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Abstract

Super-resolution imaging was used to quantify organizational changes in the plasma membrane 

after treatment with hybrid nanoconjugates. The nanoconjugates crosslinked CD20 on the surface 

of malignant B cells thereby inducing apoptosis. Super-resolution images were analyzed using 

pair-correlation analysis to determine cluster size and to count the average number of molecules in 

the clusters. The role of lipid rafts was investigated by pre-treating cells with a cholesterol chelator 

and actin destabilizer to prevent lipid raft formation. Lipid raft cluster size correlated with 

apoptosis induction after treatment with the nanoconjugates. Lipid raft clusters had radii ~200 nm 

in cells treated with the hybrid nanoconjugates. Super-resolution images provided precise 

molecule location coordinates that could be used to determine density of bound conjugates, cluster 

size, and number of molecules per cluster.
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Synthetic polymers bound to drugs or proteins provide advantages over small molecule 

therapeutics such as: improved biodistribution and lower toxicity.[1] For example, 

polyethylene glycol has been attached to therapeutic proteins to increase blood circulation 

time and decrease immunogenicity. The monomer N-(2-hydroxypropyl)methacrylamide 
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(HPMA) can be polymerized using reversible addition-fragmentation chain transfer (RAFT), 

atom transfer radical polymerization (ATRP), and conventional radical polymerization into a 

hydrophilic biocompatible polymer.[2] Polymeric nanomedicines have progressed from 

simply altering biodistribution to performing complex biological functions in vivo such as 

self-assembly to induce apoptosis in cancer cells.[3] Rational nanomedicine design can be 

facilitated by an improved characterization of the molecular-level interactions between 

cellular membranes and nanoconstructs.[4]

Traditional tools for studying molecular-level interactions between cell membrane 

components (proteins, lipids, cholesterol) and polymer therapeutics are limited. Confocal 

microscopy is limited by optical diffraction, which prevents characterization of structures 

below ~200 nm; however, new optical imaging techniques can reach resolutions of 10 nm [5] 

by controlling fluorophore activation and emission. These super resolution imaging 

techniques—photoactivatable localization microscopy (PALM), stochastic optical 

reconstruction microscopy (STORM), and direct STORM (dSTORM)—are broadly 

categorized as localization microscopy techniques.[6] These techniques control the activation 

and emission of fluorophores so that sparse subsets of molecules are activated and precisely 

localized in an individual frame. Localization microscopy provides the spatial coordinates 

for all localized molecules in the image, which can then be analyzed using biophysical 

analysis tools such as pair-correlation analysis to extract quantitative physical characteristics 

in the image, like size and cluster spacing.[7]

In 2012, Non-Hodgkin’s lymphoma (NHL) resulted in ~400,000 new cases and ~200,000 

deaths worldwide.[8] The majority (85%) of NHL cancers are of B cell origin. B cells 

express the non-shedding and non-internalizing membrane protein CD20—a 33 kDa protein 

that is associated with lipid rafts.[9] Crosslinking of CD20 results in activation of tyrosine 

kinases, release of intracellular stores of calcium ion, activation of caspase signaling, and 

initiation of apoptosis.[10] Monoclonal antibodies directed toward CD20 (e.g. Rituximab) 

have proven effective in treating NHL, but half of treated patients do not respond to 

treatment; therefore improved medicines are needed.

To address the limitations of current NHL treatments, we developed a new therapeutic 

paradigm utilizing hybrid nanomaterials. Our therapeutic employs two complementary 

hybrid nanoconjugates that bind to CD20 and self-assemble causing CD20 crosslinking 

(Figure 1).[3c] The two nanoconjugates are comprised of three main components: 1) The 

complementary morpholino oligonucleotide analogs MORF1 and MORF2, which hybridize 

with picomolar affinity; 2) An anti-CD20 Fab′ fragment from the mAb 1F5, which is bound 

to MORF1; and 3) A linear polyHPMA bearing multiple copies of MORF2 for hyper-

crosslinking of the Fab′-MORF1 conjugates bound to CD20. In this study, we sought to 

clarify the effects of nanoconjugate self-assembly on protein distribution in the plasma 

membrane using super resolution microscopy and pair-correlation analysis. Our therapeutic 

system can be administered in two different ways: 1) Consecutive, where Fab′-MORF1 is 

added to the cells or injected into mice first then, an hour later (or other optimized time), the 

