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Sterically chained amino acid-rich water-
soluble carbon quantum dots as a robust
tumor-targeted drug delivery platform

Wenjing Xie1,2, Haoyu Wang1,2, Huimin Xu1,2, Wen Su 1,2, Ting Yuan1,
Jianqiao Chang1, Yiqi Bai1, Yixiao Fan1, Yang Zhang 1 , Yunchao Li 1,
Xiaohong Li1 & Louzhen Fan 1

Effective antitumor nanomedicines maximize therapeutic efficacy by
prolonging drug circulation time and transporting drugs to target sites.
Although numerous nanocarriers have been developed for accurate tumor
targeting, their limited water solubility makes their stable storage challenging,
and poses biosafety risks in clinical translation. Herein, we choose reduced
glutathione (GSH) to quick synthesize gram-scale water-soluble large amino
acids mimicking carbon quantum dots (LAAM GSH-CQDs) enriched in steric
chain amino acid groupswith solubility of up to 2.0 gmL−1. Thewater-solubility
arises from a hexagonal arrangement formed between amino acid groups and
water molecules through hydrogen bonding, producing chair-form hexamer
hydration layers covering LAAMGSH-CQDs. This endows a noticeable stability
against long-term storage and adding electrolytes. Specifically, they exhibit
negligible protein absorption, immunogenicity, and hemolysis, with stealth
effect, showing an extraordinarily tolerated dose (5000mg kg−1) in female
mice. The rich amino acid groups simultaneously endow them considerable
tumor-specific targeting. The loading of first-line chemotherapeutic drug
doxorubicin onto LAAM GSH-CQDs through π-π stacking without sacrificing
their merits achieves superior tumor inhibition and minimal side effects
compared to commercial doxorubicin liposomal. The tumor-targeted drug
delivery platform offered by LAAM GSH-CQDs holds significant promise for
advancing clinical applications in cancer treatment.

Nanomaterials for tumor drug delivery have the advantages of pro-
longed drug circulation time, enhanced stability, and increased tumor
accumulation, achieving maximum therapeutic efficacy and minimal
side effects1. Nanocarriers, such as liposomes and albumin, have been
developed to passively target tumors through the enhanced permea-
tion and retention effect; however, they only offer limited targeting
effects and are affected by the intrinsic pathophysiological

heterogeneity of tumors2,3. We have reported large amino acids
mimicking carbon quantum dots (LAAM TC-CQDs), which specifically
target the overexpressed L-type amino acid transporter-1 (LAT1) in
tumor cells, regardless of their origins and locations, but not in normal
tissues with limited expression4. However, the low water solubility of
nanocarriers necessitates the addition of organic co-solvents such as
dimethyl sulfoxide during biological experiments, thus inducing
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potential safety risks and restricting their development towards the
clinical translation stage.

Physiological fluid is an aqueous system that can transport sub-
stances dissolved in body fluid throughout the body and in and out of
cells. Hence, water solubility is important for in vivo transportation of
nanocarriers5. Most nanomaterials are dispersed in water through the
mutual electrostatic repulsion produced by the charged nanomaterial
surfaces6. Increasing the concentration or heating accelerates colli-
sions between nanomaterials, leading to their instability and coales-
cence, thus limiting their solubility in water. When nanomaterials are
used as nanocarriers for in vivo transportation, electrolytes or high ion
concentrations screen their electrostatic repulsive interactions,
resulting in their destabilization and aggregation7,8. Formation of
nanocarrier aggregates causes embolism and influences their biodis-
tribution, resulting in prolonged tissues retention9. In addition, nano-
materials dispersed in water lack polar groups to form sufficient
hydrogen bonds with water, resulting in a relatively high surface free
energy in water10. After entering an organism, non-polar groups such
as alkyl chains on the surfaces of nanocarriers tend to damage the
hydration membrane of proteins and interact with the hydrocarbon
groups (hydrophobic sides) of amino acid residues onproteins to form
a dispersion force, reducing the surface free energy and forming a
protein corona11,12. The targeting ligands on the surface of nanocarriers
can be shielded by the protein corona, causing a loss of targeting
capacity13,14. The adsorption of opsonin-like immunoglobulins and
apolipoproteins triggers recognition and clearance by cells of the
mononuclear phagocytic system (MPS), thus shortening the blood
circulation time of nanocarriers and preventing nanocarriers from
reaching the target organs15.

Studies have attempted to coat nanocarriers with a stabilizing
shell of water-soluble polymers or zwitterionic molecules16,17. Water-
soluble polymers like poly(ethylene glycol) (PEG) interact strongly
with water, resulting in a shell of tightly bound water molecules18,19.
PEGylation on nanocarriers generates a hydrated cloud with a large
excluded volume, thus sterically precluding nanocarriers from aggre-
gating and hindering the interaction with proteins to decrease the
uptake by MPS18,19. Unfortunately, the steric hindrance of PEG masks

the ability to target ligands16. PEGylation accelerates the clearance of
liposomes from the blood circulation when administered in multiple
doses due to the production of anti-PEG antibodies at the first
injection20,21. The instability of PEG occurs from the degradation or
chemical changes induced by heating, radiation, or oxygen18, and the
surface density of PEG cannot be precisely controlled and quantified22.
Another approach is to incorporate zwitterion functionalities onto the
nanocarrier surface, using various amino acids or polypeptides as
precursors for direct synthesis of nanocarriers such as CQDs23,24. The
strong electrostatic interactions between water and zwitterions are
believed to contribute to the high degree of stability observed with
zwitterionic systems17. Remaining issues of complex purification pro-
cesses, mass production while retaining the desired features, and
accurate structural analysis are still challenging. An alternative strategy
for obtaining water-soluble nanocarriers is crucial.

Here, we report the direct fabrication of water-soluble tumor-
targeted LAAM GSH-CQDs with a water solubility of 2.0 gmL−1 on a
one-pot gram-scale using reduced glutathione (GSH) (Fig. 1a). The
LAAM GSH-CQDs are surrounded by 22 amino acid groups sterically
arranged alternately up and downwith a size of about 3.2 nm (Fig. 1b).
The water-soluble LAAM GSH-CQDs are uniform and stable towards
long-term storage, heating and adding electrolytes, and ultrahigh-
tolerated dose inmice, neglecting stickiness to proteins and hemolytic
activity. Water molecules combine with amino acid groups via hydro-
gen bonds to form a hexagonal arrangement, inducing the formation
of chair-formhexamer hydration layers covering the LAAMGSH-CQDs.
Triple tumor inhibition efficacywith reduced side effectswasobserved
after treatment with doxorubicin (DOX)-loaded LAAM GSH-CQDs
(DOX/LAAM GSH-CQDs) compared to DOX and commercial doxor-
ubicin liposomal (Doxil), suggesting that the LAAM GSH-CQDs plat-
form offers a biosafe strategy for drug delivery and tumor therapeutic
applications.

Results
Synthesis of water-soluble LAAM GSH-CQDs
The synthesis of LAAMGSH-CQDs involves the solvothermal treatment
of GSH and formamide in a 500mL reactor at 130 °C for 6 h (Fig. 1c),

Fig. 1 | Synthesis diagramandwater-soluble properties of LAAMGSH-CQDs. aA
synthesis diagram of LAAM GSH-CQDs. b A schematic diagram showing the
structure of LAAM GSH-CQDs. c Photos of 500mL reactor and LAAM GSH-CQD
powder.d The UV-vis absorption and PL emission (excitation at 420 nm) spectra of
LAAM GSH-CQDs, and insets are photos of LAAM GSH-CQDs under daylight and
365 nm UV light. e A photo of LAAM GSH-CQDs at a concentration of 2.0 gmL−1 in
water, the PL spectra of water-soluble LAAMGSH-CQDs at different heights, photos

of LAAM GSH-CQDs at a concentration of 10mgmL−1 after storing at 25 °C for
10months, the water-soluble property of LAAM GSH-GQDs: photos of LAAM GSH-
CQDs at a concentration of 10mgmL−1 after adding electrolyte of 0.1 gNaCl, NH4Cl,
Na2SO4, or NaNO3, heating to 100 °C, or centrifugating at a speed of 10000× g for
3min, and photos of contact angle measurements of LAAMGSH-CQDs using water
and diiodomethane as the testing solvents. Source data are provided as a Source
Data file.
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followed by purification through a simple solvent washing procedure
without the need for other purification processes. The washing pro-
cess was carried out using methanol-dichloromethane as the eluent
through vacuum filtration, followed by washing with water. A dark
green powder was obtained (Fig. 1c) after drying in an oven at 70 °C.
Approximately 1.8 g of LAAMGSH-CQDswas obtained from the single-
batch production using 8.0 g GSH (Supplementary Fig. 1), demon-
strating the feasibility of thismethod for rapid, gram-scale production.

