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Abstract

Upregulation of programmed death ligand 1 (PD-L1) allows cancer cells to evade antitumor 

immunity. Despite tremendous efforts in developing PD-1/PD-L1 immune checkpoint inhibitors 

(ICIs), clinical trials using such ICIs have shown inconsistent benefits. Here, we hypothesized that 

the ICI efficacy would be dictated by the binding strength of the inhibitor to the target proteins. To 

assess this, hyperbranched, multivalent poly(amidoamine) dendrimers were employed to prepare 

dendrimer-ICI conjugates (G7-aPD-L1). Binding kinetics measurements using SPR, BLI, and 

AFM revealed that G7-aPD-L1 exhibits significantly enhanced binding strength to PD-L1 

proteins, compared to free aPD-L1. The binding avidity of G7-aPD-L1 was translated into in vitro 
efficiency and in vivo selectivity, as the conjugates improved the PD-L1 blockade effect and 

enhanced accumulation in tumor sites. Our results demonstrate that the dendrimer-mediated 

multivalent interaction substantially increases the binding avidity of the ICIs and thereby improves 

the antagonist effect, providing a novel platform for cancer immunotherapy.
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The immune system is responsible for the detection of abnormal cells and suppression of 

their rapid growth.1 Activation of the innate immune system stimulates T cells to attack 

malignant tumor cells.2 However, tumor cells frequently adapt to evade immune surveillance 

and interfere with the T cell response by triggering immune checkpoint regulators. This 

causes a dysregulation of the antitumor immune response, thereby exhibiting immune-

inhibitory behaviors.3–5 Cancer immunotherapy is a burgeoning treatment that restores 

and/or reactivates the immune system via blockade of the immune checkpoint pathways.6 A 

number of immune checkpoint inhibitors (ICIs) have been developed to modulate these 

pathways through the targeting of immunosuppressive molecules, notably the interaction 

between programmed death ligand 1 (PD-L1) on cancer cells and its counter receptor PD-1 

on T cells.7–11

PD-L1 is a bidirectional membrane protein that is widely expressed in many cancer types, 

including ovarian cancer, renal cell carcinoma, hepatocellular carcinoma, and lung cancer.
12–16 Its interaction with PD-1 receptors disrupts the natural immune response mounted 

against tumors. This has led to the development of several PD-L1 specific antagonists, 

primarily in a form of monoclonal antibodies, which include three FDA-approved drugs, 

Atezolizumab, Avelumab, and Durvalumab.17 However, the currently available PD-L1-

targeted immunotherapy agents have faced considerable challenges in clinical trials, due to 

heterogeneity of PD-L1 expressions in tumor, active redistribution of the ligand after the 

treatment, and low target efficacy or binding strength of the prevalent antibody drugs.18–23

In this study, we hypothesized that the integration of dendrimer nanoparticles with ICI 

antibodies would enhance the binding avidity of the PD-L1 antagonists, substantially 

increasing the therapeutic efficacy (Scheme 1). Note that we previously reported that 

dendrimers effectively facilitate multivalent binding, as evidenced by significant reduction in 

dissociation rate and enhancement in surface targeting.24–27 This was attributed to the 

unique capability of dendrimers that accommodate multiple ligands on its nanoscale surface 
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area and that deforms to enable the conformational optimization of the multiple ligands to 

bind to their counterparts simultaneously.24, 28 Based on these, we assess the following 

specific hypotheses in this study: i) conjugation of ICIs to dendrimers would result in a 

significant increase in binding kinetics; ii) the increased binding kinetics would in turn 

improve in vitro efficiency and in vivo tumor accumulation of the ICI-dendrimer conjugates.

To test these hypotheses, we designed a nanoparticle drug delivery platform consisting of 

generation 7 (G7) poly(amidoamine) (PAMAM) dendrimers conjugated with multiple PD-

L1-targeting molecules per dendrimer (G7-aPD-L1). The G7-aPD-L1 conjugates were 

synthesized as described in Figure 1A. G7 PAMAM dendrimers were first labeled with 

Alexa Fluor 647 (AF647). The dendrimers were then reacted with acetic anhydride to obtain 

primary amine acetylation. Approximately 75–90% of the peripheral functional groups were 

acetylated to provide a more neutral surface charge.29 The remaining amine groups on the 

partially acetylated dendrimers were subsequently carboxylated through the reaction with 

succinic anhydride. The presence of the different terminal groups after each chemical 

reaction was confirmed using proton nuclear magnetic resonance (1H NMR), as shown in 

Figure S1. Following the surface modification, the dendrimers were activated with N-

hydroxysuccinimide (NHS) and subsequently reacted with anti-PD-L1 human antibodies 

(aPD-L1h) at a molar ratio of 1:5. Samples were then purified using centrifugal filters in 

order to remove unconjugated reactants.

