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statistical significance (p < 0.05) between G4-RHO-FA-OH and the control 

conjugate groups, and # denotes statistical significance (p < 0.05) between G4-

RHO-FA-OH/NP45 and the control nanohybrids, based on a 1-way ANOVA 

followed by Tukey’s post hoc test.  G4-RHO-NH2 shows the interactions with 
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FA-OH-encapsulated nanohybrids with different PLA MW.  Nanohybrids with 
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NP30 and NP45 nanohybrids.  *denotes statistical significance (p < 0.05) 

between G4-RHO-FA-OH and the nanohybrids based on a 1-way ANOVA 

followed by Tukey’s post hoc test. 
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conjugates into PEG-PLA copolymers to produce the nanohybrids. 

Figure 4.2.  1H NMR spectra of (A) G4 PAMAM dendrimer, (B) G4-RHO-NH2, 

and (C) G4-RHO-FA-NH2.  The 1H NMR spectrum of G4 PAMAM dendrimers 

(A) shows 6 characteristic peaks at 2.46, 2.65, 2.84, 3.01, 3.32, and 3.43 ppm.  

After conjugation with RHO, new peaks between 6.50 and 8.50 ppm 

corresponding to the aromatic protons of RHO were observed (B).  Based on 

the relative integration values at 8.04 ppm and the dendrimer peaks, it was 

calculated that each dendrimer has approximately 3.9 RHO molecules.  For 

G4-RHO-FA-NH2 (C), an increase in the integration values at 6.68 and 7.76 

ppm, compared to G4-RHO, indicated successful FA conjugation.  Based upon 

the difference in the relative integration values of the characteristic RHO and 

FA peaks, it was calculated that approximately 4.3 FA molecules were attached 

to the dendrimer.   
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84 

Figure 4.4.  1H NMR spectra of (A) PEG-PLA, (B) Boc-NH-PEG-PLA, (C) 

deprotected H2N-PEG-PLA, and (D) FITC-PEG-PLA.  The 1H NMR spectrum of 
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PEG-PLA were estimated using the relative integration ratios of peaks b and c, 

based on the integral value for peak a of mPEG.  This was calculated to be 

44,900 g/mol for PEG-PLA and 48,800 g/mol for Boc-NH-PEG-PLA.  

Deprotection of Boc-NH-PEG-PLA was confirmed by the disappearance of 

peak d (0.85 ppm) corresponding to the Boc group.  Conjugation of FITC to 

H2N-PEG-PLA was confirmed by the appearance of peak e at 6.45 ppm 

corresponding to the aromatic protons of FITC, and it was calculated that 0.8 

FITC molecules were attached to the polymer based on the relative integration 

ratio of peaks a and e. 

Figure 4.5.  SEM images of the nanohybrids prepared in this study showing 

controlled particle sizes around 100 nm in diameter (scale bar: 100 nm). 
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Figure 4.6.  CLSM images of KB FR+ cells upon incubation with G4-RHO-FA-

OH (left column), G4-RHO-FA-OH-encapsulated nanohybrids (middle column), 

and empty FITC-NPs (right column) up to 48 h.  Red: RHO-labeled dendrimers, 

green: FITC-labeled NPs, blue: cell nuclei stained by DAPI, scale bar: 20 μm.  
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Figure 4.7.  Ortho view of Z-stack images of KB FR+ cells upon incubation with 

G4-RHO-FA-OH (left column), G4-RHO-FA-OH-encapsulated nanohybrids 

(middle column), and empty FITC-NPs (right column) at 4 and 24 h.  Red: 

RHO-labeled dendrimers, green: FITC-labeled NPs, blue: cell nuclei stained by 

DAPI, scale bar: 10 μm.  The targeted dendrimers show specific interaction 

with KB FR+ throughout the incubation period.  The targeted nanohybrids start 

to selectively interact with the cells after 4 h as the overlapping red and green 

fluorescence signals are observed.  At longer incubation hours (24 h and 
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Figure 25), the red signals become predominant, indicating that the released 

dendrimers selectively interact with the KB FR+ cells.  The empty NPs start to 

interact with the cells after 24 h likely due to non-specific interactions. 

Figure 4.8.  CLSM images of (L to R): KB FR- cells incubated with G4-RHO-

FA-OH, KB FR- cells incubated with G4-RHO-FA-OH/FITC-NPs, KB FR+ cells 

incubated with G4-RHO-OH, and KB FR+ cells incubated with G4-RHO-

OH/FITC-NPs up to 48 h.  G4-RHO-FA-OH and its corresponding nanohybrids 

show limited interactions with KB FR- cells.  Nontargeted dendrimer conjugates 

(G4-RHO-OH) and their corresponding nanohybrids show a significantly lower 

degree of interactions with KB FR+ cells compared to the FA-targeted systems 

(Figure 25).  Red: RHO-labeled dendrimers, green: FITC-labeled NPs, blue: 

DAPI, scale bar: 20 μm.  
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Figure 4.9.  Release kinetics of G4-RHO-FA-OH/FITC-NP in cell-conditioned 

basal FA-deficient RPMI 1640 media.  Faster release kinetics were obtained 

compared to the release profile in PBS (red dotted line, adapted from Figure 

17), with ~90% of the dendrimer conjugates released after 48 h of incubation. 
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Figure 4.10.  Effect of endocytic inhibitors on cellular interactions of the 

nanohybrids observed using CLSM.  KB FR+ cells were incubated with G4-

RHO-FA-OH, nanohybrids (G4-RHO-FA-OH/FITC-NP), and empty FITC-NPs 

for 4 h and 24 h.  Red: RHO-labeled dendrimers, green: FITC-labeled NPs, 

blue: cell nuclei stained by DAPI, scale bar: 20 μm.  Cellular uptake of the 

targeted dendrimers is fully inhibited at 4 h by filipin and filipin/MβCD, but not 

affected by MβCD alone.  The uptake of the targeted nanohybrids is inhibited 
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by MβCD and filipin/MβCD at 4 h, exhibiting polymeric NP-like behavior.  

However, at 24 h, only filipin/MβCD blocks the interaction of the nanohybrids, 

and yet limited effect of MβCD is observed, indicating the selective cellular 

interactions by the released dendrimers (red fluorescence).  As expected, non-

specific uptake of the empty FITC-NPs at 24 h is inhibited by MβCD and 

filipin/MβCD. 

Figure 4.11.  (A) CLSM images of KB FR+ MCTS upon incubation with G4-

RHO-FA-OH, G4-RHO-FA-OH/FITC-NP, and empty FITC-NPs up to 48 h.  

Red: RHO-labeled dendrimers, green: FITC-labeled NPs.  Images shown were 

taken at a depth of 80 μm into each spheroid, scale bar: 100 μm.  Only the free 

dendrimers and those released from the nanohybrids are able to penetrate 

deep into the spheroids.  Empty FITC-NPs and intact nanohybrids accumulate 

at the periphery of the spheroids even after 48 h.    
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Figure 4.12.  Cell proliferation kinetics of KB FR+ (n = 4) after treatment with 

MTX-conjugated dendrimers and nanohybrids at a concentration equivalent to 

1 μM MTX over 72 h.  The MTS assay was performed after additional 72 h to 

allow the cells to proliferate.  Free MTX and the MTX-conjugated FA-targeted 

dendrimers start to exhibit cytotoxicity after 24 h, as indicated by the reduction 

in cell proliferation (<80%) relative to untreated controls.  G4-RHO-FA-OH-

MTX-encapsulated nanohybrids show a similar effect on cell growth at the 72 h 

time point but with a time delay of 48 h due to the controlled release of the 

dendrimer conjugates.  * and ** denote significant difference in cell proliferation 

relative to the non-targeted dendrimer conjugates (G4-RHO-OH-MTX) and 
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nanohybrids (G4-RHO-OH-MTX/NP), respectively.  Statistical analysis was 

performed using OriginPro 8.5 using 1-way ANOVA followed by Tukey’s post 

hoc test at p < 0.05. 

Figure 5.1.  Overview of the sequential passive and active targeting enabled 

by the nanohybrid system.  The PEGylated larger NP allows the nanohybrids to 

be long circulating and passively accumulate at the tumor site through the EPR 

effect.  Once there, actively-targeted dedrimers are gradually released and able 

to penetrate deep within the tumor tissue, ultimately resulting in enhanced 

targeting efficacy (partially contributed by Kevin Shyu). 
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Figure 5.2.  1H NMR spectra of (A) G4 PAMAM dendrimer, (B) partially 

acetylated G4, (C) RITC conjugated, fully hydroxylated G4-RITC-OH, and (D) 

fully hydroxylated, RITC and FA conjugated G4-RITC-FA-OH.  The 1H NMR 

spectrum of G4 PAMAM dendrimers (A) has 6 characteristic peaks 

corresponding to the protons of the internal methylene groups and those 

adjacent to the surface amino groups at 2.46, 2.65, 2.84, 3.01, 3.32, and 3.43 

ppm.  After partial acetylation, a new peak appeared at 1.95 ppm 

corresponding to the acetamide protons.  The dendrimer was 30% acetylated 

based on the integration ratio between peak g and peaks a-f (B).  RITC 

conjugation resulted in new peaks corresponding to the aromatic protons 

between 6.75 – 7.65 ppm (C).  FA conjugation also resulted in peaks around 

6.55 – 7.85 which overlapped with the RITC peaks (D). 
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Figure 5.3.  1H NMR spectra of (A) G5 PAMAM dendrimer, (B) partially 

acetylated G5, (C) RITC conjugated, fully hydroxylated G5-RITC-OH, and (D) 
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fully hydroxylated, RITC and FA conjugated G5-RITC-FA-OH.  The 1H NMR 

spectrum of G5 PAMAM dendrimers (A) has 6 characteristic peaks 

corresponding to the protons of the internal methylene groups and those 

adjacent to the surface amino groups at 2.46, 2.65, 2.84, 3.01, 3.32, and 3.43 

ppm.  After partial acetylation, a new peak appeared at 1.95 ppm 

corresponding to the acetamide protons.  The dendrimer was 50% acetylated 

based on the integration ratio between peak g and peaks a-f (B).  RITC 

conjugation resulted in new peaks corresponding to the aromatic protons 

between 6.75 – 7.65 ppm (C).  FA conjugation also resulted in peaks around 

6.55 – 7.85 which overlapped with the RITC peaks (D). 

Figure 5.4.  UV/Vis spectra of G4 and G5 PAMAM dendrimer conjugates 

prepared in this study compared to RITC and FA.  The number of RITC and FA 

molecules attached to each dendrimer was calculated based on the 

absorbance of the conjugates at 556 nm and 275 nm, respectively.  UV/Vis 

spectra revealed that the conjugates prepared in this study contained 

approximately 3.4 RITC and 5.8 FA molecules per G4 dendrimer, and 2.8 RITC 

and 5.9 FA molecules per G5 dendrimer. 

120 

Figure 5.5.  1H NMR spectra of (A) PEG-PLA, (B) Boc-NH-PEG-PLA, (C) 

deprotected H2N-PEG-PLA, and (D) RITC-PEG-PLA.  The 1H NMR spectrum 

of PEG-PLA shows two characteristic peaks of PLA at 5.15 and 1.55 ppm (b 

and c).  As for mPEG, the characteristic peak corresponding to the ethylene 

glycol repeating units (b) was observed at 3.62 ppm.  The MWs of PEG-PLA 

were estimated using the relative integration ratios of peaks b and c, based on 
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the integral value for peak a of mPEG.  This was calculated to be 44,900 g/mol 

for PEG-PLA and 48,800 g/mol for Boc-NH-PEG-PLA.  Deprotection of Boc-

NH-PEG-PLA was confirmed by the disappearance of peak d (0.85 ppm) 

corresponding to the Boc group.  Conjugation of RITC to H2N-PEG-PLA was 

confirmed by the appearance of peak e at 6.45 ppm corresponding to the 

aromatic protons of RITC, and it was calculated that 0.9 RITC molecules were 

attached to the polymer based on the relative integration ratio of peaks a and e. 

Figure 5.6.  CLSM images of KB FR+ MCTS upon incubation with G4-RITC-

FA-OH (top row), G5-RITC-FA-OH (second row), G4-RITC-OH (third row), and 

G5-RITC-OH  (fourth row) up to 24 h.  Red: RITC-labeled dendrimers.  Images 

shown were taken at a depth of 80 μm into each spheroid, scale bar: 100 μm.  

Only the FA-targeted dendrimers are able to penetrate deep into the spheroids.  

G4-RITC-FA-OH conjugates display similar penetration ability to G5-RITC-FA-

OH, which validates their use as FA-targeted vectors in the nanohybrid system.  

The nontargeted conjugates, G4-RITC-OH and G5-RITC-OH, exhibit a 

significantly lower penetration ability compared to FA-targeted conjugates. 
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Figure 5.7.  Biodistribution profile of (A) nontargeted G4 dendrimers (G4-RITC-

OH), (B) nontargeted nanohybrids, and (C) empty RITC-NPs, following a single 

IV injection.  Nontargeted dendrimer conjugates are quickly cleared from the 

blood (<10% ID remaining) after 24 h, and appear mostly in the kidneys.  In 

contrast, an equivalent dose of dendrimers encapsulated within the 

nanohybrids display a biodistribution profile closer to RITC-NPs.  The 

nanohybrids and RITC-NPs persisted longer in the blood, with 18-23% ID 
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found after 24 h, and they were both mostly eliminated by the liver and spleen. 