The ultraviolet-visible (UV-vis) absorption spectrum shows an
absorption peak at around 250 nm representing the π–π* transition of
aromatic C =C bonds, an obvious absorption peak at ~420nm, and
three characteristic peaks at 604, 627, and 676 nm assigned to the
aromatic π system containing π–π* and n–π* transitions of C =O and
C=N bonds (Fig. 1d and Supplementary Fig. 2a)23. The maximum
photoluminescence (PL) emission of the LAAM GSH-CQD water solu-
tion was centered at a wavelength of 683 nm with an optimized exci-
tation wavelength of 420nm (Fig. 1d and Supplementary Fig. 2b),
corresponding to the red fluorescence. The fluorescence emission
wavelength was nearly independent of the excitation wavelength
(Supplementary Fig. 2c). The absolute fluorescence quantum yield of
LAAM GSH-CQDs was determined to be ~16%.

Figure 1e displays a photograph of the LAAMGSH-CQDs dissolved
inwater at a concentrationof 2.0 gmL−1 with apHof 4.3. Themaximum
concentration of LAAM GSH-CQD powder dissolved in phosphate-
buffered saline (PBS) with a pH of 7.4 was 10.0mgmL−1. The shape,
position, and intensity of the PL emission peak obtained from regions
with different heights in the LAAM GSH-CQD water solution were
almost the same, indicating the homogeneity of the LAAM GSH-CQDs
in water. Centrifugation of the LAAM GSH-CQD water solution at a
speed of 10000×g for 3min, heating LAAM GSH-CQD water solution
up to 100 °C, or adding an electrolyte such as 0.1 g NaCl, NH4Cl,
Na2SO4 or NaNO3 to LAAM GSH-CQD water solution, did not cause

coagulation. These observations are different from the characteristics
of nanomaterials dispersed in water through electrostatic repulsion.
We selected graphene oxide CQDs (GO-CQDs) as an example nano-
material and performed a comparison study25. We found that, unlike
LAAM GSH-CQDs, GO-CQDs are unstable and quickly precipitated
after centrifugation, heating, or electrolyte addition (Supplementary
Fig. 3)26. This improvement in stability is crucial for facilitating further
biological applications of LAAM GSH-CQDs.

A sessile drop measurement manifests the LAAM GSH-CQDs with
an average contact angle of 6.5o for water and 58.6o for diiodomethane
(Fig. 1e). A water contact angle close to 0o reflects the ultrahydrophilic
property of the LAAM GSH-CQDs27. The LAAM GSH-CQD water solu-
tion could be stored at 25 °C for >10months without precipitation or
aggregation. The PL spectrum of the LAAM GSH-CQD water solution
remained almost unchanged after storage at 25 °C for 10months
(Supplementary Fig. 4). The results verified the long-term storage
stability of the LAAM GSH-CQDs. Immersing under various physiolo-
gical pH ranging from 5.5 – 8.0, adding matrix metalloproteinase-2 or
amino acids, incubating in saline, PBS, or PBS containing 10% fetal
bovine serum (FBS), or storing at 4 °C and –20 °C did not significantly
affect the PL intensity of LAAMGSH-CQDs (Supplementary Fig. 5). The
PL intensity of the LAAMGSH-CQDs was also stable under xenon lamp
irradiation for 12 h (Supplementary Fig. 6). These results demonstrate
the photostability and physiological stability of the LAAM GSH-CQDs.
Together, these data verify the water-soluble properties of the LAAM
GSH-CQDs with high stability and homogeneity.

Structure of water-soluble LAAM GSH-CQDs
The transmission electron microscopy (TEM) image shows that the
average size of the LAAM GSH-CQDs is 3.2 ± 0.5 nm with uniform dis-
tribution andwell dispersion (Fig. 2a, b). The TEM image of LAAMGSH-
CQDs after storage at 25 °C for 10months still exhibited uniformity

Fig. 2 | Structure of water-soluble LAAM GSH-CQDs. a A TEM image of LAAM
GSH-CQDs. Experiment was independently repeated three times with similar
results. b Particle size distribution of LAAM GSH-CQDs obtained from TEM results.
c An AC-TEM image of LAAM GSH-CQDs. Experiment was independently repeated
three times with similar results. d XPS survey scan spectrum of LAAM GSH-CQDs.

e XPS C1s curve-fitting spectrum of LAAM GSH-CQDs. f XPS N1s curve-fitting
spectrum of LAAM GSH-CQDs. The black (—) and brown (—) lines represent the
experimental and curve-fitted spectra, respectively. Source data are provided as a
Source Data file.
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with an average size of ~3.2 nm (Supplementary Fig. 7), demonstrating
the stability of LAAM GSH-CQDs. The spherical aberration-corrected
TEM (AC-TEM) image (Fig. 2c) revealed an oval shape with high crys-
tallinity of LAAM GSH-CQDs showing a lattice space of 0.21 nm, which
is assigned to the in-plane (100) plane of graphite28,29. The electron
diffraction pattern of the LAAM GSH-CQDs manifests a hexagonal
pattern for graphite with a calculated I{1100}/I{2110} intensity ratio of 1.2
(Supplementary Fig. 8), indicating that the LAAM GSH-CQDs are
mostly composed of a monolayer30,31. The atomic force microscopy
(AFM) image shows that the thickness is <1 nm (Supplementary Fig. 9),
with most of the LAAM GSH-CQDs consisting of a monolayer32,33. The
hydrodynamic diameter of the LAAM GSH-CQDs was 120.4 nm with a
polydispersity index (PDI) of 0.482 (Supplementary Fig. 10a). The
surface zeta potential of the LAAM GSH-CQDs was measured to be
–24.3mV (Supplementary Fig. 10b). The X-ray diffraction (XRD) pat-
tern of the LAAM GSH-CQDs exhibits a broad peak near 23o (Supple-
mentary Fig. 11a), belonging to the (002) plane of graphite with an
interplanar space of 0.38 nm34,35. Raman spectrum analysis revealed
the presence of the sp3 defect D band (1374 cm−1) and sp2 structure G
band (1609 cm−1) with intensity ratio (ID/IG) of 0.48 (Supplementary
Fig. 11b), signifying the relatively highly crystalline structure of the
LAAM GSH-CQDs36.

The Fourier transform infrared (FTIR) spectrum showed the
stretching vibrations of C =C (1655 cm−1), C =N (1686 cm−1), C–N
(1315 cm−1), O–H (3399 cm−1), C =O (1721 cm−1), N–H (3283 cm−1 and
3186 cm−1), and C–H (2936 cm−1 and 1396 cm−1) bonds (Supplementary
Fig. 12), suggesting the possibility of N-doping in the LAAM GSH-CQD
core structure and the presence of carboxyl, amino and hydrocarbon
structures at the deges of LAAM GSH-CQDs37. Chemical shifts repre-
senting aromatic C =C bond38, C =N bond39, carboxyl (O =C–O)
group40, CH2 carbons

41,42, and C–N bonds43 can be found from the 13C
nuclear magnetic resonance (NMR) spectrum of LAAM GSH-CQDs
(Supplementary Fig. 13), demonstrating the presence of carboxyl, CH2

hydrocarbons, amino, and N-doping in the LAAM GSH-CQD structure.
X-ray photoelectron spectroscopy (XPS) analysis revealed that the C,
O, and N elements were present at 60.7, 20.1, and 19.2 at%, respec-
tively, on the surface of the LAAM GSH-CQDs (Fig. 2d). The C1s spec-
trum of LAAM GSH-CQDs was curve-fitted into fivemain components,
including the sp2-hybridized (C =C) with a shake-up peak (π–π* shake-
up), sp3-hybridized (C–C) carbons attributed to the CH2 structure,
carboxyl group (O =C–O), and two types of N-containing groups (C–N
and N–C–N) (Fig. 2e). The N1s spectrum contains three components,

corresponding to pyridinic N, graphitic N, and an amino group (–NH2)
(Fig. 2f). The calculated sp3-hybridized carbon component (10.0 at%) is
twice that of the amino component (4.8 at%) (Supplementary Table 1),
indicating that the hydrocarbon chains at the edges of the LAAMGSH-
GQDs are composed of two CH2 units.

The presence and number of amino acid groups at the edges of
the LAAM GSH-CQDs were determined using the ninhydrin reaction.
The primary amino acid groups on the edge can react with ninhydrin,
forming Ruhemann’s purple with a maximum UV-vis absorption at
570 nm. After incubating the LAAM GSH-CQDs with ninhydrin, an
absorption peak appeared at 570 nm (Supplementary Fig. 14a), indi-
cating the presence of α-amino acid groups at the edges of the LAAM
GSH-CQDs. A calculation based on the standard curve between the
amino acid concentration and the UV-vis absorbance (Supplementary
Fig. 14b) shows ~22 amino acid groups at the edges of each LAAM
GSH-CQD.

