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a b s t r a c t

Chirality, ubiquitous in living matter, plays vital roles in a series of physiological processes. The clari-

fication of the multiple functions of chirality in bioapplications may provide innovative methodologies

for engineering anti-tumor agents. Nevertheless, the related research has been rarely explored. In this

study, the chiral supramolecular l/d-cysteine (Cys)-Zn2+-indocyanine green (ICG) nanoparticles were con-

structed through the coordination interaction between l/d-Cys and Zn2+, followed by the encapsulation of

ICG. Experimental findings revealed that the d-Cys-Zn2+-ICG exhibited 17.31 times higher binding affinity

toward phospholipid-composed liposomes compared to l-Cys-Zn2+-ICG. Furthermore, driven by chirality-

specific interaction, a 2.07 folds greater cellular internalization of d-Cys-Zn2+-ICG than l-Cys-Zn2+-ICG
was demonstrated. Additionally, the triple-level chirality-dependent photothermal, photodynamic and

Zn2+ releasing anti-tumor effects of l/d Cys-Zn2+-ICG in vitro were verified. As a result, the d-formed

nanoparticles achieved 1.93 times higher anti-tumor efficiency than the l-formed ones. The triple-level

chirality-mediated anti-tumor effect highlighted in this study underscores the enormous potential of chi-

rality in biomedicine and holds substantial significance in improving cancer therapeutic efficacy.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chirality is ubiquitous in living matter, and it is particularly in-

teresting that chiral components in biological life exist solely in

one mirror-image form [1,2]. For instance, amino acids are in l-

form and sugars are in d-form [3]. The chiral preference of pro-

teins, nucleic acids and cells through enantioselective interaction

with specific enantiomers plays significant roles in metabolism, ge-

netic information storage and transfer, cell proliferation and differ-

entiation, toxicology and pharmacology, etc. [4]. As a consequence,

drugs with opposite chirality can cause different or even reversed

effects [5]. The thalidomide tragedy in the 1960s clearly illustrates

this point. Since then, chirality has been considered a key factor to

be concerned with in the perspective of bioapplication.

Supramolecular assemblies have been emerging as excellent

candidates in cancer therapy [6-8]. Compared to chiral molecules,

chiral nanomaterials, particularly chiral supramolecular nanoma-

terials, often constructed through the presence of chiral agents

[9-12], can create defined chiral microenvironments throughout

the whole system taking advantage of chirality transfer or chiral-

ity amplification, which could in further enhance their enantiose-
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lective interaction with chiral matters, e.g., phospholipid bilayers-

composed cell membranes [13-15]. Currently, taking advantage of

the chirality-biased interaction with specific enantiomers, chirality-

specific bioapplications, such as biosensing [16], biocatalysis [17],

protein folding and misfolding [18], cellular energy metabolism

[19,20], immune response [21], cell proliferation and differentiation

[22], and, in particular, cytotoxicity [23,24] have been reported. For

instance, Jaklenec et al. revealed that the d-formed cobalt oxide

nanoparticle-based supraparticles exhibited greater levels of cyto-

toxicity than that of l-formed ones [25]. They also clarified that the

chirality-specific cytotoxicity of d/l-supraparticles was attributed

to their varying efficiency in cellular uptake. In addition, Liu et al.

demonstrated that gold nanomaterials with opposite chiral mor-

phologies showed differential cellular uptake efficiency as well,

with d-formed ones exhibiting more than 30% enhanced cellular

uptake compared to l-formed ones [26]. Drawing inspiration from

this and similar studies, coupled with the understanding that cell

apoptosis often stems from compromised intracellular organelle

function [27,28], manipulating the chirality of anti-tumor nanoa-

gents could open up novel avenues in cancer therapy. Additionally,

the integration of multi-level chirality-mediated anti-tumor pro-

cesses has the potential to amplify chirality-specific effects, which
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Scheme 1. Schematic illustration depicting the triple-level chirality-specific anti-tumor effects of the pH-responsive l/d-Cys-Zn2+-ICG nanoparticles.

can lead to a better understanding of the importance of chirality in

biotherapy. Despite its promising prospects, it is noted that there

is a scarcity of related research in this area.

