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Targeted crystallization of mixed-charge
nanoparticles in lysosomes induces selective
death of cancer cells
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Lysosomes have become an important target for anticancer therapeutics because lysosomal cell death bypasses the classical caspase-dependent apoptosis pathway, enabling the targeting of apoptosis- and drug-resistant cancers. However, only a
few small molecules—mostly repurposed drugs—have been tested so far, and these typically exhibit low cancer selectivity,
making them suitable only for combination therapies. Here, we show that mixed-charge nanoparticles covered with certain
ratios of positively and negatively charged ligands can selectively target lysosomes in cancerous cells while exhibiting only
marginal cytotoxicity towards normal cells. This selectivity results from distinct pH-dependent aggregation events, starting
from the formation of small, endocytosis-prone clusters at cell surfaces and ending with the formation of large and well-ordered
nanoparticle assemblies and crystals inside cancer lysosomes. These assemblies cannot be cleared by exocytosis and cause
lysosome swelling, which gradually disrupts the integrity of lysosomal membranes, ultimately impairing lysosomal functions
and triggering cell death.

L

ysosomal organelles1 comprise a dynamic system of acidic
vesicular compartments (pH ≈ 4.8) receiving cargoes from the
plasma membrane via endocytosis and from the cytoplasm
through autophagy, all ultimately destined for degradation and/or
recycling. In cancer cells, these degradation pathways are deregulated, causing various alterations in the structure and function of
lysosomal membranes2,3 and ultimately rendering these cells more
susceptible to lysosomal membrane permeabilization (LMP) by
various endogenous (p53 activation, oxidative stress) and exogenous (cationic amphiphilic drugs, CADs) triggers2,3. Importantly,
lysosomal cell death (LCD)4 triggered by LMP commonly bypasses
the classical caspase-dependent apoptosis pathway, opening up a
new strategy for targeting apoptosis- and drug-resistant cancers5,6.
A handful of small molecules—repurposed antimalarial5, antihistamine7 and anticancer5,8 drugs (https://www.drugbank.ca and
https://clinicaltrials.gov)—as well as leads from LMP screening
assays9 (for example, thioridazine, fluphenazine or toremifene) are
under clinical trials and are also known to accumulate in lysosomes
and cause LMP. None of them, however, were specifically designed
to target the LCD pathway5,9; most have low cancer selectivity5 and
their effects are not always lysosome-specific.
We and others have been studying charged nanoparticles (NPs)
for many years, both in the context of electrostatic self-assembly10–13
and for their uses in nanobiomedicine14–18. Whereas purely anionic
NPs are internalized slowly by adherent cells (other than immune
cells19), cationic NPs interact with cell surface membranes via
strong electrostatic attractions20,21 and can depolarize these membranes22 and/or generate hydrophilic membrane pores23,24, causing
membrane permeabilization. Unfortunately, although these NPs
are efficiently internalized21,23,25,26, they are also non-selectively

cytotoxic17,22,23,27,28. Given such largely unsatisfactory properties, we
began to investigate NPs covered with both negatively and positively charged ligands—henceforth referred to as mixed-charge
NPs, [+/−] NPs—in various proportions. We have previously found
that these particles exhibit several intriguing properties: they can
selectively kill Gram-positive or Gram-negative bacteria18, are well
tolerated in mice18 and, depending on the ‘+’ to ‘−’ balance, can precipitate or even crystallize ex vivo at different pH values29,30. This last
property is most relevant to our current work. Specifically, because
pH differences between cancerous and normal tissues/cells are well
documented31, we wondered whether and how the pH-dependent
aggregation of [+/−] NPs29 could be useful for selective targeting of
cancerous cells and/or their compartments.
Here, we demonstrate selective lysosome targeting (Fig. 1) in
which [+/−] NPs (Fig. 2) gradually disrupt the integrity of lysosomal membranes, ultimately triggering lysosome-dependent cell
death selectively in cancerous cells (Figs. 3 and 4). These effects
emerge from a remarkable succession of transport and aggregation
phenomena: NP clustering at the cell surface and internalization
of ~50–100 nm NP clusters via endocytosis, their gradual accumulation in multivesicular endosomes followed by transport to the
lysosomes, further pH-dependent assembly into ordered [+/−]
NP supracrystals inside lysosomes (Supplementary Videos 1–5),
induction of osmotic flows and lysosomal swelling, gradual loss
of the integrity of lysosomal membranes and, finally, cell death.
In contrast, in normal cells, [+/−] NP aggregation is limited
and they are excluded from cells via exocytosis, causing these cells
little harm. Overall, these results demonstrate how the propensity
of a cancerous cell to act as a ‘nanoscale assembly line’, meticulously constructing NP crystals that ultimately cause its own
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Fig. 1 | Summary of how crystallization of mixed-charge NPs in cancer lysosomes leads to selective killing of cancer cells. Structural/functional differences
between cancer and normal lysosomes (in the main text, we refer to non-tumorigenic/non-cancerous cell lines as ‘normal’) underlie differential aggregation
of [+/−] NPs in distinct lysosome-related organelles. In non-cancerous (normal) cells, a limited amount of [+/−] NPs accumulate predominantly inside late
autolysosomes featuring multilamellar bodies (MLBs). The aggregation of [+/−] NPs is limited in autolysosomes of normal cells by three factors: (1) the
higher pH in MLB-containing organelles (lysosome, pHL-NORMAL ≈ 4.8; autolysosomes with MLBs, pHMLB < 6.1; ref. 42), (2) the physical presence of neutral lipids
within MLBs42 and (3) the transient nature of lysosome fusion events, which help maintain a pool of functioning, dynamic lysosomes. In sharp contrast, in
cancerous cells, [+/−] NPs aggregate inside multivesicular bodies (MVBs). Lysosomes fuse completely with MVBs to form endolysosomes whose acidic
pH (MDA-MB-231, pHL-CANCER ≈ 4.2; HT1080, pHL-CANCER ≈ 5.5), anionic phospholipid bis(monoacyl phosphoglycerol)phosphate (BMP)6 and proteolytic
processing of protein corona promote continuous and massive assembly of [+/−] NP supracrystals (Supplementary Fig. 9), leading to osmotic swelling
of the lysosomes. Osmotic swelling and associated biochemical effects lead to gradual destabilization of lysosomal membranes, impairment of lysosome
function (Supplementary Videos 1–5) and, ultimately, cell death. Scale bars for transmission electron microsocopy (TEM) images, 200 nm. Histograms in
the bottom row show that [+/−] NPs selectively kill 13 cancer cell lines (histogram on the right), while not harming four normal epithelial or fibroblast cell
types/lines (histogram on the left). Data are shown for cells treated with NPs (200 nM) with a surface ligand ratio of χTMA:χMUA = 80:20 (Fig. 2). Data are
presented as mean ± s.d.; n = 3 independent experiments. See Methods for experimental details and Supplementary Table 2 for details on tumour types.

demise, can be harnessed for selective in-cell intervention with
therapeutic potential.

Ex vivo characteristics of mixed-charge NPs

We used d = 5.3 ± 0.7 nm gold NPs18,29,32 functionalized (see Methods)
with positively charged N,N,N-trimethyl(11-mercaptoundecyl)
ammonium chloride (TMA) and negatively charged 11-mercaptoundecanoic acid (MUA) ligands, with surface ligand ratios
χTMA:χMUA of 100:0, 91:9, 80:20, 61:39 and 0:100 (Fig. 2a–c). These
NPs exhibited pH-dependent aggregation. In water supplemented
with 10% fetal bovine serum (FBS), all NP types were unaggregated at pH 7.4, but gradually aggregated when pH was lowered,
first into ~50–100 nm clusters at pH ~5.5–6.5 (white arrowheads,
Fig. 2d) and then into dominant ~2 µm supraparticles at pH < 5.5
(Supplementary Note 1 and Supplementary Figs. 1 and 2). We
note that the ~50–100 nm cluster size is compatible with cellular

uptake through endocytosis26, while assembly of larger supraparticles occurs at pH values characteristic of endosomes/lysosomes.
In addition, to better mimic lysosomal environment, we assessed
the aggregation of [+/−] NPs ‘coated’ with serum proteins in artificial lysosomal fluid33 (ALF, pH 4.5). For the 80:20 [+/−] NPs,
the ‘intermediate’ ~100 nm clusters formed in the presence of FBS
coalesced into larger ~260 nm aggregates on addition of lysosomal
protease cathepsin D. Notably, with purely cationic 100:0 NPs
the clusters grew only marginally and some even became smaller
(Fig. 2e, Supplementary Fig. 3 and Supplementary Note 1).