The structure of the LAAM GSH-CQDs was then optimized
through energy minimization in geometry optimization. Owing to the
steric hindrance and repulsion of two adjacent amino acid groups at
the edges, the amino acid groups curved upwards or downwards from
the sp3-hybridization carbons bound to the benzene ring with an angle
of 104.0o between the CH2 hydrocarbon and the carbon basal plane
(Fig. 3a, b). The 22 amino acid groups at the edges are arranged
alternately up and down, with 11 amino acid groups in each direction,
forming a steric chain amino acid group-rich LAAM GSH-CQD struc-
ture. Combined with experimental results and theoretical simulation,
it can be concluded that the LAAM GSH-CQDs are composed of
N-doped conjugated sp2 carbons with an oval shape 3.2 nm size and
surrounded by ~22 sterically chain amino acid groups, with each one
including twoCH2 hydrocarbons andoneα-amino acid group linked to
the edges of the carbon basal plane via the sp3-hybridization carbons
on the benzene ring, and the two adjacent amino acid groups are
individually connected to the adjacent benzene rings and arranged
alternately up and down (Fig. 1b). The structure of LAAM GSH-CQDs
mimics the structure of conventional amino acids, and owing to their
significantly larger size compared to conventional amino acids, the
CQDwas designated as “large” amino acid-mimicking carbon quantum
dots (LAAM CQDs).

The formation mechanism of LAAM GSH-CQDs was investigated
through electron spin resonance (ESR) experiments. The reaction
between GSH and formamide was carried out in the presence of the
radical scavenger 2,2,6,6,-tetramethyl-piperidine-N-oxyl (TEMPO). The

Fig. 3 | Simulation results for water solubility mechanism of LAAM GSH-CQDs.
a An enlarged view of the optimized LAAM GSH-CQD structure. b The overall view
of the optimized LAAM GSH-CQD structure. c An one unit structure of the forma-
tion of the hexagonal ring on the surface of LAAM GSH-CQDs. d The whole

structureof the formationof thehexagonal ringon the surface of LAAMGSH-CQDs.
e An one unit structure of the formation of water hydration layer on the surface of
LAAM GSH-CQDs. f The whole structure of the formation of water hydration layer
on the surface of LAAM GSH-CQDs.

Article https://doi.org/10.1038/s41467-025-57531-0

Nature Communications |         (2025) 16:2716 4

www.nature.com/naturecommunications


ESR spectrum of TEMPO showed a triplet signal originating from the
interaction of the unpaired electron spin with a nitrogen atom nucleus
(Supplementary Fig. 15a)44. A reduction in the TEMPO ESR signals was
observed in the presence of GSH and formamide, which was related to
the generation of oxidative radicals in the system, mainly from
formamide45,46. The characteristic peak of LAAM GSH-CQDs in the PL
spectrum disappeared after the reaction of GSH and formamide in the
presenceof TEMPO (Supplementary Fig. 15b), inwhich TEMPO reacted
with the formed radicals during the reaction process and inhibited the
formation of LAAM GSH-CQDs. Thus, the mechanism of LAAM GSH-
CQD formation is proposed to be a radical-assisted synthesis process.
The GSH precursor is crucial in forming amino acid structures, which
serves as a building block to form amino acid chains at the edges of the
LAAM GSH-CQDs. The formamide acted as a solvent and a radical
initiator in the reaction, which was converted into the carbamoyl
radical (•CONH2)

47,48. The carbamoyl radical was caught by the car-
boxyl groups in GSH and transferred to the quaternary C site to form
GSH radicals (Fig. 1a)49,50. TheGSH radicals underwent carbonation and
condensation reactions with the removal of small molecules, such as
methanethiol, water, hydrogen, and ammonia, etc. (Fig. 1a), and finally
formed the LAAM GSH-CQDs.

Water solubility mechanism of LAAM GSH-CQDs
The mechanism of water solubility of LAAM GSH-CQDs was explored
by conducting theoretical investigations between the optimized LAAM
GSH-CQD model and water molecules. As shown in Fig. 3c, the
hydroxyl and carbonyl groups in the carboxyl group of the amino acid
group individually bind to one water molecule through hydrogen
bonding, and the amino group of the adjacent amino acid group with
the same orientation binds to one water molecule through hydrogen
bonding. A hexagonal ring containing one carboxyl group, one amino
group, and three water molecules with an average hydrogen bond
length of 1.74 Å is formed. This hexagonal ring arrangement extends to
other amino acid groups, and thus forms a circle of hexagonal struc-
ture above and below the carbon plane of the LAAM GSH-CQDs
(Fig. 3d). The formed hexagonal ring can bind to water molecules
through hydrogen bonding, inducing water molecules to form a chair-
form hexamer structure consisting of six water molecules connected
through hydrogen bonding (Fig. 3e, f)51,52. The chair-form hexamer of
water finally aligns into a basal face structure at the top and bottom of
the LAAM GSH-CQDs through hydrogen bonding between the water
molecules, forming a hydration layer. The average hydrogen bond
length between water molecules in the chair-form hexamer is 1.52 Å,
slightly shorter than that between ordinary water molecules (1.87 Å)53,
indicating a stronger hydrogen bond induced by the hexagonal
structure. The calculated lattice space of hexagonal-arranged water in
the basal face structure was 0.37 nm (Supplementary Fig. 16a). The
high affinity between the LAAM GSH-GQDs and water forms a highly
hydrated system that imparts the water-soluble properties of LAAM
GSH-CQDs.

The cryo-TEM images show the well-dispersed LAAM GSH-CQDs
covered by lattice fringes with an interplanar distance of 0.37 nm
(Supplementary Figs. 16b and 17), assigned to the lattice structure of
hexagonal ice with basal face52, which is consistent with the calculated
lattice space of water from the simulation results of LAAM GSH-CQDs
with water. In contrast, no obvious lattice structure was found in the
cryo-TEM images of pure water (Supplementary Fig. 16c). The 1H NMR
results of LAAM GSH-CQDs reflect the formation of hydrogen bonds
betweenwatermolecules and amino acid groups from the upfield shift
of amino group peak and the presence of peaks as a result of carboxyl
groups and water molecules as the concentration of LAAM GSH-CQDs
increases (Supplementary Fig. 18)54,55. A signal representing the pre-
sence of water with a strong hydrogen-bonding structure also
appeared and increased as the concentration of LAAM GSH-CQDs
increased, which originated from the ordered arrangement of water

molecules with restricted mobility around the LAAM GSH-CQDs. The
viscosity of water in the presence of LAAMGSH-CQDs was determined
to be ~0.93mPa s at concentrations below 10mgmL−1 and gradually
increased to 1.16mPa s at higher concentrations (Supplementary
Fig. 19). The increased viscosity compared to pure water originates
from the intermolecular hydrogen bonding between the water mole-
cules and LAAM GSH-CQDs56,57. The interaction between water mole-
cules and LAAM GSH-CQDs confines the movement of water
molecules, which creates fewer neighboring water molecules available
for hydrogenbonding, resulting in higher viscosity values. The number
of confinedwatermolecules increased as the concentration increased,
leading to a continuous increase in viscosity. The dielectric constant of
water was measured to be 74.4 at a frequency of 2.7 × 106 Hz, and the
presence of LAAM GSH-CQDs led to a decrease in the water dielectric
constant. As the concentration of LAAM GSH-CQDs increased from
0.01 – 50mgmL−1, the corresponding dielectric constant of water
gradually decreased to 45.2 (Supplementary Fig. 20). The formation of
a structured arrangement ofwater in the presenceof LAAMGSH-CQDs
restricts the rotational freedom of the water dipoles, leading to a
decrease in the water dielectric constant58,59. The calculated dielectric
constant for water connected to LAAM GSH-CQDs through hydrogen
bonds is 39.2, close to the measured dielectric constant of 45.2 for
water in the presence of LAAM GSH-CQDs. The similarity between the
theoretical and experimental results proved the rationality of the
simulation approach.

