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Figure S1. Uncropped Western blot images and quantitative analysis corresponding to Figure 1C. 
Uncropped Western blot images showing the expression of (A) Pin1 and (B) Cyclin D1 in MCF-
7 cells. (C) β-actin was used as a loading control. The red box indicates the regions presented in 
the main figure. Relative protein expression levels of (D) Pin1 and (E) Cyclin D1 were 
quantified by densitometry and normalized to β-actin. **P < 0.01, ****P < 0.0001 relative to the 
untreated group. Values are mean ± s.d. (n = 3). 

  



 

 

 

 

 

 

 

 

Figure S2. Synthetic route for proxiRQ. 

  



 
 
 

 
Figure S3. LC-MS/MS analysis of proxiRQ degradation by esterase. Representative LC-MS/MS 
spectra of proxiRQ (A) in the absence of esterase and (B) after incubation with esterase. The 
presence of characteristic peaks in (B) demonstrates the enzymatic release of atRA and HBA from 
the proxiRQ.  



 

 

Figure S4. Uncropped Western blot images and quantitative analysis corresponding to Figure 
2G. Uncropped Western blot images showing the expression of (A) Pin1 and (B) Cyclin D1 in 
MCF-7 cells. (C) β-actin was used as a loading control. The red box indicates the regions 
presented in the main figure. Relative protein expression levels of (D) Pin1 and (E) Cyclin D1 
were quantified by densitometry and normalized to β-actin. **P < 0.01, ***P < 0.001 relative to 
the untreated group. Values are mean ± s.d. (n = 3). 

  



 

 

 

 

 

 

 

 

 

Figure S5. Characterization of L-proxiRQ. (A) Size distribution and (B) TEM image. 

  



 

 

 

 

 

 

 

 

 

Figure S6. TEM images showing the failure of liposome formation. Liposomes were prepared 
with (A) 60 mol% DPPC and 40 mol% atRA, and (B) 60 mol% DOTAP and 40 mol% proxiRQ. 
No vesicular structures were observed under either condition. 

 

  



 

 

 

Figure S7. Quantification of proxiRQ content in L-proxiRQ by 1H NMR. Lyophilized tL-
proxiRQ powder was dissolved in CDCl3 and analyzed by 1H NMR. The integrals of DPPC- and 
proxiRQ-specific proton resonances were compared to determine the compositional ratio of the 
two components in the final formulation. Peaks corresponding to each component are 
highlighted in distinct colors for clarity. 

  



 

 

 

 

 

 

 

Figure S8. Long-term colloidal stability of tL-proxiRQ and control liposomes. Physical stability 
was evaluated by measuring the hydrodynamic size of tL-proxiRQ (DPPC/proxiRQ, 6:4 molar 
ratio) and standard control liposomes (DPPC/cholesterol, 6:4 molar ratio) using DLS. The 
particle size was measured at 3-day intervals for 12 days. Values are mean ± s.d. (n = 3). 

  



 

 

 

 

 

 

 

Figure S9. Quantitative analysis of GGT-dependent cellular uptake of tL-proxiRQ. Fluorescence 
intensities were quantified from confocal microscopy images of MCF-7 cells under GGT-
inhibited or GGT-induced conditions. The mean fluorescence intensity was calculated using 
ImageJ software. *P < 0.05, **P < 0.01 (Student’s t-test). Values are mean ± s.d. (n = 4). 

  



 

 

 

 

 

 

Figure S10. Quantitative analysis of intracellular ROS levels and mitochondrial membrane 
potential. (A) Relative DCFDA fluorescence intensities were quantified from confocal 
microscopy images of MCF-7 cells. The mean fluorescence intensity was calculated using 
ImageJ software. ****P < 0.0001 relative to the control. Values are mean ± s.d. (n = 4). (B) 
Mitochondrial damage was assessed via FACS after JC-1 staining. ****P < 0.0001 relative to the 
control. Values are mean ± s.d. (n = 3). 

  



 

 

 

 

 

 

Figure S11. Quantitative flow cytometry analysis. (A) Cell cycle arrest was analyzed by PI 
staining in MCF-7 cells. The percentage of cells in the G0/G1, S, and G2/M phases was 
determined using the instrument’s analysis software. **P < 0.01 relative to the control for the 
G0/G1 phase; ††††P < 0.0001 relative to the control for the S phase. Values are mean ± s.d. (n = 
3). (B) Apoptosis induction was evaluated by Annexin V/PI dual staining. Cells were classified 
into four populations: viable, early-apoptotic, late-apoptotic, and necrotic cells. The percentage 
of each population was calculated from the FACS data. ****P < 0.0001 relative to the control. 
Values are mean ± s.d. (n = 3). 

  



 

 

 

 

 

 

 

Figure S12. Cytotoxicity of tL-proxiRQ in various cancer cell lines. To evaluate the broad 
applicability of tL-proxiRQ, MTT assays were performed in Huh7, A549, and CT26 cells. ****P 
< 0.0001 relative to the control. Values are mean ± s.d. (n = 4). 