Cysteine (Cys) is one of the most abundant biothiols in living

systems. Due to the presence of functional groups, i.e., carboxylate

groups, amino groups and thiol groups (-SH), Cys can bind with

metal ions, e.g., Zn2+ [29]. Since the pKa of the -SH of Cys is ∼7.4,

close to normal physiological pH, the slight change of the biologi-

cal microenvironment pH can vary the ionization state of -SH and

thus the binding affinity between Cys and Zn2+ [30]. Therefore,

the pH alteration in biological systems can manipulate the Zn2+

release behavior of Cys-Zn2+ related systems and initiate anti-

tumor effect by increasing mitochondrial reactive oxygen species

(ROS) via inhibiting the electron transport chain [31,32]. Consider-

ing the abovementioned facts, herein, we constructed chiral l/d-

Cys-Zn2+ nanoparticles through the coordination between Cys and

Zn2+. With further encapsulation of a photothermal and photody-

namic agent (indocyanine green, ICG), chiral anti-tumor agents of

l/d-Cys-Zn2+-ICG with the almost identical ICG encapsulation ef-

ficiency were prepared. Further results indicated that the l-Cys-

Zn2+-ICG and d-Cys-Zn2+-ICG exhibited similar photothermal, pho-

todynamic and pH-responsive Zn2+ release performance in aque-

ous dispersion. However, due to the higher cellular internaliza-

tion efficiency, the more concentrated intracellular d-Cys-Zn2+-
ICG induced better photothermal and photodynamic cancer ther-

apeutic efficacy compared to l-Cys-Zn2+-ICG (Scheme 1). More-

over, the differential cellular internalization induced distinct in-

tracellular Zn2+ release efficiency further amplified the chirality-

specific anti-tumor efficacy. As a consequence, the d-Cys-Zn2+-ICG
caused 1.93 times higher anti-tumor efficiency than the l-formed

ones. The simultaneous function of the triple-level chirality-specific

processes well confirmed the significance of chirality in regulating

cancer therapeutic efficacy.

To prepare chiral nanomaterials, a mixture of l/d-Cys and NaOH

was added dropwise to ZnCl2 aqueous solution. After stirring for

5min, the mixture was washed with H2O and the resulting pre-

cipitate of l/d-Cys-Zn2+ was obtained. To study the morphology

of l/d-Cys-Zn2+ nanomaterials, the scanning electron microscopy

(SEM) was carried out. From Figs. 1A and B, it is clear that both

l-Cys-Zn2+ and d-Cys-Zn2+ exhibited spherical shape with an av-

erage diameter of 57nm (Fig. S1 in Supporting information). In

contrast with the nanostructures obtained by the individual l/d-

Cys (Fig. S2 in Supporting information), of which were character-

ized as irregular nanosheets, the significant change in morphology

well indicated the interaction between l/d-Cys and Zn2+. The scan-

ning transmission electron microscopy (STEM) coupled with en-

ergy dispersive X-ray spectroscopy (EDX) analysis (Figs. 1C and D)

showed the homogeneous distribution of both S and Zn elements

within the l/d-Cys-Zn2+ nanoparticles, further suggesting the in-

teraction between l/d-Cys and Zn2+. From the Fourier transform

infrared spectroscopy (FTIR, Fig. 1E), the stretching vibration peak

of l/d-Cys at ∼2550 cm−1 disappeared, confirming the binding

between Zn2+ and -SH. Moreover, the X-ray photoelectron spec-

troscopy (XPS) was conducted. As revealed from Fig. 1F, the signals

of C, N, O, S, and Zn were clearly observed in the XPS spectra. With

further analysis, the binding energies of Zn 2p3/2 and Zn 2p1/2 of l-

Cys-Zn2+ and d-Cys-Zn2+ nanoparticles were identical and demon-

strated to be 1021.13 eV and 1044.18 eV (Fig. 1G) respectively, in-

dicating the Zn elements were existed in Zn2+ form [33]. From

the S 2p spectra (Fig. 1H), compared to l/d-Cys, evident changes

were occurred in the cases of l/d-Cys-Zn2+. Specifically, the S 2p1/2

signals of l/d-Cys-Zn2+ were shifted from 163.68 eV to 163.08 eV,

while that of S 2p3/2 were shifted from 162.48 eV to 161.78 eV (Fig.

