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Abstract: Graphene quantum dots (GQDs) have garnered significant attention in the field of bioimaging due to their
exceptional optical properties. To address the challenges of traditional GQDs, including non—uniform size
distribution, short fluorescence emission wavelengths, and insufficient cell penetration, this study proposes a design
strategy based on surface chemistry modulation and pH-responsive assembly. Using graphene oxide (GO) as a
precursor, highly carboxylated GQDs (carboxyl content: 49.54%) were fabricated via selective etching with hydrogen
peroxide (H.0-) coupled with platinum—catalyzed impurity removal. Subsequently, amino—functionalized assemblies
(PGs) were constructed by grafting polyethyleneimine (PEI) onto the GQDs via amide bonds. Finally, multi-level
assemblies (PPGs) featuring tumor microenvironment responsiveness were obtained by introducing dialdehyde—
terminated poly(ethylene glycol) (DA-PEG) through Schiff base reactions. The structure and morphology of the
materials were characterized using transmission electron microscopy (TEM), X-ray photoelectron spectroscopy
(XPS), and Fourier—transform infrared spectroscopy (FT-IR). The effects of process parameters, such as reaction
time and material ratios, on the optical performance and biocompatibility of the GQDs were systematically
investigated. The results indicate that under optimal conditions—hydrothermal reaction time of 100 min, PEI:GQDs
mass ratio of 10:1, and PGs:DA-PEG mass ratio of 10:1—the resulting PPGs exhibited an average particle size of
approximately 90 nm and a red—-shifted fluorescence emission peak at 580 nm (orange—yellow light). In a simulated
tumor microenvironment (pH = 6.8), the benzoimide bonds achieved a cleavage rate of 38.57%, enabling controlled
disassembly. Compared to previously reported GQDs modified solely with PEI, the optimized PPGs demonstrated a
60% reduction in cytotoxicity and a more than threefold increase in cellular uptake efficiency at equivalent
concentrations, while exhibiting dual-emission fluorescence characteristics (440 nm/600 nm). This work presents a
"rigid—flexible coupled" multi-level assembly design, offering innovative insights for developing tumor—targeted
fluorescent probes with high biosafety and specificity, thereby providing a potential probe design strategy for the

visualization detection of tumor cells at the in vitro cellular level.
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Fig.1

(a) SEM image and (b) diameter size distribution diagram of GO Sheets; (c) TEM (inset: HRTEM) and (d) particle size

distribution diagram of GQDs; (e) TEM image and (f) particle diameter size distribution diagram of PGs; (g) TEM image and (h) particle

diameter size distribution diagram of PPGs.
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Fig.2 (a) AFM image, (c) its corresponding height profiles and (e) height three—dimensional diagram of GO sheets; (b) AFM image, (d)

its corresponding height profiles and (f) height three—dimensional diagram of GQDs; (g) Digital micrograph of products at different

reaction times; (h) DLS particle size distribution diagrams of products at different reaction times; (i) FT-IR spectra of GO and GQDs.
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Fig.3 Total XPS spectra of (a) GO, (b) GQDs, and (c) PGs, HRXPS Cl1s spectra of (d) GO, (e) GQDs, and (f) PGs, HRXPS Ol1s spectra
of (g) GO, (h) GQDs, and (i) PGs.
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Fig.4 (a) 'H NMR spectrum of DA-PEG; (b) "C NMR
spectrum of DA-PEG; (c) XRD patterns of GO and GQDs; (d)
Raman spectra of GO and GQDs; (e) Zeta potentials of GQDs,
PEI and PGs with different synthesis ratios; (f) Zeta potential of
PGs and PPGs with different synthesis ratio; (g) Mechanism
analysis of GQDs synthesis.
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GQDs HHE IR 24 Wi AT J1 2L P s HeLa A0 53 515 A A BE (9 (e ) PELAT(£) PG 285 97 24 h i AR 15 F7 22L& s HeLa 20
JE A5 AN L 19 () PGs AT (h) PPGs 537 24 h N 4RI % S A2 I o 2 « 181 5b Al Se Hh 24 600 44K b (1 (I D] 7B (5
ACEAERTE & (365 4K ) 7 A B AT ST O RS , Wil i A LS R S0
Fig.5 (a) PL spectra of GQDs. Insets: digital images taken without (left) and with (right) UV lamp irradiation (365 nm); (b) PL spectra
of PGs. Insets: digital images taken without (left) and with (right) UV lamp irradiation (365 nm); (¢) PL spectra of DA-PEG and PPGs.
Insets: digital images taken without (left) and with (right) UV lamp irradiation (365 nm).; (d) Cell viability of HeLa cells co—cultured
with GQDs at different concentrations for 24 h; Cell viability of HeLa cells co—cultured with (e) PEI and (f) PGs at different
concentrations for 24 h; (h) Cell viability of HeLa cells co—cultured with (g) PGs and (h) PPGs at different concentrations for 24 h. Note:
The peak at around 600 nm in Fig. 5b and Sc is attributed to the second—order diffraction artifact of the monochromator grating from the

excitation light (365 nm), rather than a genuine emission peak of the samples.
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Fig.6 (a) CLSM images of GQDs, PGs, and PPGs (50 pg/mL) co—cultured with HeLa cells for 24 h in bright field and excitation

wavelength at 405 nm, 488 nm and 561 nm, respectively; (b) releasing DA-PEG concentration curve with time at different pH values

1:10

and (c) theoretical calculation of benzoimide bond changes.
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