Figure 5.8.  Biodistribution profile of (A) FA-targeted G4 dendrimers (G4-RITC-

FA-OH), (B) FA-targeted nanohybrids, and (C) empty RITC-NPs, in BALB/c 

mice carrying human KB FR+ xenografts, following a single IV injection.  FA-

targeted dendrimers (A) are cleared from the blood faster than nontargeted 

conjugates (Figure 37(A)), with <5% ID remaining after 24 h, due to significant 

liver uptake (~15% ID).  Only ~5% ID could be found in the tumor tissue after 1 

h, and ~3% ID after 24 h.  FA-targeted nanohybrids (B) not only persisted 

longer in the blood (14% ID remaining after 24 h), but also a higher % ID was 

found in the tumor tissue (12%) compared to the free conjugates.  A similar 

biodistribution pattern was observed for RITC-NPs, including in tumor tissue 

(C).   
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 BACKGROUND 

Cancer is one of the most devastating diseases, with estimated 1,660,290 new 

cases diagnosed and 580,350 deaths in 2013 alone [1].  In addition to the detrimental 

effects on normal tissue and organ function, the side effects of existing 

chemotherapeutic agents can often be as devastating as the disease itself.  This is due 

to nonspecific uptake of small drug molecules by the tumor cells and normal cells alike.  

The small size of drug molecules also causes their rapid elimination from the systemic 

circulation by renal and other clearance mechanisms [2].   

In order to reduce the systemic side effects of common chemotherapeutic 

agents, selective delivery of those agents to the target tissues is highly desirable.  

Fortunately, recent advances in nanotechnology have enabled targeted delivery of 

therapeutic agents to cancer cells by two main mechanisms; active and passive 

targeting.  Active targeting involves decorating the drug carrier with ligands that are 

specific to receptors overexpressed or uniquely expressed by the cancer cells.  Passive 

targeting relies on using size-controlled nanocarriers, typically 50-200 nm in size, to 

passively accumulate at the tumor site due to the enhanced permeability and retention 

(EPR) effect, a characteristic of tumor biology [3-6].   

As illustrated in Figure 1.1, nanocarriers come in different sizes, shapes, and 

attributes.  For example, multifunctional polymer-drug conjugates can markedly improve  
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Figure 1.1  Scale comparison of different nanocarriers relative to cells and nature 

components (adapted from refs [7, 8]).  

 

the solubility of hydrophobic drug molecules, while favorably altering their biodistribution 

[6, 9, 10].  The multifunctionality of such macromolecules also allows for surface 

decoration with targeting ligands for active targeting, and in certain cases, with polymers 

larger than 40,000 Da, passive targeting is also possible [9].   

Dendrimers are nanometer-sized, hyperbranched, highly monodisperse, 

multifunctional macromolecules that have been widely explored for a variety of 

biomedical applications [11, 12].  Polyamidoamine (PAMAM) dendrimers are among the 

most widely investigated family of dendrimers for targeted drug delivery.  The primary 

amine groups on their surface enable functionalization with targeting ligands as well as 

drug molecules and imaging agents, resulting in multifunctional nanodevices that have 

shown promising preclinical targeted drug delivery potential [13-18].  Due to their 
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molecular flexibility and deformability, conjugation of multiple targeting moieties to the 

outer surface of the dendrimers has been shown to enhance their targeting efficacy due 

to the strong multivalent binding effect [19, 20].  However, some of the disadvantages of 

using dendrimers for targeted drug delivery include their small size (5-10 nm) that limits 

passive targeting and results in rapid renal clearance [15, 21].  Additionally, conjugation 

of targeting ligands such as folic acid (FA) has led to significant uptake by the 

reticuloendothelial system (RES) including the liver [15].   

Nanocarriers such as polymeric nanoparticles (NPs), liposomes, and micelles, 

have also been widely explored for targeted drug delivery [4, 22-24].  Their larger size 

compared to dendrimers can enable passive targeting to tumor tissues.  Additionally, 

coating their surface with a stealth layer of hydrophilic polymers such as polyethylene 

glycol (PEG) has been shown to prolong their blood circulation time and delay their 

uptake by the liver and other organs of the RES [22].  However, these nanocarriers are 

typically more rigid in structure compared to dendrimers, which leads to limited tissue 

diffusivity and inefficient distribution of drug molecules within the tumor mass [25, 26].  

This problem can be partially overcome by attaching targeting ligands to their surface, 

but the rigidity of these NPs prevents the full utilization of the multivalent binding effect.  

Additionally, the prolonged circulation time conferred by the stealth PEG layer can be 

compromised by the addition of targeting ligands to the surface [27]. 

Effective tumor targeting is largely dependent upon the size of the nanocarrier [2, 

25, 26, 28]. Therefore, a multi-scale nanocarrier is needed for more efficient tumor 

targeting.  We hypothesized that by creating a hybrid nanocarrier, or nanohybrid, of 

targeted dendrimer conjugates and polymeric NPs or liposomes, we can address the 
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limitations of each individual nanocarrier, thus enhancing their targeting efficacy.  An 

overview of nanohybrid formation is illustrated in Figure 1.2.  Functionalized dendrimer 

conjugates with targeting and imaging agents are prepared and then hybridized by 

encapsulation into larger polymeric NPs or liposomes, resulting in a multi-scale 

nanohybrid platform.  The design rationale of the nanohybrid system is to take 

advantage of the controlled size of the polymeric NPs and liposomes to utilize passive 

targeting.  By using PEGylated copolymers or lipids, the NPs will also have longer 

circulation times than free dendrimers, and thus protect against their premature 

elimination.  At the same time, the smaller and more flexible dendrimers are more 

efficient at achieving active targeting following their release from the NPs at a controlled 

rate, ultimately resulting in more efficient tumor targeting. 

To achieve this goal, we first conducted a proof-of-concept study where we 

 
 

Figure 1.2.  Overview of the multi-scale nanohybrid formation.  Actively targeted 

dendrimer conjugates (5-10 nm in diameter) are encapsulated within protective 

outer layers of biodegradable polymers (hybrid NPs), or lipids (hybrid liposomes) 

with controlled sizes for passive targeting.  
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tested the feasibility of encapsulating functionalized polymers within different protective 

outer layers such as polymeric NPs and liposomes, and how that affects their cellular 

interactions [29].  Then, we wanted to investigate the ability of the nanohybrid platform 

to control the targeting kinetics of actively-targeted dendrimer conjugates forming the 

core of the nanohybrids [30].  This was followed by more in depth understanding of the 

cellular interactions of the targeted nanohybrids by a series of in vitro experiments to 

guide future in vivo studies [31].  Finally, biodistribution studies were conducted in both 

healthy and tumor-bearing mice to compare the blood circulation time, tumor targeting 

efficacy, and clearance pattern of the nanohybrids compared to free dendrimers and 

empty NPs.  The results of this work serve as a promising starting point for future 

studies, where a chemotherapeutic drug will be incorporated into the nanohybrid 

system, which is expected to enhance the targeting efficacy through a combination of 

sequential passive and active targeting.    
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CHAPTER 2 

 

KINETICALLY CONTROLLED CELLULAR INTERACTIONS OF POLYMER-

POLYMER AND POLYMER-LIPOSOME NANOHYBRID SYSTEMS* 

 

2.1 INTRODUCTION  

Multifunctional macromolecules have demonstrated great potential as drug 

delivery vectors [1, 2].  In particular, polycationic polymers have been widely explored 

for many biomedical applications, including gene delivery [3]. One of the most 

commonly used cationic polymers is polyethylenimine (PEI) that has been mainly used 

as a nonviral gene delivery vector, as it is capable of protecting DNA from lysosomal 

degradation and promoting endosomal escape [4-7].  Another characteristic of PEI and 

other polycations, such as poly(lysine) and poly(amidoamine) (PAMAM) dendrimers, is 

that they spontaneously interact with biological membranes [8, 9].  Although the 

mechanism is not yet completely understood, this facilitates their cellular internalization 

without the need for ligands for receptor-mediated endocytosis or other internalization 

routes.  However, toxicity issues related to the strong cationic surface charge have 

hindered clinical translation of the polycations in drug delivery, largely due to the lack of 

kinetic control over non-specific electrostatic interactions with blood components and 

rapid clearance by the reticuloendothelial system (RES) [10].  Therefore, a better 

understanding on the cellular interaction kinetics of polycation-based drug delivery 
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systems is required, which would eventually lead to fine control over their toxicity as well 

as cellular internalization. 

Since most of the currently available anti-cancer treatment agents frequently 

accompany severe side effects through high toxicity to normal cells and tissues, it is 

highly desirable to home the drug delivery system to the tissue of interest.  The passive 

targeting strategy using nanotechnology has proven to be efficient in reducing the toxic 

side effects, thereby increasing the therapeutic index of anti-cancer agents [11-13].  

Passive targeting utilizes the enhanced permeability and retention (EPR) effect that is 

defined by leaky vasculature and poor lymphatic drainage around tumors, resulting in 

the accumulation of the nanoscale delivery system at the tumor site.  In order to take 

advantage of the EPR effect, a nanoscale delivery system needs to be in the range of 

50-200 nm, which can be achieved using well-established manufacturing techniques 

[14, 15].   

As the first step in achieving kinetic control over the toxicity and cellular 

interactions of polycations, we have designed novel hybrid nanomaterials that combine 

functionalized PEI with relatively bio-inert, biodegradable polymer-based nanoparticles 

(NPs) and PEGylated liposomes.  The design rationale of our nanohybrid systems is for 

a temporal control over interactions with cells, i.e. achieving passive targeting first by 

controlling the size of the nanohybrid materials and subsequent control over the kinetics 

of cellular interactions upon the release of PEI.  The objectives of this study were to: i) 

encapsulate functionalized PEI into polymeric NPs or liposomes at a controlled size 

range of ~100 nm and ii) control the cellular uptake and cytotoxicity of PEI, depending 

upon the physical properties (such as biodegradability and structural stability) of the 
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encapsulating materials as the protective outer layers.  We have prepared three types 

of the nanohybrid systems that encapsulate PEI-rhodamine (PEI-RITC) conjugates, as 

outlined in Figure 2.1.  For the nanohybrid polymeric NPs, PEI was encapsulated into 

either polylactide-co-glycolide (PLGA) or polyethylene glycol-b-polylactide-co-glycolide 

(PEG-PLGA) using the double emulsion method.  These systems were compared to 

PEGylated liposomes of mixed phospholipid composition, where PEI was encapsulated 

using the film rehydration method followed by extrusion.   

Here we report three nanohybrid systems where a multifunctional polymer such 

as PEI is successfully encapsulated into either polymeric NPs or liposomes.  Although 

similar hybrid systems that incorporate PEI into liposomes or biodegradable NPs have 

 
 
Figure 2.1.  Schematic diagram of preparation of the three PEI-based nanohybrid 

systems (partially contributed by Jin Woo Bae). 

RITC

PEI PEI-RITC

PEGylated Liposomes PEG-PLGA NPs PLGA NPs 
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been reported in the literature [16-18], no attempt has been made to compare them for 

the purpose of understanding the kinetics of their interactions with cells.  By comparing 

the release profiles, cytotoxicity, and cellular uptake of the three PEI-based 

nanohybrids, we demonstrate that fine control over release and cellular uptake kinetics 

of the nanohybrids can be achieved depending on the type of the outer layers.  Our 

results provide an important guideline in designing a drug delivery platform with tunable 

cellular interactions and cytotoxicity kinetics.   

2.2 EXPERIMENTAL SECTION 

2.2.1 Materials 

Branched PEI (Mn 10,000), PLGA (50:50, Mw 40,000-75,000), poly(vinyl alcohol) 

(PVA, 87-89% hydrolyzed, Mw 13,000-23,000), rhodamine B isothiocyanate (RITC, 

mixed isomers) , dichloromethane (DCM), pyridine, p-nitrophenyl chloroformate (p-

NPC), triethyleamine (TEA), diethyl ether, and cholesterol were all obtained from 

Sigma-Aldrich (St. Louis, MO).  Amine-terminated methoxy PEG (mPEG-NH2) (Mw 

5,000) was obtained from Nektar (Huntsville, AL).  1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-mPEG-2000 (DSPE-PEG 2000), 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC), and 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

sodium salt (DOPG) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL).  All 

other chemicals used in this study were purchased from Sigma-Aldrich unless specified 

otherwise.   

