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†Centre for Cell Imaging, ‡Liverpool Institute for Nanoscale Science and Technology (LINSET), §Physiological Laboratory, �School of Biological Sciences, University of
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N
ew imaging schemes open up the
possibility of routine single nano-
particle trapping tracking and im-

aging inside living cells.1�7 To attain this ob-
jective, it is necessary to control the delivery
and intracellular localization of nanoparti-
cles as well as their long-term biochemical
fate. Such particles need to be surface-
modified with a carefully controlled molec-
ular capping layer, usually of thiolated
ligands, that conveys both stability and
functionality.8 Recent studies have high-
lighted the effect of size, shape, and func-
tionalization on the cytotoxity9�14 and
rate of endocytosis/exocytosis of
nanoparticles.12,15,16 Unfortunately, very
little is known about the evolution of the
capping layer before, during, and after the
internalization process. A precise under-
standing of the chemical and biomolecular
interactions of this layer with its environ-
ment is, however, essential for most appli-
cations of nanoparticles as intracellular
probes or/and delivery agents. There are in-
dications that thiolated ligands could be
lost after internalization through ligand ex-
change with glutathione or other thiol-
containing endogenous biomolecules,17

which may impose a severe restriction to
some applications but could also be el-
egantly turned into an advantage for the
design of nanoparticle-based intracellular
delivery systems.17,18 This class of ligands in-
cludes cysteine-terminated peptides, which
have been shown to form ideal capping lay-
ers for metal nanoparticles,19�21 quantum
dots, as well as a number of other
nanomaterials.22,23

In this work, we present a detailed study
of the cellular uptake and subsequent enzy-
matic modification of gold nanoparticles con-
jugated with peptides. We show that endocy-

tosis is followed by proteolytic cleavage of
peptide bioconjugates in the endosomes or-
chestrated by the cathepsin L protease. Bioin-
formatics analysis predicts that more than a
third of human proteins could be cleaved by
cathepsin L, which has direct implications for
the design of all intracellular sensors based
on nanoparticles conjugated with peptides
and proteins. We also introduce fluorescence
quenching by the metal particles as a quanti-
tative measurement of intracellular pro-
teolytic activity.

RESULTS AND DISCUSSION
Classical methods of delivery, which

were initially developed for DNA or pro-
teins, were evaluated for the intracellular
delivery of peptide-capped gold nanoparti-
cles into HeLa cells. To assess the efficiency
and mechanisms of intracellular delivery,
cells were observed by transmission elec-
tron microscopy (TEM). In all cases, TEM re-
vealed similar endosomal localization (Sup-
porting Information Figure S1A�C), and we
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ABSTRACT Understanding the dynamic fate and interactions of bioconjugated nanoparticles within

living cells and organisms is a prerequisite for their use as in situ sensors or actuators. While recent research

has provided indications on the effect of size, shape, and surface properties of nanoparticles on their

internalization by living cells, the biochemical fate of the nanoparticles after internalization has been

essentially unknown. Here we show that, upon internalization in a wide range of mammalian cells,

biological molecules attached to the nanoparticles are degraded within the endosomal compartments

through peptide cleavage by the protease cathepsin L. Importantly, using bioinformatics tools, we show

that cathepsin L is able to cleave more than a third of the human proteome, indicating that this degradation

process is likely to happen to most nanoparticles conjugated with peptides and proteins and cannot be

ignored in the design of nanomaterials for intracellular applications. Preservation of the bioconjugates

can be achieved by a combination of cathepsin inhibition and endosome disruption.
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nanomedicine · gold nanoparticles · protease
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therefore used a simple incubation of the nanoparti-