Selective killing of cancer cells by mixed-charge NPs

Detailed cytotoxicity experiments were performed with two sets of
cancer versus normal cell pairs: HT1080 fibrosarcoma versus mouse
embryonic fibroblasts (MEFs) and MDA-MB-231 breast adenocarcinoma versus MCF-10A normal epithelial cells. Figure 3a,b shows that
Nature Nanotechnology | www.nature.com/naturenanotechnology
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Fig. 2 | Structure and pH-dependent aggregation of mixed-charge NPs. a,b, Schematic (a) and representative TEM image (b) of gold NPs (with gold core
diameter of 5.3 ± 0.7 nm) functionalized with mixed self-assembled monolayers composed of positively charged N,N,N-trimethyl(11-mercaptoundecyl)
ammonium chloride (TMA) [+] (blue) and negatively charged 11-mercaptoundecanoic acid (MUA) [−] (red) ligands. Regardless of the pH, TMA ligands
are always positively charged, while MUA ligands are pH-sensitive—they are mostly deprotonated and negatively charged at physiological pH 7.4, but
protonated and neutral at acidic pH18,29. Scale bar, 20 nm. c, Zeta potentials of [+/−] NPs18,29,30 at pH 7.4; χTMA:χMUA denotes the composition of the ligand
shell. Data are presented as mean ± s.d. and are based on three independently synthesized batches of NPs. The solid line is a guide to the eye. d, Maps
quantifying pH-dependent aggregation of [+/−] NPs (50 nM) with χTMA:χMUA = 100:0 and 80:20 in water supplemented with 10% fetal bovine serum
(FBS). In each map, the horizontal axis corresponds to pH (from 4.5 to 7.5) and the vertical logarithmic axis to the aggregate’s hydrodynamic diameter,
DH, measured by dynamic light scattering (DLS). As the pH is decreased, the ‘islands’ in the distributions change from those corresponding to dispersed
particles (with DH ≈ 7.8 ± 0.4 nm) to those corresponding to aggregated NPs. The arrowheads in the 80:20 map point to aggregates with intermediate
DH ≈ 50–100 nm, diameters such as those seen at the cell surface of cancer cells (shown in Fig. 4f). e, [+/−] 80:20 NPs (magenta) and 100:0 NPs (orange)
stay dispersed in artificial lysosomal fluid33 (ALF, pH 4.5). NPs ‘coated’ with serum proteins (50% FBS in ALF) show a broad distribution of NP aggregates
(grey). On addition of cathepsin D (catD, 3 μg ml−1, 26 h), these smaller [+/−] 80:20 NP clusters grow into larger aggregates with DH ≈ 260 nm (purple). For
purely cationic 100:0 NPs, the intermediate ~120 nm aggregates grow only marginally or even dissolve on addition of catD (brown distribution, right panel).
In d and e, mean size distributions by number from n = 3 independent experiments are shown. See also Supplementary Note 1 and Supplementary Figs. 1–3.

continuous exposure of cells to [+/−] NPs resulted in dose- and timedependent killing of cancer cells (main and inset graphs, respectively),
while the cytotoxicity towards non-cancerous cells was marginal. The
effectiveness of cancer cell killing depended on the on-NP monolayer
composition (χTMA:χMUA). Long-term experiments revealed highly
selective cytotoxicity for χTMA:χMUA = 80:20 [+/−] NPs; that is, these
NPs did not become toxic to non-cancerous cells, even at long exposure times (72 h, 200 nM), while in similar experiments pure-TMA
NPs were toxic to non-cancerous cells (Fig. 3c,d and Supplementary
Fig. 4). These trends can be succinctly captured by a simplified selectivity index (SI) defined as the ratio of % cytotoxicity towards cancerous versus non-cancerous cells at a given time point and particle
concentration. Here, for 80:20 [+/−] NPs, SI (48 h, 200 nM) = 19.55
for the HT1080/MEF pair and 8.86 for the MDA-MB-231/MCF-10A
pair. For purely cationic particles, the SI (48 h, 200 nM) is only 1.36
for the HT1080/MEF and 1.58 for the MDA-MB-231/MCF-10A
pairs, indicating non-selective cytotoxicity.
Importantly, selective cytotoxicity of 80:20 [+/−] NPs towards
cancerous cells also generalizes to other cell types. In total, we tested
13 cancerous (sarcoma, melanoma and breast, prostate and lung
carcinomas) and four normal (including human fibroblasts) cell
types. The data are summarized in the histograms in Fig. 1.
We emphasize that the selective killing of cancer cells and marginal cytotoxicity towards normal cells are not just due to the MUA
Nature Nanotechnology | www.nature.com/naturenanotechnology

thiols diluting the TMAs and reducing the net positive charge23. To
show this, we synthesized NPs with MUA thiols replaced by straightalkane C9 thiols. Although such ‘charge-diluted’ χTMA:χC9 ≈ 80:20
NPs killed cancer cells as well as pure-TMA and 80:20 [+/−] NPs,
they did so with no selectivity against normal cells, with SI values close to unity (Fig. 3c,d). For completeness, we also note that
smaller, d ≈ 3 nm [+/−] NPs did not display cancer-specific cytotoxicity (Supplementary Figs. 5 and 6).

Effects of mixed-charge NP aggregation on lysosomes

Because attaching fluorescent labels to our NPs, a common
approach to track NP transport in cells19,28,34, may alter the delicate balance of surface charges, we implemented label-free darkfield microscopy (DFM; Fig. 4) and confocal reflection microscopy
(Figs. 5 and 6)35,36 to monitor the fates of the [+/−] NP aggregates
inside living cells. We also used transmission electron microscopy
(TEM) to examine the ultrastructure of the [+/−] NP aggregates
inside cellular compartments.
Whereas total amounts of internalized [+/−] NPs were approximately similar in cancerous versus non-cancerous cells (Fig. 4a and
Supplementary Fig. 7), time-dependent DFM analyses revealed pronounced differences in NP clustering behaviour in cancerous versus
normal cells (Fig. 4b–e and Supplementary Fig. 8). Inside cancer
cells, [+/−] NPs rapidly formed small clusters, which coalesced into
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large clusters and, ultimately, merged into very large aggregates with
diameters of d > 2 μm (see rising magenta curves for HT1080 in
Fig. 4c and for MDA-MB-231 in Fig. 4d). In sharp contrast, in both
non-tumorigenic cells (MEF and MCF-10A), smaller clusters were
more numerous and did not coalesce into larger aggregates, even at
long times (see flat magenta curves).
Because our solution-based experiments (Fig. 2d,e) evidenced
pH-dependent assembly of [+/−] NPs into aggregates of sizes compatible with endocytosis and/or macropinocytosis26, we expected
that similar aggregation phenomena might take place along the pH
gradients within the cells’ endo-lysosomal system. We marked endosomes with Rab5a-emerald green fluorescent protein (eGFP) and
lysosomes with LAMP1-TagRFP fusion proteins (Supplementary
Videos 6–9). At early times, ~0.5 μm vesicles positive for Rab5a
(Rab5+), corresponding to multivesicular bodies (MVBs), also
known as multivesicular endosomes (see TEM images in Figs. 4f
and 6b), accumulated ~320 nm [+/−] NP aggregates and delivered
them into centrally located, nearly stationary (displaying only local,
‘jiggling’ motions), enlarged (~2 μm) Rab5+/LAMP1+ endosome–
lysosome ‘hybrid’ compartments1 (Supplementary Video 8). In cancer cells, [+/−] NPs eventually transited into enlarged LAMP1+/
Rab5− lysosomes (Supplementary Video 9). Therein, they formed
large and, especially in HT1080 cells, remarkably crystalline NP
aggregates (Fig. 4f and Supplementary Fig. 9). In contrast, in normal epithelial cells, small [+/−] NP aggregates accumulated rapidly
(~1 h) in ~0.5 μm dynamic LAMP1+ or less often in Rab5+ vesicles
(Supplementary Videos 6 and 7).