  



 

 

 

 

 

 

Figure S13. Comparative analysis of cellular uptake of tL-proxiRQ in MCF-7 and RAW 264.7 
cells. (A) Representative FACS histograms showing the cellular uptake of IR780-loaded tL-
proxiRQ after 0.5 and 1 h of incubation. (B) Quantitative analysis of the mean fluorescence 
intensity. The uptake efficiency and rate between the two cell lines were compared at each time 
point. Values are mean ± s.d. (n = 3). 

  



 

 

 

Figure S14. Uncropped Western blot images and quantitative analysis corresponding to Figure 
8C, showing the expression of (A) Pin1 and (B) Cyclin D1 in MCF-7 cells. (C) β-actin was used 
as a loading control. The red box indicates the regions presented in the main figure. Relative 
protein expression levels of (D) Pin1 and (E) Cyclin D1 were quantified by densitometry and 
normalized to β-actin. *P < 0.05, **P < 0.01, ***P < 0.001 relative to the control. Values are mean 
± s.d. (n = 3). 

  



 

 

 

Figure S15. Uncropped Western blot images and quantitative analysis corresponding to Figure 
8D. Uncropped Western blot images showing the expression of (A) BCL-2 and (B) BAX in 
MCF-7 cells. (C) β-actin was used as a loading control. The red box indicates the regions 
presented in the main figure. Relative protein expression levels of (D) BCL-2 and (E) BAX were 
quantified by densitometry and normalized to β-actin. **P < 0.01, ***P < 0.001, ****P < 0.0001 
relative to the control. Values are mean ± s.d. (n = 3). 

  



 

 

 

Figure S16. Uncropped Western blot images and quantitative analysis corresponding to Figure 
8C and E, showing the expression of (A) p53, (B) PARP, cleaved PARP, (C) MMP-9, and (E) 
Caspase-7 in MCF-7 cells. Panels (D) and (F) show GAPDH, which was used as a loading 
control. The red box indicates the regions presented in the main figure. Relative protein 
expression levels of (G) p53, (H) PARP, cleaved PARP, (I) MMP-9, and (J) Caspase-7 were 
quantified by densitometry and normalized to GAPDH. *P < 0.05, **P < 0.01, ***P < 0.001 
relative to the control. ††P < 0.01 relative to the control. Values are mean ± s.d. (n = 3). 

  



 

 

 

 

 

 

Figure S17. Quantitative analysis of GGT expression in the tumor and major organs 
corresponding to Figure 9a. Relative GGT expression levels were quantified from confocal 
immunofluorescence images using imageJ software. **P < 0.01, ****P < 0.0001 relative to the 
mean GGT intensity of the tumor. Values are mean ± s.d. (n = 4). 

  



 

 

 

 

 

 

Figure S18. Enhanced tumor targeting efficiency of tL-proxiRQ compared to L-proxiRQ. (A) 
Quantification of fluorescence intensity normalized to tissue weight in excised tumors and major 
organs following injection of tL-proxiRQ and L-proxiRQ, for ex vivo biodistribution analysis. 
****P < 0.0001 relative to the tumor group. Values are mean ± s.d. (n = 3). (B) Comparison of 
tumor-to-organ ratios between tL-proxiRQ and L-proxiRQ. ***P < 0.001. Values are mean ± s.d. 
(n = 3). 

  



 

 

Figure S19. Representative photographs of MCF-7 tumor-bearing mice during treatment. Images 
were captured on days 1, 7, 13, 19, and 25. Mice were treated with (A) control (saline), (B) 
atRA, (C) preQM, (D) atRA+preQM, and tL-proxiRQ at doses of (E) 10 mg/kg and (F) 20 
mg/kg.  



 

Figure S20. Immunofluorescence analysis of tumor sections after treatment. Representative 
tumor sections stained for (A) TUNEL, and (B) Pin1 and Ki67. Scale bar is 50 μm. Quantitative 
analysis of fluorescence intensity for (C) TUNEL, (D) Pin1, and (E) Ki67 using ImageJ 
software. ****P < 0.0001 relative to the control. †P < 0.05, ††P < 0.01, †††P < 0.001 relative to 
atRA+preQM. Values are mean ± s.d. (n = 4). 

 



 

 

 

 

 

 

Figure S21. Wound healing assay evaluating the aniti-migratory effect of tL-proxiRQ. (A) 
Representative images of the MCF-7 cell scratch assay at 0 h and 12 h after treatment. The red 
lines indicate the migration edges of the cells. Scale bar is 100 μm. (B) Quantitative analysis of 
the percentage of wound closure. The wound area was measured using ImageJ software, and the 
percentage of wound closure was calculated relative to the initial wound area at 0 h. **P < 0.01, 
***P < 0.001 relative to the control. Values are mean ± s.d. (n = 3). 

  



 

 

 

 

 

 

 

 

 

 

 

Table S1. Co-localization analysis of cellular uptake and endosomal escape corresponding to 
Figure 4A. Co-localization analysis was performed on confocal microscopy images using ImageJ 
software, and the degree of co-localization is expressed as Pearson’s coefficient, Spearman’s rank 
coefficient, and area overlap (%). 

  



 

 

 

 

 

 

 

 

 

Table S2. Primer sequences used for the qPCR analysis. 

  



 

 

 

 

 

 

 

Table S3. List of antibodies used for Western blot analysis. 

 