The hydration layer of the LAAMGSH-CQDs canbedehydrated by
adding dehydrating agents, such as acetone and ethanol. Acetone was
added to the LAAM GSH-CQD water solution. Under these conditions,
adding electrolytes such as NaCl and NaNO3 can cause coagulation of
the LAAM GSH-CQDs (Supplementary Fig. 21). A similar phenomenon
was observed after adding ethanol to the LAAM GSH-CQD water
solution. The hydration layer of the LAAM GSH-CQDs can also be
destroyedbydecreasing thenumber of aminoacidgroups at the edges
because the circle of the hexagonal structure formed between the
amino acid group and water molecules is disturbed. The effect of the
number of amino acid groups on thewater-soluble properties of LAAM
GSH-CQDs was then studied by reacting the LAAM GSH-CQDs with
silver ions (Ag+). The amino group and the carbonyl of the carboxyl
group in an amino acid group can react with one Ag+ ion through
coordination interactions to form a dicoordinate complex60, which
disturbs the structure of the amino acid-water hexagon ring structure.
As the Ag+ ion concentration increases, more amino acid groups are
consumed, and the number of hydrogen bonds formed between
amino acid groups and water is thus reduced, accompanied by the
destructionof thehydration layer andadecrease in thewater solubility
of LAAM GSH-CQDs, which can be reflected in the PL intensity change
of LAAM GSH-CQDs with different numbers of amino acid group
(Supplementary Fig. 22a). As the number of amino acid group
decreased, the water solubility decreased, leading to aggregation of
the LAAM GSH-CQDs. The concentration of LAAM GSH-CQDs
remaining in the supernatant decreased as the number of amino acid
group decreased, resulting in a reduction in the PL intensity of the
LAAM GSH-CQDs. As the number of amino acid group decreased to
approximately zero,most of the LAAMGSH-CQDswere converted into
precipitation, and the PL intensity was close to zero. Accordingly, the
precipitation rate of pristine LAAM GSH-CQDs was approximately
zero, and this value gradually increased as the number of amino acid
group decreased (Supplementary Fig. 22b). When the number of
amino acid group decreased to near zero, this rate exceeded 90%.

In vitro and in vivo toxicity assessment of LAAM GSH-CQDs
The formation of the protein corona was monitored by
sodiumdodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). After incubation with FBS, LAAM GSH-CQDs were collected
through centrifugation and then extensively washed. Control
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nanomaterials, including commercial liposomes (Lipofectamine 2000,
Lipo 2000) and GO-CQDs dispersed in water through electrostatic
repulsion, received the same treatment. All the nanomaterials, toge-
therwith FBS,were analyzedbySDS-PAGE (Fig. 4a). FBS showed typical
bands at ~66–69 kDa, representing albumin; and at 50-70 kDa, repre-
senting the heavy chain of immunoglobulin G, A, and M (IgG, IgA, and
IgM)61,62. Similar bands were found in both control groups. In com-
parison, no significant bandswere found in the LAAMGSH-CQDgroup,
suggesting negligible protein absorption. Further western blot (WB)
analysis confirmed that unlike control nanomaterials, LAAM GSH-
CQDs had minimal absorption of each individual protein, including
albumin, IgG, IgA, and IgM (Supplementary Fig. 23). The phenomena
are attributed to the interaction between the two nanomaterials and
the proteins, leading to the formation of protein corona. Particularly,
the interactions between Lipo 2000 or GO-CQDs and immunoglobu-
lins can cause immunogenicity, which could cause the recognition and
clearance by MPS cells after in vivo injection. The negligible stickiness
of LAAM GSH-CQDs towards proteins can prevent the formation of
protein corona and immunogenicity, similar as the stealth effect,
having high biosafety and bioavailability.

The concentration of inflammatory cytokines was then measured
by enzyme-linked immunosorbent assay (ELISA) to investigate the

immunogenicity. Kunming mice were injected with 5mg kg−1 LAAM
GSH-CQDs for every 2 days, with an accumulated dose of 15mgkg−1.
After 1 week tests in mice, mouse whole blood was collected and
typical inflammatory cytokines were detected. The results, as pre-
sented in Fig. 4b, show that, compared to the control group, there
were no significant changes in the expression levels of IL-1β, IL-2, IL-6,
TNF-α, and IFN-γ. These findings confirm theminimal immunogenicity
of LAAM GSH-CQDs.

We then investigated the relationship between water solubility
and protein corona formation. LAAM GSH-CQDs with different num-
bers of amino acid group coordinated with the Ag+ ion were used to
analyze the effect of water solubility on the formation of the protein
corona. The intensity of the UV-vis absorption peak at 420 nm of the
LAAM GSH-CQDs did not change before and after the addition of
bovine serum albumin (BSA) (Supplementary Fig. 24), indicating a
negligible interaction between the LAAM GSH-CQDs and BSA. The
peak intensity gradually decreased as the number of amino acid group
at the edges of the LAAM GSH-CQDs decreased. The results revealed
that LAAMGSH-CQDs do not form a protein corona upon contact with
the protein, while the protein corona can be formed as the water
solubility of LAAM GSH-CQDs decreases by reducing the number of
amino acid group at the edges.

Fig. 4 | In vitro and in vivo toxicity assessment of LAAMGSH-CQDs. a SDS-PAGE
analyses of FBS and proteins absorbed to the surface of LAAM GSH-CQDs, Lipo
2000 or GO-CQDs after incubation with FBS, along with the densitometric analysis
of the SDS-PAGE result.b Expression levels of typical inflammatory cytokines (IL-1β,
IL-2, IL-6, TNF-α, and IFN-γ) in Kunming mice after vein injection of LAAM GSH-
CQDs at an accumulated dose of 15mg kg−1. Data are expressed asmean ± standard
deviation (SD, n = 3 mice). Statistical analysis was performed using two-tailed
unpaired Student’s t-tests. ns: not significant. c The hemolysis assay of LAAM GSH-
CQDs with different concentrations (1, 3, and 5mgmL−1) using mouse or human

blood. PBS and Triton X-100 were used as negative and positive controls, respec-
tively. Data are expressed as mean ± SD (n = 3 biological replicates). d Cell viability
of A549andHeLa cells incubatedwith different concentrationsof LAAMGSH-CQDs
for 24h. Data are expressed as mean± SD (n = 3 biological replicates). e The body
weight changes of Kunming mice after single-dose (5000mgkg−1, acute toxicity
group) and accumulated dose (3500mgkg−1, cumulative toxicity group) vein
injection of LAAM GSH-CQDs, and photos of Kunming mice after corresponding
treatments. Data are expressed asmean± SD (n = 3mice). Source data are provided
as a Source Data file.
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Hemolysis assay evaluated blood compatibility by identifying
severe acute toxic reactions in red blood cells (RBCs) in vivo63,64. Triton
X-100was used as a positive control, which showed a hemolysis rate of
>80% in mouse whole blood. As a comparison, only ~1% hemolysis was
observed upon treatment of mouse whole blood with LAAM GSH-
CQDs at a concentration up to 5mgmL−1, which was close to the value
of 0.5% for PBS as the negative control group (Fig. 4c). To further verify
the blood compatibility, hemolysis assay using human whole blood
was carried out. Similarly, Triton X-100 exhibited a hemolysis rate of
near to 70%. Treating the human blood with LAAM GSH-CQDs at var-
ious concentrations did not causemuch changes, showing a hemolysis
rate <2% (Fig. 4c). The results confirm that LAAM GSH-CQDs have
excellent hemocompatibility.

Cytotoxicity was evaluated in A549 and HeLa cells using an MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay.
The cytotoxicity evaluation showed cell viability >90% at an incubation
LAAMGSH-CQDconcentration of up to 1000μgmL−1 for 24 h (Fig. 4d).
The Kunmingmouse acute toxicity test was conducted by intravenous
administration of LAAMGSH-CQDs at a dose of 5000mgkg−1 on day 0
and observed for 2weeks. In the cumulative toxicity test, Kunming
mice were injected with 500mg kg−1 LAAM GSH-CQDs on days 0, 4,
and 7, respectively, and the dose was increased to 1000mgkg−1 on
days 10 and 13, with an accumulated dose of 3500mgkg−1. No obvious
changes in body weight or tissue damage were observed during the
2week observation (Fig. 4e). After 2week acute toxicity and cumula-
tive tests in mice, no statistical difference existed between LAAMGSH-
CQD group and normal control group in the parameters from com-
plete blood count and serum biochemistry analyses (Supplementary
Fig. 25). For comparison, Kunming mice died within 1 h after intrave-
nous administration of Lipo 2000 and GO-CQDs at doses of 12 and
16mgkg−1, respectively. The water-soluble properties of the LAAM
GSH-CQDs protect them from protein adsorption, hemolytic activity,
and endow them negligible immunogenicity and low in vitro and
in vivo toxicity, which is suitable for using as a safety platform for
further biological applications.

In vitro and in vivo tumor-targeting of LAAM GSH-CQDs
The tumor-selectively targeting properties of LAAM GSH-CQDs were
first investigated using a combination of laser confocal scanning
microscopy and flow cytometry. It was found that the LAAM GSH-
CQDs penetrated tumor cells, such as A549 and HeLa cells, and were
mainly located in the cytoplasm, showing red fluorescence (Fig. 5a and
Supplementary Fig. 26). However, nearly no red fluorescence signal
could be detected after the LAAM GSH-CQDs were incubated with
normal cells, such asHEK-293T andHUVEC cells, indicating the limited
ability of LAAM GSH-CQDs to penetrate normal cells. Flow cytometry
analysis showed that the fluorescence intensity of LAAM GSH-CQDs
incubatedwith tumor cells was ~104, ten times higher than normal cells
on the order of 103 (Fig. 5b and Supplementary Fig. 27). The calculated
uptake rate of LAAM GSH-CQDs from flow cytometry results revealed
that most tumor cells had an uptake rate of up to 99%, whereas the
average rate for normal cells was close to 10% (Fig. 5c and Supple-
mentary Figs. 27 and 28).