Lysosome ‘swelling’

Next, we studied the co-localization of NP aggregates with acidified
lysosomal organelles labelled with the LysoTracker Red. In Fig. 5a,b
and Supplementary Figs. 10–12, co-localization corresponds to yellow regions (merging of red LysoTracker Red and green reflection/
NP images) and is quantified by Pearson’s correlation coefficient37
(PCC; see Methods) in the corresponding Fig. 5c. Importantly, the
largest aggregates were observed in the lysosomes of cancer cells
treated with χTMA:χMUA = 80:20 and 91:9 [+/−] NPs. In addition, following the uptake of [+/−] NPs, the mean diameters of cancer lysosomes, DL, increased by at least ~50%, with even larger increases
observed in MCF7 and SKBR3 cells; in contrast, only marginal
increases in DL were observed for normal cells treated with the same
80:20 particles (Fig. 5d and Supplementary Fig. 13).

Selective destabilization of lysosomal membranes

Because lysosome ‘swelling’ may be indicative of LMP2, we assessed
the impact of [+/−] NPs on the integrity of lysosomal membranes
by determining the leakage of lysosomal acridine orange (AO)
into the cytoplasm upon photo-oxidation (see Methods)38,39. The
uptake of various types of [+/−] NP further sensitized lysosomes
of both HT1080 and MDA-MB-231 cells to damage by photo-oxidation (indicated by the rise in green fluorescence in Fig. 5e,f, left).
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In particular, χTMA:χMUA = 91:9 and 80:20 [+/−] NPs (Supplementary
Fig. 14) were more effective at destabilizing cancer lysosomes than
pure-TMA or 61:39 NPs. This destabilization was selective as the
integrity of normal cells’ lysosomes was not altered in such cells
incubated with corresponding [+/−] NPs (see all the ‘flat’ curves
in Fig. 5e,f right; see Supplementary Fig. 15 for statistical analysis).
In addition, to test if lysosomal [+/−] NP aggregation induced
LMP, we performed a galectin puncta assay40 using the reporter cell
lines MCF7-mAG-gal39 (breast carcinoma) and U2OS-mCherrygal341 (osteosarcoma). In contrast to siramesine (which induces
robust LMP and concurrent appearance of numerous galectin
puncta; Supplementary Fig. 16), there were few galectin3 spots
in cells treated with [+/−] 80:20 NPs under standard conditions
(Fig. 5i). Only when cells containing [+/−] 80:20 NPs were briefly
exposed to additional laser light (638 nm) did galectin3 spots appear
around NP clusters. Despite the absence of galectin spots, lysosomal
membrane disruption was detected in ~48% of cancer lysosomes
(HT1080) in TEM images (versus only 3.7% in MEFs) at ~24 h of
exposure to 80:20 NPs (Fig. 6g).
We further tested the role of lysosomes in cancer-specific toxicity by co-treating cancer cells with NPs and inhibitors of lysosomal acidification (bafilomycin A (Baf) or chloroquine (Cq)) or
with an autophagy inhibitor (3-methyladenine (3MA), Fig. 5g,h).
For comparison, we also tested sensitivity to inhibitors that block
intrinsic apoptosis (cyclosporine A (CA) and caspase 3/7 inhibitor
Ac-DEVD-CHO). Both Baf and Cq (but not the other inhibitors)
protected cancer cells from death induced by the [+/−] 80:20 NPs
(middle sets of bars in Fig. 5g,h and Supplementary Fig. 17). We
note that neither of the two lysosomal inhibitors protected cancer
cells from death induced by pure-TMA NPs (Fig. 5g,h).

Impact on lysosome movements

To assess whether [+/−] NP aggregation within lysosomes affected
their ability to survey the cytoplasmic space1, we monitored lysosome
movements by time-lapse microscopy (Supplementary Figs. 18 and 19
and Supplementary Videos 1–5). In the absence of NPs, lysosome
trajectories did not visually differ between cancer versus normal
cells, featuring heterogeneous path structures with random/‘jiggly’
trajectories positioned juxtanuclearly and more directional trajectories in the cell periphery. However, the uptake and aggregation of
[+/−] 80:20 NPs severely impeded the motions of cancer lysosomes,
at the same time having no discernible effect on the motions of normal cells’ lysosomes (Supplementary Videos 1–5).

NP accumulation versus clearance

To determine in which lysosomal organelles (low-pH lysosomes31
or higher-pH autolysosomes42) NPs accumulated, we tracked
autophagic organelles by using LC3B-eGFP-tagRFP autophagy
sensor (see Methods). In the non-cancerous cells, [+/−] 80:20
NPs were mostly found in autolysosomes, whereas in cancer
cells these NPs were localized to both autophagosomes and

Fig. 3 | Engineering cancer-specific cytotoxicity by tuning the balance of surface charges on mixed-charge NPs. a,b, Cytotoxicity (% of dead cells)
plotted as a function of on-particle surface ligand composition, χTMA:χMUA, for human HT1080 fibrosarcoma versus normal mouse embryonic fibroblasts
(MEFs) exposed to 50, 100 or 200 nM of various types of NPs (concentrations are expressed in terms of NPs and are within the range that is well tolerated
in mice18) for 24 h (a) and for human breast adenocarcinoma MDA-MB-231 versus non-tumorigenic epithelial MCF-10A cells for 48 h (b). MEFs were
chosen because they are of similar sizes and have a similar number of lysosomes per cell as HT1080 (see Supplementary Note 4 for the justification of
cell line choice). Insets: time dependence of cytotoxicity for the respective cell lines treated with 50 nM [+/−] NPs (see also Supplementary Fig. 4 for
additional long-term results). c,d, Decreasing the surface density of cationic charges on the NP surface results in non-selective cytotoxicity. The main plots
show cytotoxicity quantified for cells treated with pure-TMA (100:0, orange), [+/−] NPs with χTMA:χMUA = 80:20 (magenta) or charge-diluted cationic
NPs with χTMA:χC9 = 80:20 (grey) for 24 h (for HT1080 and MEF) or 48 h (for MDA-MB-231 and MCF-10A). To better illustrate selectivity, the inset plots
(grey boxes) show the time dependence of cytotoxicity for cancer cells treated with low concentrations of NPs (HT1080 and MDA-MB-231; 50 nM) and
non-cancerous cells treated with high concentrations of NPs (MEF and MCF-10A; 200 nM) (outlined by boxes in the main plots). Only [+/−] NPs with
χTMA:χMUA = 80:20 cause cancer-specific cytotoxicity, while pure-TMA and charge-diluted cationic NPs are non-selectively toxic. All data are presented as
mean ± s.d.; n = 3 independent experiments.
Nature Nanotechnology | www.nature.com/naturenanotechnology
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MCF-10A). Scale bars, 10 μm (main images) and 2 μm (insets). b, Time-dependent aggregation for 80:20 NPs, determined by quantifying the average
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control cells (see Methods in Supplementary Note 5). c,d, Quantification of the numbers of NP clusters/aggregates (here, called objects) of various sizes
based on distinct plasmonic scattering signals over time. Objects were classified as small clusters (with diameters d ≈ 10–100 nm; green), large clusters
(d ≈ 100–500 nm; red), aggregates (d ≈ 0.5–2 µm; orange) or very large aggregates (d > 2 µm; bright orange). In b–d, for each point, a total of ~1,000 spots
(from 10 randomly selected cells at 100 spots per cell) were analysed; data are presented as mean ± s.d.; n = 3 independent experiments. e, DFM images
corresponding to the analysis in b–d; n = 3 independent experiments. f, TEM studies revealed that χTMA:χMUA = 80:20 [+/−] NPs initially form ~50–100 nm
sized aggregates at the surface of cancer cells (here, HT1080). This is followed by internalization via endocytosis (Endo), accumulation in MVBs and
massive assembly of crystalline aggregates inside lysosomes (Lys*) concurrent with lysosome swelling. The insets in the rightmost panel show 150 nm2
regions with regular NP packing in slower-swelling MDA-MB-231, n = 4 cells (inset, lower right corner) and faster-swelling HT1080, n = 24 cells from two
independent experiments (inset, upper right corner) lysosomes. See also Supplementary Fig. 9. Scale bars, 200 nm. g, Quantification of the number of NPs
per lysosome from TEM images (here, cancer = HT1080, normal = MEF incubated with 50 nM 80:20 NPs for 24 h). HT1080, n = 7; MEF, n = 13 lysosomes.
Data are presented as box-and-whisker plots; boxes delineate lower and upper quartiles of the data, middle blue lines show median values, grey dots show
individual data points, whiskers show minimal and maximal values for each dataset. *P = 0.01025, one-way analysis of variance (ANOVA), Tukey’s posthoc test. See also Supplementary Figs. 29 and 30 and Supplementary Note 5.
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autolysosomes (Fig. 6c,e and Supplementary Figs. 20 and 21). TEM
images showing NPs in vesicles containing concentric membrane
rings, so-called multilamellar bodies42 (MLBs), confirmed localization to autolysosomes in non-cancerous cells (Fig. 6b). The overall
numbers of autolysosomes increased, while those of autophagosomes decreased with time, indicating activation of the autophagy
process in non-cancerous cells, but, in cancer cells, the numbers
of both autophagosomes and autolysosomes remained roughly
constant, with a higher number of autophagosomes than autolysosomes, indicating inhibited autophagic flux (Fig. 6d,f). Finally,
in normal cells (MEFs), ~50% of internalized 80:20 NPs were
secreted into cell media (Fig. 6h,i), indicating rapid clearance of
these NPs from healthy cells (Supplementary Fig. 22). At the same
time, exocytosis of the same particles by cancer cells (HT1080)
was significantly less efficient as only ~20% of NPs were secreted
within a similar time interval (~6 h; Fig. 6h).