The final G7-aPD-L1h conjugates were comprised of 3.7 ± 0.5 antibodies per dendrimer, as 

assessed using a bicinchoninic acid (BCA) assay and fluorescent intensity measurements 

(Figure S2). The molar ratio of impurities, including free aPD-L1h or unconjugated 

dendrimers, to the anticipated conjugates (G7-aPD-L1h) was confirmed to be less than 3% 

(Figure 1B and S2). The G7-aPD-L1h conjugates were further characterized using atomic 

force microscopy (AFM) and gel permeation chromatography (GPC). The AFM images 

revealed that the diameter (D) and height (h) of the G7-aPD-L1h conjugates were 

significantly larger (D = 27.4 ± 8.9 nm and h = 9.8 ± 3.9 Å) than those of free antibodies (D 
= 12.7 ± 4.4 nm; p < 0.001 and h = 6.7 ± 2.5 Å; p < 0.001) and unconjugated dendrimers (D 
= 16.3 ± 7.3 nm; p < 0.001 and h = 5.6 ± 1.6 Å; p < 0.001) (Figure 1C–E). Note that the 

differences in height and diameter imply the flattening of the nanoparticles on the mica 

surface, which was also reported elsewhere.30 The GPC chromatograms of the G7-aPD-L1h 

conjugates, unmodified dendrimers, and aPD-L1h (Figure S3) further supported successful 

conjugation between antibodies and dendrimers. At the detection wavelength of 280 nm 

(characteristic to proteins), the G7-aPD-L1h conjugates displayed a faster elution time 

compared to aPD-L1h (21.9 ± 0.4 min vs. 23.0 ± 0.1 min; p = 0.007), confirming the 

increased molecular weight of the conjugates. Furthermore, area under the peak from the 

conjugates was larger than that from the free antibody by ~3.6-fold, indicating that ~3.6 

antibodies were conjugated to each of the dendrimers, which is consistent with the results 

obtained using the BCA assay.

The binding kinetics of the dendrimer-ICI conjugates to PD-L1 was quantitatively analyzed 

using three direct measurement methods: biolayer interferometry (BLI), surface plasmon 

resonance spectroscopy (SPR), and AFM. Binding affinities determined using PD-L1-

functionalized BLI probes demonstrated that the G7-aPD-L1h conjugates interact more 
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strongly with PD-L1 molecules than aPD-L1h (Figure 2A). The G7-aPD-L1h conjugates 

showed an average dissociation constant (KD) of (8.5 ± 2.3) × 10−11 M, which was an order 

of magnitude lower than the KD obtained from aPD-L1h ((9.6 ± 1.7) × 10−10 M; p = 0.016), 

at inhibitor concentrations between 6.25 and 25.0 μg/mL. Binding affinity was further 

assessed using SPR, by infusing the inhibitors through the protein-immobilized SPR chip at 

a flow rate of 10 μL/min (Figure 2B). The G7-aPD-L1h conjugates exhibited 5.8-fold 

enhanced binding avidity with PD-L1, compared to free aPD-L1h ((6.6 ± 2.7) × 10−11 M vs. 

(3.8 ± 1.0) × 10−10 M; p = 0.007).

The lower KD of the G7-aPD-L1h conjugates, compared to those of free aPD-L1h were most 

likely attributed to their faster association (kon) with the target proteins (Table S1 and S2). In 

contrast, the difference in off-rate kinetics between the two inhibitors was not prominent. 

Both the G7-aPD-L1h conjugates and aPD-L1h demonstrated significantly slow dissociation 

(koff) at inhibitor concentrations of 6.25 – 25.0 μg/mL, ((1.4 ± 0.6) × 10−4 s−1 vs. (2.6 ± 0.2) 

× 10−4 s−1; BLI). The more sensitive AFM force spectroscopy was thus employed to resolve 

the difference in dissociation kinetics of the two inhibitors, as the multivalent binding 

typically results in a significant reduction in koff (Figure 2C).24, 31–35 The detailed 

description for the preparation steps are provided in Supporting Information. Representative 

force-distance (FD) curves obtained from aPD-L1h- and G7-aPD-L1h-functionalized 

surfaces at a loading rate of 1,160 nN/s are shown in Figure 2D. Multivalent interaction 

between the G7-aPD-L1h conjugates and PD-L1 was identified from the FD curves, as 

represented by two or more discrete unbinding events (rupture force >50 pN) occurring at a 

retraction phase. These multivalent interactions were more frequently found from the G7-

aPD-L1h conjugates than aPD-L1h (Table S3), and for the both inhibitors, the maximum 

adhesion forces and energies obtained from the curves with multiple unbinding events were 

significantly larger than those obtained from single unbinding events, regardless of the 

loading rate (Table S4–S7).