1H). The changes in binding energy undoubtedly can be attributed

to the altered electron density of S resulting from the coordination

of -SH and Zn2+.
The ultraviolet-visible (UV–vis) spectra of l/d-Cys-Zn2+ were

further recorded, where a shift in the maximum UV–vis absorption

peak from 209nm to 225nm (Fig. 1I), compared to l/d-Cys, was

observed. These results further indicated the occurrence of the as-

sembly between l/d-Cys-Zn2+ complexes. To demonstrate the driv-

ing force of the self-assembly of l/d-Cys-Zn2+ complex, the FTIR

spectra of l/d-Cys compounds and l/d-Cys-Zn2+ assemblies were

further analyzed. As shown in Fig. 1E, the NH stretching peaks at

3181 cm−1 were clearly observed in the case of l/d-Cys, while al-

most invisible in l/d-Cys-Zn2+ assemblies. In addition, the carbonyl

stretching and NH deformation signals of l/d-Cys at 1579 cm−1 and

1527 cm−1 displayed distinct changes in both wavenumber and in-

tensity compared to l/d-Cys-Zn2+ assemblies. Given the interaction

between Zn2+ and Cys lies in the binding between Zn2+ and -SH
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Fig. 1. SEM image of (A) l-Cys-Zn2+and (B) d-Cys-Zn2+ . EDX mapping image of (C) l-Cys-Zn2+ and (D) d-Cys-Zn2+ . (E) FTIR spectra of l/d-Cys and l/d-Cys-Zn2+ . (F) XPS

spectra, (G) Zn 2p XPS spectra, (H) S 2p XPS spectra, (I) UV–vis absorption spectra and (J) CD spectra of l/d-Cys and l/d-Cys-Zn2+ .

group, the changes of carbonyl and NH vibration peaks after self-

assembly into nanoparticles showcase the intermolecular hydrogen

bonding interaction between -COOH and -NH2, which further at-

tributes to the formation of l/d-Cys-Zn2+ supramolecular nanopar-

ticles. To understand the chiral feature of l/d-Cys-Zn2+ nanopar-

ticles, the circular dichroism (CD) spectra were investigated. As

shown in Fig. 1J, the l-Cys-Zn2+ displayed a positive cotton ef-

fect at 200nm and a negative cotton effect at 238nm. While the

d-Cys-Zn2+ showed a negative cotton effect at 200nm and a posi-

tive cotton effect at 238nm. The mirror-imaged CD signals of l/d-

Cys-Zn2+ indicated their opposite chiral characteristics. In addition,

with further observation, one can notice that the crossover of the

CD spectra of l/d-Cys-Zn2+ was located at 225nm, which is exactly

overlapped with their maximum UV–vis absorption and reveals the

feature of exciton-type CD spectra. These results unambiguously

proved that the molecular chirality of l/d-Cys was successfully

transferred to l/d-Cys-Zn2+ nanoparticles, resulting supramolecu-

lar chirality.

To endow the chiral l/d-Cys-Zn2+ nanoparticles with anti-

tumor effect, the ICG molecules, known for photothermal and pho-

todynamic performance [34], were encapsulated into l/d-Cys-Zn2+

nanoparticles. From the UV–vis spectra of l/d-Cys-Zn2+-ICG (Fig.

S3 in Supporting information), the characteristic UV–vis absorption

peak of ICG emerged at 776nm. Additionally, from the fluorescence

spectra of l/d-Cys-Zn2+-ICG, the typical fluorescent signals of ICG

were observed at 814nm (Fig. S4 in Supporting information). The

above results well indicated the successful encapsulation of ICG in

l/d-Cys-Zn2+ nanoparticles. Subsequently, according to the calibra-

tion curve of ICG (Fig. S5 in Supporting information), the encapsu-

lation efficiency of ICG was determined to be 70.22% and 71.32% for

l-Cys-Zn2+-ICG and d-Cys-Zn2+-ICG. Moreover, the CD spectra of

l/d-Cys-Zn2+-ICG were measured and no significant changes com-

pared to l/d-Cys-Zn2+ were observed (Fig. S6 in Supporting infor-

mation), confirming the opposite chirality was preserved in l/d-

Cys-Zn2+-ICG nanoparticles.