The origin of cancer selectivity

Taken together, our results demonstrate that, in contrast to cationic/pure-TMA NPs (which are non-selectively cytotoxic),
χTMA:χMUA = 80:20 [+/−] NPs display cancer-specific cytotoxicity
mediated by gradual (from the cell surface membrane ‘inwards’),
pH-dependent aggregation of NPs, ultimately accumulating into
destabilizing and functionally impairing cancer lysosomes. An
intriguing question arises as to why a small fraction of negatively
charged MUA ligands on the surface of [+/−] NPs make such a
pronounced difference in terms of selectivity? In ex vivo experiments, we saw that aggregation of χTMA:χMUA = 80:20 NPs is spread
out over a pH range of ~5.5–7 and proceeds via the formation of
large numbers of intermediate-sized ~50–100 nm clusters (Fig. 2d);
in contrast, purely cationic NPs sharply transition to very large
aggregates at pH ≈ 6, and any intermediate-size aggregates are
much less numerous. Such aggregation behaviour is congruent with
[+/−] NPs forming clusters at the surfaces of cancerous cells (with
extracellular pHe ≈ 6.5; Fig. 4f). In effect, such clustered [+/−] NPs
may enter the cells via endocytosis, whereas the purely cationic
ones, in addition to endocytosis, may enter via direct membrane
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penetration, which is known to cause membrane permeabilization and indiscriminate cytotoxicity (Supplementary Fig. 20 and
Supplementary Table 1). While transiting the increasingly more
acidic compartments of the endo-lysosomal tract, the small clusters
of [+/−] NPs initially formed at the cell surface coalesce into larger
aggregates and eventually into crystals inside lysosomes (Fig. 4f and
Supplementary Fig. 9).
The initial stages of the aggregation process can be facilitated
by the (slightly) negatively charged on-particle coronas forming
in the presence of serum proteins (Supplementary Figs. 1 and 23;
see Supplementary Fig. 24 for experiments in serum-free media).
On lowering the pH, proteins’ acidic residues in the corona can be
protonated to reduce charge–charge repulsions and facilitate aggregation via hydrogen bonding and/or van der Waals forces. This
scenario, however, does not explain the eventual formation in the
lysosomes of the tightly packed (and in HT1080 cells surprisingly
crystalline) NP assemblies in which the gaps between neighbouring particles are only ~2.4 nm (Fig. 4f and Supplementary Fig. 9),
which is roughly twice the thickness of the on-NP monolayers and
certainly precludes the presence of any proteins. On the one hand,
NPs in such aggregates/crystals are experiencing electrostatic repulsions between TMA head groups. On the other hand, these repulsions can be offset12 by several factors, including relatively strong
(~10 kT) van der Waals interactions between proximal Au cores12,
the formation of hydrogen bonds between protonated MUA groups
or screening due to relatively concentrated ions present in the lysosomes (~0.5 mM Ca2+ and ~80 mM Cl−; ref. 43). In addition, confinement, a gradual increase of the volume fraction and entropic effects
might be at play; in particular, the gain in conformational entropy of
protein fragments cleaved off the protein coronas by proteases can
drive aggregation of NPs, akin to small colloids causing aggregation
of larger ones present in the mixture (Fig. 2e and Supplementary
Fig. 3)44,45. Although in Fig. 2e we showed that ex vivo cathepsin D
enhances [+/−] 80:20 NP aggregation, in cells serine proteases may
play this role (Supplementary Fig. 25). Quantification of all these
effects under the confined environment of lysosomes certainly calls
for a more detailed theoretical study.

Fig. 5 | The impact of intracellular aggregation of mixed-charge NPs on lysosome organelles. a,b, Images of HT1080 (a) and MEF (b) cells treated
with the indicated NPs (50 nM) for 6 h (images for MDA-MB-231 and MCF-10A cells are provided in Supplementary Fig. 10). Lysosomes (red) were
labelled with LysoTracker Red and Au NP aggregates (green) were visualized in confocal reflection35 mode (see Methods). Similar results were observed
in three independent experiments. Scale bars, 10 μm (main images) and 2 μm (insets). The brightness and contrast for individual colour channels were
adjusted with Adobe Photoshop CS6. Some images were rotated to accommodate insets, and background outside the cells and the few adjacent cells
were rendered black for clarity. See minimally processed single-channel images in Supplementary Figs. 11 and 12. c, Quantification of lysosomal NP
aggregation as Pearson’s correlation coefficient (PCC)37 between LysoTracker and reflection/NP channels (see time-course in Supplementary Fig. 14).
Data are presented as mean ± s.d. d, Lysosomal ‘swelling’ was assessed by quantifying the diameters of individual lysosomes (DL; see also Supplementary
Fig. 13). Data are presented as mean ± s.d. Exact numbers of data points for c and d are listed in the ‘Statistics and reproducibility’ section in the Methods.
Data shown in c and d are for cells treated with 80:20 NPs (50 nM) for 6 h (HT1080 and MEF) or 24 h (all other cell lines). e,f, To assess the impact on
lysosomal membrane integrity38,39, cells were treated with NPs (50 nM) for 6 h for HT1080 versus MEFs (e) and 12 h for MDA-MB-231 versus MCF-10A
(f), followed by loading of lysosomes with acridine orange (AO) and enforcing lysosomal rupture by continuous exposure to blue laser light. Plots show AO
leakage into the cytoplasm quantified as a rise in green fluorescence. Data are presented as mean values. The exact numbers of data points for e and f are
listed in the ‘Statistics and reproducibility’ section in the Methods. Statistical comparisons were made for the values for respective NP treatments versus
untreated control cells at 120 min. *P < 0.05, **P < 0.00001, one-way ANOVA, Tukey’s post-hoc test (see also Supplementary Fig. 15). g,h, Cytotoxicity for
cancer cells co-treated with 80:20 or 100:0 NPs (100 nM) and lysosomal inhibitors, bafilomycin A (Baf, 100 nM) or chloroquine (Cq, 50 μM), cyclosporine
A (CA, 10 μM), an autophagy inhibitor 3-methyladenine (3MA, 5 mM) or an inhibitor of caspases3/7 Ac-DEVD-CHO (DEVD, 40 μM) for 24 h for
HT1080 (g) or 48 h for MDA-MB-231 (h) cells. Control indicates the absence of NP treatment; ‘−’ marks the absence of inhibitors. Data are presented as
mean ± s.d., n = 3 independent experiments. *P < 0.05, **P < 0.00001, one-way ANOVA, Tukey’s post-hoc test. For results from similar experiments with
non-cancerous cells, see Supplementary Fig. 17. i, MCF7-mAG-gal3 cells were treated as indicated: control = untreated; 100:0 or 80:20 NPs (100 nM)
or with siramesine (siram, 10 μM) for 12 h. Shown are mAG-galectin3 puncta/cell before (full) and after (empty) exposure to 638 nm laser light (images
for all conditions and similar results with U2OS-cherry-gal3 cells are shown in Supplementary Fig. 16). Data are displayed as box-and-whisker plots;
boxes delineate the lower and upper quartile of the data, middle blue lines show median values, grey dots show individual data points and whiskers show
minimal and maximal values for each dataset. Two-tailed Student’s t-test with unequal variances; **P < 0.00001. The exact numbers of data points for
e and f are listed in the ‘Statistics and reproducibility’ section in the Methods. j, Trajectories of lysosome movements (shown in white) are superimposed
over merged confocal snapshots from movies of lysosomes (Lysotracker Red, red) and [+/−] 80:20 NPs (reflection channel, green) in MDA-MB-231
(representative of n = 7 videos/cells) and MCF-10A (n = 3 videos/cells). See Supplementary Videos 1–5 and Supplementary Figs. 18 and 19. Scale bars,
10 μm (i,j). The exact numbers of data points for c–j are listed in the ‘Statistics and reproducibility’ section in the Methods.
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The destabilization and functional impairment of cancer lysosomes by [+/−] NP aggregates can be reasonably attributed to a
combination of biochemical (for example, alterations in lysosomal
protein and lipid composition) and physical (for example, osmotic
pressure) effects.