As a result, the average of mean maximum adhesion forces on four G7-aPD-L1h-

functionalized surfaces ranged from 301 – 376 pN, depending on the pulling velocity (1 – 20 

μm/s) (Figure 2E and S4). These were 1.2- to 1.3-fold stronger than the forces obtained from 

the aPD-L1h surfaces (225 – 320 pN) at the same pulling velocity. The differences in 

dissociation kinetics were more pronounced when comparing the adhesion energies (Figure 

2F). The energies ranged from 11.7–27.0 pN∙μm and 3.9–13.0 pN∙μm for the G7-aPD-L1h 

conjugates and aPD-L1h, respectively. The force spectrum of the G7-aPD-L1h conjugates 

versus aPD-L1h was further analyzed using the Bell-Evans model (Figure 2G).36 The koff of 

the G7-aPD-L1h conjugates was ~30 times lower than that of aPD-L1h (1.86 × 10−2 s−1 vs. 

6.00 × 10−1 s−1), supporting our first hypothesis that conjugation of aPD-L1h to dendrimers 

would significantly increase the PD-L1 binding. Note that the rupture forces higher than 50 

pN were rarely detected from the control G7-Ac-COOH surface (Figure 2E), indicating that 

the interaction between the dendrimers and PD-L1 is negligible. In addition, BSA-

immobilized probe exhibited significantly weaker interaction with the G7-aPD-L1h 

conjugates, compared to PD-L1-immobilized probe, further demonstrating a high specificity 

of the conjugates (Figure S5). Furthermore, the inverted configuration did not affect the 

results, as the G7-aPD-L1h-functionalized probe still showed stronger interactions with PD-

L1 immobilized on the surface, compared to aPD-L1h, although the results were statistically 
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less significant (Figure S6). Note that discrepancy in koff measured using BLI, SPR, and 

AFM have been commonly reported,37 which is attributed to differences in experimental 

condition and detection sensitivity among such techniques. Particularly for AFM, the results 

could be affected by the parameters such as the number of molecules on the probe/surface.

The enhanced binding kinetics of the G7-aPD-L1h conjugates compared to aPD-L1h were 

then tested in vitro using the human renal cell carcinoma cancer cell line 786-O and breast 

cancer cell line MCF-7, which are known to express high and low levels of PD-L1, 

respectively.38, 39 The western blot analysis of PD-L1 in these two cell lines confirmed 

significantly higher PD-L1 expression in 786-O, compared to MCF-7 (Figure S7). The target 

specificity of the G7-aPD-L1h conjugates was then examined by treating cells with 67 nM of 

inhibitor for 3 h, followed by staining with 4’,6-Diamidino-2-Phenylindole (DAPI) on a 

nucleus. The expressions of aPD-L1h and the G7-aPD-L1h conjugates were both 

significantly higher on 786-O cells than MCF-7 cells (Figure 3A).

Next, we measured the in vitro binding affinity/avidity of the G7-aPD-L1h conjugates, which 

was compared to that of dendrimers without the antibodies (G7-Ac-COOH) and free aPD-

L1h, using a cell retention assay (Figure 3B).40 A flow chamber (Figure S8), consisting of a 

basal PEGylated slide functionalized with either G7-Ac-COOH, aPD-L1h, or the conjugates 

was used for the assay. Note that the amount of aPD-L1h immobilized on each surface was 

controlled to be comparable between the aPD-L1h- and G7-aPD-L1h-functionalized 

surfaces, by blocking the three fourths of surface reactive groups for immobilization of the 

G7-aPD-L1h conjugates (Figure S9). The detailed procedures are provided in Supporting 

Information. The BCA assay confirmed that the amounts of antibodies immobilized on the 

both surfaces were equivalent (28 ± 7 ng/mm2 vs. 27 ± 4 ng/mm2 for G7-aPD-L1h vs. aPD-

L1h; p = .650) (Figure S10).

