MTABGNR injection (5 mice/group). Blood from mice injected with 5% 

glucose solution was used as a control (Ctrl). (C) Flow cytometry estimation of proportion of 

activated thrombocytes (CD62P positive) expressed as the percentage of total number of CD41+ 

thrombocytes and (D) representative dot plots of human blood flow cytometry scans after 1 h 

incubation with 100 µM (Au0) MTABGNRs. The activation of thrombocytes by collagen (2 µg/ml) 

was used as a positive control. (E) Microscopic examination of NPs-induced aggregation of non-

activated or activated human CD41+ thrombocytes isolated from blood supplemented with EDTA 

or heparin as an anticoagulant and then incubated with 50 µM (Au0) MTABGNRs for 2 h. Human 

collagen (20 µg/ml) was used for activation of thrombocytes (confocal images of central plane; 

bar, 2.5 µm). Arrowheads, MTABGNRs adsorbed on thrombocytes.  

 

Supplementary Table S1. Comparison of the spleen immune cell populations of control and 

MTABGNRs-injected C57/BL6 mice; dose: 10 µg Au/mouse; 6 mice/group; bold: p < 0.05 (*), p < 

0.01 (**) and p < 0.001 (***). 

Cell population (%) 
Exposure time: 24 h Exposure time: 10 d 

Control MTABGNRs  Control MTABGNRs  

CD8+ T cells 11.69 ± 1.86 11.63 ± 1.59 11.48 ± 1.81 12.06 ± 1.16 
CD4+ T cells 22.92 ± 3.06 25.20 ± 1.36  21.04 ± 0.71 20.73 ± 1.42 
TCM of CD8+ 17.12 ± 3.22 17.50 ± 2.37 14.42 ± 3.50 15.12 ± 2.36 
CD69+ of TCM of CD8+ 2.68 ± 0.68 3.32 ± 0.80 3.02 ± 0.90  2.67 ± 0.71 
TEM of CD8+ 3.80 ± 0.83 2.98 ± 0.45  8.78 ± 3.56 6.97 ± 1.76 
CD69+ of TEM of CD8+ 6.22 ± 1.75 7.32 ± 2.20 4.65 ± 1.95 3.82 ± 0.74 
TEF of CD8+ 10.07 ± 2.31 3.51 ± 1.62 *** 27.78 ± 11.13 22.41 ± 7.99 
CD69 of TEF cells CD8+ 3.04 ± 0.65 7.54 ± 2.37 ** 2.18 ± 0.52 3.53 ± 2.38 
TCM of CD4+ 3.64 ± 0.34 4.32 ± 0.88 4.88 ± 1.36 4.62 ± 0.82 
CD69+ of TCM of CD4+ 13.84 ± 4.55 16.02 ± 3.56  14.68 ± 3.26 14.50 ± 2.07 
TEM of CD4+ 25.82 ± 3.52 22.25 ± 1.81  22.92 ± 1.59 23.02 ± 1.29 
CD69+ of TEM of CD4+ 26.28 ± 1.82 27.38 ± 1.51 24.80 ± 1.27 25.25 ± 0.85 
TEF of CD4+ 9.10 ± 1.42 3.79 ± 0.73 *** 11.33 ± 4.67 9.12 ± 2.60  

CD69 of TEF cells CD4+ 9.05 ± 4.39 18.10 ± 5.27 * 6.13 ± 1.53 8.13 ± 3.47  
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B cells 46.65 ± 6.46 48.95 ± 3.11 53.66 ± 1.72 54.28 ± 3.02 
CD69+ of B cells 1.95 ± 0.60 2.42 ± 0.45 3.68 ± 1.75 3.49 ± 1.54 

     

NK cells 2.66 ± 0.81 3.19 ± 0.46 2.39 ± 0.25 2.35 ± 0.24 
CD69+ of NK cells 11.36 ± 2.20 9.07 ± 1.76 8.29 ± 1.12 9.17 ± 1.15 
NKT cells 0.77 ± 0.13 0.74 ± 0.04 0.63 ± 0.10 0.61 ± 0.14 
CD69+ of NKT cells 41.75 ± 3.46 42.75 ± 5.34 40.90 ± 3.58  41.25 ± 4.89 