To investigate the chirality-actuated differential interaction be-

tween l/d-Cys-Zn2+ nanoparticles and biological systems, lipo-

somes, with bilayer membrane structures, were synthesized using

chiral lecithin through the thin film hydration method to mimic

cell membranes [35]. From the confocal microscopic image, the as

prepared liposomes were characterized with an average diameter

of ∼2μm (Fig. S7 in Supporting information). The zeta potential

measurement showed that the liposomes were featured with neg-

ative charged surfaces (Fig. S8 in Supporting information). To in-

vestigate the chirality-specific interaction between liposomes and

l/d-Cys-Zn2+, the surface plasmon resonance (SPR) experiments

were conducted. Specifically, the liposomes were initially immo-

bilized on a sensor chip, followed with the further addition of the
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Fig. 2. ITC results for the titration of liposome dispersion into (A) l-Cys-Zn2+-ICG and (B) d-Cys-Zn2+-ICG. Bio-TEM images of HeLa cells after being incubated with (C)

l-Cys-Zn2+-ICG and (D) d-Cys-Zn2+-ICG.

l/d-Cys-Zn2+ dispersion. As shown in Fig. S9 (Supporting informa-

tion), the change of resonance angle induced by d-Cys-Zn2+ is ev-

idently larger than that of l-Cys-Zn2+. The calculated change ratio

in resonance angle attributable to d-Cys-Zn2+ (the change in res-

onance angle before and after the addition of l/d-Cys-Zn2+ rela-

tive to the change in resonance angle before and after liposome

immobilization, 247.0%) was approximately 2.27 times larger than

that of l-Cys-Zn2+ (108.9%). These findings suggest a more pro-

nounced interaction between d-Cys-Zn2+ and liposomes compared

to l-Cys-Zn2+, implying the chirality-specific interaction between

l/d-Cys-Zn2+ and chiral liposomes. Encouraged by the above re-

sults, the chirality-dependent interaction between liposomes and

l/d-Cys-Zn2+-ICG was further explored using isothermal titration

calorimetry (ITC) technique. By fitting the calorimetric changes

during titration, the binding constants between l/d-Cys-Zn2+-ICG
and liposomes were demonstrated. As illustrated in Figs. 2A and

B, the binding constant between d-Cys-Zn2+-ICG and liposomes

(4.50×103 L/mol) was approximately 17.31 times greater than that

of l-Cys-Zn2+-ICG (2.60×102 L/mol), which provides additional ev-

idence for the favorable binding between d-Cys-Zn2+-ICG and lipo-

somes.

To further investigate the chirality-specific performance of l/d-

Cys-Zn2+-ICG nanoparticles in a biological context, these nanopar-

ticles were separately incubated with HeLa cells for 24h and

subsequently analyzed using bio-transmission electron microscopy

(Bio-TEM). As depicted in Figs. 2C and D, and Fig. S10 (Support-

ing information), it is noteworthy that the nanoparticles in d-form

exhibited a larger cellular internalization efficiency compared to l-

Cys-Zn2+-ICG nanoparticles. Furthermore, the quantification of the

internalized nanoparticles in cells was achieved by measuring the

2D pixels associated with l/d-Cys-Zn2+-ICG nanoparticles. As il-

lustrated in Fig. S11 (Supporting information), the statistical anal-

ysis revealed that the internalization amount of d-Cys-Zn2+-ICG
was 2.07 times higher than that of l-Cys-Zn2+-ICG. These findings

demonstrate that d-Cys-Zn2+-ICG nanoparticles possess higher cel-

lular uptake efficiency compared to l-Cys-Zn2+-ICG. Given that the

cell membranes are composed of chiral phospholipid bilayer, the

differential cellular internalization efficiency observed can be at-

tributed to the chirality-specific interaction between cell mem-

branes and l/d-Cys-Zn2+-ICG nanoparticles.

As the l/d-Cys-Zn2+-ICG nanoparticles showed evident absorp-

tion in the NIR-I range, their photothermal performances were

then investigated. Primarily, the temperature change of l/d-Cys-

Zn2+ nanoparticles and PBS buffer solution under 808nm laser ir-

radiation (1.0W/cm2) was monitored. As shown in Fig. S12 (Sup-

porting information), no obvious temperature increase was noticed.

Nevertheless, under the identical condition, a significant tempera-

ture raise was observed for l/d-Cys-Zn2+-ICG (Figs. 3A-D). In par-

ticular, the temperature change of l/d-Cys-Zn2+-ICG dispersion is

proportional to concentration and laser power density. Specifically,

at a concentration of 1.00mg/mL, the temperature of l/d-Cys-Zn2+-
ICG increased 20.4 °C within 10min of 808nm laser irradiation