We then assessed whether LAAM GSH-CQDs maintained high
tumor specificity in vivo. LAAMGSH-CQDswere injected intravenously
into nudemicebearingHeLa tumors at a doseof 5mg kg−1. As shown in
Fig. 5d, the fluorescence signal began to accumulate in the tumor
region at 1 h and gradually increased over time. The LAAM GSH-CQDs
reached the best accumulation in the tumor region at 5 h. They could
still be detected over time until 24 h after injection (Fig. 5d), implying
long-term enrichment of LAAM GSH-CQDs in tumors. The ex vivo
fluorescence imaging of organs and the tumor taken from 5h post-
injection similarly showed that the intensity of the fluorescence signal
of the tumorwasmore than ten times higher than that of other organs,
such as the liver and kidney (Fig. 5e, f). We further investigated the

biodistribution of LAAM GSH-CQDs using the nude mouse model by
intravenously injected into nudemice at a dose of 10mg kg−1. After 2 h
post-injection, we did not detect significant accumulation of LAAM
GSH-CQDs in major organs of mice from both in vivo and ex vivo
fluorescence imaging (Supplementary Fig. 29a). Immunofluorescent
detection did not detect significant accumulation of LAAM GSH-CQDs
in the brain (Supplementary Fig. 29b). These results suggest that,
despite the expression of LAT1 on the blood-brain barrier (BBB), LAAM
GSH-CQDs do not accumulate in the brain without tumors.

Time-dependent fluorescence monitoring of LAAM GSH-CQDs
incubated with HeLa cells showed that intracellular fluorescence
increased over time for the first 4 h, after which no further significant
increase was observed, and the corresponding uptake rate also
reached ~99% at 4 h (Fig. 5g and Supplementary Fig. 30). We further
monitored the intracellular location of LAAM GSH-CQDs over time
after incubation with HeLa cells. The findings revealed that the
majority of LAAM GSH-CQDs localized on the cell membrane after 1 h
and subsequently internalized into the cell. After 4 h of incubation, the
concentration of LAAM GSH-CQDs in the cell increased significantly
and maintained high fluorescence intensity until the 12-h time point
(Supplementary Fig. 31). The increased number of amino acid groups
on the LAAM GSH-CQDs enhances the tumor-targeting efficiency
compared to the LAAM TC-CQDs, which have 8 α-amino acid groups.
The LAAMGSH-CQDs exhibited a shorter tumor cell uptake time from
time-dependent intracellular fluorescence experiments (4 and 6 h for
LAAMGSH-CQDs andLAAMTC-CQDs, respectively) and shorter tumor
accumulation time from in vivo fluorescence imaging experiments (5
and 8 h for LAAM GSH-CQDs and LAAM TC-CQDs, respectively).

We then investigated the mechanism by which LAAM GSH-CQDs
penetrate tumor cells through interaction with LAT1. Consistent with
previous reports, the expression level of LAT1 in tumor cells washigher
than that in normal cells, and the LAT1 expression level correlatedwith
the amount of LAAM GSH-CQDs that penetrated cells in various cell
lines4. Moreover, we performed WB analysis on tumor and various
organs, including the heart, liver, spleen, lung, and kidney, and found
that the expression level of LAT1 in the tumor was significantly higher
than in other tissues, such as the liver and kidney (Supplementary
Fig. 32). Further immunofluorescence assay of the tumor-targeting
effect of LAAM GSH-CQDs revealed that the accumulation of CQDs
correlated with LAT1 expression (Supplementary Fig. 33). Collectively,
these findings support that the targeting ability (binding specificity) of
LAAM GSH-CQDs depends on LAT1 expression.

Docking analysis was performed to simulate the interaction
between LAAM GSH-CQDs and LAT1. By using LAT1-4F2hc as the
model, we found that the LAAM GSH-CQDs could bind to the LAT1
mainly through hydrogen bonds formed between the amino acid
groups on LAAM GSH-CQDs and the Glu457, Glu78, Asn242 and
Leu238 residues in LAT1 with a docking energy of –8.80 kcalmol−1

(Supplementary Fig. 34a). Further, LAT1-dependent binding affinity
wasmeasured and calculated with or without the presence of the LAT1
inhibitor, 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH). The
Michaelis constant Km reflecting the binding affinity between LAAM
GSH-CQDs and LAT1 was determined to be 0.56μM (Supplementary
Fig. 34b). The docking energy between LAT1 and LAAMGSH-CQDswas
four times lower than that of LAAM TC-CQDs, and the binding affinity
betweenLAT1 and LAAMGSH-CQDswasnearly three times higher than
that of LAAM TC-CQDs, which is the inverse ratio of the measured Km.
It was concluded that increasing the number of amino acid groups at
the edges of the LAAMCQDmakes it easier to bindwith LAT1, together
with the overexpression of LAT1 in tumor cells, resulting in higher
tumor selectivity.

The internalization of LAAM GSH-CQDs was evaluated in the
presence of different inhibitors, including BCH, chlorpromazine (Chl),
and genistein (Gen), which function as a LAT1 inhibitor, clathrin- and
caveolin-dependent endocytosis inhibitors, respectively. It was found
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that both BCH and Chl inhibited the uptake of LAAM GSH-CQDs by
~80%, whereas the uptake rate of LAAM GSH-CQDs was almost
unchanged in the presence of Gen (Supplementary Fig. 34c), sug-
gesting that the internalization of LAAM GSH-CQDs is carried out by
LAT1-dependent endocytosis mediated by clathrin. The kinetics of the
time-dependent uptake of LAAM GSH-CQDs implies the ongoing
endocytosis of LAAM GSH-CQDs while binding to LAT1 (Fig. 5g and
Supplementary Fig. 30)65.

WB analysis was used to further investigate the role of LAT1 in the
transport of LAAM GSH-CQDs into tumor cells. HeLa cells were incu-
batedwith LAAMGSH-CQDs for different durations, and the total LAT1
and LAT1 on the cell membrane and in the cytoplasm were analyzed.
The total LAT1 protein did not show significant changes after incuba-
tion with LAAM GSH-CQDs at different times (Fig. 5h and Supple-
mentary Fig. 35). However, the expression of LAT1 on the cell
membrane gradually decreased as the incubation time increased to 3 h

and then significantly increasedwhen the incubation time increased to
5 h. In contrast, an opposite trend of LAT1 expression levels was found
in the changes in the cell cytoplasm. After adding BCH and incubating
with LAAM GSH-CQDs, both the expression level of LAT1 on the cell
membrane and in the cell cytoplasm did not show significant changes
at various incubation times (Supplementary Fig. 35). This result con-
firms that LAT1 first participates in the internalization of LAAM GSH-
CQDs from the cell membrane into the cytoplasm, decreasing LAT1
expression on the cellmembrane. After releasing the LAAMGSH-CQDs
into the cell cytoplasm, LAT1 is recycled back to the cell membrane,
contributing to the increase in LAT1 level on the cell membrane. The
mechanism of LAAM GSH-CQD internalization into tumor cells was
proposed to be a LAT1-dependent clathrin-mediated endocytosis
process (Supplementary Fig. 36). The results confirm that LAAM GSH-
CQDs retain the LAT1-based tumor-targeting capability, which speci-
fically targeting tumor cells but rarely penetrates normal cells.