Trajectories

Biochemical effects. Internal lysosomal membranes contain
high concentrations of the anionic phospholipid bis(monoacyl
phosphoglycerol)phosphate (BMP), which serves as a docking
lipid for a number of enzymes, including acid sphingomyelinase
and acid ceramidase, that are involved in lysosomal sphingolipid
Nature Nanotechnology | www.nature.com/naturenanotechnology
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degradation2,6. Acid sphingomyelinase supports lysosomal membrane integrity by converting sphingomyelin to ceramide, while
acid ceramidase converts sphingolipid ceramides into sphingosine,
which, unlike ceramides, can leave the lysosomes. CADs displace
acid sphingomyelinase from anionic BMP, thus promoting its proteolytic degradation, build-up of sphingomyelin and destabilization
of lysosomal membranes7. However, we show that—unlike the CAD
siramesine, which induces robust LMP—the effect of lysosomal
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aggregation of [+/−] 80:20 NPs is more gradual (Fig. 5) and does
not involve acid sphingomyelinase (Supplementary Fig. 26). On
the other hand, the build-up of lysosomal ceramide, which at high
concentrations self-associates into microdomains disrupting the
lamellar organization of membrane bilayer, could also affect membrane integrity and render membranes less mechanically robust46.
In this context, we show an increase in acid ceramidase levels
in normal cells in response to 80:20 NPs (which here may play
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Fig. 6 | Mixed-charge NPs accumulate in autophagic vesicles and are excluded from non-tumorigenic cells through exocytosis. a, Schematic of the
proposed aggregation pathways for cancer (left) versus normal (right) cells. Left: in cancerous cells, [+/−] NPs first form small clusters inside late
endosomes/MVBs; NP clusters then coalesce into larger aggregates inside lysosomes (Lys). Autophagosomes (APs) fuse with Lys, resulting in
NP-containing autolysosomes (ALs). NP-induced osmotic flows and imbalance between the fusion/budding events lead to AP-AL ‘swelling’ and their
perinuclear clumping, limiting clearance/exocytosis of [+/−] NP aggregates from the cancerous cells. LMP was observed in TEM images, as shown in
g, at 24 h. Right: in normal cells, [+/−] NPs accumulate predominantly inside ALs containing MLBs and are rapidly excluded/cleared from cells through
exocytosis, as shown in h. b, Representative TEM images of HT1080 (left) or MEF (right) cells treated with 80:20 NPs for 24 h. In HT1080 (n = 8 cells
from two independent experiments), most NP-containing organelles were non-lamellar and featured intraluminal vesicles (ILVs). In contrast, in MEFs
(n = 6 cells from two independent experiments), NPs localized to ALs containing MLBs. NP-containing ALs were in contacts with early Lys, resembling
the so-called ‘kiss-and-run’ transient vesicle fusion1 (red arrows). Scale bars for TEM images, 1 µm (left, large image) and 200 nm (right, small insets).
c–f, APs and ALs were marked with eGFP-TagRFP-LC3B autophagy sensor, followed by cell incubation with 80:20 [+/−] NPs (50 nM) for indicated times.
Representative merged images (NPs in ALs in magenta; NPs in APs in white) are shown in c. Scale bars, 10 μm. d,f, Numbers of APs and ALs per cell
quantified from images shown in c. Data are presented as mean ± s.d. e, In HT1080, NPs localize into both APs and ALs, while in MEFs, only inside ALs.
For PCC values, exact P values and exact numbers of data points for c–f, see ‘Statistics and reproducibility’ section in the Methods. See also Supplementary
Fig. 21 for similar experiments with MDA-MB-231 versus MCF-10A cells. g, Quantification of lysosomes showing signs of LMP in high-resolution TEM
images, such as those shown in b. h, MEF and HT1080 cells were incubated with 80:20 NPs (50 nM) for 14 h, medium was replaced, and Au exocytosed
into the cell culture medium over the time intervals indicated was quantified using ICP-AES. i, Quantification of the Au amounts remaining inside MEF
cells following NP internalization (50 nM, 24 h) shows full clearance of 80:20 NPs from non-tumorigenic cells within days. In h and i, data are presented as
mean ± s.d.; n = 3 independent experiments. For corresponding images and similar results for MCF-10A see Supplementary Fig. 22.

a protective role by preventing ceramide build-up), while the levels
in cancer cells are unaffected (Supplementary Fig. 26). Furthermore,
we observed a number of distinct changes in lysosomal proteins in
response to [+/−] NP crystallization in cancer versus normal cells
(Supplementary Fig. 27). Specifically, the mammalian target of
rapamycin complex 1, mTORC1 (the signalling complex involved
in regulation of cell growth, autophagy and metabolism), was displaced from the surface of NP-containing cancer lysosomes. In contrast, mTORC1 association with the lysosomes of normal cells was
increased (Supplementary Fig. 28).

Online content

Physical effects. Because the [+/−] NPs themselves are ionic and
are surrounded by counterions47,48, their entrance into the lysosomes is akin to placing a large amount of inorganic salt therein
and, consequently, can give rise to an osmotic pressure difference,
osmotic flow and lysosome swelling. Indeed, the electrostatic model
detailed in Supplementary Note 3 predicts that the amounts of NPs
accumulated in cancer lysosomes (by TEM, up to ~27% vol/vol for
HT1080 and ~45% for MDA-MB-231 versus 74% to full packing;
Supplementary Figs. 29 and 30) are sufficient to induce osmotic
swelling but not direct rupture of lysosomal membrane. These predictions are in line with our experimental observations. We note
that, in normal cells, these osmotic effects are less pronounced
because of the clearance of the [+/−] NPs into autolysosomes, limited aggregation and subsequent exocytosis.
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Conclusions