2.2.2 Preparation and characterization of PEI-RITC conjugates 
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PEI was fluorescently labeled by conjugation with RITC using a similar method 

as described earlier [9].  RITC (5.4 mg, 1.0 × 10-5 mol) dissolved in 1 mL deionized 

distilled water (ddH2O) was added to PEI (20.0 mg, 2.0 × 10-6 mol) dissolved in 4 mL 

ddH2O.  The pH of the mixture was adjusted to 9.0 using 1.0 N hydrochloric acid (HCl), 

followed by vigorous mixing at room temperature (RT) for 24 h.  Unreacted RITC was 

removed using membrane dialysis (Spectra/Por dialysis membrane, MWCO 3,500, 

Spectrum Laboratories Inc., Rancho Dominguez, CA) in 4 L of phosphate buffered 

saline (PBS) for 2 days, changing the buffer every 12 h, followed by dialysis in ddH2O 

for 2 days, changing the water every 12 h.  The purified PEI-RITC conjugates were 

lyophilized over 2 days using a Labconco FreeZone 4.5 system (Kansas City, MO) and 

stored at -20 °C.  

2.2.3 UV/Vis Spectroscopy 

A series of RITC solutions in ddH2O (6.3, 12.5, 25.0, 37.5, and 50.0 μg/mL) were 

prepared and used as standards to calculate the RITC content of the conjugates in 

subsequent measurements.  PEI-RITC conjugates were dissolved in ddH2O at a 

concentration of 100 μg/mL.  UV spectra were recorded against ddH2O using a DU800 

UV/Vis Spectrophotometer (Beckman Coulter, CA).  A standard curve of RITC 

absorbance versus concentration was constructed, and the concentration of RITC in the 

PEI-RITC solution was calculated based on Beer’s Law. The number of RITC molecules 

per PEI chain was determined based on the amount of RITC in the PEI-RITC solution.   

2.2.4 Synthesis and characterization of PEG-PLGA copolymer 

PEG-PLGA block copolymer used in this study was synthesized from mPEG-NH2 

and PLGA using a similar method as described earlier [19].  Five hundred milligrams of 
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PLGA (1.3 × 10-5 mol) were dissolved in 8 mL of DCM, to which 5.1 μL (6.3 × 10-5 mol) 

of pyridine were added.  p-NPC (12.6 mg, 6.3 × 10-5 mol) was dissolved in 1 mL of 

DCM, and then added dropwise to the PLGA and pyridine solution under vigorous 

stirring, and the reaction was carried out at RT for 24 h.  The reaction product (p-NP-

PLGA) was then precipitated using ice-cold diethyl ether and vacuum filtered.  Next, p-

NP-PLGA (400 mg, 1.0 × 10-5 mol) was dissolved in 8 mL of DCM.  mPEG-NH2 (93.8 

mg, 1.9 × 10-5 mol) was dissolved in 3 mL of DCM, to which 7 μL (5.0 × 10-5 mol) of TEA 

were added.  The mPEG-NH2 and TEA solution was then added dropwise to the p-NP-

PLGA solution under vigorous stirring, and the reaction was carried out at RT for 24 h.  

The final product (PEG-PLGA) was precipitated using ice-cold diethyl ether and vacuum 

filtered.  PEG-PLGA was characterized using 1H NMR in CDCl3 using a 400 MHz Bruker 

DPX-400 spectrometer (Bruker BioSpin Corp., Billerica, MA). 

2.2.5 Encapsulation of PEI-RITC conjugates into polymeric NPs 

PLGA and PEG-PLGA NPs were prepared using a double emulsion method as 

described previously [20, 21].  Briefly, 20 mg of either PLGA or PEG-PLGA were 

dissolved in 1 mL of DCM.  PEI-RITC was dissolved in ddH2O at a concentration of 1 

mg/mL, and 100 μL of the solution were added to either PLGA or PEG-PLGA solution in 

DCM.  The mixture was sonicated for 1 min using a Misonix XL Ultrasonic Processor 

(100% duty cycle, 475 W, 1/8” tip, QSonica, LLC, Newtown, CT).  Two milliliters of 3% 

PVA solution in ddH2O was then added to the mixture, followed by sonication for 1 min 

at 100% duty cycle.  The double emulsion was then poured into 20 mL of 0.3% PVA in 

ddH2O, and vigorously stirred at RT for 24 h to evaporate DCM.  The resulting aqueous 

solution was transferred to Nalgene high-speed centrifuge tubes (Fisher Scientific, 
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Pittsburg, PA).  PVA and unencapsulated PEI-RITC were removed by 

ultracentrifugation at 20,000 rpm for 30 min using a Beckman Avanti J25 Centrifuge 

(Beckman Coulter, Brea, CA).  After washing the NPs five times with ddH2O, the pellet 

was resuspended in ddH2O, lyophilized over 2 days, and stored at -20 °C. 

2.2.6 Characterization of the PEI-RITC-encapsulated polymeric NPs 

Particle size (diameter, nm) and surface charge (zeta potential, mV) of the NP-

based nanohybrids were obtained from three repeat measurements by quasi-elastic 

laser light scattering using a Nicomp 380 Zeta Potential/Particle Sizer (Particle Sizing 

Systems, Santa Barbara, CA).  The nanohybrid particles were suspended in ddH2O at a 

concentration of 100 µg/mL, filtered through a 0.45 μm syringe filter, and briefly 

vortexed prior to each measurement.  Loading was defined as the PEI-RITC content of 

the NP-based nanohybrids.  Five milligrams of NP-based nanohybrids were completely 

dissolved in 1 mL of 0.5 M NaOH, followed by filtration through a 0.45 μm syringe filter.  

The fluorescence intensity from the filtrates containing PEI-RITC was then measured 

using a SpectraMAX GeminiXS microplate spectrofluorometer (Molecular Devices, 

Sunnyvale, CA).  The amount of PEI-RITC released was determined from a standard 

curve of PEI-RITC fluorescence versus concentration in 0.5 M NaOH.  Loading was 

expressed as μg PEI-RITC/mg PLGA or PEG-PLGA.  Loading efficiency was defined as 

the ratio of the actual loading obtained to the theoretical loading (amount of PEI-RITC 

added divided by the mass of PLGA or PEG-PLGA used in each formulation).  

2.2.7 Scanning Electron Microscopy (SEM) 

The surface morphology of PLGA and PEG-PLGA NPs was examined using a 

JEOL-JSM 6320F field emission microscope (JEOL USA, Peabody, MA).  Freeze dried 
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NP samples were placed onto a carbon adhesive strip mounted on an aluminum stub.  

Samples were sputter-coated with Pt/Pd at a coating thickness of 6 nm (Polaron E5100 

sputter coater system, Polaron, UK) and then visualized at an accelerating voltage of 

5.0 mV and 8.0 mm working distance.   

2.2.8 Encapsulation of PEI-RITC conjugates into liposomes 

Unilamellar liposomes were prepared using a film hydration method followed by 

extrusion as described previously [16].  Briefly, DOPG (5.0 mg, 6.3 × 10-6 mol), DSPC 

(4.9 mg, 6.2 × 10-6 mol), Cholesterol (2.4 mg, 6.2 × 10-6 mol), and DSPE-PEG 2000 (1.8 

mg, 6.3 × 10-7 mol) were dissolved in 5 mL of DCM in a round-bottom flask.  The flask 

was connected to a rotary evaporator (Rotavapor RII, Buchi, Switzerland) at 50 °C for 1 

h to evaporate DCM until completely dried.  The dried lipid film was hydrated in 1 mL of 

0.1 mg/mL PEI-RITC solution in ddH2O, followed by vortexing for 15 min to form 

multilamellar liposomes.  Multilamellar liposomes were sonicated in a bath sonicator for 

30 min, and then extruded 20 times through a polycarbonate membrane of 100 nm pore 

size using a Lipofast Pneumatic extruder (Avestin Inc., Ottawa, Canada).  The resulting 

unilamellar liposome suspension was centrifuged at 20,000 rpm for 1 h to remove 

residual PEI-RITC.  The pellet was resuspended in 1 mL of 5% sucrose, lyophilized 

over 2 days, and stored at -20 °C.  

2.2.9 Characterization of the PEI-RITC-encapsulated liposomes 

Particle size (diameter, nm) and surface charge (zeta potential, mV) were 

measured using the same method described for polymeric NPs.  Loading was 

determined by dissolving 10 mg of lyophilized liposomes in 1 ml of 0.1% Triton X-100, 

followed by filtration through a 0.45 μm syringe filter and measuring the fluorescence of 
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the filtrate.  The amount of PEI-RITC released was determined from a standard curve of 

PEI-RITC fluorescence versus concentration in 0.1% Triton X-100.  Loading was 

expressed as μg PEI-RITC/mg lipids.  Loading efficiency was calculated from the ratio 

of the actual measured loading to the theoretical loading (amount of PEI-RITC added 

divided by the mass of lipids and sucrose used in the formulation).  

2.2.10 Transmission Electron Microscopy (TEM) 

Size and shape of liposomal nanohybrids was examined using TEM.  Liposomes 

were dissolved in ddH2O at a concentration of 1 mg/mL.  One drop of the solution was 

then placed on a 300-mesh copper grid and left to dry overnight, followed by negative 

staining with 2% phosphotungstic acid (PTA).  TEM images were acquired using a 

JEOL JEM 1220 (JEOL USA) at an accelerating voltage of 80 kV. 

2.2.11 Release kinetics study of PEI-RITC-encapsulated nanohybrids 

Five milligrams of each nanohybrid in microcentrifuge tubes were dispersed in 1 

mL PBS (pH 7.4) or acetate buffer (pH 4.0) in triplicates, and the solutions were placed 

in a shaking water bath (37 °C, 100 rpm).  At designated time points (30 min, 1 h, 2, 4, 

6, 8, 10, 12 and 24 h; every 2 days thereafter), solutions were centrifuged at 20,000 rpm 

for 5 min and the supernatants were collected.  The nanohybrid systems were then 

redispersed in fresh PBS or acetate buffer and placed back in the water bath.  The 

fluorescence of the supernatants was measured and the cumulative amount of PEI-

RITC released over time was determined from a standard curve of PEI-RITC 

fluorescence versus concentration in either PBS or acetate buffer.  

2.2.12 Cytotoxicity of PEI-RITC-encapsulated nanohybrids 
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MCF-7 cell line was obtained from ATCC (Manassas, VA) and grown 

continuously as a monolayer in GIBCO Dulbecco’s modified Eagle medium (DMEM, 

Invitrogen Corporation, Carlsbad, CA) in a humidified incubator at 37 °C and 5% CO2.  

DMEM was supplemented with penicillin (100 units/mL), streptomycin (100 mg/mL), and 

10% heat-inactivated fetal bovine serum (FBS) (Invitrogen Corporation, Carlsbad, CA) 

before use.  For the assay, MCF-7 cells were seeded in 96-well plates at a density of 2 

× 104 cells/well and grown in DMEM for 24 h.  Cells (n = 4) were then treated with PEI-

RITC or nanohybrid systems (PEI-RITC encapsulated liposomes, PEG-PLGA NPs, and 

PLGA NPs) at 4 PEI-RITC concentrations (1, 5, 10, and 30 µg/mL) for 1, 4, 24, and 48 

h.  After each incubation time, cells were washed and incubated for an additional 24 h in 

a normal culture condition.  Cell viability was assessed using a CellTiter 96 AQueous 

One Solution (MTS) Assay (Promega, Madison, WI) according to the manufacturer’s 

protocol.  The UV absorbance was measured at 490 nm using a Labsystems Multiskan 

Plus microplate reader (Labsystems, Finland).  Mean cell viabilities were determined 

relative to a negative control (untreated cells).  Statistical analysis was performed using 

OriginPro 8.1 (OriginLab, Northampton, MA).  Mean cell viabilities were compared using 

1-way ANOVA followed by Tukey’s post hoc test at p < 0.05. 

2.2.13 Cellular uptake of PEI-RITC-encapsulated nanohybrids: Confocal 

microscopy observation 

MCF-7 cells were seeded in 4-well chamber slides (Millicell EZ Slide, Millipore, 

Billerica, MA) at a density of 2.0 × 105 cells/well and incubated in DMEM for 24 h.  PEI-

RITC (0.5 μg), liposomes (67 μg), PEG-PLGA NPs (242 μg), and PLGA NPs (106 μg) 

were each dispersed in 1 mL of DMEM to make the concentration of PEI-RITC constant 
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at 0.5 μg/mL throughout all nanohybrids.  Cells were treated with the three nanohybrids 

and unencapsulated PEI-RITC for 1, 4, 24, and 48 h.  Following the treatment, cells 

were washed with PBS three times, and then 50 μL of Wheat Germ Agglutinin Alexa 

Fluor® 488 conjugate (WGA-AF488, 5 μg/mL, Invitrogen Corporation, Carlsbad, CA) 

was added to each dish and incubated for 10 min at RT to stain the cell membrane.  

Cells were washed again with PBS, followed by fixation in 500 μL of 4% 

paraformaldehyde for 10 min at RT.  After washing excess paraformaldehyde, cells 

were mounted with antiphotobleaching mounting media with DAPI (Vector Laboratory 

Inc., Burlingame, CA), and covered with glass cover slips.  Cellular uptake was 

visualized using a Zeiss LSM 510 confocal laser scanning microscope (CLSM, Carl 

Zeiss, Germany).  The 488 nm line of a 30 mW tunable argon laser was used for 

excitation of AF488, a 1 mW HeNe at 543 nm for RITC, and a 25 mW diode UV 405 nm 

laser for DAPI.  Emission was filtered at 505-530 nm, 565-595 nm, and 420 nm for 

AF488, RITC, and DAPI, respectively. 