     
Myeloid cells (MC) 3.48 ± 0.39 4.09 ± 0.85 3.51 ± 0.47 3.97 ± 0.98 
CD69+ of MC 8.84 ± 1.85 7.93 ± 0.48 7.91 ± 1.27 8.60 ± 1.19 
CD86+ of MC 25.02 ± 9.16 24.22 ± 4.05 23.76 ± 2.21 29.50 ± 5.56 * 
Immature MC  0.61 ± 0.39 0.26 ± 0.05 0.35 ± 0.05 0.56 ± 0.35 
CD69+ of immature MC 5.04 ± 1.41 4.34 ± 3.07 8.76 ± 4.64 8.34 ± 4.69 
CD86+ of immature MC 15.12 ± 6.67 18.49 ± 7.90 15.72 ± 3.58 19.57 ± 7.45 
Macrophages  1.64 ± 0.28 1.68 ± 0.51 1.71 ± 0.24 2.55 ± 0.93 
CD69+ of macrophages 14.53 ± 1.40 13.85 ± 1.74  14.35 ± 3.68 15.06 ± 4.19 
CD86+ of macrophages 46.75 ± 12.45 50.62 ± 5.05 41.91 ± 5.18 49.75 ± 9.30 
Dendritic cells  0.36 ± 0.09 0.52 ± 0.14 0.37 ± 0.12 0.48 ± 0.15 
CD69+ of dendritic cells 3.96 ± 1.07 5.15 ± 1.77 4.71 ± 2.09 5.96 ± 3.57 
CD86+ of dendritic cells 44.87 ± 9.25 48.82 ± 7.05 45.76 ± 3.85 54.07 ± 8.04 * 

   CM, central memory; EM, effector memory; EF, effector. 

 

Supplementary Table S2. Comparison of the spleen immune cell populations of control and 

MTABGNRs-injected C57/BL6 mice; 50 µg Au/mouse; 6 mice/group; bold: p < 0.05 (*), p < 0.01 

(**) and p < 0.001 (***). 

Cell population (%) 
Exposure time: 24 h Exposure time: 10 d 

Control MTABGNRs  Control MTABGNRs  

CD8+ T cells 7.11 ± 0.35 7.47 ± 0.65 9.46 ± 1.21 7.65 ± 1.41 
CD4+ T cells 15.20 ± 1.22 16.90 ± 1.11 *  16.55 ± 1.26 11.20 ± 2.50 ** 
 TCM of CD8+ 12.50 ± 1.47 14.02 ± 1.63 5.43 ± 0.18 5.39 ± 1.89 
CD69+ of TCM of CD8+ 2.43 ± 0.62 2.68 ± 0.86 2.25 ± 0.50  2.36 ± 1.19 
TEM of CD8+ 7.35 ± 0.98 5.20 ± 1.62 *   30.30 ± 4.72 31.97 ± 12.62 
CD69+ of TEM of CD8+ 1.52 ± 0.45 1.79 ± 0.40 2.12 ± 0.25 1.85 ± 0.34 
TEF of CD8+ 25.00 ± 12.32 9.56 ± 5.98 * 60.60 ± 2.94 58.95 ± 10.70 
CD69 of TEF cells CD8+ 1.74 ± 0.49 2.79 ± 0.48 ** 0.84 ± 0.12 0.92 ± 0.23 
TCM of CD4+ 4.43 ± 0.50 4.87 ± 0.17 9.79 ± 1.22 10.28 ± 2.90 
CD69+ of TCM of CD4+ 11.22 ± 1.80 12.45 ± 1.09  11.60 ± 2.12 8.66 ± 3.40 
TEM of CD4+ 33.2 ± 7.63 25.23 ± 3.28  68.18 ± 6.40 64.12 ± 11.03 
CD69+ of TEM of CD4+ 19.28 ± 1.23 21.08 ± 1.59 6.57 ± 0.98 6.75 ± 0.67 
TEF of CD4+ 6.45 ± 3.61 2.32 ± 0.85 * 7.73 ± 1.84 9.22 ± 1.93  