cles in complete medium for this study. To assess the

biochemical stability of the peptide layer in the intracel-

lular compartment, nanoparticles bearing a peptide

epitope (FLAG) were prepared and the presence of the

epitope was then detected by immunofluorescence. Al-

though FLAG-bearing nanoparticles could be detected

on the extracellular membrane, no fluorescence could

be detected inside the cells (Supporting Information

Figure S1E,F), whereas TEM showed a clear internaliza-

tion of the nanoparticles (Supporting Information Fig-

ure S1A�C). This indicates that the FLAG sequence is

degraded or lost during or after internalization. To ex-

amine in real-time the chemical fate of the peptide

monolayer, we designed a probe based on gold nano-

particle distance-dependent fluorescence quenching

(Figure 1A).24�26 Gold nanoparticles were capped with

a mixed monolayer of CALNN (97%) and of a longer

fluorescein-containing peptide CALNN-th-fam (3%). The

latter peptide starts with the CALNN sequence, fol-

lowed by the protease thrombin cleavage site (LVPRGS),

and functionalized with fluorescein on its C-terminal

Figure 1. Intracellular fluorescence release upon peptide monolayer degradation. (A) Schematic representation of the ex-
perimental principle; 95% CALNN�5% CALNN-th-fam gold nanoparticles do not display any fluorescent signal due to
quenching by the gold nanoparticles. If the peptide layer is degraded or released from the gold nanoparticles, fluores-
cence levels increase. (B) In vitro assay using thrombin to cleave the FAM group from the gold nanoparticle core and re-
lease the fluorescence (red) compared to control conditions without thrombin (black). (C) The 6 nM of 95% CALNN�5%
CALNN-th-fam gold nanoparticles were incubated onto HeLa cells in the microscope chamber (37 °C, 5% CO2). Time-lapse im-
ages of 10 different fields were taken every 5 min using a Zeiss lsm 510 laser scanning confocal microscope. For each pic-
ture, the left panel shows fluorescence images and the right panel shows brightfield images at indicated time. (D) Quantifi-
cation of fluorescence intensity in nine single cells over 3.5 h incubation. (E) Average of mean fluorescence intensity of 200
single cells as a function of nanoparticle incubation time.
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end. When CALNN-th-fam is intact and linked to the
nanoparticle, the fluorescence is quenched because of
nonradiative energy transfer from the fluorophore to
the nanoparticle core.24,25 The thrombin site was in-
cluded to enable control in vitro experiment. These ex-
periments confirmed that releasing the fluorophore by
thrombin cleavage induced a marked increase of fluo-
rescence (Figure 1B).

Time-lapse confocal microscopy in living cells re-
veals an increase of intracellular fluorescence over time
in single living cells after addition of the nanoparticles
in the medium, indicating uptake by the cells and sub-
sequent release of the fluorophore (Figure 1C and
movie 1 in the Supporting Information). Thrombin, an
extracellular enzyme, is not thought to be present in its
active form inside these cells. Incubation of the nano-
particles in cell medium only (with 10% serum) does not
induce fluorophore release (Supporting Information
Figure S2). Quantification of the fluorescence increase
was performed at a single cell level and showed some
variability in the efficiency of uptake but similar kinet-
ics of uptake for each single cell (Figure 1D,E). The aver-
age quantification of �200 cells showed a strong in-
crease during the first 3 h followed by a plateau. The
uptake of 5 nm gold nanoparticles has been followed
by the same method and displayed similar kinetics of
intracellular uptake (Supporting Information Figure S3).

To characterize the nature of the intracellular
vesicles in which peptide degradation occurred and
fluorescence accumulated, we stained the acidic
vesicles using the lysotracker dye (after 3 h nanoparti-
cle incubation). Surprisingly, we did not observe a com-
plete co-localization of fluorescence, suggesting that
not all of the nanoparticles were in acidic vesicles (Fig-
ure 2A). We then aimed to disrupt acidic endosomes us-
ing chloroquine, an ion-transporting ATPase inhibitor
that disrupts endosomes by preventing their acidifica-
tion.27 This has previously been described for antisense
and nanopartice delivery.28,29 Electron microscopy
shows that, after 3 h nanoparticle incubation in pres-
ence of chloroquine, cells displayed disrupted endo-
somes as well as nanoparticles floating out of the
vesicles (Supporting Information Figure S4). A 2.5 time
reduction of fluorescence was observed in the presence
of chloroquine, indicating a decrease in the degrada-
tion of the monolayer when the endosomes are dis-
rupted (Figure 2C,D). Some TEM images showed nano-
particles trapped in multiple-membrane vesicles. Such
vesicles are typical of autophagy, a process by which
the cell sequesters and subsequently degrades its own
components. Recent research indicates that nanoparti-
cles are potent autophagy activators and that auto-
phagic flux is an underlying physiological process of
the cellular clearance of the nanoparticles.30 We there-
fore incubated the particles in presence of
3-methyladenine, a specific inhibitor of autophagy. We
observed a 1.8 time diminution of fluorescence levels

(statistically significant, p � 0.01), suggesting that some

autophagy takes place during maturation of the endo-

somes (Figure 2E). Taken together, these results clearly

show that CALNN-capped nanoparticles are entering

cells via endocytosis and that degradation of the pep-

tide layer occurs inside the endosomes.