2.2.14 Cellular uptake of PEI-RITC-encapsulated nanohybrids: Flow cytometry 

measurements 

MCF-7 cells were seeded in 12-well plates at a density of 1 × 106 cells/well and 

incubated in DMEM for 24 h.  Cells were then treated with unencapsulated PEI-RITC 

and the three nanohybrids under that same condition described in the cellular uptake 

experiment.  After each incubation period, cells were washed with PBS and then 

suspended with trypsin/EDTA.  Cell suspensions were centrifuged at 3500 rpm for 5 

min, resuspended in 500 μL of 1% paraformaldehyde, and transferred to flow cytometry 

sample tubes. Fluorescence signal intensities from the samples were measured using a 
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MoFlo cell sorter (BD, Franklin Lakes, NJ) and data analysis was performed using 

Summit v4.3 software (Dako Colorado, Fort Collins, CO).  

2.3 RESULTS AND DISCUSSION 

2.3.1 Preparation and characterization of PEI-RITC conjugates and PEG-PLGA 

copolymer 

The UV/Vis measurements revealed the number of RITC molecules attached to a 

PEI chain.  By constructing a calibration curve of UV absorbance of RITC against 

various concentrations at 555 nm (λmax), the RITC concentration in a solution of the PEI-

RITC conjugate was calculated from the absorbance at 555 nm.  The molar ratio of PEI 

and RITC was then calculated by converting the concentration values to number of 

moles.  The results indicate the presence of 6.2 RITC molecules per PEI chain (Figure 

2.2).  Particle size and zeta potential of the conjugates were measured to be 11.2 nm 

and 32.1 mV, respectively (Table 2.1).  In addition, the chemical structure of PEG–

PLGA is confirmed by 1H NMR as shown in Figure 2.3.  On basis of the relative 

 
 
Figure 2.2.  UV/Vis spectra of RITC standards and PEI-RITC. 
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integration values of the characteristic peaks of each polymer (see arrows), the ratio of 

the PEG block to the PLGA block was measured to be 1.3:1-2.4:1.  

2.3.2 Preparation and characterization of PEI-RITC-encapsulated nanohybrids 

It is highly desirable for a potential tumor-targeted delivery system to possess a 

size range of less than 200 nm in order to be able to passively accumulate into the 

tumor tissue.  The size of the liposome-based system was controlled by extrusion using 

a membrane filter with pore size of 100 nm according to a slightly modified method from 

a previous report [16].   For encapsulation into the polymeric NPs, the double emulsion 

method was chosen as it enables encapsulation of hydrophilic materials into a variety of 

polymers or copolymers with a controlled particle size [20, 22].   

 
 
Figure 2.3.  1H NMR spectrum of PEG-PLGA. The large peak at 3.7 ppm (b) 

corresponds to the methylene groups of mPEG, and the sharp peak at 3.4 ppm (a) is 

assigned for the methoxy end group of mPEG.  The methyl groups in D- and L-lactide 

repeat units are observed at 1.6 ppm (g), and the multiplets at 4.8 and 5.2 ppm (f) 

correspond to the glycolic acid CH and the lactic acid CH, respectively.  The ratio of 

PEG to PLGA was calculated based on the integration values of the characteristic 

values (see arrows).  The measured ratio ranged from 1.3:1 to 2.3:1 (acquired by 

Ryan M. Pearson). 
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As shown in Table 2.1 and Figure 2.4, the encapsulation methods employed 

herein have proven successful in controlling the size, as particle sizes for all three 

nanohybrids were in the range of 100-150 nm.  Both methods also showed relatively 

good loading efficiencies (45-94%) that correlate well with the reported values [22].  The 

zeta potential results suggest that the net surface charges on the NP- and liposome-

based nanohybrids are all negative.  This is expected since the carboxylic acid groups 

in PLGA and PEG-PLGA copolymers are deprotonated in neutral pH, and the 

phospholipid 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG) is anionic [23].  

The negative zeta potential values indicate that the encapsulation process in all 

formulations masked the positive charge on PEI-RITC.  The controlled size, along with 

protection of positive charge from surface exposure, confirmed that we have prepared 

the nanohybrid systems as designed (Figure 2.1). 

 

 

 
Table 2.1. Characterization of PEI-RITC and PEI-RITC-encapsulated nanohybrids 
 

Formulation 
Particle Size 

(nm) 

Zeta Potential 

(mV) 

Loading 

(μg/mg) 

Loading 

Efficiency (%) 

PEI-RITC 11.2 + 5.3 32.1 + 2.1 -- -- 

Liposomes 154.2 + 13.6 - 40.2 + 5.7 4.7 94.4 

PEG-PLGA NPs 130.2 + 9.4 -16.5 + 7.0 7.5 75.1 

PLGA NPs 117.4 + 18.2 - 23.6 + 13.8 2.2 44.6 

 



24 
 

2.3.3 Controlled release of PEI-RITC-encapsulated nanohybrids 

Given that our hypothesis of the nanohybrid design is to temporally control 

cytotoxicity and cellular interactions through controlled release of the PEI conjugates, 

we first investigated the release kinetics of PEI-RITC from the three nanohybrid 

systems.  The controlled release of PEI-RITC from the nanohybrids was studied by 

monitoring release profiles in buffers at pH 7.4 and 4.0, as shown in Figure 2.5. 

Polymeric NP-based nanohybrids showed slow, sustained release profiles that 

are typical of degradable polymers, without significant initial burst release.  More than 

one mechanism contributing to drug release from polymeric NPs have been reported, 

for example, dissolution, surface desorption, diffusion through polymer pores or water-

swollen polymer, and surface/bulk erosion of polymer matrix [24-26].  Although no 

significant burst release effect was observed, the PEI-RITC release rate from PEG-

PLGA and PLGA NPs was faster within the first 24 h, which can be attributed to 

 
 

Figure 2.4.  Scanning Electron Microscopy (SEM) images of (A) PEI-RITC-

encapsulated PEG-PLGA NPs and (B) PLGA NPs, scale bar = 100 nm.  (C) A 

Transmission Electron Microscopy (TEM) image of PEI-RITC-encapsulated 

liposomes, scale bar = 100 nm (partially acquired by Ryan M. Pearson). 
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desorption of PEI-RITC that was located near the surface of the particles.  Afterwards, 

the primary mechanism likely becomes diffusion through small channels formed from 

bulk degradation of the copolymers.  PEG-PLGA NPs displayed a higher release rate 

compared to PLGA NPs, attributable to the hydrophilic nature of the PEG block, which 

facilitates water penetration and subsequent hydrolysis of the polymer [27, 28].  As for 

the liposomes, release was faster within the first few hours, likely due to PEI-RITC 

 

Figure 2.5.  Release profiles of PEI-RITC from the three nanohybrids in PBS buffer 

with pH 7.4 and acetate buffer with pH 4.0 at 37 °C.  Little to no burst release was 

observed across all nanohybrids, with a sustained release profile up to 23 days.  The 

overall release behavior was faster in pH 4.0 compared to pH 7.4 between the same 

type of nanohybrid formulation.  The inset represents the zoomed-in release profiles 

for the first 2 days.  
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adsorbed on or encapsulated near the liposome surface, followed by a sustained 

release behavior [29].  In addition, PEI-RITC release occurred faster in acidic pH than in 

pH 7.4 when comparing the same type of nanohybrid system, which is expected since 

strongly acidic or basic environments can accelerate polymer degradation [30]. 

2.3.4 Kinetically controlled cytotoxicity of PEI-RITC-encapsulated nanohybrids 

Although various mechanisms have been proposed, it is generally accepted that 

cellular internalization and cytotoxicity of cationic polymers are closely related to each 

other [31-35].  One of the proposed mechanisms of toxicity of cationic polymers was 

described by Hong et al. as being a consequence of nanoscale hole formation in the cell 

membranes [8, 9, 36, 37].  The nanoscale pores increased membrane permeability as 

observed by leakage of cytosolic enzymes and diffusion of small molecular probes into 

and out of cells.  In this study, we investigated the cytotoxic concentration range of PEI-

RITC and the three nanohybrids at extended incubation hours.  Figure 2.6 shows the 

concentration effect of PEI-RITC and the nanohybrids on the viability of MCF-7 cells as 

a function of time.  At earlier time points (1 and 4 h, Figure 2.6(A) and Figure 2.6(B), 

respectively), the nanohybrids were significantly less toxic to MCF-7 cells than 

unencapsulated PEI-RITC, even at high PEI-RITC concentrations of 10-30 μg/mL.  Note 

that it was previously shown that PEI at a concentration of  >12 μg/mL causes 

significant cell death after 4 h exposure to the cells [36].  This temporal difference in 

inducing cytotoxicity can indirectly reflect the differences in rates of PEI-RITC release 

and internalization from those nanohybrids as compared to unencapsulated PEI-RITC.  

Within the first few hours of incubation, most of the PEI-RITC in the nanohybrids is still 

entrapped within either polymeric NPs or liposomes, which shield it from direct contact 
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with cell membranes.  As the incubation time increases, more PEI-RITC is released, 

which in turn increases the amount of PEI-RITC in direct contact with cells, rendering 

them more susceptible to its toxicity.   After 48 h incubation, however, all nanohybrids 

exhibited similar cytotoxicity (Figure 2.6(D)), indicating that PEI-RITC was almost 

completely released, internalized into the cells, and induced cytotoxicity.  Alternatively, 

 
 
Figure 2.6.  Cytotoxicity of PEI-RITC and the three nanohybrids after incubation with 

MCF-7 cells for (A) 1 h, (B) 4 h, (C) 24 h, and (D) 48 h.  PEI-RITC exhibits 

cytotoxicity in a concentration and incubation time dependent manner whereas all 

nanohybrids show a marked decrease in cytotoxicity kinetics.  After 48 h of treatment, 

all nanohybrids become comparatively toxic to PEI-RITC.  *denotes statistical 

significance (p < 0.05) between PEI-RITC and the three nanohybrids, based on a 1-

way ANOVA followed by Tukey’s post hoc test.  
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this may have been due to the proliferation of residual viable cells, which caused the 

cytotoxic effects of PEI to even out.  Interestingly, among the three nanohybrids, the 

liposome-based one showed the most protective effect against PEI-RITC toxicity, 

particularly after 4 and 24 h (Figure 2.6(B) and Figure 2.6(C)).  This may be attributed to 

the difference in the internalization mechanism between liposome- and polymeric NP-

based systems, since cell internalization of liposomes may occur through endocytosis, 

membrane fusion, and other mechanisms [15], allowing them to transfer PEI-RITC 

without direct contact with the cell membrane. 

2.3.5 Kinetic control over cellular uptake of PEI-RITC-encapsulated nanohybrids 

Next, we investigated how the controlled release of PEI-RITC and the type of the 

protective layers (either polymeric NPs or liposomes) affect the rate of cellular uptake of 

the nanohybrids.  Throughout this particular study, a low concentration of PEI-RITC and 

the three nanohybrid systems was used (0.5 g/mL based on PEI-RITC) to assure that 

the observations are a result of non-cytotoxic interactions between the nanomaterials 

and cells, as opposed to cell death.  

 As demonstrated in Figure 2.7, images obtained using confocal laser scanning 

microscopy (CLSM) qualitatively reveal that the fastest uptake was observed for 

unencapsulated PEI-RITC, followed by in order of liposomes, PEG-PLGA NPs, and 

PLGA NPs.  Red, green, and blue fluorescence channels are respectively from PEI-

RITC, cell membranes stained by WGA-AF488 conjugate, and nuclei stained by DAPI.  

The CLSM observation was further supported by quantitative results using a 

fluorescence activated cell sorter (FACS).  As shown in Figure 2.8, following incubation 

up to 24 h, and in accordance with the CLSM images, the average fluorescence was 
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highest for unencapsulated PEI-RITC, followed by liposomes, PEG-PLGA NPs, and 

PLGA NPs.   After 48 h of incubation, all of the materials (PEI-RITC and the three 

 

Figure 2.7.  CLSM images of MCF-7 cells following treatment with PEI-RITC and the 

three nanohybrids (PEI-RITC-encapsulated liposomes, PEG-PLGA NPs, and PLGA 

NPs) all at a concentration of 0.5 g/mL based on PEI-RITC for 1 h, 4 h, 24 h, and 48 

h (red: PEI-RITC, blue: cell nuclei stained by DAPI, green: cellular membrane stained 

by WGA-AF 488; scale bar: 20 μm).   
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nanohybrids) displayed similar fluorescence intensities, which is consistent with the 

cytotoxicity (Figure 2.6) and confocal data (Figure 2.7).   

The fast uptake of PEI is not surprising, as PEI is known to spontaneously 

interact with cells via adsorption on the cell surface and internalization into the cells [36].  