In summary, we have demonstrated that, by assembling large NP
crystals selectively in cancer lysosomes, [+/−] NPs impair their
function, resulting in lysosome-dependent cell death. An important
aspect of this mechanism is that it is effective against a number of
different sarcoma, carcinoma and melanoma cell lines, irrespective of the extent of lysosomal acidification (with pHL ≈ 4.2–5.5;
Supplementary Note 4). From a nanotechnology point of view, this
study can be viewed as a rather unique example of hijacking one
of cancer cells’ systems (endo-lysosomal) to act as a transmission
and assembly line to gradually construct high-quality NP crystals,
which—in an interesting twist—ultimately destroy the very lysosome ‘reactors’ that allowed them to grow. Awaiting extension of our
in vitro studies to animal models, we see the mixed-charge strategy
of general value for pH-based lysosomal targeting. In particular, a
similar approach could be used with mixed-charge, polymer-based
particles or dendrimers, although precise control of surface charges,
which is technically straightforward on Au NP surfaces, could then
be more challenging.
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Materials. NP synthesis and chemicals. Auric acid (HAuCl4·3H2O) was purchased
from AlfaAesar (cat no. 36400) and dilauryl dimethylammonium bromide
(DDAB) from TCI America (cat no. 3282-73-3). The following reagents were
from Sigma-Aldrich: dodecyl amine (DDA, cat no. D222208), hydrazine
monohydrate 64% (cat no. 207942), tetrabutylammonium borohydride (TBAB,
cat no. 230170), tetramethylammonium hydroxide 25% (TMAOH, cat no.
331635), 1-nonanethiol (C9, cat no. 674273) and 11-mercaptoundecanoic acid
(MUA, cat no. 450561). N,N,N-trimethyl(11-mercaptoundecyl)ammonium
chloride (TMA; cat no. FT#006) was from ProChimia Surfaces. Toluene (cat no.
AH347-4), methanol (cat no. AH230-4) and acetone (cat no. AH010-4) were
from Honeywell. Dichloromethane (amylene-stabilized, cat no. 39116) was from
AlfaAesar. Cellulose acetate (CA) 0.2 µm sterile filters (cat no. 13CPO20AS) were
from ADVANTEC.
Cell culture and biologicals. Human fibrosarcoma HT1080 (cat no. CCL-121),
human breast epithelial cells MCF-10A (cat no. CRL-10317) and human breast
adenocarcinoma MDA-MB-231 (cat no. HTB-26) and MDA-MB-468 (cat no.
HTB-32), Rat2 fibroblast cell line (cat no. CRL-1764), human skin fibroblasts
CCD1058SK (cat no. CRL-2071), human breast adenocarcinoma MCF7 (cat no.
HTB-22), human breast adenocarcinoma SK-BR-3 (cat no. HTB-30) and mouse
melanoma B16F1 (cat no. CRL-6323) were from American Type Culture Collection
(ATCC). Prostate carcinoma LNCaP.FCG (cat no. 21740), human malignant
melanoma A375P (cat no. 80003), human breast ductal carcinoma BT474 (cat
no. 60062) and HCC38 (cat no. 9S0038) and lung cancer cell lines A549 (cat no.
10185), NCI-H1299 (cat no. 91299) and NCI-H1573 (cat no. 91573) were from
Korean Cell Line Bank (http://cellbank.snu.ac.kr/english/index.php). MEFs were a
gift from X. Tong (Northwestern University Medical School, Chicago). Galectin3
reporter cell lines MCF7-mAG-gal39 (breast carcinoma) and U2OS-mCherrygal341 (osteosarcoma) were generously provided to us by D. Egan and H. Wodrich,
respectively. Cell lines have not been independently authenticated. All other cell
culture and biological materials are described in Supplementary Note 5.
Synthesis and characterization of mixed-charge NPs. [+/−] NPs were synthesized
as described previously18,29,32, with minor modifications. First, to reduce Au3+ ions,
a toluene solution (3 ml) of TBAB (58 mg) and DDAB (111 mg) was injected into
toluene solution (7 ml) of DDA (222 mg), DDAB (277 mg) and HAuCl4·3H2O
(24 mg). The solution was aged by stirring in the dark overnight to yield DDAprotected Au NP seeds with approximate diameters of d ≈ 2–4 nm. Growth solution
consisting of DDA (2.6 g), DDAB (1 g) and HAuCl4·3H2O (224 mg) in toluene
(60 ml) was prepared, followed by adding the seed solution to the growth solution
while stirring. Next, a toluene solution (22 ml) of DDAB (1.5 g) and hydrazine
monohydrate (145 mg, 220 µl) was added dropwise to the NP solution. The
resulting Au-DDA NP solution was aged for 24 h while stirring in the dark.
To remove excess DDA, DDA-capped NPs (0.13 mmol) were quenched with
methanol (50 ml) and allowed to precipitate for ~3–4 h. Solvent was then decanted,
the precipitate was dissolved in toluene (20 ml) and the mixture of TMA and
MUA thiols in dichloromethane (10 ml) was added to initiate the ligand exchange
reaction. The total amount of MUA and TMA thiols added was 0.13 mmol and the
molar ratios of thiols in solution were 100:0, 89:11, 75:25, 50:50, 40:60, 33:67, 25:75
and 0:100. Because the ratios of ligands used in the solution were not the same
as the resulting on-particle ligand ratios, the exact composition of thiols on the
surface of [+/−] NPs was previously determined by core-etching/NMR analyses29
and by electrostatic titration30.
The NP solutions were incubated for ~18 h in the dark. Solvent was
subsequently decanted and precipitates were washed with dichloromethane
(3 × 50 ml) and acetone (30 ml). Finally, acetone was decanted and the precipitates
were dried in an air stream. MUA ligands were deprotonated by adding 20 µl
TMAOH, and the precipitates were dissolved in water (10 ml) to yield an ~10 mM
(in terms of Au3+ ions)/2 µM (in terms on NPs) stock solution of NPs at pH ≈ 11.
For ‘charge-diluted’ 80:C9 NPs, the mixture of TMA and nonanethiol ligands
with a molar ratio of the two thiols in solution of 75:25 was used in the ligand
exchange reaction.
The gold core diameters of Au NPs determined from TEM images taken with a
JEM-2100 system (JEOL) and analysed using NIS-Elements software (Nikon) were
d = 5.3 ± 0.7 nm (n = 1,902 NPs). For justification/discussion of choosing this NP
size, see ref. 49 and Supplementary Note 4.
All measurements of zeta potentials and hydrodynamic diameters, DH, were
performed using a ZetaSizer Nano ZSP system (Malvern) with 50 nM solutions of
[+/−] NPs. DH values were measured by DLS in 173° backscatter mode. The overall
hydrodynamic diameters of [+/−] NPs were DH ≈ 7.8 ± 0.4 nm (in water, pH 7.4).
The aggregation experiments were performed in water or in ALF (pH 4.5)
supplemented with 1–75% FBS as specified. The aggregation maps (Fig. 2d and
Supplementary Fig. 2b,c) were constructed from separate DH profiles acquired
after equilibration of solution at the desired pH (the starting pH was >7.5 and was
gradually decreased by adding small aliquots of HCl). If not stated otherwise, mean
values were calculated from signal distribution by number from three independent
experiments, each with at least five measurements by using OriginPro 2015
software (OriginLab).
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Cell culture. MEF, HT1080, Rat2 and B16F1 cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% FBS and 25 μg ml−1
gentamycin (denoted cDMEM). MCF-10A cells were cultured in DMEM/
F12 supplemented with 5% horse serum, 20 ng ml−1 epidermal growth factor,
10 µg ml−1 insulin, 0.5 mg ml−1 hydrocortisone, 100 ng ml−1 cholera toxin and
penicillin/streptomycin (10,000 U ml−1 penicillin and 10,000 µg ml−1 streptomycin).
CCD1058SK and A375P were cultured in MEM supplemented with 10% FBS
and 25 μg ml−1 gentamycin. MCF7, SK-BR-3, HCC38, NCI-H1299 and LNCaP.
FCG cells were cultured in RPMI supplemented with 10% FBS and 25 μg ml−1
gentamycin. BT474 and NCI-H1573 cells were cultured in RPMI supplemented
with 5% FBS and 25 μg ml−1 gentamycin. A549 cells were cultured in F-12K
supplemented with 10% FBS and 25 μg ml−1 gentamycin. All cell lines, except
MDA-MB-231 and MDA-MB-468, were cultured in a 5% CO2 atmosphere at
37 °C. MDA-MB-231 and MDA-MB-468 cells were cultured in L-15 medium
supplemented with 10% FBS and 25 μg ml−1 gentamycin at 37 °C without CO2
(in air atmosphere), as specified by ATCC. All cell lines were routinely tested and
verified as mycoplasma-free.
Cytotoxicity assay. The killing of cells by [+/−] NPs was quantified using a LIVE/
DEAD Viability/Cytotoxicity Kit for mammalian cells based on staining live cells
with calcein-AM (0.5 µM) and dead cells with ethidium homodimer-1 (1 µM) dyes.
Data shown in Fig. 1 correspond to experiments in which medium was removed
and replaced with fresh medium containing [+/−] 80:20 NPs (200 nM), and
cells were incubated for 24 h for HT1080, MEF, Rat2 and CCD1058SK (sarcoma
and normal fibroblast); for 48 h for MDA-MB-231, MCF-10A, MCF7, SK-BR-3,
B16F1 and A375P (breast carcinoma, melanoma versus normal epithelial cells);
for 72 h for HCC38, MDA-MB-468, LNCaP-FCG and BT474 (breast and prostate
cancer); for 96 h for A549, NCI-1299 and NCI-H1573 cells (lung cancer) at 37 °C in
respective incubators. To assess acute cytotoxicity in detail, medium was removed
and replaced with fresh medium containing [+/−] NPs in concentrations of 50,
100 or 200 nM and cells were incubated for 24 h for HT1080 and MEF or for 48 h
for MDA-MB-231 and MCF-10A at 37 °C in respective incubators (Fig. 3, main
plots). To assess the long-term cytotoxicity, cells were treated for 48, 72 or 96 h
with 50 nM [+/−] NPs (Fig. 3, insets). Control represents cells cultured without
NPs. Because MCF-10A cells did not label appreciably with calcein-AM, they were
instead pre-labelled with CellTracker Green CMFDA dye (10 µM) for 30 min at
37 °C before [+/−] NP treatment, then washed once with PBS, treated with NPs
and finally labelled with ethidium homodimer-1 dye (1 µM). Images of live (green)
and dead (red) cells were automatically acquired using an IncuCyte ZOOM system
fitted with a ×20 objective (Live-Cell Analysis System IncuCyte ZOOM, Essen
BioScience). The numbers of live/dead cells were counted using the Cell Counter
PlugIn for ImageJ software (NIH) and the cytotoxicity was expressed as the
percentage of dead cells.
Quantification of cellular uptake of mixed-charge NPs by ICP-AES. Au NP
uptake in cells was determined with ICP-AES (Varian 700-ES), as described in
detail in Supplementary Note 5. The amount of Au in samples was normalized
against the number of cells per sample. Cells were counted using the Countess II