Fig. 5 | In vitro and in vivo tumor-targeting of LAAM GSH-CQDs. a Confocal
fluorescence images of A549 and HEK-293T cells after incubation with LAAM GSH-
CQDs. b Flow cytometry analysis of A549 and HEK-293T cells after incubation with
LAAMGSH-CQDs. cQuantifying cellular uptake rate in tumor and normal cells from
the flow cytometry analysis. Data are expressed as mean ± SD (n = 7 cell lines).
d Fluorescence images of a nude mouse bearing a HeLa tumor that received vein
injection of LAAM GSH-CQDs at different time points (n = 3 mice). e Ex vivo fluor-
escence imaging of major organs and tumor from a nude mouse bearing a HeLa
tumor after vein injection of LAAM GSH-CQDs at 5 h post-injection (n = 3 mice).

f The semiquantitative biodistribution of LAAM GSH-CQDs in HeLa tumor-bearing
mice after vein injection of LAAM GSH-CQDs at 5 h post-injection determined by
the averaged fluorescence intensity ofmajor organs and tumor. Data are expressed
asmean ± SD (n = 3mice). g Kinetics of LAAMGSH-CQDs uptake in HeLa cells. Data
are expressed as mean± SD (n = 3 biological replicates). h WB analysis of LAT1
protein changes on whole cell, cell membrane, and cell cytoplasm of HeLa cells
after incubation with LAAM GSH-CQDs for different times (n = 3 biological repli-
cates). The sample processing or loading control corresponds to the top or bottom
panel. Source data are provided as a Source Data file.
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LAAM GSH-CQDs for DOX delivery
The large π-conjugated structure of the LAAM GSH-CQDs can load
aromatic drugs, such as DOX, through π–π stacking interactions. The
successful loading of DOX through π–π stacking interactions was
confirmed by the redshift and broadening of the characteristic UV-vis
absorbance peak of LAAM GSH-CQDs from 604, 627, and 676 to 609,
635, and 687 nm, respectively, forming the DOX/LAAM GSH-CQD
complex (Supplementary Fig. 37)66. The TEM image shows well-
dispersed and uniform DOX/LAAM GSH-CQDs (Supplementary
Fig. 38a). After storing the DOX/LAAM GSH-CQD powder at 25 °C
protected from light for 10months, the morphology and size dis-
tribution of DOX/LAAM GSH-CQDs obtained from TEM images were
found to be the same as those of the freshly prepared samples (Sup-
plementary Fig. 38b). The DOX/LAAM GSH-CQDs remained stable
without precipitation after storage at 4 °C in a dispersion medium of
water, PBS, and FBS (Supplementary Fig. 39). The data verify the

uniformity and stability of the DOX/LAAM GSH-CQDs preserved from
the LAAM GSH-CQDs.

The selective tumor targeting of DOX/LAAM GSH-CQDs was
investigated by intravenously injecting free DOX andDOX/LAAMGSH-
CQDs at a dose equivalent to 5mg kg−1 DOX into Kunming mice
bearing HeLa tumors and acquiring tissue distribution images. At 7 h
post-injection, the DOX fluorescence intensity of the tumor in DOX/
LAAM GSH-CQDs was approximately three times than that of the free
DOX (Fig. 6a, b). A biodistribution study revealed that the accumula-
tion of DOX in tumors was over twice as high in the DOX/LAAM GSH-
CQD group compared to any other organs, whereas free DOX was
mainly distributed in the liver, and the fluorescence intensity of the
tumor was only half that of the liver at this time point (Fig. 6a, b). The
DOX/LAAM GSH-CQDs accumulated in the tumor within 30min and
lasted for 24h, and thefluorescence intensities in theDOX/LAAMGSH-
CQDs were two to three times higher than those found for free DOX in

Fig. 6 | LAAMGSH-CQDs forDOXdelivery. a Fluorescence imaging acquired from
the DOX biodistribution in Kunming mice bearing HeLa tumors of major organs
and tumor at 7 h post injection of DOX or DOX/LAAM GSH-CQDs. b Fluorescence
intensity determined from the DOXbiodistribution in Kunmingmice bearing HeLa
tumors ofmajor organs and tumor at 7 hpost injectionofDOXorDOX/LAAMGSH-
CQDs. Data are expressed as mean ± SD (n = 3 mice). Statistical analysis was per-
formed using two-tailed unpaired Student’s t-tests. c Representative photos of
A549-tumor-bearing nudemice after receiving the DOX, Doxil or DOX/LAAMGSH-
CQDs at a dose equivalent to 6mgkg−1 DOX, DOX/LAAM GSH-CQDs at a dose

equivalent to 2mg kg−1 DOX treatments, saline, and LAAMGSH-CQDs.dChanges in
tumor volume over time of A549-tumor-bearing nude mice after receiving the
DOX, Doxil or DOX/LAAMGSH-CQDs at a dose equivalent to 6mg kg−1 DOX, DOX/
LAAM GSH-CQDs at a dose equivalent to 2mg kg−1 DOX treatments, saline, and
LAAMGSH-CQDs. Data are expressed asmean ± SD (n = 3mice). Statistical analysis
was performed using two-tailed unpaired Student’s t-tests. e Histological evalua-
tion of tumor and major organs from A549-tumor-bearing nude mice after dif-
ferent treatments. The scale bars represent 50μm. Source data are provided as a
Source Data file.
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the tumors (Supplementary Fig. 40). The results confirm the tumor
targeting property of the DOX/LAAM GSH-CQDs preserved from the
LAAM GSH-CQDs.

We assessed the in vitro activity of the LAAM GSH-CQDs as drug
carriers for the delivery of DOX. The killing effects of DOX/LAAMGSH-
CQDs treatment on A549 cell were higher than that of free DOX at the
DOX concentration ranging from 0.125 to 10μgmL−1 (Supplementary
Fig. 41a). However, when treated to normal cells, free DOX could kill
about 90% of cells at a concentration of 10μgmL−1, while the cell via-
bility remained >80% after DOX/LAAM GSH-CQD treatment (Supple-
mentary Fig. 41b). The tumor-targeting ability of LAAM GSH-CQDs,
which selectively penetrate tumor cells but rarely penetrate normal
cells, results in a higher DOX concentration in tumor cells with
enhanced cell toxicity and reduced toxicity to normal cells.

The treatment effect of the DOX/LAAM GSH-CQDs on A549
tumors was evaluated. Themicewere randomly grouped and received
intravenous injections of DOX (6mgkg−1), Doxil (at a dose equivalent
to 6mg kg−1 DOX), DOX/LAAM GSH-CQDs (at a dose equivalent to 2
and 6mg kg−1 DOX), saline, and LAAM GSH-CQDs on days 0, 4, 8, and
12. The 6mg kg−1 DOX/LAAM GSH-CQD group showed the most effi-
cient tumor growth inhibition with a 1.39-fold increase in relative
tumor volume within 14 days, whereas the tumors in the DOX, Doxil,
saline, and LAAM GSH-CQD groups increased by 3.34, 3.32, 3.68 and
4.24 times, respectively (Fig. 6c, d and Supplementary Fig. 42a). It is
worth noting that the tumors only increased by 2.76 times even using
the DOX/LAAM GSH-CQDs at 2mg kg−1, which still showed a better
treatment effect than the DOX and Doxil groups. There were no
obvious changes in the body weights of mice in the two DOX/LAAM
GSH-CQD groups (Supplementary Fig. 42b); however, the body
weights of mice in the DOX and Doxil groups decreased by ~20% after
14 day treatment. The parameters from the complete blood count and
serum biochemistry analyses of mice in the DOX/LAAM GSH-CQD
groups were within the normal ranges (Supplementary Fig. 43).
Hematoxylin and eosin (H&E) staining of major organs isolated from
mice receiving DOX/LAAM GSH-CQDs (6mgkg−1) treatment did not
detect inflammatory infiltration or pathological damage (Fig. 6e),
suggesting the low toxicity of DOX/LAAM GSH-CQDs to normal
organs. However, apparent injury of normal organs could be observed
in mice that were treated with free DOX (Supplementary Fig. 44a). To
further investigate the antitumor efficacy of DOX/LAAM GSH-CQDs,
tumors were analyzed utilizing H&E staining. No obvious histological
damages could be observed in the saline group, whereas, the tumor
slice of DOX/LAAM GSH-CQD-treated mice exhibited nuclear shrink-
age and disappearance area, indicating a higher treatment effect on
tumors.We also performed the terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end labeling (TUNEL)
staining of tumors and hearts from theDOX andDOX/LAAMGSH-CQD
groups. We observed significantly more cell death in tumors in the
group treated with DOX/LAAM GSH-CQDs compared to the group
treated with free DOX (Supplementary Fig. 44b). Conversely, treat-
ment with free DOX resulted in significant cell death in normal organs,
particularly the heart, while the toxicity of DOX/LAAM GSH-CQDs was
minimal (Supplementary Fig. 44b). The above results indicate that
treatment with DOX/LAAM GSH-CQDs achieves three times efficacy
with lower toxicity than DOX and Doxil.

Discussion
In this study,we report the synthesisofwater-solubleLAAMGSH-CQDs
at the gram-scale through a solvent washing procedure. The LAAM
GSH-CQDs are composed of N-doped conjugated sp2 carbons with a
size of about 3.2 nm, surrounded by ~22 sterically hindered amino acid
groups arranged alternately up and down at the edges. Compared to
LAAM TC-CQDs4, which we recently reported, or other typical nano-
materials dispersed in water through electrostatic repulsive

interactions, such as classical Lipo 2000 and GO-CQDs25, LAAM GSH-
CQDs have several major advantages.