(1.0W/cm2). To intuitively evaluate the photothermal performance

of l/d-Cys-Zn2+-ICG, the infrared thermal images of l/d-Cys-Zn2+-
ICG dispersion upon laser irradiation at various laser power densi-

ties were collected (Figs. 3E and F) and the excellent photother-

mal property of l/d-Cys-Zn2+-ICG was further confirmed. More-

over, it should be noted that due to the similar ICG encapsulation

efficiency, the photothermal heating curves of l-Cys-Zn2+-ICG and

d-Cys-Zn2+-ICG were nearly identical, suggesting their chirality-

independent photothermal performance in aqueous dispersion. To

further investigate the photothermal performance in vitro, the l/d-

Cys-Zn2+-ICG nanoparticles were separately incubated with HeLa

cells for 24h. After thorough washing to remove free l/d-Cys-Zn2+-
ICG nanoparticles, the HeLa cells were exposed to 808nm laser

irradiation for 4min and the corresponding infrared thermal im-

ages were recorded. As shown in Fig. 3G, the temperature of the

HeLa cells without laser irradiation was ∼29 °C. After laser irra-

4



Q. Ye, Y. Liang, Y. Yuan et al. Chinese Chemical Letters 36 (2025) 110432

Fig. 3. Photothermal heating curves of l-Cys-Zn2+-ICG (A, B) and d-Cys-Zn2+-ICG (C, D) dispersions at different concentrations or different laser power densities. (E) The

infrared thermal images of l-Cys-Zn2+-ICG aqueous dispersions (1.00mg/mL) upon different laser irradiation time. From top to bottom: l-Cys-Zn2+-ICG (2.0W/cm2), l-Cys-

Zn2+-ICG (1.5W/cm2), l-Cys-Zn2+-ICG (1.0W/cm2), l-Cys-Zn2+-ICG (0.5W/cm2) and PBS solution (1.0W/cm2). (F) The infrared thermal images of d-Cys-Zn2+-ICG aqueous

dispersions (1.00mg/mL) upon different laser irradiation time. From top to bottom: d-Cys-Zn2+-ICG (2.0W/cm2), d-Cys-Zn2+-ICG (1.5W/cm2), d-Cys-Zn2+-ICG (1.0W/cm2),

d-Cys-Zn2+-ICG (0.5W/cm2) and PBS solution (1.0W/cm2). (G) The infrared thermal images of l/d -Cys-Zn2+-ICG treated HeLa cells before and after 808nm laser irradiation.

(H) The quantification of the average temperature rises of l/d-Cys-Zn2+-ICG treated HeLa cells after 808nm laser irradiation. Data were presented as mean ± SD. n=3.

diation, the temperature of the l-Cys-Zn2+-ICG treated HeLa cells

reached 37.5 °C, while that of d-Cys-Zn2+-ICG treated HeLa cells

achieved 38.9 °C. With further statistical analysis (Fig. 3H), the av-

erage temperature rises of d-Cys-Zn2+-ICG treated cells (10.2 °C)
was 1.46 times higher than that of l-Cys-Zn2+-ICG treated cells (7.0

°C). Given the almost identical photothermal performance of l/d-

Cys-Zn2+-ICG in aqueous dispersion, the differential photothermal

behavior in vitro can be only ascribed to their chirality-dependent

cellular internalization.

Given the photodynamic nature of ICG, the photodynamic

performance of l/d-Cys-Zn2+-ICG was explored using 2′,7′-
dichlorodihydrofluorescein (DCFH) as a probe [36-38]. It is text

knowledge that DCFH is a non-fluorescent compound. However,

upon oxidation by singlet oxygen (1O2), the resulting product of

2′,7′-dichlorofluorescein (DCF) exhibits evident green fluorescence.

Therefore, the monitoring of the fluorescence intensity of DCF at

524nm can provide valuable information on 1O2 generation. As re-

vealed from Figs. 4A and B, the DCFH, DCFH+ Laser, l-Cys-Zn2+-

Fig. 4. (A) Fluorescence spectra and (B) fluorescence intensity (524nm) of DCFH, l-Cys-Zn2+-ICG and d-Cys-Zn2+-ICG aqueous dispersions in the presence or absence of

808nm laser irradiation. Data were presented as mean ± SD. n=3. (C) SEM image of l-Cys-Zn2+-ICG and d-Cys-Zn2+-ICG at pH (left) 7.4 and (right) 6.5. (D) Zn2+ release

efficiency of l/d-Cys-Zn2+-ICG at various pH conditions. (E) Fluorescence microscopic images of zinquin ethyl ester-stained NCM460 and HeLa cells after incubation with

l/d-Cys-Zn2+-ICG for 4h. Scale bar: 50 μm. (F) Fluorescence microscopic images of DCFH-DA-stained HeLa cells after various treatments. Scale bar: 50 μm. “+” represents the

presence of laser irradiation.
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Fig. 5. Cell viability of (A) NCM-460 cells and (B) HeLa cells after being incubated with different concentrations of l/d-Cys-Zn2+-ICG. (C) Fluorescence microscopic images of

Hoechst/PI co-stained HeLa cells after various treatments. “+” represents laser irradiation, Scale bar: 100μm. Data were presented as mean ± SD. n=3. ∗P < 0.05.