Cell retention was determined upon washing the cells at shear stresses of 0.36 or 3.6 

dyne/cm2 for 20 min, after 15 min incubation inside the chamber. The retention of PD-

L1High 786-O cells was significantly higher on the G7-aPD-L1h-functinoalized surface, 

compared to the surface with free aPD-L1h (Figure 3C and 3D). The difference was more 

significant at the higher flow rate, as only 0.4 ± 0.5% of 786-O cells were detached from the 

G7-aPD-L1h-functionalized surface, which is a ~10-fold higher retention than the same 

surface without dendrimers (4.3 ± 1.2%; p<.001). These findings indicate the successful 

translation of the improved binding kinetics measured at the nanoscale into selective in vitro 
cell adhesion.

The higher retention observed on the G7-aPD-L1h surface, compared to aPD-L1h, is likely 

due to an increase in local antibody density.41, 42 Despite the equivalent number of 

antibodies presented on the both surfaces, the numerical analysis model (Figure S11) 

demonstrated a wider distribution in local antibody density on the G7-aPD-L1h surface than 

the aPD-L1h surface. This implies that the dendrimers cluster antibodies into a small, 

compacted area, forming an aPD-L1h-concentrated region that effectively mediates strong 

multivalent binding. For PD-L1Low MCF-7 cells, the cells displayed no noticeable difference 

in retention among the three surfaces, indicating that the G7-aPD-L1h conjugates have a 

high selectivity towards target proteins. Furthermore, over 96% of 786-O cells were washed 
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away from the dendrimer-coated surface without antibodies, confirming that the G7-Ac-

COOH do not induce cell binding.

In vitro/in vivo functional assays were conducted to confirm our second hypothesis: the 

increased binding kinetics would in turn improve the blockade of PD-1/PD-L1 interaction. 

We assessed the T cell interleukin-2 (IL-2) production and cancer cell chemoresistance to 

doxorubicin (DOX), as described elsewhere.4, 43, 44 The PD-1/PD-L1 interaction has been 

reported to affect T cell functions, including its cytokine production.4 We quantitatively 

measured the amount of IL-2 secreted by PD-1 activated T cells via a coculture with cancer 

cells (Figure 4A). ELISA was utilized to assess IL-2 levels in the supernatants collected 

from two-day cocultures of cancer cells pre-treated with interferon-γ (IFN-γ, 10 ng/mL) 

and Jurkat T cells pre-treated with phorbol 12-myristate 13-acetate (PMA, 50 ng/mL)/

phytohemagglutinin (PHA, 1 μg/mL). Different inhibitors, including the G7-aPD-L1h 

conjugates, aPD-L1h, and G7-Ac-COOH, were applied to the IFN-γ-treated cancer cells at 

33 nM, prior to the coculture. The IL-2 secretion from Jurkat T cells was observed to be the 

highest when 786-O cells were treated with the G7-aPD-L1h conjugates (Figure 4B). More 

specifically, G7-aPD-L1h increased the T cell IL-2 secretion by 1.9-fold (p = 0.036), which 

was ~35% more effective than aPD-L1h (1.4-fold increased; p = 0.004). Note that the 

dendrimer without antibodies did not affect the T cell IL-2 secretion (p = 0.861).

Recent reports suggest that chemotherapy in combination with PD-1/PD-L1 antagonists 

enhances antitumor effect, compared to chemotherapy alone.43, 45 This is at least partially 

attributed to the fact that blockade of PD-1/PD-L1 interaction is known to prevent cancer 

cells from acquiring resistance to chemo-drugs.43 The tumor cell lines were treated with the 

G7-aPD-L1h conjugates together with DOX, to investigate how enhanced binding kinetics of 

the conjugates to PD-L1 affects cytotoxicity of DOX (Figure 4C). Briefly, prior to co-culture 

with PD-1-activated T cells, the IFN-γ-treated cancer cells were incubated with G7-aPD-

L1h, aPD-L1h, and G7-Ac-COOH, followed by Calcein-AM staining (see Supporting 

Information for details). Following 48 h of coculture, the cytotoxicity of DOX was measured 

by reduction of the Calcein-AM signal. As shown in Figure 4D, G7-aPD-L1h was more 

cytotoxic than aPD-L1h when used in combination with DOX. For PD-L1High 786-O cells, 

the cells pre-treated with G7-aPD-L1h and aPD-L1h demonstrated 1.6-fold (p<0.001) and 

1.4-fold (p<0.001) greater cell death, respectively, than untreated cells. The dendrimers 

without antibodies did not display any noticeable cytotoxic effect (p = 0.785). Furthermore, 

the effect of PD-L1 blockade was not pronounced in MCF-7 cells, demonstrating in vitro 
selectivity of the dendrimer-ICI conjugates to PD-L1.