FL Automated Cell Counter (ThermoFisher Scientific).
Live cell imaging. For all live cell imaging experiments, cells were seeded in
native medium into glass-bottomed cell culture dishes coated with fibronectin
(25 µg ml−1) and allowed to adhere at 37 °C overnight. Cells were then cultured
untreated (Control/t = 0) or were treated with [+/−] NPs (50 nM, unless stated
otherwise in figure legends) and cultured for the indicated time intervals at 37 °C.
Live cell imaging was performed on a Nikon AR1 Confocal microscope fitted with
a ×60, 1.4 NA (numerical aperture) or ×100, 1.45 NA oil immersion objective and
LU-NV laser unit (Nikon) housing 488 nm (for exciting emerald green fluorescent
protein, eGFP), 561 nm (RFP/LysoTracker Red DND-99) and 638 nm (for confocal
reflection mode) laser lines. In most experiments, the confocal reflection mode
was combined with simultaneous fluorescence imaging of small-molecule dyes/
fusion proteins, thus allowing us to track and co-localize [+/−] NP aggregates
with various cellular structures/markers in living cells with high spatiotemporal
resolution. Endosomes were labelled with Rab5a-eGFP fusion protein and
lysosomes with LAMP1-TagRFP fusion protein (which marks lysosomes
independently of their acidification status, but, similar to Lysotracker, may also
mark autolysosomes) 24 h before the treatment with NPs. In separate experiments,
APs and ALs were tracked using an LC3B-eGFP-tagRFP autophagy sensor. Here,
APs correspond to neutral vesicles marked with LC3B protein (in neutral pH,
both eGFP and tagRFP emit light, so eGFP+/tagRFP+ double-positive vesicles
are classified as APs) and ALs to acidified vesicles marked with LC3B protein
(in an acidic environment, pH-sensitive eGFP is quenched, so eGFP−/tagRFP+
vesicles are classified as ALs). For most videos, time-lapse images were acquired at
~200 ms intervals (~5 frames per second) by using the resonant scanner mode. For
co-localization and lysosomal diameter analysis, lysosomes (including lysosomes,
autolysosomes and lysosomal vacuoles) were labelled with LysoTracker Red DND99 (50 nM) for the last 30 min of NP treatment and high-resolution midplane x–y
images of single cells were acquired immediately using the confocal microscope
galvano scanner mode. Temperature and CO2 concentrations were maintained
Nature Nanotechnology | www.nature.com/naturenanotechnology
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using a stage-fitted incubator system and gas mixer from Live Cell Instruments.
Unless otherwise specified, all cells were imaged in their native medium and
respective CO2 levels (as specified in the ‘Cell culture’ section).
Determination of lysosomal membrane integrity. Loss of lysosomal membrane
integrity was determined by live cell imaging of the leakage of lysosomal AO into
the cytoplasm in response to photo-oxidation, as described previously by others38,39.
Briefly, cells cultured in glass-bottomed cell culture dishes were treated with [+/−]
NPs (50 nM) for 6 h (HT1080 and MEF) or 12 h (MDA-MB-231 and MCF-10A).
Following treatment with NPs, AO (2 μg ml−1) was added directly to the growth
medium for an additional 15 min at 37 °C. Cells were washed three times, medium
was replaced with PBS containing 3% FBS, and samples were transferred to a
Nikon AR1 laser scanning confocal microscope stage equipped with a ×60, 1.4 NA
oil immersion objective. AO was excited using 488 nm light from a diode laser
(at 10% laser intensity) and lysosomal membrane disruption and leakage of AO
into cytoplasm were monitored by acquiring time-lapse images every 500 ms for a
total period of 120 s in a channel defined by a 495–555 nm bandpass filter. Green
fluorescence intensity was quantified within regions of interest (ROIs), marking
groups of cells by using NIS-Elements software as described in ref. 39. The galectin
puncta assay was performed as described previously40.
TEM. Cells were exposed to 50 nM [+/−] NPs (χTMA:χMUA = 80:20) for 1 h, 6 h or 24 h
and then washed with PBS, fixed with 2% glutaraldehyde and 2% paraformaldehyde
solution in PBS-sodium cacodylate buffer (50:50). Cells were harvested and postfixed with 2% osmium tetroxide, stained with 2% uranyl acetate and embedded in
propylene oxide and Eponate. Sections, 80 nm thick, were cut with a Leica ultracut
UCT ultramicrotome, and samples were examined on Zeiss LEO 912AB or JEM2100 (JEOL) electron microscopes at the Korea Basic Science Institute.
Data analysis. Unless stated otherwise, all image processing and analysis was
performed using NIS-Elements Imaging Software v. 4.50 (Nikon).
Quantification of co-localization. Co-localization corresponds to yellow regions
(merging of red LysoTracker Red and green reflection/NP images) and was
quantified by computing the PCC37 using NIS-Elements software. First, the
background was subtracted for the two images (reflection = NP aggregates and
Lysotracker Red = lysosomes) and ROIs were drawn around single cells (the cell
outline was identified in the differential interference contrast (DIC) image). For
co-localization of NP aggregates with autophagic organelles, PCC values were
determined for Reflection/eGFP (signifying co-localization with APs) and Reflection/
TagRFP (signifying co-localization with APs and ALs) images, as described above.
Based on PCC (PCC > 0.1 was treated as positive co-localization), each cell was
classified as having NP aggregates localizing only in yellow (AP), only in red (AL),
in both types of vesicle (AP + AL) or in neither type of vesicle. Proportions of cells
displaying the indicated co-localization pattern are shown in Fig. 6e.
Quantification of lysosome size. Lysosomal size was analysed by quantifying
the mean diameter of LysoTracker Red DND-99-labelled vesicles from X–Y
midplane images obtained with confocal microscopy. Lysosomes were identified
by searching for threshold numbers until threshold masks became the same size
as the lysosomes. Because the vesicles were not perfectly spherical, the equivalent
diameter (Deq)—defined as the diameter of a circle with the same total area as
the measured object: Deq = √(4 × area/π)—was calculated. Vesicles of diameters
ranging from 0.3 µm to 3 µm were used for analysis and clustered lysosomes were
excluded in the size analysis. Lysosomal diameter is expressed as percent increase
in diameter relative to control (untreated/t = 0).
Statistics and reproducibility. Data were analysed using Microsoft Excel and
OriginPro software. Data in bar graphs and line plots are presented as mean ± s.d.
unless specified otherwise. For data displayed in box-and-whisker plots, boxes
delineate lower and upper quartiles of the data, middle lines show median values,
dots (if present) show individual data points and whiskers show minimal and
maximal values for each dataset.
A two-tailed Student’s test was used for comparisons of two groups and oneway ANOVA followed by Tukey’s post-hoc test for multiple comparisons. Exact
P values, as appropriate, are shown in the figures, listed in the figure legends or,
for Fig. 6, listed below when P ≥ 0.00001. Results were considered as significantly
different when P < 0.05. Significant differences are denoted with asterisk(s) as
follows: *P < 0.05, **P < 0.00001. Exact numbers of data points are listed in the
figure legends (for Figs. 1–4) or in the following (for Figs. 5 and 6):
Figure 5c: HT1080, n = 15 cells; MDA-MB-231, n = 33 cells; MCF7, n = 11 cells;
SKBR3, n = 11 cells; MEF, n = 13 cells; MCF-10A, n = 11 cells; Rat2, n = 10 cells;
CCD1058SK, n = 11 cells.
Figure 5d: HT1080, n = 11 cells; MDA-MB-231, n = 5 cells; MCF-10A, n = 10
cells; SKBR3, n = 11 cells; MEF, n = 6 cells; MCF-10A, n = 5 cells; Rat2, n = 10 cells;
CCD1058SK, n = 10 cells.
Figure 5e: HT1080: control, n = 5 independent biological replicates (in Fig. 5e,f,
each biological replicate is a time-lapse sequence containing ~20 cells); TMA, n = 8,
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80:20: n = 10, 91:9: n = 10, 61:39 n = 10. MEF: control, n = 5; TMA, n = 5; 80:20,
n = 5; 91:9, n = 5; 61:39, n = 5.
Figure 5f: MDA-MB-231: control, n = 9; TMA, n = 9; 80:20, n = 10; 91:9, n = 9;
61:39, n = 10. MCF-10A: control, n = 5; TMA, n = 5; 80:20, n = 6; 91:9, n = 4;
61:39, n = 6.
Figure 5i: MCF7-mAG-gal3: control-before, n = 14 cells; control-after,
n = 14 cells; 100:0-before, n = 12 cells; 100:0-after, n = 12 cells; 80:20-before, n = 17
cells; 80:20-after, n = 20 cells; siramesine-before, n = 23 cells; siramesine-after
n = 23 cells.
Figure 5j: Similar results were observed in experiments with three cancer
(HT1080, MDA-MB-231, MCF7) and two normal (MEF, MCF-10A) cell types
(Supplementary Videos 1–5). The exact numbers of videos/cells analysed were as
follows. HT1080: control, n = 7; 80:20, n = 3. MDA-MB-231: control, n = 4; 80:20
n = 7. MCF7: control, n = 3; 80:20, n = 3. MEF: control, n = 3; 80:20, n = 4. MCF10A: control, n = 4; 80:20, n = 3.
Figure 6d: HT1080: t = 0, n = 54 cells; t = 12 h, n = 24 cells; t = 24 h, n = 23 cells.
Figure 6e: HT1080: t = 2 h, n = 13 cells; t = 6 h, n = 41 cells; t = 12 h, n = 24 cells;
t = 24 h, n = 23 cells. MEF: t = 2 h, n = 10 cells; t = 6 h, n = 16 cells; t = 12 h, n = 16
cells; t = 24 h, n = 12 cells.
Figure 6f: MEF: t = 0, n = 20 cells; t = 12 h, n = 16 cells; t = 24 h, n = 12 cells.
PCC values corresponding to data shown in Fig. 6e and statistical analysis:
HT1080: 24 h, PCC (NP/TagRFP ≈ APs + ALs) = 0.49 ± 0.13; n = 23
cells versus 2 h, 0.18 ± 0.06; n = 13 cells, **P < 0.00001. 24 h, PCC (NP/
eGFP ≈ APs) = 0.20 ± 0.17; n = 23 cells versus 2 h, 0.07 ± 0.07; n = 13
cells,*P = 0.003186. A two-tailed Student’s t-test with unequal variances.
MEF: 24 h, PCC (NP/TagRFP) = 0.22 ± 0.10; n = 12 cells versus 2 h,
PCC = 0.04 ± 0.06; n = 10 cells,*P = 0.000025. 24 h, PCC (NP/eGFP) = −0.02 ± 0.03;
n = 12 cells versus 2 h, PCC = 0 ± 0.04; n = 10 cells, P = 0.28228. A two-tailed
Student’s t-test with equal variances.
All other experimental details are described in Supplementary Note 5.
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data used to generate results in the current study are available from the
corresponding authors upon reasonable request.