ICG+DCFH and d-Cys-Zn2+-ICG+DCFH showed quite weak fluo-

rescence. Nevertheless, upon 808nm laser irradiation for 10min,

significant increase in fluorescence was occurred in the case of l/d-

Cys-Zn2+-ICG+DCFH, indicating the generation of 1O2 and the ex-

cellent photodynamic performance of l/d-Cys-Zn2+-ICG. Moreover,

it is worth mentioning that, according to Figs. 4A and B, the 1O2

generation efficiency of both l-Cys-Zn2+-ICG and d-Cys-Zn2+-ICG
is almost identical, suggesting the chirality-independent photody-

namic characteristics of l/d-Cys-Zn2+-ICG in aqueous dispersions.

As discussed above, the coordination interaction between -SH

and Zn2+ is the driving force for the construction of l/d-Cys-

Zn2+-ICG nanoparticles. Given the pH alteration can regulate the

binding between Cys and Zn2+ [39], the pH responsive activity

of l/d-Cys-Zn2+-ICG was investigated. As depicted in Fig. 4C, the

l/d-Cys-Zn2+-ICG showed spherical nanostructure at neutral pH

(pH 7.4). However, at pH 6.5, the initial spherical morphology of

l/d-Cys-Zn2+-ICG was disrupted, resulting in irregular shape. Tak-

ing in mind that the self-assembly of l/d-Cys-Zn2+-ICG nanopar-

ticles was initiated by the coordination interaction between -SH

and Zn2+, the alteration in morphology of l/d-Cys-Zn2+-ICG at

acidic condition may due to the interruption of the binding be-

tween Cys and Zn2+, which may consequently induce Zn2+ re-

lease. To confirm the above assumption, the Zn2+ release of l/d-

Cys-Zn2+-ICG at various pH was evaluated by inductively coupled

plasma-optical emission spectrometer (ICP-OES) analysis. As re-

vealed from Fig. 4D, the l/d-Cys-Zn2+-ICG showed negligible Zn2+

release (∼5%) at pH 7.4. At pH 6.5, evident Zn2+ release (∼16%) was

observed for both l-Cys-Zn2+-ICG and d-Cys-Zn2+-ICG nanopar-

ticles. When the pH was further decreased to 5.5, up to 30%

of Zn2+ was released. The above results clearly verified the pH-

responsive Zn2+ release performance of l/d-Cys-Zn2+-ICG. Since

the tumor microenvironment pH is about 6.5 and the intracellular

lysosome pH is about 5.5, it is safe to say that the l/d-Cys-Zn2+-
ICG can undergo stimuli-responsive Zn2+ release in tumor tissue

and initiate the anti-tumor effect by increasing mitochondrial ROS

production [40].

To verify the above phenomenon in biological system, the HeLa

cells were incubated with l/d-Cys-Zn2+-ICG for 24h. After thor-

ough washing to remove free nanoparticles, the bio-TEM of the

HeLa cells were carried out. As revealed from Figs. S13A and B

(Supporting information), the l/d-Cys-Zn2+-ICG with only irregu-

lar morphology was observed intracellularly, confirming the tu-

mor microenvironment pH-responsive nanostructure disruption of

l/d-Cys-Zn2+-ICG. To further clarify the morphology alteration in-

duced Zn2+ release of l/d-Cys-Zn2+-ICG, the intracellular Zn2+ de-

tection was conducted using zinquin ethyl ester as a probe [41].

It is known that zinquin ethyl ester itself is non-fluorescent. How-

ever, when binds to Zn2+, it can generate bright blue fluorescence.