The in vivo behaviors of the G7-aPD-L1 conjugates were then tested using a tumor-bearing 

mouse model. For the in vivo study, mouse aPD-L1 (aPD-L1m) was employed instead of 

aPD-L1h, and the ratio of antibodies per dendrimer was increased to 9:1 in order to assure 

their selective tumor accumulation via stronger binding to PD-L1.46 BCA assay 

demonstrated the molar ratio between dendrimers and antibodies to be 1:10. AFM images 

further revealed the larger size of the new conjugates, compared to the conjugates having 

~3.7 antibodies per dendrimer (Figure S12). All the dendrimers and free antibodies were 

labeled with AF647, to be fluorescently observed. Prior to the mouse model study, the in 
vitro selectivity of the G7-aPD-L1m conjugates to PD-L1m was confirmed using a mouse 
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oral squamous cell carcinoma MOC1 cell line that overexpresses PD-L1.47 As shown in 

Figure 4E, significant interactions of both aPD-L1m and G7-aPD-L1m with MOC1 cells 

were observed by the red fluorescence, while unconjugated dendrimers did not bind to the 

cells.

The G7-aPD-L1m conjugates were then applied to a MOC1 tumor-bearing mouse model. To 

establish the mouse tumor model, ~5 × 105 MOC1 cells were inoculated into nude mice (4- 

to 6-week-old; female). Once tumor size reached 300–500 mm3, mice were randomized and 

50 μL of either the G7-aPD-Llm conjugates or aPD-L1m was injected through the tail vein at 

a concentration of ~128 nM (Figure S12). In vivo imaging system (IVIS) analysis after 72 

hours injection revealed 2.5-fold (p = 0.025) increased targeting of the G7-aPD-L1m 

conjugates, compared to aPD-L1m (Figure 4F and 4G). Note that accumulation of the aPD-

L1m was similar with that of G7-IgGm, due to longer circulation half-life and less renal 

excretion of G7-IgGm which mediate strong passive targeting.48, 49 The subsequent 

comparison of biodistribution analysis corroborated the target selectivity of the G7-aPD-L1m 

conjugates (Figure 4H and 4I). The biodistribution of the three nanoparticles was not 

significantly different in other major organs, including brain, heart, lung, liver, kidney, and 

spleen. These findings suggested that the enhanced binding kinetics of the G7-aPD-L1m 

conjugates were successfully translated into in vivo selectivity. Obviously, our approach 

needs to be further validated by in vivo efficacy tests to confirm that the enhanced binding 

avidity through dendrimer-aPD-L1 conjugation is an effective method to improve the 

therapeutic efficacy of ICIs. An extensive in vivo study using syngeneic, immunocompetent 

mouse models will be the subject of our future publications.

In this study, we have engineered a nanotherapeutic platform which can effectively block 

PD-1/PD-L1 immune checkpoints by utilizing the multivalent binding effect mediated by 

hyperbranched dendrimers. The G7-aPD-L1 conjugates formed multiple binding pairs with 

PD-L1 proteins, creating significantly stronger interaction with the target receptors than free 

aPD-L1 did. This was confirmed using three direct measurement methods, BLI, SPR, and 

AFM, which all revealed that the G7-aPD-L1 conjugates achieved significantly enhanced 

binding avidity, compared to aPD-L1, by up to an order of magnitude. The enhancement in 

binding kinetics in turns increased the PD-L1 antagonist effect in vitro, as the dendrimer-ICI 

conjugates increased T-cell cytokine production while reducing cancer cell chemoresistance 

to DOX. The increased in vivo tumor accumulation of the G7-aPD-L1 conjugates further 

confirmed the enhanced target selectivity of the dendrimer-ICI conjugates towards the PD-

L1 protein. Our current dendrimer-ICI system still has room for improvement to achieve 

even stronger targeting efficacy. For example, the orientation of the surface-bound antibodies 

could be better controlled by utilizing a site-specific conjugation chemistry, such as 

sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC) and click 

chemistries. Nonetheless, despite the possibilities of having misoriented antibodies, we have 

demonstrated throughout the manuscript that the current system exhibits high enough 

binding avidity toward their target protein (Figure S14). In summary, the results presented in 

this study demonstrate that the dendrimer-mediated multivalent binding effect improves the 

blockade of immune checkpoints and has potential as a novel nanoscale platform for 

advanced cancer immunotherapy.
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Figure 1. 
Synthesis and characterization of the G7-aPD-L1 conjugates. (A) Schematics describing the 

synthetic route of the G7-aPD-L1 conjugates. (B) The molar ratios of impurities, i.e., free 

antibodies (top) and non-conjugated dendrimers (bottom), after the conjugation reaction 

between G7-Ac-COOH and aPD-L1. Error bars represent standard deviations (SD). (C-E) 