It has been recently suggested that the biodegradable NPs do not enter cells but rather 

deliver their cargo via extracellular release or contact-based transfer [38, 39].  This 

 
 
Figure 2.8.  Mean fluorescence following treatment of MCF-7 cells with PEI-RITC 

and the three nanohybrids at a concentration of 0.5 g/mL based on PEI-RITC up to 

48 h.  Kinetic control over PEI-RITC internalization is further confirmed as 

unencapsulated PEI-RITC shows the fastest uptake, as indicated by having the 

highest fluorescence count compared to the three nanohybrid formulations.  Cell 

binding and uptake of the nanohybrids occur in the order of liposomes, PEG-PLGA 

NPs, and PLGA NPs, which is consistent with the confocal data shown in Figure 2.7.  
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could explain the slow kinetics in PEI-RITC uptake from polymeric NPs observed in this 

study, since the NP-based nanohybrids would have to go through polymer degradation, 

release, and subsequent internalization of PEI-RITC into the cell.  As for the liposome-

based nanohybrid system, liposomes exhibited slowest cytotoxicity kinetics (Figure 2.6), 

and yet fastest cellular uptake kinetics among the three nanohybrid systems, (Figure 2.7 

and Figure 2.8).  This set of observations indicates that, unlike the NP-based 

nanohybrids, cellular internalization of PEI-RITC upon release is not the only 

mechanism for cell entry of the liposome-based nanohybrid.  In fact, upon adsorption 

onto the cell surface, it is previously reported that liposomes internalize into the cell 

through membrane fusion and/or endocytosis [15].  The co-existence of the 

internalization mechanisms likely allows relatively fast uptake kinetics with reduced 

cytotoxicity at early time points.   

Even though they displayed similar release kinetics in buffer, PLGA NPs had a 

much slower uptake rate than their PEG-PLGA counterparts.  Significant uptake of 

PLGA NPs was only observed after 24 h, with complete internalization after 48 h.  This 

is again probably due to the hydrophobic nature of the PLGA copolymer, which impedes 

degradation and subsequent PEI-RITC release [28].  The presence of the cellular 

environment has accentuated the difference between the two types of polymeric NPs, 

with PEG-PLGA NPs displaying an intermediate uptake rate between the liposome- and 

PLGA-based nanohybrids.  The PEG-PLGA NPs started to show red signals after 4 h of 

incubation, with complete internalization within 24 h.  Although our results indicate that 

the PEI-RITC internalization from the polymeric NPs largely depends on the 

degradation and release profiles, it should be noted that other mechanisms such as 
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endocytosis of the whole NPs may co-exisit [40].  As seen in Figure 2.5, degradation of 

NP-based nanohybrids may not occur within 2 days, and the red fluorescence observed 

in the CLSM images (Figure 2.7) may partially come from the nanoparticles that have 

been associated with the cells as an intact form.  However, it is obvious that the release 

kinetics in buffer did not follow the same order or rate observed in the cytotoxicity or the 

cellular uptake studies (Figures 6, 7 and 8).  This could be explained by the difference in 

the microenvironment surrounding the nanohybrids.  For the release test shown in 

Figure 2.5, all three formulations were suspended in either PBS or acetate buffer only, 

making the environment markedly different than in the presence of cells, as in the 

subsequent cytotoxicity and cell uptake experiments (Figures 7, 8 and 9).  Due to the 

presence of enzymes and proteins, as well as the difference in cellular uptake 

mechanisms, the differences in release kinetics across the nanohybrids were more 

accentuated when compared to the release in buffers.   

One can argue that our results obtained in the absence of therapeutic agents or 

genetic materials, i.e. pDNA or siRNA, may not directly represent the biological 

properties of the nanohybrid systems when used for drug or gene delivery.  However, 

the aim of this preliminary work is to establish kinetic control over cytotoxicity and 

cellular interactions of PEI.  The results shown in this paper reflect the highest possible 

toxicity of PEI, providing a worst-case scenario in terms of potential toxicity of the 

delivery system itself.  In case of active drug compounds, which will be covalently linked 

to the primary amine groups of PEI, we expect the physicochemical and biological 

behavior of the system to be very similar to what we have described, since the presence 

of RITC molecules on PEI also serves as a model for small molecule drugs.  As for 
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complexation with genetic materials, which lowers net positive charges, overall toxicity 

of PEI would likely be reduced [41, 42].  It is expected that the presence of genetic 

material will likely affect the overall particle size of the nanohybrid systems.  However, 

with proper optimization of the encapsulation process, it is possible to obtain fine control 

over the size.  Furthermore, given that PEI is known to spontaneously interact with cells, 

facilitating cellular entry [36, 43, 44], it offers an excellent model system for 

multifunctional vectors without preparation of complex structures with cytotoxic drugs 

and targeting agents.  Taken together, successful preparation of the three nanohybrid 

systems (Figure 2.4 and Table 2.1), controlled release of encapsulated PEI (Figure 2.5), 

kinetically controlled cytotoxicity (Figure 2.6) and cellular internalization (Figure 2.7 and 

Figure 2.8) all satisfactorily prove that we have successfully achieved the objectives of 

this study. 

2.4 CONCLUSION 

Herein we report on PEI-biodegradable polymer and PEI-liposome nanohybrid 

delivery systems with particle sizes suitable for passive targeting and with temporally 

controlled cytotoxicity, release and cellular uptake kinetics.  This work is the first step 

towards optimization of a new targeted drug delivery system that can be tailored to 

achieve the desired release and cellular uptake profiles as a platform for controlled drug 

delivery applications. 
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CHAPTER 3 

 

TEMPORAL CONTROL OVER CELLULAR TARGETING THROUGH 

HYBRIDIZATION OF FOLATE-TARGETED DENDRIMERS AND PEG-PLA 

NANOPARTICLES* 

 

3.1 INTRODUCTION 

Polymeric nanocarriers have been widely investigated as a versatile platform for 

controlled drug delivery to target tissues [1-3].  Among many polymeric materials, 

poly(amidoamine) (PAMAM) dendrimers hold great promise due to their well-controlled 

structure and multifunctionality [4-6].  Through conjugation of targeting ligands, dendritic 

nanodevices (5–10 nm in diameter) have been shown to be effective in achieving 

selective tumor targeting through specific ligand-receptor interactions, i.e., active 

targeting [7-9].  On the other hand, larger nanomaterials such as polymeric 

nanoparticles (NPs) and liposomes are well suited to exploit another targeting strategy 

termed passive targeting.  By utilizing the characteristic tumor biology highlighted by the 

enhanced permeability and retention (EPR) effect [10, 11], these size-controlled 

nanocarriers (typically 50-200 nm in diameter) have shown selective accumulation in 

tumor sites [12, 13]. 

Each of the two targeting strategies, however, suffers from several limitations 

[14, 15].  Despite the enhanced active targeting efficacy of dendrimers, due to their 
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increased molecular flexibility that facilitates the multivalent binding effect [16, 17], their 

small size limits their passive targeting capability [18].  Targeted dendrimers with 

surface-conjugated folic acid (FA) have also been associated with off-target delivery 

and rapid clearance in vivo [19].  In contrast, the relatively large size of the NPs hinders 

their effective penetration into tumor sites due to limited diffusivity [20].  The rigidity of 

the actively targeted NPs compared to the flexible dendrimers can also prevent the full 

utilization of the multivalent binding effect, leading to much lower binding avidities 

(~100-fold enhancement over free FA) [20] compared to the dendritic nanodevices (up 

to 170,000-fold enhancement) [16, 21].  

Nanocarriers that combine passive targeting based on size control and active 

targeting through surface-immobilized ligands have been reported for a variety of 

systems including liposomes [22], micelles [23], and polymeric NPs [24].  However, 

these approaches do not fully address the issues of decreased circulation times and 

rapid clearance.  For example, studies have shown that the prolonged circulation times 

achieved by PEGylated nanocarriers are compromised by the addition of targeting 

ligands to the outer surface [25-27].  These systems also lack the control over the 

targeting kinetics, due to the surface-exposed targeting ligands.  To address these 

issues, we have designed novel multi-scale hybrid NP systems, or nanohybrids, that 

combine FA-targeted dendrimer conjugates with polymeric NPs to exploit the strengths 

and to address the limitations of each individual nanocarrier.  This system is based on 

our previously reported hybrid NPs where poly(ethylenimine)-rhodamine (PEI-RHO) 

conjugates were encapsulated within protective outer layers of biodegradable polymer-

based NPs or biocompatible liposomes [28].  This hybrid design is unique in that the 
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biologically active polymer conjugates (PEI-RHO) are protected by an outer shell of 

biodegradable polymers, or biocompatible lipids, allowing precise control over the 

cellular interaction kinetics of the bioactive polymers.   

In this study, the FA-targeted generation 4 (G4) PAMAM dendrimers were 

encapsulated into biodegradable poly(ethylene glycol)-b-poly(D,L-lactide) (PEG-PLA) 

NPs to produce nanohybrids.  Through this design, we present a proof-of-concept study 

where kinetic control over the selective interactions of FA-targeted dendrimers with 

folate receptor (FR)-overexpressing KB cells (KB FR+) was achieved in vitro.  The 

design rationale for these nanohybrids is to ultimately achieve sequential utilization of 

passive and active targeting, i.e., passive accumulation at the tumor site by the 

controlled size of the nanohybrids, followed by active targeting to individual tumor cells 

by the dendrimers upon their release from the NPs.   This paper progresses by testing 

three hypotheses: 1) multifunctional G4 PAMAM dendrimers can be successfully 

encapsulated into biodegradable PEG-PLA copolymers to form nanohybrids; 2) the 

cellular interaction and targeting kinetics of FA-targeted dendrimers can be temporally 

controlled through the nanohybrid platform; and 3) the targeting kinetics can be further 

modulated by controlling the molecular weight (MW) of the biodegradable encapsulating 

copolymers.  Here we report, for the first time to our knowledge, a nanohybrid design 

that presents a promising delivery platform to enable precise control over its cellular 

targeting and release kinetics, which has the great potential to overcome the limitations 

of the existing nanocarrier systems.  

3.2 EXPERIMENTAL SECTION 

3.2.1 Materials 



43 
 

Generation 4 (G4) PAMAM dendrimer, N-hydroxysuccinimide-rhodamine B 

(NHS-RHO), folic acid (FA), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide 

hydrochloride (EDC), N-hydroxysuccinimide (NHS), glycidol, tin(II)2-ethylhexanoate, 

poly(ethylene glycol) monomethyl ether (mPEG) (MW 5,000 Da), poly(vinyl alcohol) 

(PVA, 87-89% hydrolyzed, MW 13,000-23,000 Da), and dichloromethane (DCM), were 

all obtained from Sigma-Aldrich (St. Louis, MO).  D,L-lactide was purchased from 

Polysciences Inc. (Warrington, PA).  Poly(ethylene glycol)-b-poly(lactide) (MW 5,000-b-

23,000) was obtained from Polymer Source (Quebec, Canada).  All other chemicals 

used in this study were purchased from Sigma-Aldrich unless specified otherwise.   

3.2.2 Preparation of a series of G4 PAMAM dendrimer conjugates 

G4 PAMAM dendrimers were fluorescently labeled by conjugation with NHS-

RHO as described earlier [28].  Amine-terminated G4 (G4-NH2, 30 mg, 2.0 × 10-6 mol) 

was dissolved in 4 mL sodium bicarbonate buffer (pH 9.0), to which 500 μL of NHS-

RHO (1.1 × 10-5 mol) in DMSO was added, and the reaction mixture was vigorously 

stirred at room temperature (RT) for 24 h.  Unreacted NHS-RHO was removed by 

membrane dialysis using Spectra/Por dialysis membrane (MWCO 3,500, Spectrum 

Laboratories Inc., Rancho Dominguez, CA) in excess deionized distilled water (ddH2O) 

for two days.  The purified G4-RHO-NH2 conjugates were lyophilized over 2 days using 

a Labconco FreeZone 4.5 system (Kansas City, MO) and stored at -20 °C.  

Next, FA was conjugated to G4-RHO-NH2 as described previously [4, 16].  

Briefly, FA (3.1 mg, 7.0 × 10-6 mol) was activated by EDC (13.4 mg, 7.0 × 10-5 mol) and 

NHS (8.0 mg, 7.0 × 10-5 mol) in 1.5 mL DMSO through vigorous stirring at RT for 1 h.  

The activated FA solution was added dropwise to 20 mg of G4-RHO-NH2 (1.4 × 10-6 
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mol) in 1 mL of ddH2O, followed by reaction under vigorous stirring at RT for 24 h.  The 

product was purified by membrane dialysis as described above, resulting in G4-RHO-

FA-NH2.  The remaining primary amine groups of both G4-RHO-FA-NH2 and G4-RHO-

NH2 were hydroxylated to minimize non-specific, electrostatic interactions with cell 

membranes [29, 30], resulting in fully hydroxylated G4-RHO-FA-OH and G4-RHO-OH.    

3.2.3. Synthesis of PEG-PLA copolymers 

PEG-PLA was synthesized by ring opening polymerization of D,L-lactide as 

previously described [31].  mPEG (100 mg and 150 mg) was transferred to a 3-neck 

round bottom flask and dried under vacuum for 2 h.  D,L-lactide (1.0 g) and tin(II) 2-

ethylhexanoate (30 mg) were added to the flask and dried under vacuum for an 

additional 1 h.  The flask was placed in an oil bath that was pre-heated to 120 °C, and 

the polymerization was carried out under vigorous stirring for 4 h.  The flask was then 

cooled to RT and 10 mL of DCM was added to dissolve the product.  DCM was partially 

evaporated to adjust the solution viscosity, followed by precipitation in cold diethyl ether 

and vacuum drying overnight.  The two feed ratios at 0.1:1 and 0.15:1 of mPEG:D,L-

lactide resulted in PEG-PLA copolymers with MWs of 5K-45K and 5K-30K, respectively. 

