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Table S1. Average size and zeta potential of PEG, PEG-MS, and Doxil nanoparticles before 

and after functionalized with BsAbs  

Particle Size (nm)a 
Polydispersity 

Indexa 

Zeta Potential 

(mV)b 

PEG 632 ± 91 – −1 ± 6 

PEG-CD20 650 ± 94 – −1 ± 3 

PEG-CD28 664 ± 75 – −1 ± 4 

PEG-MS 467 ± 119 0.017 −31 ± 5 

PEG-MS-CD20 459 ± 119 0.010 −27 ± 5 

PEG-MS-CD28 453 ± 111 0.031 −29 ± 4 

Doxil 75 ± 19 0.048 −13 ± 9 

Doxil-CD20 84 ± 26 0.085 −9 ± 6 

Doxil-CD28 81 ± 27 0.13 −10 ± 6 
 

aThe size and polydispersity index of the PEG-MS and Doxil nanoparticles with and without 

BsAB (CD20 or C28) functionalization were determined by DLS. The size of the PEG particles 

with and without BsAb (CD20 or CD28) functionalization was determined from SIM images.  

bZeta potential measurements were performed at pH 7.2 in phosphate buffer (5 mM).  
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Figure S1. Evaluation of cancer cell targeting using conventional cell line models. (a) CD20 

and CD28 expression of Raji, Jurkat, Hut-78, and THP-1 cell lines. Cells were treated with 

fluorescence-labeled anti-human CD20 or CD28 antibodies (Ab) and then analyzed by flow 

cytometry. (b) Cell targeting of nonfunctionalized and BsAb-functionalized PEG, PEG-MS, 

and Doxil nanoparticles using four cell lines: Raji, Jurkat, Hut-78, and THP-1. Particles were 

incubated with cells for 1 h at 37 ℃ and then analyzed by flow cytometry. Cell association (%) 

refers to the proportion of each cell type with positive fluorescence, above background, 

stemming from fluorescence-labeled particles. Cell association (%) data are shown as the mean 

± standard deviation (SD) of three independent experiments (using fresh blood from the same 

donor), with at least 40,000 cells analyzed for each experimental condition studied. Cell only 

control groups represent the respective cell populations without particle incubation.  
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Figure S2. CD20 and CD28 expression in blood immune cells from a healthy donor. Fresh 

human blood was treated with fluorescence-labeled anti-human CD20 or CD28 Ab, and cells 

were phenotyped with antibody cocktails and analyzed by flow cytometry. 
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Figure S3. Gating strategy used to identify Raji cells and white blood cell population of the 

whole human blood model, wherein Raji cells are spiked into fresh whole blood of a healthy 

donor. (a) Flow cytometry gating strategy used to identify Raji cells and different immune cell 

populations from human blood. Raji cells were prelabeled with CellTrace yellow cell 

proliferation kit and then added into fresh human blood from a healthy donor, followed by 

incubation with nanoparticles for 1 h at 37 ℃ and subsequent analysis by flow cytometry. (b) 



7 

 

The percentage of each cell type positive for the fluorescence-labeled nanoparticles was then 

measured as the cell association (%). The representative gating strategy and cell association 

percentages for each cell type are shown.  
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Figure S4. Gating strategy used to identify Jurkat cells and white blood cell population of the 

whole human blood model, wherein Jurkat cells are spiked into fresh whole blood of a healthy 

donor. (a) Flow cytometry gating strategy used to identify Jurkat cells and different immune 

cell populations from human blood. Jurkat cells were prelabeled with CellTrace yellow cell 

proliferation kit and then added into fresh human blood from a healthy donor, followed by 

incubation with nanoparticles for 1 h at 37 ℃ and subsequent analysis by flow cytometry. (b) 
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The percentage of each cell type positive for the fluorescence-labeled nanoparticles was then 

measured as the cell association (%). The representative gating strategy and cell association 

percentages for each cell type are shown. 
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Figure S5. Cell count and expression of CD20 and CD28 in blood immune cells from CLL 

patients (n = 15). (a,b) Cell count and cell percentage in white blood cells were obtained from 

a CELL-DYN Emerald analyzer. CLL cell count was obtained from flow cytometry. (c-e) 