We tested human and mouse cell lines as well as ad-

herent and non-adherent cells showing that peptide-

capped nanoparticles enter all of these cell lines and

that the accompanying degradation is a general phe-

nomenon (Figure 3A). Surprisingly, one of the cell lines

(DAOY cells) had a very strong level of fluorescence

Figure 2. Disruption of intracellular acidic compartments decreases
peptide monolayer degradation in living cells. (A) HeLa cells were in-
cubated 3 h in presence of 6 nM of 95% CALNN�5% CALNN-th-fam
gold nanoparticle (green fluorescence). Cells were then loaded for 15
additional minutes with 37 nM DND-99 lysotracker (red fluores-
cence). After three washes, confocal images were taken using a Zeiss
lsm 510 confocal microscope. (B,C) Cells were incubated for 4.5 h
with 6 nM 95% CALNN�5% CALNN-th-fam gold nanoparticles in the
absence (B) or presence of 100 �M chloroquine (C). (D) Quantification
using Kinetic tracker software of a number of fluorescent vesicles ob-
served in B,C and in cells incubated with the same nanoparticles in
the presence of 10 mM 3-methyladenine, an autophagy inhibitor; ***
indicates a statistical difference with p � 0.01.
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compared to the other cell lines. TEM confirmed that

more nanoparticles were present in the endosomes

(Supporting Information Figure S5) than what was ob-

served for HeLa cells in similar conditions (Supporting

Information Figure S1), suggesting that fluorescence

unquenching could be used as a tool for quantitative

comparisons of uptake between cell lines. This hypoth-

esis was confirmed by a titration experiment in which

HeLa cells were exposed to increasing concentration of

nanoparticles showing a direct correlation between

the level of fluorescence measured and the nanoparti-

cle concentration (Figure 3B,C and flow cytometry Sup-

porting Information Figure S6).

Two mechanisms could be responsible for the ob-

served degradation of the peptide layer: (1) the pep-

tides could be replaced by intracellular thiol-containing

ligands through ligand exchange; (2) the peptides

could be cleaved by proteolysis. To test the first hypoth-

esis, we evaluated the effect of a second cysteine an-

chor on fluorescence release; the addition of a second

cysteine should significantly reduce ligand exchange

because of cooperative binding. No effect of the pres-

ence of a second cysteine could be detected (Figure

4A). Both type of particles entered the cells and lost the

fluorescent label in identical proportions, indicating

that ligand exchange is unlikely to be responsible for

the observed peptide degradation and pointing toward

proteolytic degradation.

The main enzymes in the acidic vesicles are the
cathepsins, a family of peptidases that have very broad
substrate specificity.31 The main family members in
acidic vesicles are B and L cathepsins. Cathepsin B deg-
radation of peptide cargoes on cross-linked iron oxide
(CLIO) nanoparticles has been reported previously in
macrophages.32 We confirmed that purified cathepsin
L is able to cleave CALNN-th-fam in vitro using fluores-
cence unquenching, HPLC, and mass spectrometry
(Supporting Information Figure S7). Nanoparticle up-
take was imaged by live cell confocal microscopy in the
presence of a cell-permeable irreversible cathepsin in-
hibitor (Z-FF-fmk, 20 �M) and in the presence or ab-
sence of 100 �M chloroquine. Cathepsin inhibition
strongly impairs fluorescence release, demonstrating
the involvement of cathepsin-dependent proteolytic
activity in the degradation of the peptide layer (Figure
4B�F). We also observed an additive effect between
Z-FF-fmk and chloroquine, with a 90% decrease of fluo-
rescence in presence of both drugs together.

We monitored the fluorescence loss up to 24 h (cells
were washed after 3 h to avoid chloroquine toxicity)
and did not observe any further release of fluorescence
due to the irreversible nature of the cathepsin inhibi-
tor (not shown). Moreover, cells kept dividing and
looked healthy in these conditions.