3.2.4 Encapsulation of the dendrimer conjugates into PEG-PLA nanoparticles 

The hybrid NPs containing the various dendrimer conjugates were prepared 

using a double emulsion method as we previously described [28].  For example, G4-

RHO-FA-OH (100 μL, 1 mg/mL in ddH2O) was added to 20 mg of either PEG5K-

PLA23K, PEG5K-PLA30K, or PEG5K-PLA45K in 1 mL of DCM, and the mixture was 

sonicated for 1 min using a Misonix XL Ultrasonic Processor (100% duty cycle, 475 W, 

1/8” tip, QSonica, LLC, Newtown, CT).  Two milliliters of 3% aqueous PVA solution was 
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then added to the mixture, followed by additional sonication for 1 min.  The double 

emulsion was poured into 20 mL of 0.3% PVA in ddH2O, and vigorously stirred at RT for 

24 h to evaporate DCM.  The resulting aqueous solution was transferred to Nalgene 

high-speed centrifuge tubes (Fisher Scientific, Pittsburg, PA) to remove PVA and 

unencapsulated G4-RHO-FA-OH by ultracentrifugation at 20,000 rpm for 30 min using a 

Beckman Avanti J25 Centrifuge (Beckman Coulter, Brea, CA).  After washing the NPs 

five times with ddH2O, the pellet was resuspended in ddH2O, lyophilized over 2 days, 

and stored at -20 °C.  All other dendrimer conjugates were encapsulated into PEG5K-

PLA45K using the same method. 

3.2.5 Structure confirmation and size/surface charge measurements 

All dendrimer conjugates and PEG-PLA copolymers were characterized by 1H 

NMR using a 400 MHz Bruker DPX-400 spectrometer (Bruker BioSpin Corp., Billerica, 

MA) as described in our earlier publication [32].  Particle size (diameter, nm) and 

surface charge (zeta potential, mV) of the conjugates and the nanohybrids were 

measured in triplicates by quasi-elastic laser light scattering using a Nicomp 380 Zeta 

Potential/Particle Sizer (Particle Sizing Systems, Santa Barbara, CA) in ddH2O.  The 

measurements were performed using samples that were suspended in ddH2O at a 

concentration of 100 µg/mL, filtered through a 0.45 μm syringe filter, and briefly 

vortexed prior to each measurement.   

3.2.6 Loading efficiencies of the dendrimer-encapsulated nanohybrids 

Loading was defined as the dendrimer conjugate content in the nanohybrids [28].  

Five milligrams of each nanohybrid formulation were completely dissolved in 1 mL of 0.5 

M NaOH, followed by filtration through a 0.45 μm syringe filter.  The fluorescence 
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intensity from the filtrates was then measured using a SpectraMAX GeminiXS 

microplate spectrofluorometer (Molecular Devices, Sunnyvale, CA).  The amount of the 

dendrimer conjugates in the filtrates was determined from a standard curve of each 

conjugate’s fluorescence versus concentration in 0.5 M NaOH.  Loading was expressed 

as μg dendrimer conjugates per mg copolymer.  Loading efficiency was defined as the 

ratio of the actual loading obtained to the theoretical loading.  

3.2.7 Morphology of the nanohybrids: SEM Observation 

Surface morphology of the nanohybrids was examined by scanning electron 

microscopy (SEM) using a JEOL-JSM 6320F field emission microscope (JEOL USA, 

Peabody, MA) as previously described [28].  Samples were sputter-coated with Pt/Pd at 

a coating thickness of 6 nm (Polaron E5100 sputter coater system, Polaron, UK) and 

then visualized at an accelerating voltage of 4.0 mV and 8.0 mm working distance.   

3.2.8 Release profiles of the G4-RHO-FA-OH-encapsulated nanohybrids 

The release behaviors of G4-RHO-FA-OH from the prepared nanohybrids using 

different PEG-PLA copolymers (PEG5K-PLA23K (NP23), PEG5K-PLA30K (NP30), and 

PEG5K-PLA45K (NP45)) were studied in PBS and RPMI 1640 [28].  Five milligrams of 

each nanohybrid formulation were placed in microcentrifuge tubes and dispersed in 1 

mL of either PBS (pH 7.4) or RPMI 1640 medium supplemented with 10% FBS in 

triplicates, and the solutions were placed in a shaking water bath (37 °C, 100 rpm).  At 

various time points (1, 2, 4, 6, 8, 12, 24, 48 h; every other day thereafter), solutions 

were centrifuged at 10,000 rpm for 5 min, and the supernatants were collected.  The 

nanohybrids were then redispersed in fresh PBS or RPMI 1640 medium and placed 

back in the water bath.  The fluorescence of the supernatants was measured and the 
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cumulative amount of G4-RHO-FA-OH released over time was determined from a 

standard curve of G4-RHO-FA-OH fluorescence versus concentration in PBS or RPMI 

1640 medium.  

3.2.9 Cellular interactions of the nanohybrids: CLSM and FACS measurements 

The KB cell line was obtained from ATCC (Manassas, VA) and grown 

continuously as a monolayer in FA-deficient GIBCO RPMI 1640 medium (Invitrogen 

Corporation, Carlsbad, CA) to induce the overexpression of FR, under the same 

conditions that we previously reported [16].  For confocal imaging, KB FR+ cells were 

seeded in 4-well chamber slides (Millicell EZ Slide, Millipore, Billerica, MA) at a density 

of 2.0 × 105 cells/well and incubated in FA-deficient RPMI 1640 for 24 h.  The cells were 

treated with G4-RHO-FA-OH, G4-RHO-NH2, G4-RHO-OH, and the corresponding 

nanohybrids in the PEG5K-PLA45K shell (NP45) for 1 h and 4 h, at a concentration of 

63 nM based on the dendrimer conjugates in PBS with Ca++ and Mg++ (Mediatech, Inc., 

Manassas, VA).  Another group of KB FR+ was pre-incubated with 1 mM FA in PBS with 

Ca++ and Mg++ (from a stock solution of 100 mM FA in DMSO) for 30 min before adding 

G4-RHO-FA-OH and its NP45 formulation.  Additionally, KB cells grown in complete 

RPMI 1640 (Invitrogen), resulting in FR-down-regulated KB (KB FR-), were used as a 

negative control and incubated with G4-RHO-FA-OH and its NP45 formulation.  For the 

cellular interactions of the nanohybrids with different MWs of PLA, cells were similarly 

treated with G4-RHO-FA-OH and the corresponding nanohybrids prepared with 

PEG5K-PLA45K (NP45), PEG5K-PLA30K (NP30), and PEG5K-PLA23K (NP23) for 1, 

4, and 8 h.  After the treatments, cells were washed with PBS three times and fixed in 

500 μL of 4% paraformaldehyde at RT for 10 min.  The fixed cells were treated with 
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antiphotobleaching mounting media with DAPI (Vector Laboratory Inc., Burlingame, 

CA), and covered with glass cover slips.  Cellular binding and uptake were visualized 

using a Zeiss LSM 510 confocal laser scanning microscope (CLSM, Carl Zeiss, 

Germany).  The 543 nm line of a 1 mW tunable argon laser was used for excitation of 

RHO, and a 25 mW diode UV 405 nm laser was used for excitation of DAPI.  Emission 

was filtered at 565-595 nm and 420 nm for RHO and DAPI, respectively.  Images were 

captured using a C-Apochromat 63x/1.2 W corr objective, with the pinhole set to 92 μm 

for the blue channel and 129 μm for the red channel.  The detector gain was adjusted to 

620 V for the blue channel and 824 V for the red channel.  

For the fluorescence activated cell sorter (FACS) analysis, KB FR+ were seeded 

in 12-well plates at a density of 1.0 × 106 cells/well and incubated in FA-deficient RPMI 

1640 medium for 24 h.  The cells were then treated under the same conditions 

described in the confocal observation above.  After each incubation period, cells were 

washed with PBS and then suspended with trypsin/EDTA.  Cell suspensions were 

centrifuged at 3500 rpm for 5 min, resuspended in 500 μL of 1% paraformaldehyde for 

fixation, and transferred to flow cytometry sample tubes.  The fluorescence signal 

intensities from the samples were measured using a MoFlo cell sorter (BD, Franklin 

Lakes, NJ) and data analysis was performed using Summit v4.3 software (Dako 

Colorado, Fort Collins, CO).  

3.3 RESULTS AND DISCUSSION 

In this study, we conducted a series of experiments to develop a nanohybrid 

system through encapsulation of targeted dendrimers into polymeric NPs.  This novel 
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platform was designed to achieve kinetically controlled receptor-specific interactions of 

FA-targeted dendrimers, which can be further modulated by varying MWs of PEG-PLA.  

3.3.1 Hybridization of multifunctional G4 PAMAM dendrimers and PEG-PLA NPs 

A general overview of the preparation of the hybrid NPs is illustrated in Figure 

3.1.  First, G4 PAMAM dendrimers were functionalized by sequential conjugation with 

RHO and FA, followed by hydroxylation of the remaining amine groups, resulting in G4-

RHO-FA-OH (Figure 10(A)).  Note that the full hydroxylation step is critical to eliminate 

non-specific interactions between amine-terminated dendrimers and cells [7, 29, 33].  

 

 
 
Figure 3.1.  Schematic representation of (A) stepwise functionalization of G4 

PAMAM dendrimers, and (B) preparation of nanohybrids (partially contributed by 

Kevin Shyu). 
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The dendrimer conjugates were then encapsulated into PEG-PLA copolymers using the 

double emulsion method to produce nanohybrids (Figure 10(B)).  Conjugation of RHO 

and FA to the dendrimers and successful end-capping of the amine groups was 

confirmed using 1H NMR and zeta potential measurements (Table 3.1 and Figure 3.2).   

The 1H NMR spectra (Figure 3.2) revealed that the conjugates prepared in this 

study contained approximately 3.9 and 4.3 RHO and FA molecules per dendrimer, 

respectively.  Through various reactions, we prepared G4-RHO-NH2, G4-RHO-FA-OH, 

and the control conjugate G4-RHO-OH, to be hybridized with the PEG-PLA copolymers. 

PEG-PLA copolymers were synthesized by bulk polymerization of lactide using 

mPEG5K as the initiator [31].  1H NMR was used to confirm the chemical structure of 

the PEG-PLA copolymers and to estimate the MWs of the PLA block (Figure 3.3).  By 

varying the mPEG:lactide feed ratio, two copolymers with different MWs of PLA were 

prepared.  When the feed ratio of mPEG:lactide was 0.15:1, the MW of PLA was 

calculated to be 29,800 g/mol, based on the relative integration ratios of peak b around 

3.62 ppm (the protons of the ethylene oxide repeating units) to peak c around 5.15 ppm 

(the lactide repeating units).  This copolymer is referred to PEG5K-PLA30K throughout 

this paper.  When the feed ratio of mPEG:lactide was 0.10:1, the MW of PLA was 

calculated to be 44,900 g/mol, which is referred to as PEG5K-PLA45K.  A commercially 

available PEG5K-PLA23K was also used as a third copolymer for this study.  

The first hypothesis was validated through the nanohybrid formation by double 

emulsion.  The encapsulation process yielded nanohybrids with controlled particle sizes 

around 100 nm in diameter and with high loading efficiencies (69 – 85%) (Table 3.1 and 

Figure 3.4).  The significant differences in zeta potential for the prepared nanohybrids (-
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7.0 – -17.3 mV) from those of the dendrimer conjugates before encapsulation (3.4 – 

28.1 mV) confirmed the successful encapsulation (Table 3.1).  The results highlighted in 

 
 

Figure 3.2.  1H NMR spectra of (A) G4 PAMAM dendrimer, (B) G4-RHO-NH2, and 

(C) G4-RHO-FA-OH.  The 1H NMR spectrum of G4 PAMAM dendrimers (A) shows 6 

characteristic peaks at 2.46, 2.65, 2.84, 3.01, 3.32, and 3.43 ppm.  After conjugation 

with RHO, new peaks between 6.50 and 8.50 ppm corresponding to the aromatic 

protons of RHO were observed (B).  Based on the relative integration values at 8.04 

ppm and the dendrimer peaks, it was calculated that each dendrimer has 

approximately 3.9 RHO molecules.  For G4-RHO-FA-OH (C), an increase in the 

integration values at 6.68 and 7.76 ppm, compared to G4-RHO, indicated the 

successful FA conjugation.  Based upon the difference in the relative integration 

values of the characteristic RHO and FA peaks, it was calculated that approximately 

4.3 FA molecules were attached to a dendrimer molecule (acquired by Ryan M. 

Pearson).   
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Figure 13 and Table 3.1 support hypothesis (1) and clearly indicate that the 

encapsulation of the dendrimer conjugates into the polymeric NPs was successfully 

achieved.  