CD69 of TEF cells CD4+ 5.49 ± 2.30 7.37 ± 1.61  0.91 ± 0.35 1.04 ± 0.76  
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B cells 51.65 ± 3.72 50.58 ± 6.19 63.82 ± 1.74 63.48 ± 6.82 
CD69+ of B cells 0.37 ± 0.09 0.40 ± 0.05 0.43 ± 0.07 0.57 ± 0.33 

     

NK cells 2.43 ± 0.18 2.37 ± 0.38 2.33 ± 0.21 2.20 ± 0.30 
CD69+ of NK cells 4.54 ± 0.70 5.40 ± 0.77 14.87 ± 2.06 14.62 ± 3.97 
NKT cells 0.81 ± 0.11 0.73 ± 0.13 0.58 ± 0.12 0.56 ± 0.14 
CD69+ of NKT cells 30.15 ± 5.78 32.82 ± 2.32 24.89 ± 11.56  20.22 ± 8.61 

     
Myeloid cells (MC) 3.07 ± 0.24 3.07 ± 0.24 3.88 ± 0.40 3.27 ± 0.56 
CD69+ of MC 3.27 ± 1.08 2.80 ± 0.88 10.77 ± 3.15 8.01 ± 1.76 
CD86+ of MC 34.05 ± 3.44 33.63 ± 4.25 63.53 ± 3.91 57.40 ± 4.18 * 
Immature MC  0.93 ± 0.65 0.46 ± 0.08 1.34 ± 0.25 4.02 ± 4.18 
CD69+ of immature MC 2.37 ± 1.39 3.39 ± 1.21 2.96 ± 0.95 2.75 ± 0.93 
CD86+ of immature MC 7.39 ± 2.65 10.58 ± 3.95 39.08 ± 2.39 33.15 ± 7.02 
Macrophages  1.08 ± 0.22 1.20 ± 0.29 2.26 ± 1.05 3.52 ± 3.01 
CD69+ of macrophages 9.72 ± 3.23 7.17 ± 2.96 10.98 ± 2.70 8.56 ± 3.70 
CD86+ of macrophages 82.72 ± 3.29 86.48 ± 1.38 97.18 ± 0.76 95.65 ± 1.89 
Dendritic cells  1.16 ± 0.14 1.11 ± 0.08 2.09 ± 0.09 1.63 ± 0.40 * 
CD69+ of dendritic cells 5.28 ± 2.04 4.38 ± 1.61 15.12 ± 4.14 13.50 ± 2.12 
CD86+ of dendritic cells 45.48 ± 3.79 48.83 ± 7.96 70.25 ± 2.60 66.62 ± 6.35  

   CM, central memory; EM, effector memory; EF, effector. 

 

Supplementary Video S1:  

Time-lapse imaging of the photothermal effect of MTABGNRs (plasmon absorbance maximum at 

786 nm; 24 h-pulse labeling with 50 µM (Au0)) and calcein (20 µM, staining time: 30 min, 37°C) 

labeled HeLa cells induced by laser excitation at 920 nm laser wavelength (average power: 

2.21 mW, pulse duration: 140 fs, repetition rate: 80 MHz, frame period: 1.62 s) of two-photon 

excitation microscope Prairie Ultima IV (Prairie Technologies, Middleton, WI, USA) and 20 × 

objective (NA 0.9; XLUMPLFLN 20XW; Olympus, Hamburg, Germany), controlled by 

PrairieView software, equipped with a tunable Chameleon Vision II laser (Coherent, Santa Clara, 

CA, USA). Overall time: 92 seconds. A square field of view, with a side of 150 µm, was compiled 

from 1024 × 1024 pixels. Membrane blebbing (blue circle) and disappearance of viability 
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fluorescence dye signal (calcein; green) (red circle) represented loss of the cell membrane integrity 

in cells containing GNRs (yellow dots). 
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