As shown in Fig. 4E, when incubated with l/d-Cys-Zn2+-ICG, both
NCM460 cells (normal cells) and HeLa cells (tumor cells) showed

obvious blue fluorescence compared to control groups. However,

the fluorescence intensity produced in HeLa cells evidently sur-

passed that in NCM460 cells, confirming the tumor microenviron-

ment pH-responsive Zn2+ release of l/d-Cys-Zn2+-ICG. With fur-

ther observation, in both NCM460 and HeLa cells, the d-Cys-Zn2+-
ICG nanoparticles always induced a greater intracellular Zn2+ re-

lease than that of l-Cys-Zn2+-ICG, which can be attributed to their

higher cellular internalization efficiency. According to the previous

publication [31,42], the excessive intracellular Zn2+ accumulation

can inhibit the mitochondrial electron transport chain and, in fur-

ther, boost intracellular ROS production. Therefore, the enantiose-

lective intracellular Zn2+ release of l/d-Cys-Zn2+-ICG can be asso-

ciated with their anti-tumor efficacy.

Given the ROS generation possibility by both Zn2+ release and

photodynamic performance, the ROS generation capability of l/d-

Cys-Zn2+-ICG was evaluated using 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA) probe. Specifically, the l/d-Cys-Zn2+-ICG was

separately incubated with NCM460 cells and HeLa cells. As shown

6
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Fig. 6. (A) Fluorescence microscopic images of JC-1-stained HeLa cells after various treatments. Scale bar: 50 μm. The quantification of the fluorescence intensity of (B) the

red signal and (C) the green signal of A. “+” represents laser irradiation. Data were presented as mean ± SD. n=10. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

in Fig. 4F, compared to the control groups, evident blue fluores-

cence was observed in both cases without laser irradiation, sug-

gesting the Zn2+ release triggered ROS generation. While exposed

to 808nm laser irradiation, significant increase in fluorescence was

detected in NCM460 cells and HeLa cells, which indicated the si-

multaneous function of Zn2+ release and the photodynamic na-

ture of l/d-Cys-Zn2+-ICG in ROS generation. Moreover, one can no-

tice that the fluorescence intensity in the d-Cys-Zn2+-ICG treated

HeLa cells was consistently higher than that in the l-Cys-Zn2+-
ICG treated HeLa cells regardless of laser irradiation. Since the ROS

generation efficiency and Zn2+ release efficiency of l-Cys-Zn2+-ICG
and d-Cys-Zn2+-ICG in aqueous dispersion were demonstrated to

be identical, the chirality-specific intracellular ROS generation effi-

ciency can be only attributed to their chirality-dependent cellular

internalization performance.

Given the ICG may be released along with the morphology

disruption of l/d-Cys-Zn2+-ICG, the l/d-Cys-Zn2+-ICG nanoparti-

cles were separately dispersed at different pH conditions. Subse-

quently, the supernatants were collected and the UV–vis spectra

were recorded. According to the calibration curves of ICG (Fig. S14

in Supporting information), it turns out that at pH 7.4, a negligible

release of ICG was observed (Fig. S15 in Supporting information).

At tumor acidic pH (pH 6.5), a larger amount (∼10%) of ICG was re-

leased (Fig. S15), showing the pH-responsive ICG release. The above

result is in consistent with the pH-responsive Zn2+ release per-

formance of l/d-Cys-Zn2+-ICG. To further investigate the influence

of ICG release on the photothermal performance of l/d-Cys-Zn2+-
ICG at tumor microenvironment pH, the heating/cooling curves

were recorded at pH 6.5 upon 808nm laser irradiation (1.0W/cm2).

As shown in Fig. S16 (Supporting information), within four heat-

ing/cooling cycles (10min laser irradiation followed with 10min

natural cooling), the l/d-Cys-Zn2+-ICG showed negligible attenu-

ation in photothermal performance. After four heating/cooling cy-

cles, the temperature raised ∼20 °C, which enables to initiate pho-

tothermal cancer therapy. The excellent photothermal stability of

l/d-Cys-Zn2+-ICG revealed the ignorable influence of low ICG re-

lease efficiency on their photothermal performance.

Encouraged by the excellent photothermal performance, photo-

dynamic performance and Zn2+ release induced ROS generation ca-

pability, the anti-tumor efficacy of the as synthesized chiral nano-

materials was further investigated. Initially, the cytotoxicity of l/d-

Cys-Zn2+ and l/d-Cys-Zn2+-ICG on normal cells was conducted us-

ing the cell counting kit-8 (CCK-8) method and minimal cytotoxi-

city was observed in the concentration range of 0–100 μg/mL (Fig.