 

Figure 3.3.  1H NMR spectra of (A) PEG(5K)-PLA(30K), and (B) PEG(5K)-PLA(45K).  

The 1H NMR spectra of PEG-PLA shows two characteristic peaks of PLA at 5.15 and 

1.55 ppm (c and d), corresponding to the protons of methine and methylene groups, 

respectively.  As for mPEG, two characteristic peaks corresponding to the methoxy 

group (a) and the ethylene glycol repeating units (b) were observed at 3.62 and 3.35 

ppm, respectively.  The MWs of PEG-PLA were estimated using the relative 

integration ratios of peak b and c, based on the the integral value for the methoxy 

group of mPEG which was set to 3 (acquired by Jin Woo Bae).  
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Table 3.1.  Characterization of the G4 PAMAM dendrimer-based nanohybrids 

 Particle size (nm) Zeta potential (mV) 
Loading 

efficiency (%) 

G4-RHO-NH2 16.7 ± 2.4 28.1 ± 1.8 N/A 

G4-RHO-OH 12.1 ± 7.3 4.2 ± 1.7 N/A 

G4-RHO-FA-OH 19.6 ± 7.8 3.4 ± 1.6 N/A 

G4-RHO-NH2/NP45 103.3 ± 5.2 -12.5 ± 4.2 79.2 

G4-RHO-OH/NP45 121.5 ± 9.6 -9.8 ± 6.3 72.0 

G4-RHO-FA-OH/NP23 97.6 ± 11.9 -11.0 ± 2.7 85.4 

G4-RHO-FA-OH/NP30 146.9 ± 2.2 -7.0 ± 2.4 79.6 

G4-RHO-FA-OH/NP45 115.5 ± 13.2 -17.3 ± 3.5 81.8 

 

 

Figure 3.4.  Scanning electron microscopy (SEM) images of the nanohybrids 

prepared in this study showing controlled particle sizes around 100 nm in diameter.  

Scale bar: 100 nm. 
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3.3.2 Temporally controlled cellular targeting of the nanohybrids and its 

implication for targeted drug delivery 

For the second hypothesis, we tested if FR specificity of the FA-targeted 

dendrimer conjugates could be kinetically controlled by our nanohybrid design.  The 

cellular interactions of the dendrimer conjugates and their respective nanohybrids were 

studied in KB FR+ cells using CLSM and FACS.  Nanohybrids prepared with PEG5K-

PLA45K (NP45) were employed for this experiment.  Confocal images of KB FR+ cells 

after 1 h incubation (Figure 3.5) clearly show that only the targeted dendrimers (G4-

RHO-FA-OH: red fluorescence) bind to the cell surface, which is in agreement with the 

FACS measurements (Figure 3.6) and a previous report [16].  This interaction was 

completely blocked when the cells were pre-incubated with an excess amount of free 

FA (Figures 3.5 and Figure 3.6), confirming that the observed dendrimer-cell 

interactions are a result of selective binding and uptake between FA on the dendrimers 

and FR on the cell surfaces.   

In the case of the G4-RHO-FA-OH-based nanohybrids, we hypothesized that 

they will also bind specifically to the FR, but with a time delay as the targeted 

dendrimers are protected by the PEG-PLA NP shell.  Indeed, receptor-specific binding 

was observed with the FA-targeted nanohybrids (G4-RHO-FA-OH/NP45) after 4 h 

incubation only.  This interaction was comparable to that of the unencapsulated G4-

RHO-FA-OH in terms of fluorescence intensity from the dendrimers in and/or on the 

cells.  Furthermore, the dendrimer internalization was blocked upon pre-incubation with 

excess FA (Figures 3.5 and Figure 3.6) and was negligible in KB FR- cells (Figure 3.7), 

confirming that the observed dendrimer interactions are FR-specific.  
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As shown in Figure 3.6, the control, non-targeted nanohybrids (G4-RHO-

NH2/NP45 and G4-RHO-OH/NP45) showed a significantly lower, if not negligible, 

degree of cellular interaction.  G4-RHO-NH2 exhibited a degree of non-specific 

interactions after 4 hr incubation likely due to electrostatic interactions [29, 33, 34].  The 

significance of these results is two-fold: (1) FA-targeted dendrimers maintain selectivity 

to KB FR+ cells after the encapsulation and release process; and (2) the nanohybrid 

 
 

Figure 3.5.  CLSM images of KB FR+ cells after incubation with G4-RHO-FA-OH and 

its corresponding NP45 nanohybrids at a concentration of 63 nM (based on the 

dendrimer conjugates) for 1 h (upper row) and 4 h (lower row) (red: dendrimer 

conjugates, blue: cell nuclei stained by DAPI, scale bar: 20 µm).  The receptor 

targeting of the dendrimer-FA conjugates is confirmed by significant binding of the 

unencapsulated conjugates to the cell surface within 1 h (1st column), which was 

blocked by pre-incubating the cells with 1 mM of free FA (2nd column).  Temporal 

control over targeting is demonstrated using G4-RHO-FA-OH-encapsulated 

nanohybrids that do not interact with cells until 4 h (3rd column), and the interaction 

was also blocked by free FA (4th column). 
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design allows for temporal control over the receptor targeting of the dendrimer-FA 

conjugates.   

 

 

 

Figure 3.6.  Mean fluorescence intensities measured by FACS after the treatment of 

FR+ KB cells with G4-RHO-FA-OH and its NP45 nanohybrid formulation under the 

same conditions described in Figure 3.5.  * denotes statistical significance (p < 0.05) 

between G4-RHO-FA-OH and the control conjugate groups, and # denotes statistical 

significance (p < 0.05) between G4-RHO-FA-OH/NP45 and the control nanohybrids, 

based on a 1-way ANOVA followed by Tukey’s post hoc test.  G4-RHO-NH2 shows 

the interactions with the cells after 4 h due to non-specific electrostatic interactions. 
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These observations highlight the potential of our nanohybrid system to control 

the selective cellular interaction kinetics of actively targeted polymer conjugates.  This in 

turn would help address some of the challenges encountered with the currently 

available nanocarriers.  We expect that by encapsulating the targeted dendrimers into a 

biodegradable polymeric shell, the conjugates would likely be shielded from immediate 

undesirable interactions with the receptors that are present in normal tissues.  We also 

anticipate that through nanohybridization, the polymer conjugates would not be cleared 

from the circulation as rapidly as what has been previously observed with targeted 

polymers with surface-exposed FA [25].  Current strategies that have been investigated 

 

Figure 3.7.  CLSM images of KB FR- cells after incubation with G4-RHO-FA-OH and 

its corresponding NP45 nanohybrids at a concentration of 63 nM (based on the 

dendrimer conjugates) for 1 h (upper row) and 4 h (lower row) (red: dendrimer 

conjugates, blue: cell nuclei stained by DAPI, scale bar: 20 µm).     
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to overcome the rapid clearance of dendrimer-drug conjugates include PEGylation to 

achieve steric stabilization, and surface modification by acetylation [18, 19, 35].  

However, with proper optimization, the added advantage of our nanohybrid system is 

the possibility of exploiting two systems with different scales.  That is, by encapsulating 

the dendrimer conjugates into polymeric NPs, the particle size of the system becomes 

large enough (~100 nm compared to 5-10 nm for the dendrimers) to potentially enable 

passive accumulation in the tumor tissues through the EPR effect.  Furthermore, the 

targeted dendrimers upon release would likely penetrate into the solid tumors more 

effectively than the larger NPs, due to their small size [36, 37].  The in vivo validation of 

this nanohybrid design will be the subject of our future publications.   

3.3.3 Controlled release of FA-targeted dendrimers from the nanohybrids 

enables tailored targeting kinetics 

We tested the third hypothesis by encapsulating G4-RHO-FA-OH into PEG-PLA 

copolymers with various MWs of PLA, to produce three types of nanohybrids: G4-RHO-

FA-OH/NP23, G4-RHO-FA-OH/NP30, and G4-RHO-FA-OH/NP45 prepared using 

PEG5K-PLA23K, PEG5K-PLA30K, and PEG5K-PLA45K, respectively.  The release 

profiles of the dendrimer conjugates in PBS buffer and in serum-containing RPMI 1640 

(Figure 3.8) were biphasic, consisting of a relatively fast release within the first 8 h, most 

probably due to surface desorption of the dendrimer conjugates [38].  This early release 

can also indicate that some conjugates may not have been completely encapsulated 

within the NP core.  The profile became slow and sustained afterward, likely resulting 

from the gradual degradation of the copolymer matrix and diffusion of the dendrimer 

conjugates [39].  The MW of the PLA block was inversely proportional to the release 
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rate of the dendrimer conjugates regardless of the release medium, which is similar to 

previous reports [40].  The higher PEG:PLA ratio in the smaller MW PLA copolymers 

also results in increased hydrophilicity, greater water uptake, and faster degradation 

compared to copolymers with a smaller PEG:PLA ratio [31, 41].  The smaller MW and 

the more hydrophilic surface are expected to contribute to the faster release profile of 

the G4-RHO-FA-OH/NP23 nanohybrids than that of the NP30 and NP45 nanohybrids.  

The degradation kinetics of PEG-PLA copolymers themselves are reportedly slower 

than the release kinetics observed in this study [42, 43].  This suggests that the release 

of the dendrimer conjugates is not only governed by degradation of the PLA block, but 

by diffusion as well, similar to what was observed for proteins with comparable MW [44-

47]. 

  

 

 
 
Figure 3.8.  Release tests of G4-RHO-FA-OH nanohybrids conducted in (A) PBS 

buffer and (B) RPMI 1640 medium with 10% FBS for the first 48 h of incubation, and 

(C) PBS buffer up to 21 days.  Nanohybrids with the smallest PLA MW (NP23) show 

the fastest release in both release media, followed by NP30, and lastly NP45.  The 

release rates of all three nanohybrids in RPMI 1640 are much faster than those in 

PBS. 
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We observed much faster release profiles in serum-containing RPMI 1640 

compared to PBS, (Figure 3.8(B)), likely attributed to the presence of serum proteins 

such as albumin in the RPMI 1640.  Serum albumin has been shown to exhibit 

esterase-like activity that accelerates the hydrolysis of the PLA chains [41, 48, 49].  

Regardless of the release medium, the overall release profiles demonstrate that the 

release kinetics of the targeted dendrimers can be controlled by varying the MW of the 

encapsulating copolymers, which would in turn affect the cellular targeting and 

interaction kinetics.  

In order to achieve kinetic control over FR targeting, each of the G4-RHO-FA-

OH/NP23, G4-RHO-FA-OH/NP30, and G4-RHO-FA-OH/NP45 nanohybrids was 

incubated with KB FR+ cells up to 8 h.  After 1 h incubation (Figures 3.9 and Figure 

3.10), only the G4-RHO-FA-OH/NP23 nanohybrids showed noticeable receptor 

interactions, which were comparable to unencapsulated G4-RHO-FA-OH.  NP30 and 

NP45 nanohybrids exhibited slower cellular interaction and targeting kinetics.  After 4 h 

incubation, they started to show significant receptor binding, but these interactions were 

still lower than those observed with the NP23 nanohybrids.  After 8 h of incubation, the 

FACS results demonstrate that all nanohybrids show similar degrees of cellular 

binding/uptake to unencapsulated G4-RHO-FA-OH (Figure 3.10).  The observed 

temporal delay in the cellular interactions of the NP30 and NP45 nanohybrids can be 

attributed to the increase in the MW of the PLA block, which delays the release of the 

FA-conjugates to interact with FR on the cell surface.  The larger differences in the 

release kinetics (Figure 3.8) compared to the differences in cellular interaction kinetics 

(Figures 3.9 and 3.10) could be due to the rapid desorption of G4-RHO-FA-OH located 
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near the nanohybrid surfaces and the facilitated degradation in the presence of KB cells 

[50].  Overall, it is obvious that the kinetics of the cellular interactions of the nanohybrids 

 
 

Figure 3.9.  CLSM images of KB FR+ cells following incubation with G4-RHO-FA-OH 

and three types of nanohybrids prepared using PEG-PLA with different PLA MW: 

NP23, NP30, and NP45, at a concentration of 63 nM based on dendrimer conjugates 

for 1 h (top row), 4 h (middle row), and 8 h (bottom row) (red: dendrimer conjugates, 

blue: cell nuclei stained by DAPI, scale bar: 20 µm).  Temporal control over targeting 

is further demonstrated using G4-RHO-FA-OH-encapsulated nanohybrids with 

different PLA MW.  Nanohybrids with the smallest PLA (NP23) (2nd column) show the 

fastest receptor binding that is comparable to unencapsulated G4-RHO-FA-OH (1st 

column).  NP30 (3rd column) and NP45 (4th column) nanohybrids do not show 

interaction with the cells until after 4 h incubation.  After 8 h incubation, all 

nanohybrids are either bound to the surface or internalized into the cells.
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are primarily governed by the controlled release profiles of the different MW PLAs, 

further supporting our third hypothesis.   