P-MORF2 is added; or 2) Pre-mixed, where the conjugates are mixed together prior to 

addition to cells or injection into mice.
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Bioconjugation of the Fab′ fragment to MORF1 was accomplished by first modifying the 

MORF1 oligo with the heterobifunctional linker SMCC (succinimidyl 4-(N-

maleimidomethyl)cyclohexane-1-carboxylate) and then mixing Fab′-SH with the resulting 

MORF1-mal (Scheme 1A). The lysine residues on the Fab′-MORF1 conjugate were 

fluorescently labeled with NHS-functionalized Alexa Fluor 647.

The P-MORF2 conjugate was prepared using RAFT copolymerization of HPMA with an 

amine reactive comonomer (MA-GG-TT). The thiazolidine-2-thione (TT) groups were 

incorporated into the HPMA backbone to make P-TT with a Mw of 136 kDa and a PDI of 

1.15. The P-TT polymer was then conjugated to MORF2-NH2. The conjugates were 

characterized as described previously.[3c]

Rituximab is known to be dependent on lipid raft integrity to activate calcium entry into the 

cell and caspase activation.[11] Lipid rafts play a vital role in cell signaling, especially in 

apoptosis.[12] It is still unknown whether the nanoconjugates require lipid raft platforms to 

induce apoptosis and how the conjugates alter the lateral organizing of proteins in the 

membrane. We used methyl-β-cyclodextrin (MβCD) to extract cholesterol, a component of 

lipid rafts, from the cell membrane[13] and Latrunculin B (LatB) to disassemble cortical 

actin.[14]

The role of cholesterol and actin were investigated by pretreating the cells with MβCD and 

LatB respectively. As a positive control, the 1F5 mAb was used along with a secondary goat 

anti-mouse antibody to hypercrosslink the bound 1F5 (mAb +2°Ab). The mAb+2°Ab (p = 

0.01), Rituximab (p = 0.00007) and consecutive (p = 0.00002) groups significantly induced 

apoptosis above the untreated control (Figure 2A). The nanoconjugates (consecutive group) 

induced significantly greater levels of apoptosis than the clinically used antibody Rituximab 

(Figure 2A). In all cases, with the exception of the mAb+2°Ab group pre-treated with 

MβCD, apoptosis was significantly inhibited (Figure 2A and 2B).

All treatments showed significant apoptosis inhibition when pretreated with LatB (Figure 

2B). Therefore, cortical actin stability enhanced the efficacy of Rituximab and the hybrid 

nanoconjugates. The prominent role that lipid rafts play in the induction of apoptosis by the 

nanoconjugates supports the model proposed by Deans et al., where lipid raft clustering 

allows transactivation of src-family kinases.[9] Nanoconjugate self-assembly and 

hypercrosslinking of CD20 appears to indirectly induce apoptosis through a similar lipid raft 

clustering mechanism. The cytoskeleton plays a critical role in plasma membrane 

organization through interactions with transmembrane proteins,[15] so destabilization of 

cortical actin by LatB results in randomization of lipid raft components in the plasma 

membrane. The nanoconjugates showed similar decreases in apoptosis to Rituximab after 

actin destabilization and cholesterol depletion indicating that the conjugates exhibit 

mechanistic behavior similar to Rituximab in vitro.

In order to validate the lipid raft-clustering hypothesis, we imaged CD20 and lipid raft 

clusters after nanoconjugate treatment. We used dSTORM to provide super resolution 

images of Raji cellular membranes subjected to various treatments. Lipid rafts were tracked 

using Alexa Fluor 555 conjugated to cholera toxin B. CD20 distribution was tracked using 
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fluorescently labeled Fab′-MORF1-AF647. Pre-treatments with MβCD and LatB were 

performed to determine if there were structural changes in the membrane organization and if 

they correlated with apoptosis induction.