First, LAAM GSH-CQDs exhibit greater solubility and stability.
They can dissolve in water at concentrations up to 2.0 gmL−1 and
remain highly stable under various conditions (Fig. 1e). In contrast,
LAAM TC-CQDs have water solubility in the milligram range and pre-
cipitate when heated to 100 °C or when electrolytes such as NaCl and
Na2SO4 are added (Supplementary Fig. 45). Similarly, classical lipo-
somes and GO-CQDs are also unstable in aqueous solution and quickly
precipitate after centrifugation, heating, or electrolyte addition (Sup-
plementary Fig. 3). This improvement in solubility and stability of
LAAM GSH-CQDs can be attributed to their chemical structure, which
includes ~22 amino acid groups with steric chain structures at the
edges of each CQD, compared to only 8 α-amino acid groups in LAAM
TC-CQDs. The higher number of amino acid groups and the unique
steric chain structure allow LAAM GSH-CQDs to interact more effec-
tively with water molecules via hydrogen bonding, creating a hex-
agonal arrangement and resulting in chair-form hexamer hydration
layers, leading to improved solubility and stability.

Second, LAAM GSH-CQDs have a superior safety profile. In vitro
evaluation in cell culture showed that over 90% of cells survived after
treatment with LAAM GSH-CQDs at a concentration of 1000μgmL−1

(Fig. 4d). In comparison, ~50% of cells died after incubationwith LAAM
TC-CQDs at a concentration of 100μgmL−1 (Supplementary Fig. 46). In
vivo evaluation demonstrated that mice tolerated LAAM GSH-CQDs at
doses up to 5000mgkg−1, compared to 18mg kg−1 for LAAMTC-CQDs,
12mg kg−1 for Lipo 2000, and 16mgkg−1 for GO-CQDs. LAAM GSH-
CQDs exhibited minimal interaction with serum proteins, extended
circulation time, excellent hemocompatibility, and minimal immuno-
genicity (Fig. 4a-c).

Third, LAAM GSH-CQDs possess greater tumor-targeting ability.
Compared to LAAMTC-CQDs, LAAMGSH-CQDs accumulate in tumors
with higher efficiency and tumor-to-normal tissue ratios (Fig. 5d-f).
This increased tumor-targeting ability may be attributed to the sig-
nificantly higher number of amino acid groups at the edges of LAAM
GSH-CQDs, resulting in 3-4 times greater binding affinity with LAT1
compared to LAAM TC-CQDs (Supplementary Fig. 34).

Fourth, LAAM GSH-CQDs are more suitable carriers for targeted
delivery of chemotherapy drugs for cancer treatment. Their large π-
conjugated structure enables the loading of aromatic drugs through
π–π stacking interactions. Loading chemotherapeutic drugs, such as
DOX and topotecan (TPTC), did not alter the high-water solubility and
tumor-targeting ability of LAAM GSH-CQDs. DOX/LAAM GSH-CQDs
were uniform and stable, demonstrating greater tumor-suppressing
effects with significantly reduced side effects compared to free DOX
and Doxil (Fig. 6d). Direct comparison of LAAM GSH-CQDs and LAAM
TC-CQDs with the same payload, TPTC, showed that treatment with
TPTC/LAAMGSH-CQDs reduced tumor volumes to undetectable levels
by day 14 (Supplementary Fig. 47). The observed anti-tumor effects
were comparable to those achieved by TPTC/LAAM TC-CQDs.

Owing to their unique advantages in high solubility and stability,
safety profile, tumor-targeting ability, and suitability as drug carriers,
LAAM GSH-CQDs have the potential for translation into clinical
applications for tumor-targeted imaging and drug delivery.

Methods
Ethics statement
The research described in this manuscript is compliant with all the
relevant ethical regulations regarding animal research. The mice
experiments were approved by the animal ethic and animal welfare
committee of College of Chemistry, Beijing Normal University (No.
BNUCC-EAW-2020-0928-01). Female Kunming mice and BALB/c nude
mice were used in this study. According to the requirements of the
animal ethics committee, the maximal tumor volume allowed was
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2000mm3 and themaximal tumor size in this studywas not exceeded.
Human blood (female) used in this study was approved by the ethics
committees of the Institute of Basic Medical Sciences (No.
SB2024046), Chinese Academy of Medical Sciences & Peking Union
Medical College, andwritten informedconsentswereacquired fromall
patients. All experiments were performed in accordance with relevant
guidelines and regulations.

Synthesis of LAAM GSH-CQDs
LAAM GSH-CQDs were synthesized using a solvothermal method.
Briefly, L-glutathione (reduced) (GSH, 8.0 g; 98%, Innochem) was
mixed with 200mL of formamide (AR, 99%, Aladdin) under ultra-
sonication to form a homogeneous solution, which was transferred to
a poly(tetrafluoroethylene)-lined autoclave (500mL), and it was then
equipped into the reactor. After heating at 130 °C for 6 h and cooling
down to room temperature, a dark green solution was obtained. The
solution was first precipitated using methanol (AR, ≥99.5%, Shanghai
Titan Scientific Co., Ltd.)-dichloromethane (AR, ≥99.5%, Shanghai
Titan Scientific Co., Ltd.) with a volume ratio of 1:10:25 to obtain dark
green powder with the removal of formamide. The powder was then
washed with methanol-dichloromethane (from 1:4 to 1:2 in volume
ratio) as the eluent through vacuum filtration for further purification.
The obtained dark green powder was dried in an oven and then
washed with water through vacuum filtration to collect the green
solution. The solution was dried in an oven at 70 °C to obtain LAAM
GSH-CQDs in powder form. The solubility was measured by adding a
known mass of the LAAM GSH-CQDs and adding a certain volume of
PBS or deionized water at 25 °C, followed by vigorously shaking for
30 s every 5min, and the dissolution was observed within 30min.

Computational methods
Materials Studio 2019 (v19.1.0.2353) was used for simulation the
structure of LAAM GSH-CQDs. The Forcite module was used for geo-
metry optimization of the structure of LAAM GSH-CQDs. The DMol3
module was used for optimization of the one unit structure of LAAM
GSH-CQDs with water molecules. The Forcite module was used for
optimization of the whole structure of LAAM GSH-CQDs with water
molecules. A protein molecule model (Protein data bank code: 6irs)
was applied and the AutoDock 4.2 software was used for molecular
docking. The docking simulations were carried out using the
Lamarckian Genetic Algorithm with the default docking parameter.
The PyMOL Molecular Graphics System (v2.3.0) was used for analysis
of docking results.

Protein adsorption experiments
1mgmL−1 of LAAMGSH-CQDs, commercial Lipo 2000 reagent (Sigma-
Aldrich), and GO-CQDs prepared from heating the citric acid powder
weremixed with 20 times diluted FBS in a volume ratio of 1:1, followed
by vortexing for 30 s and incubation at 37 °C for 30min. Free protein
and nanomaterials adsorbed with proteins were separated by cen-
trifugation at 10000 × g for 10min, and the isolated proteins adsorbed
on nanomaterials were used for SDS-PAGE. Then, 5× protein loading
buffer containing DTT was added to themixture and vortexed for 30 s
to mix well, and it was heated at 100 °C for 5min. The 8% Bis-Tris SDS-
PAGE separating gel was used. The electrophoresis was run at 70V for
stacking gel, and 120V for separating gel. After electrophoresis, the
Coomassie brilliant blue G-250 was used to stain the gel for 1 h, after
which it was decolorized with eluent overnight.

Hemolysis assay
Mouse blood was obtained from Kunming mice (4–6weeks, female),
and female human blood was used. Mouse or human RBCs were iso-
lated from mouse or human whole blood by centrifugation. After
washing with PBS, the RBC suspension was added to LAAMGSH-CQDs
in PBS with a concentration of 1, 3, or 5mgmL−1. RBCs incubated with

PBS and Triton X-100 (0.5%) were used as negative and positive con-
trol, respectively. The samples were mixed by vortexing and left to
stand for 30min at 37 °C. After incubation, the samples were cen-
trifuged and the supernatants were collected and transferred to a 96-
well plate. Van Kampen-Zijlstra’s reagent was then added before
measuring the absorbance of the supernatants at 540 nm using a
microplate reader. Due to the background absorbance of LAAM GSH-
CQDs with different concentrations, the percentage of hemolysis was
calculated as following: hemolysis% = (Asample – Abackground)/(Apositive -
Anegative) × 100%, where the absorbance of negative and positive sam-
ples indicates the absorbance of the PBS and the water samples,
respectively.