To eliminate the possibility that the variations in
fluorescence could be due to variations in uptake in-
duced by the drugs, we used direct imaging of the gold

Figure 3. Intracellular fluorescence release as a quantitative indicator of the nanoparticles’ endocytosis in various cell lines.
(A) Different cell lines were incubated for 3 h with 6 nM of 5% CALNN-th-fam�95% CALNN gold nanoparticles. Fluorescence
release was observed as previously described. From left to right: HeLa cells (human cervical cancer), SK-N-AS (human neuro-
blastoma), D-283 Med (human medulloblastoma), MEF (mouse embryonic fibroblasts), and DAOY (human medulloblas-
toma). (B,C) Fluorescence release is correlated with gold nanoparticle concentration in the medium. HeLa cells were incu-
bated with increasing concentrations of 5% CALNN-th-fam�95% CALNN gold nanoparticles for 4 h and imaged as previously
described. (C) Plot represents the quantification of mean single cell fluorescence intensity measured in �50 cells for each
nanoparticle concentration.
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Figure 4. Cathepsin-dependent cleavage of the peptide monolayer. (A) HeLa cells were incubated for 4 h with 6 nM of 95%
CALNN�5% CALNN-th-fam gold nanoparticles or 95% CCALNN�5% CCALNN-th-fam gold nanoparticles. Average number of
fluorescent vesicles in �200 cells was plotted for each condition. No statistical difference was observed between CALNN
and CCALNN peptides. (B�E) Confocal images of fluorescence release inside cells after 4 h incubation with 6 nM of 95%
CALNN�5% CALNN-th-fam gold nanoparticles. (B) Gold nanoparticles only, (C) gold nanoparticles in the presence of 100
�M chloroquine, (D) gold nanoparticles in the presence of 20 �M Z-FF-fmk (irreversible cathepsin inhibitor), (E) gold nano-
particles in the presence of both 100 �M chloroquine and 20 �M Z-FF-fmk. (F) Quantification of five different fields for each
condition described in C�F. Average number of fluorescent vesicles/field is shown for each condition. (G�J) Photothermal
images of nanoparticle uptake. (G) Gold nanoparticles only, (H) gold nanoparticles in the presence of 100 �M chloroquine, (I)
gold nanoparticles in the presence of 20 �M Z-FF-fmk, (J) gold nanoparticles in the presence of both 100 �M chloroquine
and 20 �M ZFF-fmk. (K) Quantification of photothermal intensity for each condition described in B�E. Average intensity of
at least 40 cells is shown for each condition.
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nanoparticles by photothermal microscopy. The photo-
thermal signal is proportional to the number of nano-
particles in the focal point;33 it therefore allows a direct
comparison of the amount and localization of internal-
ized gold nanoparticle in different conditions (see also
photothermal titration, Supporting Information Figure
S8). Figure 4G�J shows that the overall localization of
the nanoparticles is not significantly affected; the nano-
particles do not appear to diffuse away from the bro-
ken endosomes. This is consistent with the TEM images
(Supporting Information Figure S4) and could be attrib-
uted to the relatively large size of the nanoparticle, the
very high density of intracellular medium, and the likely
presence of unspecific interactions between the nano-
particles and intracellular macromolecules. Understand-
ing the respective effects of these factors to allow the
design and uptake of mobile nanoparticles will be the
focus of further studies. The quantification of the pho-
tothermal images (Figure 4K) indicates that similar
amounts of nanoparticles have been uptaken by the
cells in the presence or absence of the drugs, confirm-
ing that the difference seen in fluorescence is not due
to a difference in uptake but is rather due to the block-
ing of CALNN-th-fam degradation by the concerted ac-
tion of chloroquine and Z-FF-fmk. The same combina-
tion of drugs impeded the degradation of the peptide
CALNN-flag on nanoparticles, as shown by positive in-
tracellular immunodetection (Supporting Information
Figure S9). This is in line with the observed cathepsin-L-
dependent CALNN-flag cleavage in vitro (HPLC and
mass spectrometry Supporting Information Figure S10).
Most intracellular applications of nanoparticles require
the coupling of signal targeting peptides or/and of pro-
tein recognition domains or antibodies. We therefore
examined which human proteins would be likely to be
cleaved by the enzyme. On the basis of the literature,34�36

a pattern defining the cathepsin L cleavage site was for-
mulated. A search in the Uniprot database indicated

that more than a third of human proteins may be cut
by cathepsin L (Figure 5); the full list of these proteins
is given in Supporting Information (supporting Table
1). The implication is that the design of any intracellu-
lar nanodevice must take into account the possibility of
cathepsin-L-induced degradation of sensing or target-
ing units.