Cell membranes treated with the nanoconjugates (Figure 3A) showed increased clustering of 

CD20 over cells treated with Fab′-MORF1 only (Figure 3C). Cells pretreated with LatB 

(Figure 3e) and MβCD (Figure 3G) and then with the Fab′-MORF1-AF647 (1 h) followed 

by P-MORF2 (1 h) showed similar clustering as cells treated with Fab′-MORF1 only.

To determine the average cluster size and number of localizations per cluster we used pair-

correlation analysis. Sections of the 2D images were selected for pair-correlation analysis in 

Matlab (Figure 3). Measured pair-correlation functions (g(r)peaks) were fit to the theoretical 

function

Equation (1)

where r is the radial offset in nm, σ is the standard deviation of the localization precision 

(Figure S3), ρ is the average density of localizations in the image, and ξ is the characteristic 

decay, which is approximately the average cluster radius. Values of ξ were determined for 

images of the lipid rafts and CD20 by fitting the pair-correlation function to Equation 1 

(Figure 3). Lipid raft cluster size was significantly larger than nontreated (p = 0.02), Fab′-

MORF1 (p = 0.01), and MβCD (p = 0.01) and LatB (p = 0.03) pretreated cells (Figure 4C). 

The average density of Fab′-MORF1 bound to the surface in all the various treatments was ρ 

= 170 molecules/μm2, assuming a cell diameter of 10 μm that gives approximately 50,000 

molecules of Fab′-MORF1 bound to the surface of each B cell. This number is a lower 

estimate as it is possible that only a fraction of the bound dye was imaged. However, the 

calculated number of bound Fab′-MORF1 is reasonable given that CD20 resides as dimers 

and tetramers in the plasma membrane so due to steric hindrance not all CD20 will bind to 

Fab′-MORF1. The average number of CD20 on a B cell is 250,000 per cell.[16]

The CD20 cluster sizes were not significantly different (Figure 4C). The number of 

localizations per cluster can be approximated using the equation Ncluster = 2Aπξ2ρ. The 

mean number of molecules in the lipid raft clusters of nanoconjugate-treated cells was 

approximately 5 times greater than the controls, but due to high variability and small sample 

size the difference cannot be confirmed as significant. The shape of the pair-correlation 

curves of the lipid rafts revealed differences in cluster size. Figures 4A and 4B contain pair-

correlation functions that were normalized in order to compare the shape of the curves. 

Consecutive treated cells showed slower decaying pair-correlation functions as compared to 

non-treated cells and cells that were pretreated with MβCD and LatB (Figure 4A). However, 

the difference between consecutive-treated cells and other treatments is less pronounced in 

the pair-correlation functions of CD20 (Figure 4B).

Unexpectedly, there was not a significant increase in CD20 cluster size or number of 

localizations per cluster in those cells treated with the nanoconjugates. The CD20 cluster 

size of the consecutive group is double the cluster size of the cells treated with Fab′-MORF1 

Hartley et al. Page 4

Chembiochem. Author manuscript; available in PMC 2016 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



only. Previously, Chan et al., reported that CD20 migrates to lipid rafts after 

crosslinking.[17] We showed that using small molecules to prevent aggregation of lipid raft-

associated molecules reduces apoptosis induction. Cholesterol serves as a spacer between 

sphingolipids and hydrocarbon chains, acting as glue for the lipid raft cluster. Without 

cholesterol, large lipid clusters did not form. Therefore, kinases associated with lipid rafts 

may be prevented from interaction with CD20 proteins. The use of MβCD and LatB 

decreased CD20 cluster size from a radius of 200 nm to 100 nm and 150 nm, respectively 

(Figure 4C).

Furthermore, we studied the 2-step in vivo targeting efficacy of the nanoconjugates in mice. 

Confocal microscopy was performed on excised portions of mouse tissues to investigate 

colocalization of Fab′-MORF1 with P-MORF2 on the B-cell surface. Raji cells (labeled with 

APC) were found in the lung, spleen, liver, and calvarium (Figure 5). Both Fab′-MORF1 

and P-MORF2 co-localized with Raji cells in vivo (Figure 5). Higher magnification images 

showed that co-localization is indeed occurring on the surfaces of Raji cells.