5A and Fig. S17A in Supporting information), demonstrating their

excellent biocompatibility. While incubated with HeLa cells, with-

out laser irradiation, no tumor inhibition effect but cell prolifera-

tion was noticed for both l/d-Cys-Zn2+ and l/d-Cys-Zn2+-ICG (Fig.

5B and Fig. S17B in Supporting information). According to the pre-

vious reports [43], low concentration of ROS enables to stimulate

cell proliferation while high concentration of ROS can induce cell

death. As shown in Fig. 4F, the ROS amount produced in the ab-

sence of laser irradiation, which caused by Zn2+ release, is rela-

tively low. Therefore, in this case, cell proliferation instead of cell

death was observed. However, upon laser irradiation, the l/d-Cys-

Zn2+-ICG showed significant anti-tumor efficacy (Figs. 5B and C)

due to the simultaneous function of photothermal, photodynamic

and Zn2+ release triggered ROS generating performance. What is

more, at various concentrations of l/d-Cys-Zn2+-ICG, the nanopar-

ticles in d-form consistently caused higher tumor cell death than

that of L-form ones. Specifically, at the concentration of 100 μg/mL,

the d-Cys-Zn2+-ICG achieved 62.0% of tumor cell death under

808nm laser irradiation, which was 1.93 folds higher than that

of l-Cys-Zn2+-ICG (32.2%). The above results confirmed the differ-

ential anti-tumor efficacy of l/d-Cys-Zn2+-ICG, which undoubtedly

can be ascribed to the triple-level chirality-specific anti-tumor ef-
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fects (i.e., photothermal performance, photodynamic performance

and Zn2+ release).

To further elucidate the anti-tumor mechanism of l/d-Cys-

Zn2+-ICG nanoparticles, the mitochondrial membrane potential

was monitored using JC-1 probe [44,45]. As depicted in Fig.

6A, compared to the control groups, the l/d-Cys-Zn2+-ICG-treated
HeLa cells resulted in an enhancement in green fluorescence sig-

nal in the absence of laser irradiation, indicating the decrease of

mitochondrial membrane potential. As the Zn2+ release upon tu-

mor microenvironment pH was already confirmed, the disruption

of the mitochondrial function can be attributed to the inhibition of

mitochondrial electron transport chain by the excessive Zn2+ accu-

mulation. When exposed to 808nm laser irradiation, the l/d-Cys-

Zn2+-ICG treated HeLa cells showed significant increase in green

fluorescence signal, contributing to the synergistic effects of pho-

tothermal, photodynamic, and Zn2+ releasing performance. Fur-

thermore, from Fig. 6A and the corresponding statistical analysis

(Figs. 6B and C), the red to green fluorescence signal switch in-

duced by d-Cys-Zn2+-ICG was notably greater than that caused by

l-Cys-Zn2+-ICG regardless of laser irradiation, further demonstrat-

ing the underlying chirality-specific anti-tumor effect of l/d-Cys-

Zn2+-ICG. Given the mitochondrial membrane potential decrease is

a hallmark event of cell apoptosis, the above results suggested the

l/d-Cys-Zn2+-ICG nanoparticles can trigger enantioselective tumor

cell death through apoptosis pathway. Taken together, the triple-

level chirality-specific anti-tumor efficacy presented in this work

illustrated that chirality can be employed as a key factor for opti-

mizing cancer therapeutic efficacy.

In this study, the triple-level chirality-specific anti-tumor effi-

cacy was demonstrated. The l/d-Cys-Zn2+-ICG nanoparticles were

constructed through the coordination interaction between l/d-Cys

and Zn2+ and further encapsulation of ICG. Our findings revealed

that the l/d-Cys-Zn2+-ICG exhibited chirality-mediated interaction

with liposomes and cells, with d-typed nanoparticles showing

stronger binding affinity and higher cellular internalization effi-

ciency than the l-typed ones. Further studies revealed that the l/d-

Cys-Zn2+-ICG nanoparticles exhibited almost identical photother-

mal, photodynamic and tumor microenvironment pH-responsive

Zn2+ releasing performance in aqueous dispersion. Nevertheless,

driven by the chirality-specific cellular internalization, differential

photothermal performance, photodynamic performance and Zn2+

release of l/d-Cys-Zn2+-ICG were achieved in vitro. As a con-

sequence, the triple-level chirality-specific effects induced higher

anti-tumor efficacy of d-Cys-Zn2+-ICG than l-Cys-Zn2+-ICG, shed-
ding light on the crucial role of chirality in tumor treatment.
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