Code availability

Code used to compute osmotic pressures and NP volume fractions in lysosomes
described in Supplementary Note 3 is available in GitHub repository (https://doi.
org/10.5281/zenodo.3570320). Code for spatial analysis of lysosome distributions
(from Lysotracker images) along with the raw data are available from the GitHub
repository (https://doi.org/10.5281/zenodo.3570315).
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Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.
Sample size

No statistical method was used to determine sample size. The sample size for experiments on cells were chosen to ensure they are sufficient
for statistical comparison between different groups, and similar to those used in the field.

Data exclusions

No data was excluded from the analyses.

Replication

To ensure the robustness, we performed independent biological replicates for each experiment.

Randomization

Randomization of the allocation of samples (e.g., petri dishes with cells) to treatment groups for standard cell biological experiments is not a
standard practice in the field, thus it was not implemented.

Blinding

Based on previous studies in this field, these assays do not require blinding. Therefore, blinding was not used in the study.
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in Supplementary Note 5 and in Figure legend; raw minimally processed images are shown in Supplementary Figs. 11 and 12. Supplementary Figs 29 and 30 have
associated raw TEM images based on which osmotic pressures were computed.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems

Methods

n/a Involved in the study

n/a Involved in the study

Antibodies

ChIP-seq

Eukaryotic cell lines

Flow cytometry

Palaeontology

MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Antibodies
Antibodies used

The following antibodies were used in this study. They are list as antigen first, followed by supplier, catalog number and dilution
as application.
1) LAMP2 (H4B4), Santa Cruz sc-18822, 1:1000 for western blot
2) RagC, Cell Signalling Technology, 3360S, 1:1000 for western blot
3) mTOR, Cell Signalling Technology, 2983S, 1:1000 for western blot
4) HRP-anti-mouse IgG H&L, Abcam, ab205719, 1:5000
5) HRP-anti-rabbit IgG (H+L), ThermoFisher Scientific, 31460, 1:10000

Validation

All antibodies were verified by the supplier and each lot has been quality tested.

Policy information about cell lines
Cell line source(s)

HT1080, MCF-10A, and MDA-MB-231 and MDA-MB-468, Rat2, CCD1058SK, MCF7, SK-BR-3, B16F1 were from American Type
Culture Collection (ATCC). LNCaP.FCG, A375P, BT474 and HCC38, A549, NCI-H1299, and NCI-H1573 were from Korean Cell
Line Bank. Mouse embryonic fibroblasts (MEF) were a gift from Prof. Xin Tong (Northwestern University Medical School,
Chicago, IL, USA). Galectin3 reporter cell lines MCF7-mAG-gal3 and U2OS-mCherry-gal3 were generously provided to us by
Prof. David Egan and Prof. Harald Wodrich, respectively.
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Eukaryotic cell lines

2

Cell lines have not been independently authenticated.

Mycoplasma contamination

Yes, cell lines tested negative for mycoplasma, statement is included in Methods section.

Commonly misidentified lines

None

(See ICLAC register)

Flow Cytometry
Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.
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Authentication

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation

Described in Methods and in Supplementary Fig. 6 legend.

Instrument

BD LSRFortessa Cell Analyser.

Software

BD FACSDiva v6.1.2

Cell population abundance

Not applicable because cell sorting was not performed.

Gating strategy

All cells were analyzed excluding those that had FSC/SSC below 5K. See image of gating strategy in Supplementary Fig. 6a

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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