CONCLUSION
We have shown that most nanomaterials conju-

gated with peptides and proteins are likely to get de-
graded during internalization if the nanoparticles tran-
sit through endosomal compartments. This observation
has immediate consequences for biosensing. Entry
mechanisms that bypass the endosomal pathway have
been proposed. It is now important for the progress of
the field that such pathways can be compared and
evaluated. In future studies, success should be assessed
by the breakdown of the correlation between intra-
endosomal proteolytic cleavage and nanoparticle en-
try, both of which can be measured quantitatively.

MATERIALS AND METHODS
Reagents and Antibodies. Tissue culture medium was from Gibco

Life Technologies (Carlsbad, Ca); fetal calf serum (FCS) from Harlan
Seralab (UK); pharmacological inhibitor Z-FF-fmk from Calbiochem
(EMD Biosciences, Germany). Gold nanoparticles were from BBIn-
ternational (Cardiff, UK). Peptides were from Anaspec (San Jose, CA)
and PPR Ltd. (Fareham, UK). Purified human cathepsin L, purified
bovine thrombin, choloroquine, 3-methyladenine (3-MA), antibody
to FLAG epitope, and secondary Cy3-conjugated antimouse anti-
body were from Sigma (St. Louis, MO).

Peptide Stock Solutions. A 2 mM stock solution of CALNN was
prepared by dissolving it in concentrated phosphate buffer sa-
line (10� PBS; 1.6 M NaCl, 30 mM KCl, 80 mM Na2HPO4, 10 mM
KH2PO4).

The stock solutions of the peptides CALNNGGDYKAFDNL
(CALNN-flag), CCALNNGGGALVPRGSGTAK(5 carboxyfluorescein)-
NH2 (CALNN-th-fam), CCALNNGGGALVPRGSGTAK(5-carboxy-
fluorescein)-NH2 (CCALNN-th-fam) were prepared by dissolving
them in dimethyl sulfoxide. The resulting solutions were kept as al-
iquots at �80 °C.

Formation of Peptide Self-Assembled Monolayers. A peptide solu-
tion was prepared by mixing the above stock solutions in the ap-
propriate volume ratio. The peptide solution was mixed in a 1:1
ratio with 10� PBS (see composition above). A suspension of 10
nm diameter gold nanoparticles (BBInternational, Cardiff, UK)
was added in a 9:1 volume ratio giving a 100 �M final concentra-
tion of peptide. The solution was briefly agitated before addi-
tion of Tween-20 to a final concentration of 0.05% (v/v). The so-
lutions were left overnight at room temperature in the dark to
avoid photobleaching of the fluorophores.

Purification Procedure. The nanoparticle solutions were centri-
fuged (16 000g, 60 min), and the pellet was resuspended in 1
mL of phosphate buffer saline (PBS; 160 mM NaCl, 3 mM KCl, 8
mM Na2HPO4, 1 mM KH2PO4) with 0.05% Tween-20 before a sec-
ond centrifugation step (16 000g, 60 min). This washing step
was repeated three times with PBS only, before resuspension in
PBS at a final nanoparticle concentration of 60 nM. Successful
formation of the monolayer is immediately visible because of the
increased colloidal stability and of a small red shift of the plas-
mon band.20 The repeated centrifugation procedure ensures that

Figure 5. Cathepsin L potentially cuts a third of the human
proteome. On the basis of the published literature,34�36 a
pattern, [WYFLASKH]-[AIKRH]-[FYVLI]-[KRH]-
[VGNQSRHAFL]-[AVIGPNQSRHWYFLK]-[WYFLASNKHPD], de-
fining the cathepsin L cleavage site was formulated by allow-
ing at each substrate position any residue which gave a
specificity constant (kcat/Km) of at least 10% of that of the
most favored residue at that position. In a non-redundant
set of 18 593 predicted human proteins (taken from Uni-
prot), around one-third (6875) were predicted to be cut at
least once.
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the concentration of excess free peptide is in the picomolar
range.

Cell Culture. HeLa cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% FCS (v/v) and
1% non-essential amino acids (v/v), at 37 °C, 5% CO2. Cells (be-
tween passages 8 to 20) were plated at 1.105 cells/mL. For all ex-
periments, nanoparticles were incubated directly into the com-
plete medium (containing 10% FCS) for indicated times at a final
concentration of 6 nM or otherwise stated.