We found that lipid raft cluster size correlated with apoptotic efficiency; however, CD20 

cluster radii were not significantly greater than negative controls. Lipid raft clusters had 

radii ~200 nm in cells treated with the nanoconjugates, but when treated with lipid raft 

disrupting molecules the cluster size decreased to below 100 nm. We also found that even in 

the complex tissue environment in vivo, hybridization between the nanoconjugates occurred, 

and No non-specific co-localization of the conjugates was found in the imaged tissues, 

which supports the conclusion that this therapeutic system is highly specific.
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Figure 1. 
Nanoconjugates hybridize on the cell surface stimulating lipid raft clustering thereby 

inducing apoptosis. 1) The anti-CD20 conjugate Fab′-MORF1 binds to CD20 and decorates 

the surface with MORF1 oligonucleotide; 2) The second nanoconjugate P-MORF2 

hybridizes with MORF1; 3) Lipid rafts cluster in proximity to crosslinked CD20 proteins, 

thereby inducing apoptosis.
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Figure 2. 
Apoptosis induction and inhibition of Raji B-cells. The percentage of apoptotic cells was 

determined using an annexin V assay and quantified by flow cytometry. Cells were 

incubated for 6 h at 37 °C. Rituximab, mAb (1F5), and Fab′-MORF1 (consecutive) were 

administered at 1 μM concentrations based off molar concentration of Fab′. (A) Effects of 

pre-treatment with 10 mM MβCD for 15 min before incubation for 6 h. Untreated cells 

without therapeutic; mAb + 2°Ab, 1F5 mAb (1 μM) for 1 h followed by goat anti-mouse 

secondary Ab (0.5 μM); Rituximab (1 μM) for 1 h then washed; Consecutive, Fab′-MORF1 

(1 μM) for 1 h followed by P-MORF2 (1 μM). The ratio of MORF1:MORF2 was 1:1. (B) 

Effect of pretreatment with 10 μM latrunculin B for 45 min on apoptosis. Significance was 

determined by comparing groups with untreated unless otherwise indicated (*p < 0.05, **p 

< 0.005, ***p < 0.0001, and n.s. indicates no significant difference).
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Figure 3. 
dSTORM images and pair-correlation analysis. (A) CD20 distribution on the cell surface 

after 2 h consecutive treatment (Fab′-MORF1 and P-MORF2); (B, D, F, H) Pair-correlation 

function from images a, c, e, and g respectively fit to Equation 1; (D) Treatment with Fab′-

MORF1; (E) LatB pretreatment then consecutive treatment; (G) MβCD pretreatment then 

consecutive treatment.
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Figure 4. 
Pair-correlation and cluster analysis. (A) Normalized pair-correlation functions of lipid raft 

distribution for different conditions, multiple images were acquired for each condition; (B) 

Normalized pair-correlation functions of CD20 distribution for different conditions; (C) 

Cluster radius values obtained from fitting data to equation 1; (D) Estimated number of 

localizations per cluster for the different conditions.
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Figure 5. 
In vivo tumor targeting in mice. 3D confocal microscopy analysis showed co-localization of 

three fluorescent signals indicating Raji cells (labeled with APC; blue), Fab′-MORF1 

(labeled with rhodamine (RHO); red) and P-MORF2 (labeled with FITC; green). Raji cells 

were inoculated to SCID mice via the tail vein on day 1. On day 2, the mice were 

intravenously administered Fab′-MORF1, and, 5 h later, P-MORF2. Various tissues (as 

indicated) were harvested and imaged on day 5. Graticule size: 50 μm.
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Scheme 1. 
Synthesis of the nanoconjugates Fab′-MORF1, Fab′-MORF1-RHO/AF647, and P-MORF2. 

(A) Scheme of Fab′-MORF1 synthesis where MORF1-NH2 is reacted with succinimidyl-4-

(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC) then reacted with Fab′-SH. (B) 

RAFT polymerization of the P-TT polymer and conjugation to MORF2-NH2.
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