CD20 and CD28 expression of white blood cells from CLL patients. Fresh CLL blood was 

treated with fluorescence-labeled anti-human CD20 or CD28 antibodies, followed by 

phenotyping cells with antibody cocktails and analysis by flow cytometry. CD20 and CD28 

expressions are presented as (c,d) the percentage of cells expressing CD20 or CD28, and (e,f) 

the median fluorescence index (MFI) of each cell type, stemming from fluorescence-labeled 

anti-human CD20 or CD28 antibodies. WBC, white blood cell. 
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Figure S6. Gating strategy used to distinguish between CLL and normal B cells. Out of the 15 

CLL patients, only 4 patients have normal B cells identified in the blood with less than 0.5% 

of total CD19+ B cells. The gating strategy was established based on a previous report on the 

immunophenotypic profiles of CLL and normal B cells.1 
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Figure S7. Gating strategy used to identify CLL cells and white blood cell population of the 

whole blood from CLL patients. (a) Flow cytometry gating strategy used to identify CLL cells 
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and different immune cell populations from blood of CLL patients. (b) The percentage of each 

cell type positive for the fluorescence-labeled nanoparticles was then measured as the cell 

association (%). The representative gating strategy and cell association percentages for each 

cell type are shown. 
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Figure S8. (a–c) Violin plots summarizing cell association (MFI) of the nonfunctionalized and 

BsAb-functionalized PEG (a), PEG-MS (b), and Doxil (c) nanoparticles in the blood of 15 CLL 

patients after 1 h incubation at 37 ℃. Cell association (MFI) refers to the median fluorescence 

index of each cell type, stemming from fluorescence-labeled particles. Each data point is the 

mean of three independent experiments (using the same batch of fresh blood from each donor). 

The median cell association (MFI) across 15 CLL patients is shown as a solid line in the violin 

plots. 
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Figure S9. CLL targeting of nonfunctionalized and BsAb-functionalized PEG-MS particles in 

the whole blood of the 15 CLL patients. Cell association (%) refers to the proportion of each 

cell type with positive fluorescence, above background, stemming from fluorescence-labeled 

particles (see gating strategy in Figure S7). Cell association (%) data are shown as the mean ± 

SD of three independent experiments (using fresh blood from each donor), with at least 400,000 

leukocytes analyzed for each experimental condition studied. Cell only control groups 

represent the respective cell populations without particle incubation. 
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Figure S10. CLL targeting of nonfunctionalized and BsAb-functionalized Doxil nanoparticles 

in the whole blood of the 15 CLL patients. Cell association (%) refers to the proportion of each 

cell type with positive fluorescence, above background, stemming from fluorescence-labeled 

particles (see gating strategy in Figure S7). Cell association (%) data are shown as the mean ± 

SD of three independent experiments (using fresh blood from each donor), with at least 400,000 

leukocytes analyzed for each experimental condition studied. Cell only control groups 

represent the respective cell populations without particle incubation. 
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Figure S11. Plasma anti-PEG IgG and IgM titers of 14 CLL patients. Data are shown as the 

mean of two independent measurements (recruitment of Patient 11 was delayed and occurred 

after this experiment was performed and thus not included in the assay). 
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Figure S12. Spearman correlation analysis between plasma anti-PEG IgG titers and (a–c) monocyte or (d–f) granulocyte association (%) with 

PEG, PEG-MS, and Doxil nanoparticles with and without functionalization of anti-PEG/anti-CD20 or anti-PEG/anti-CD28 BsAb (n = 14).  
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Figure S13. Spearman correlation analysis between plasma anti-PEG IgM titers and (a–c) monocyte or (d–f) granulocyte association (%) with 

PEG, PEG-MS, or Doxil nanoparticles with and without functionalization of anti-PEG/anti-CD20 or anti-PEG/anti-CD28 BsAb (n = 14).
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Figure S14. Spearman correlation analysis between plasma anti-PEG IgG or IgM titers and CLL 

targeting of PEG, PEG-MS, or Doxil nanoparticles functionalized with anti-PEG/anti-CD20 

BsAbs (n = 14). 
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Figure S15. Spearman correlation analysis (a) between CD28 expression of T cells and T cell 

targeting by PEG, PEG-MS, or Doxil nanoparticles functionalized with anti-PEG/anti-CD28 

BsAbs (n = 15), and (b) between CD20 expression of CLL cells and CLL cell targeting by PEG, 

PEG-MS, or Doxil nanoparticles functionalized with anti-PEG/anti-CD20 BsAbs (n = 15). 
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