Lysotracker. Lysotracker Red-DND 99 (InVitrogen-Molecular
Probes, Carlsbad, CA) was incubated 15 min on cells (final con-
centration 37 nM), and the excess of dye was then washed out
before imaging on a LSM510 confocal microscope. Excitation
was performed using a green helium�neon laser (543 nm) and
detected through both a 545 nm dichroic mirror and a 560 nm
long-pass filter.

Confocal Microscopy. Time Lapse. Cells were plated in 35 mm glass
coverslip culture dishes (Iwaki). One day after plating, cells were
then incubated on the microscope stage at 37 °C, 5% CO2, and
observed by confocal microscopy using a Zeiss LSM510 with a
Plan-apochromat 63� 1.3 NA oil immersion objective. Excitation
of fluorescein was performed using an argon ion laser at 488
nm. Emitted light was detected through a 505�550 nm band-
pass filter from a 545 nm dichroic mirror. Data capture was car-
ried out with LSM510 version 3 software (Zeiss, Germany). For
time-lapse experiments, mean fluorescence intensity was ex-
tracted and the fluorescence intensity relative to starting fluores-
cence was determined for each cell using LSM510 software.
These experiments were performed at least three times, and
each time, eight different fields which each contain �5�10 cells
were analyzed.

Statistical Analysis. For fluorescence intensity quantification, 10
images containing each �20 cells were taken for each condi-
tion. Number of fluorescent vesicles was then counted for each
field as well as mean fluorescence intensity for each individual
cell using kinetic tracking analysis software (2002 Kinetic Imag-
ing, Ltd.). Histograms represent the mean values � SD. Statisti-
cal significance was determined by one-way ANOVA followed by
a Bonferroni multiple comparison test. Difference was consid-
ered as significant at p � 0.01. All of these experiments were per-
formed at least three times.

Transmission Electron Microscopy. Cells were plated at 2.105
cells/mL in a 35 mm Petri dish. One day after plating, cells were
incubated for 3 h with 6 nM (final) nanoparticles. After one PBS
wash, cells were fixed with 4% paraformaldehyde and 2% glut-
araldehyde in 0.1 M phosphate buffer solution, osmicated, and
processed for epoxy resin embedding. Then, 70 nm sections
were cut with a LKB ultramichrotome and stained with 5% aque-
ous uranyl acetate and 2% lead citrate before viewing in a FEI
Tecnai Spirit transmission electron microscope.

In Vitro Fluorescence Assay. For thrombin cleavage, each reac-
tion (100 �L) was performed in PBS with 0.3 M NaCl (pH 7.4),
with 6 nM of 98% CALNN�2% CALNN-th-fam nanoparticles and
50 mU of purified thrombin. Fluorescence was measured using
a BMG labtech POLARstar fluorimeter (Offenburg, Germany) and
Corning (Corning Inc., NY) black NBS plates.

Photothermal Microscopy. Following confocal microscopy imag-
ing, the cells were fixed and observed by photothermal hetero-
dyne microscopy 33 in 35 mm glass coverslip culture dishes
(Iwaki). The absorbing beam (523 nm, Nd:YAG frequency
doubled laser) modulated at the frequency � (�/2� 	 692.5
kHz) by an acousto-optic modulator and the probe beam (632.8
nm, HeNe laser) were focused on the sample using a Zeiss Ach-
roplan 50� 0.9 NA oil immersion objective. The beam’s intensi-
ties were, respectively, 0.44 and 10.65 mW. The forward interfer-
ing fields were collected with a Zeiss Achroplan 40� 0.8 NA
water dipping objective and sent on a photodiode. The beat sig-
nal at the frequency � was extracted via a lock-in amplifier and
integrated over 10 ms. All images were completed by moving
the sample with a piezo-electric device (Physik Instrumente) over
the fixed laser beams and were taken at the altitude of 1 �m
above the glass coverslip surface.

Statistical Analysis. The photothermal signal of an image was
measured by taking the mean photothermal signal above a
threshold (1.5 times the background mean intensity of cells with-

out NPs) for all of the cells fully included in the field (checked
with the corresponding brightfield image). The analysis was per-
formed using Kinetic Tracking Analysis software (2002 Kinetic Im-
aging, Ltd.). Approximately 10 cells were present on each field,
and at least 40 cells on at least three different fields were ana-
lyzed per condition.
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