The G7-aPD-L1 conjugates characterized using AFM. (C) AFM images of surface-adsorbed 

G7-Ac-COOH, aPD-L1h, and G7-aPD-L1h conjugates, obtained in air. (D-E) Box plots for 

the diameters and heights of the nanoparticles obtained using AFM. The differences in 

height and diameter imply the flattening of the nanoparticles on the mica surface. Note that 

the center lines in box plots represent the median, boxes represent interquartile ranges 

(IQR), and error bars range from the first quartile (Q1) − 1.5 × IQR to Q3 + 1.5 × IQR.
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Figure 2. 
Binding kinetics of the dendrimer-aPD-L1 conjugates, free aPD-L1, and controls to PD-L1 

quantitatively analyzed using three direct measurement methods: (A) BLI analysis; (B) SPR 

analysis; (C-G) AFM force spectroscopy. (C) A schematic diagram of the experimental set 

up for AFM analysis, representing the working principle of measuring dissociation kinetics 

between PD-L1 and its binding counterparts employed in this study. (D) Representative FD 

curves obtained from a PD-L1-immobilized probe, upon interaction with surfaces modified 

with G7-Ac-COOH (upper), aPD-L1h (middle), and G7-aPD-L1h (bottom). (E, F) 

Maximum adhesion forces and adhesion energies collected from FD curves for interaction of 

probe-immobilized PD-L1 with surface-immobilized inhibitors. (G) Bell-Evans model 

fitting of the FD curves obtained at different pulling velocities. koff values of the G7-aPD-

L1h conjugates and free aPD-L1h were calculated as 1.86 × 10−2 s−1 and 6.00 × 10−1 s−1, 

respectively. For (E-G), error bars represent standard error of mean.
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Figure 3. 
In vitro cell selectivity and enhanced binding avidity of the G7-aPD-L1h conjugates: (A) In 

vitro specificity of free aPD-L1 and the G7-aPD-L1h conjugates to PD-L1 observed using an 

inverted fluorescence microscope. (B-D) In vitro cell retention assay demonstrating the 

enhanced binding of the G7-aPD-L1h conjugates to PD-L1 expressing cells in a selective 

manner. An equivalent number of antibodies was immobilized on each of the aPD-L1h and 

G7-aPD-L1h surfaces, whereas the dendrimer-coated surface without aPD-L1 (G7-Ac-

COOH) was used as a negative control. The numbers of cells remained attached to the G7-

Ac-COOH-, aPD-L1h-, and G7-aPD-L1h-functionalized surfaces were compared after 

exposure to shear stresses of 0.36 and 3.6 dyne/cm2. All results indicate that the G7-aPD-
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L1h surfaces exhibit the strongest cell binding as a result of specific aPD-L1/PD-L1 

adhesion. Error bars: SD.
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Figure 4. 
Enhanced in vitro PD-L1 blockade efficacy and in vivo selectivity of the G7-aPD-L1 

conjugates compared to aPD-L1: (A, B) T cell IL-2 production assessed following the 

coculture of T cells and cancer cells (n = 3). Error bars represent standard deviation. (C, D) 

Cancer cell chemoresistance to DOX measured after coculturing the cells with the Jurkat T 

cells (n≥8). Note that cancer cells were pre-treated with either the G7-aPD-L1h conjugates, 

aPD-L1h, or surface-modified dendrimers for A-D. Error bars: SD. (E) The in vitro target 

binding of the G7-aPD-L1m conjugates confirmed using MOC1 cells. (F, G) In vivo imaging 

system (IVIS) analysis assessed using MOC1-tumor bearing mice (n = 8–10). Error bars 

represent standard error of means. (H, I) Biodistribution of the major organs and tumors 

obtained at 72 h after injection of the G7-aPD-conjugates. Error bars represent standard 

error of means.
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Scheme 1. 
A schematic diagram illustrating the hypothesis that the dendrimer-mediated multivalent 

interaction would substantially increase the antagonist effect of ICIs as a result of increased 

binding kinetics.
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