WB Analyses
The LAT1 (11326-1-AP, 1:1000), albumin (16475-1-AP, 1:25,000), IgG
(10284-1-AP, 1:15,000), IgA (60099-1-Ig, 1:25,000), and IgM (11016-1-AP,
1:4000) antibodies were purchased from Proteintech. For whole cell
and tissue samples, samples were first lysed in ice-cold radio-
immunoprecipitation assay (RIPA)buffer supplementedwith a cocktail
of protease. Samples were then centrifuged at 12000× g for 10min at
4 °C, and the supernatant was collected and transferred to a new
centrifuge tube. For extraction of proteins on cell membrane cell
cytoplasm, cell samples were pretreated using a membrane and
cytosol protein extraction kit (Beyotime Biotechnology) according to
the protocol frommanufacture. For protein adsorptionmeasurement,
the isolated proteins adsorbed on nanomaterials were used. The pro-
tein concentrations of extracted protein samples were measured.
Next, samples weremixed with 5× loading buffer and heated at 100 °C
for 10min. Proteins were separated via SDS-PAGE and then transferred
to PVDF membrane (Millipore, Billerica, MA, USA). The 5% BSA was
used to block the samples for 1.5 h at room temperature. Then, the
membranes were incubated overnight at 4 °Cwith primary antibodies,
followed by washing with Tris-buffered saline with Tween-20 (TBST).
The membranes were incubated with secondary antibodies at room
temperature for 1 h. The secondary antibodies were Goat-Anti-Mouse
IgG-HRP (Abcam, ab205719, 1:10,000) for IgA, and Goat-Anti-Rabbit
IgG-HRP (Abcam, ab6721, 1:15,000) for LAT1, albumin, IgG, and IgM.
The membranes were visualized with an electrophoresis system (Bio-
Rad, USA). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
Zen BioScience, 200306-7E4, 1:10,000) was used as an internal control
for albumin, IgG, IgA, IgM, and LAT1 in whole cell, cell cytoplasm and
tissue samples. The cadherin antibody (Proteintech, 20874-1-AP,
1:50000) was chosen as the internal control for LAT1 on the cell
membrane.

Cytotoxicity assays
Cells were plated into a 96-well plate at a density of 1×104 cells per well
and incubated in a cell incubator (37 °C, 5% CO2). The cells were then
treated with LAAM GSH-CQDs, DOX, or DOX/LAAM GSH-CQDs at dif-
ferent concentrations.MTT assaywas used to assess cytotoxicity. After
24 h, 10μL of MTT was added to the well and incubated for 4 h. The
cultured medium was then removed, and 100μL of DMSO was added.
The absorbance at 570 nm was measured using a microplate reader
(Epoch, BioTek, US).

Flow cytometry
Cells, at a density of 5 × 105 cells perwell, wereplated into a 6-well plate
and incubated in a cell incubator (37 °C, 5% CO2) until reaching
80–90% confluence, and the concentration of LAAM GSH-CQDs was
10μgmL−1. In the LAT1 inhibition experiments, cells were pretreated
with BCH at 5mM for 2 h, and then incubated with LAAM GSH-CQDs.
After incubation with cells overnight, the culture medium was
removed and washed with PBS three times. Cells were detached using
0.25% trypsin-EDTA, collected by centrifugation at a speed of 1000 × g
for 5min, and resuspended in PBS. Flow cytometry analysis was
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performed using flow cytometry (FACSDiva, Becton Dickinson, US).
About 10000 cells per tubewere recorded for each analysis. Data were
analyzed using CytExpert (v2.3).

Confocal laser scanning microscopy imaging
Cells were plated into a confocal petri dish and incubated in a cell
incubator (37 °C, 5% CO2), and the concentration of LAAM GSH-CQDs
was 20μgmL−1. After incubation with cells overnight, the culture
mediumwas removed andwashedwith PBS three times. The cellswere
then fixedwith frozenmethanol for 15min at 4 °Candwashedwith PBS
three times, followed by the addition of DAPI (4’,6-diamidino-2-phe-
nylindole, Beyotime Biotechnology Co. Ltd., Shanghai, China) for cell
nuclei staining. The cells were washed with PBS three times. Finally,
PBS was added, and images were taken with a confocal fluorescence
microscope (LEICA STP6000, Leica, Germany). NIS Elements
(v5.21.00) was used for cell confocal laser scanning microscopy
imaging.

In vivo fluorescence imaging
BALB/c female HeLa tumor-bearing nude mice (4–6weeks) were
bought from Beijing Vital River Laboratory Animal Technology Co.
(Beijing, China). Mice were group-housed on 12 h:12 h light cycle with
ambient temperature of 20–26 °C and relative humidity in range of
40–70%. Mice were injected with LAAM GSH-CQDs (5mgkg−1) via tail
vein injection (n = 3). Intravital fluorescence signals (excitation at
620 nm, emission at 670 nm) were collected at various time points (1,
3, 5, 8, 10, and 24 h) post-injection using an in vivo fluorescence imager
(IVIS Lumina III, PerkinElmer, US). Five hours after the injection, the
tumor-bearing nude mice were euthanized and dissected, and the
major organs, including heart, liver, spleen, lung, and kidney, and the
tumor were dissected. The ex vivo fluorescence signals of the organs
and tumor were collected with a live fluorescence imager. Data were
analyzed using Living Image (v4.3.1).

Toxicity evaluation in mice
Kunming mice (4–6weeks, female) purchased from Beijing Vital River
Laboratory Animal Technology Co. (Beijing, China) were used for
experiments. Mice were group-housed on 12 h:12 h light cycle with
ambient temperature of 20–26 °C and relative humidity in range of
40–70%. The acute toxicity test was carried out by vein injection of
LAAMGSH-CQDs at a dose of 5000mgkg−1 on day 0 and observed for
2weeks (n = 3). In the cumulative toxicity test, the Kunmingmice were
vein injected with 500mg kg−1 LAAM GSH-CQDs on days 0, 4, and 7,
respectively, and the dose was increased to 1000mgkg−1 on days 10
and 13 (n = 3). The status and body weights of mice were monitored.
Micewere euthanized on the last day of 2week observation, and blood
was collected for complete blood count (TEK-IIMINI AutoHematology
Analyzers, TECOM Science Corporation, China) and serum biochem-
istry (Hitachi 7600 Automatic Biochemistry Analyzer, Hitachi Ltd.,
Japan) analyses. The serum biochemistry analyses were tested after
five times diluted.

Biodistribution in mice
The HeLa-bearing mouse models were established by subcutaneously
inoculating 108/mL HeLa cells into female Kunming mice (4–6weeks).
Mice were group-housed on 12 h:12 h light cycle with ambient tem-
perature of 20–26 °C and relative humidity in range of 40–70%. When
tumors were increased to ∼100 mm3 in volume, 100μL of DOX, or
DOX/LAAM GSH-CQDs at a dose equivalent to 5mgkg−1 DOX was
injected into the mice veins (n = 3). Mice were euthanized at 0.5, 3, 7,
10, and 24 h post injection. Tumors and major organs including heart,
liver, spleen, lung, and kidney were isolated. The DOX fluorescence
signals (excitation at 520 nm, reception at 620 nm) were collected
using a live fluorescence imager.

Therapeutic evaluation in tumor-bearing mice
The A549-bearing mouse models (4–6weeks, female, Beijing Vital
River Laboratory Animal Technology Co.) were established by sub-
cutaneously inoculating 107/mL A549 cells into female BALB/c nude
mice. Mice were group-housed on 12 h:12 h light cycle with ambient
temperature of 20–26 °C and relative humidity in range of 40–70%.
When tumors were increased to ∼100–150mm3 in volume, the mice
were randomly divided into six groups. The mice were intravenously
administeredwith saline, LAAMGSH-CQDs, DOX,Doxil, or DOX/LAAM
GSH-CQDs at a dose equivalent to 6mg kg−1 DOX, or DOX/LAAM GSH-
CQDs at a dose equivalent to 2mg kg−1 DOX on days 0, 4, 8, and 12
(n = 3). Changes in tumor volume and body weight were monitored
every 2 days. The tumor volume (V) was calculated according to the
equation V =D × d2/2, where D and d are the longest and shortest dia-
meters of the tumor, respectively, and were measured using a Vernier
caliper. The relative tumor volume, V/V0, was calculated by dividing
themeasured tumor volume (V) by the initial tumor volume (V0). Mice
were euthanized on the last day of treatment. Blood was collected for
complete blood count and serum biochemistry analyses. Tumors and
major organs, including heart, liver, spleen, lung, and kidney were
isolated for pathological section analyses.

Statistical analysis
Data were collected in triplicate and reported as mean and standard
deviation ( ± SD). Comparison of two groupswas evaluated by the two-
tailed unpaired Student’s t-tests. One-way ANOVA analysis was carried
out to determine the statistical significance of treatment related to
survival. Statistical analyses were performed using GraphPad Prism
(v8.0.2). P <0.05 was considered to be statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that the data generated in this study are provided
in the Supplementary Information and Source Data file. The full image
dataset is available from the corresponding author upon
request. Source data are provided with this paper.
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