 

 
 

Figure 3.10.  Mean fluorescence intensities measured by FACS (n = 2) after the 

treatment of KB FR+ cells with G4-RHO-FA-OH and three types of nanohybrids with 

different PLA MW: NP23, NP30, and NP45, under the same conditions used for 

Figure 6.  Temporal control over FR targeting is observed using the nanohybrids with 

different PLA MW.  The nanohybrids with the smallest PLA (NP23) showed the 

highest fluorescence count that is comparable to unencapsulated G4-RHO-FA-OH 

over the time course of the experiment.  The NP30 and NP45 nanohybrids start to 

show a significant increase in fluorescence after 4 h incubation.  After 8 h incubation, 

all nanohybrids exhibit similar fluorescence intensities.  Even though the release 

profiles in buffer and serum-containing medium are markedly different, no significant 

difference in the cellular interaction kinetics is observed between NP30 and NP45 

nanohybrids.  * denotes statistical significance (p < 0.05) between G4-RHO-FA-OH 

and the nanohybrids based on a 1-way ANOVA followed by Tukey’s post hoc test. 

 

0

500

1000

1500

2000

 

 

N
o

rm
a

li
z
e

d
 F

lu
o

re
s

c
e

n
c

e
 I

n
te

n
s

it
y

Incubation Time (h)

 G4-RHO-FA-OH

 G4-RHO-FA-OH/NP23

 G4-RHO-FA-OH/NP30

 G4-RHO-FA-OH/NP45

1 4 8

* *

*
*



63 
 

3.4 CONCLUSION 

Taken together, the results from this study support the three hypotheses stated 

earlier.  For hypothesis (1), both targeted and non-targeted dendrimer conjugates were 

encapsulated into PEG-PLA NPs with controlled sizes at high encapsulation efficiencies 

(Table 3.1 and Figure 3.4).  Hypothesis (2) was validated by the FR specificity and 

temporally controlled targeting of the FA-targeted dendrimer-containing nanohybrids 

(Figures 3.5 and Figure 3.6).  The release tests and the cellular interaction studies using 

CLSM and FACS (Figures 3.8, Figure 3.9, and Figure 3.10) demonstrated that the 

targeting kinetics of the dendrimers can be controlled by altering the MW of the 

biodegradable components of the nanohybrid systems, thereby supporting hypothesis 

(3).  This control over the targeting kinetics further emphasizes the versatility and 

flexibility of our nanohybrid design, which can be tailored to achieve the desired 

targeting kinetics and release rates of multifunctionalized polymer-drug conjugates.  Our 

novel nanohybrids demonstrate a great potential to enable precise control over the 

targeting kinetics of the nanocarrier to tumor cells, which can potentially minimize 

premature elimination and off-target delivery of the conventional nanocarriers that have 

targeting agents being exposed on the surface.  The flexibility of the nanohybrid design 

can also be exploited to achieve temporally controlled ligand presentations for targeting 

inflammatory diseases [51].  In addition, the staged, temporally controlled targeting to 

multiple ligands (e.g. selectins, IL-6, STAT3) would effectively block the inflammatory 

responses that frequently accompany various cancers [52, 53].  
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CHAPTER 4 

 

IN VITRO EVALUATION OF DENDRIMER-POLYMER HYBRID NANOPARTICLES 

ON THEIR CONTROLLED CELLULAR TARGETING KINETICS* 

 

4.1 INTRODUCTION 

Nanocarriers such as polymer-drug conjugates, dendrimers, polymeric 

nanoparticles (NPs), micelles, and liposomes have demonstrated great potential to 

achieve targeted therapy for cancer treatments [1-6].  Targeting strategies using those 

nanocarriers include passive targeting based on size control and active targeting via 

ligand conjugation [7-9].  To increase the targeting efficacy, integration of the two 

targeting approaches within a single nanocarrier has been widely attempted using a 

variety of nanomaterials such as ligand-conjugated polymeric NPs [10], micelles [11], 

and liposomes [12, 13].  However, the single-scale size of these nanocarriers has 

limitations to optimize their biological properties in terms of biodistribution, tumor 

targeting, penetration, and cellular uptake, largely because of the different size 

requirements associated with each of those properties [14, 15].  

The dense tumor interstitial matrix and abnormal vasculature can lead to 

inefficient distribution of the drug payloads throughout the tissue [16].  Specifically, the 

relatively large size of the nanocarriers (50-200 nm to exploit the enhanced permeability 

and retention (EPR) effect) and targeting moieties exposed on their surfaces can retard 

tumor penetration due to limited diffusivity and high binding affinity to the superficial 
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tumor cells, respectively [16].   In contrast, smaller NPs (<10 nm) have been shown to 

achieve enhanced tissue permeation and penetration [15-17].  In particular, folate (FA)-

targeted poly(amidoamine) (PAMAM) dendrimers have previously shown high targeting 

efficacy to FA receptor (FR)-overexpressing tumor xenografts [18-20].  However, their 

small size (~5 nm in diameter) and the surface-exposed targeting ligands have resulted 

in rapid renal clearance and significant liver uptake, respectively.13, 23  Therefore, to 

maximize the targeting efficacy of drug payloads, a multi-scale nanocarrier, one that 

combines two or more nanocarriers with different size scales, would be highly desirable.  

One of the promising ways to achieve the multi-scale system would be to combine 

actively targeted nanocarriers with favorable tissue penetration and cellular 

internalization properties, together with larger NPs with a controlled size for passive 

targeting and long circulation. 

Previously, we designed a multi-scale nanocarrier platform by combining linear 

polymers or targeted dendrimers with larger polymeric NPs [21, 22].  Generation 4 (G4) 

PAMAM dendrimers were conjugated with folic acid (FA) as a targeting ligand and 

encapsulated within poly(ethylene glycol)-b-poly(D,L-lactide) (PEG-PLA) copolymers to 

produce the hybrid NPs, or nanohybrids, with controlled sizes (~100 nm).  The design 

rationale of the nanohybrid system was to combine the controlled release and larger 

size of polymeric NPs with the targeting efficacy and favorable tissue penetration of 

targeted dendrimers.  The resulting nanohybrids selectively interacted with FR-

overexpressing KB cells (KB FR+) in a temporally controlled manner due to the 

presence of the PEG-PLA shell.  Our multi-scale hybrid NPs successfully combined 

polymeric NPs and targeted dendrimers, allowing precise control over the targeting 
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kinetics by tuning the release profile of the actively targeted dendrimers [22].  

The dendrimers in the core and polymeric NP shell impart dual properties to the 

nanohybrid system.  This led us to set up a hypothesis that the biological properties of 

the system may be dictated by one component or the other at a given time, which is 

dependent upon the dissociation kinetics of the two components.  In this paper, we 

tested this hypothesis by a series of experiments using nanohybrid systems labeled with 

different fluorophores for the outer shell and dendrimers in the core.  First, the effect of 

incubation time on the selective cellular uptake of the nanohybrids was investigated at 

various incubation hours (up to 48 h) and compared to free dendrimers and empty 

polymeric NPs.  The cellular association kinetics was also correlated with the release 

kinetics of the dendrimers in a cell-conditioned culture medium in order to examine the 

effect of the cellular microenvironment on dendrimer release.  Secondly, the cellular 

uptake mechanisms of the nanohybrids were investigated by employing metabolic 

inhibitors, such as methyl-β-cyclodextrin (MβCD) and fillipin, which block clathrin- and 

caveolae-mediated endocytic pathways, respectively.  These experiments were 

designed to elucidate the dominant uptake mechanism(s) of the nanohybrids at various 

incubation hours.  Thirdly, to simulate in vivo tumor penetration, multicellular tumor 

spheroids (MCTS) were used as a 3D in vitro model mimicking in vivo tumor tissues, 

allowing evaluation of the penetration ability of the nanohybrids as a function of 

incubation time.  Lastly, the potential of the nanohybrids as a drug carrier was assessed 

using nanohybrids containing methotrexate (MTX).  Our study herein provides 

fundamental understanding on the kinetically controlled biological properties of the 

newly developed nanohybrids, which is a key step for further development for in vivo 
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applications. 

4.2 EXPERIMENTAL SECTION 

4.2.1 Materials 

Generation 4 (G4) PAMAM dendrimer, N-hydroxysuccinimide-rhodamine B 

(NHS-RHO), folic acid (FA), methotrexate (MTX), N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), fluorescein 

isothiocyanate (FITC), filipin, MβCD, glycidol, tin(II)2-ethylhexanoate, poly(ethylene 

glycol) monomethyl ether (mPEG) (MW 5,000 Da), poly(vinyl alcohol) (PVA, 87-89% 

hydrolyzed, MW 13,000-23,000 Da), trifluoroacetic acid (TFA), dimethyl sulfoxide 

(DMSO), dimethylformamide (DMF), and dichloromethane (DCM) were all obtained 

from Sigma-Aldrich (St. Louis, MO).  D,L-lactide and Boc-NH-PEG5K-OH were 

purchased from Polysciences Inc. (Warrington, PA) and Jenkem Technology (Beijing, 

China), respectively.  All other chemicals used in this study were purchased from 

Sigma-Aldrich unless specified otherwise.   

4.2.2 Preparation of G4 PAMAM dendrimer conjugates 

Fully hydroxylated RHO-labeled FA-targeted G4 PAMAM dendrimer conjugates 

(G4-RHO-FA-OH) containing 3.9 RHO and 4.3 FA molecules per dendrimer were 

prepared and characterized by 1H NMR as reported in our earlier publication [22, 23].  

MTX was conjugated to the hydroxylated dendrimer conjugates by an ester bond as 

previously described [23].  Briefly, MTX (1.3 mg, 2.8 × 10-6 mol) was dissolved in 200 μL 

DMSO, and EDC (5.4 mg, 2.8 × 10-5 mol) and NHS (3.2 mg, 2.8 × 10-5 mol) in 1 mL 

DMSO were added dropwise under vigorous stirring at RT for 1 h.  The activated MTX 
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solution was added dropwise to 10 mg of either G4-RHO-FA-OH or G4-RHO-OH (7.0 × 

10-7 mol) dissolved in 5 mL of ddH2O, followed by vigorous stirring at RT for 24 h.  The 

solution was then dialyzed in a 3,500 MWCO dialysis membrane (Spectrum 

Laboratories Inc., Rancho Dominguez, CA) against ddH2O for 2 days, lyophilized for 

two days, and stored at -20 °C.    

4.2.3 Synthesis of FITC-PEG-PLA 

PEG-PLA and Boc-NH-PEG-PLA were prepared by ring opening polymerization 

of D,L-lactide as previously described [22].  FITC-PEG-PLA was then prepared 

following deprotection of Boc-NH-PEG-PLA [24].  Briefly, Boc-NH-PEG-PLA was 

deprotected by dissolving 200 mg in 4 mL of DCM, and 4 mL of TFA was added into the 

solution dropwise under vigorous stirring for 15 min.  TFA and DCM were evaporated 

under vacuum at 70°C using a rotary evaporator.  The product was redissolved in 1 mL 

DCM, precipitated using cold diethyl ether, vacuum filtered, and dried overnight.  H2N-

PEG-PLA was conjugated to FITC by dissolving 50 mg (1.2 × 10-3 mmol) in 2 mL DMF.  

FITC (0.6 mg, 1.5 × 10-3 mmol) in 500 μL DMF was added into the polymer/DMF 

solution under vigorous stirring at RT overnight.  Excess FITC was removed by 

membrane dialysis against ddH2O using a 3,500 MWCO dialysis membrane for two 

days.  The final product was then lyophilized over 2 days and stored at -20 °C.  

4.2.4 Encapsulation of the dendrimer conjugates into FITC-labeled PEG-PLA NPs 

FITC-labeled hybrid NPs containing targeted or non-targeted dendrimer 

conjugates (G4-RHO-FA-OH or G4-RHO-OH) were prepared using a double emulsion 

method [21, 22].  For example, G4-RHO-FA-OH (100 μL, 1 mg/mL in ddH2O) was 
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added to 1 mL of 20 mg/mL solution of PEG-PLA/FITC-PEG-PLA (10:1 w/w) in DCM, 

and the mixture was sonicated for 1 min using a Misonix XL Ultrasonic Processor 

(100% duty cycle, 475 W, 1/8” tip, QSonica, LLC, Newtown, CT).  Two milliliters of 3% 

aqueous PVA solution was then added to the mixture, followed by additional sonication 

for 1 min.  The double emulsion was poured into 20 mL of 0.3% PVA in ddH2O, and 

vigorously stirred at RT for 24 h to evaporate DCM.  The resulting nanohybrid solution 

was transferred to Nalgene high-speed centrifuge tubes (Fisher Scientific, Pittsburg, 

PA) to remove PVA and unencapsulated G4-RHO-FA-OH by ultracentrifugation at 

20,000 rpm (48,384 × g) for 30 min using a Beckman Avanti J25 Centrifuge (Beckman 

Coulter, Brea, CA).  After washing the nanohybrids five times with ddH2O, the pellet was 

resuspended in ddH2O, lyophilized over 2 days, and stored at -20 °C.  G4-RHO-OH was 

also encapsulated into FITC-labeled NPs using the same method.  Empty FITC-NPs 

were prepared by adding 100 μL ddH2O instead of the dendrimer solution. 

4.2.5 Structure confirmation and size/surface charge measurements 

The dendrimer conjugates and PEG-PLA copolymers were characterized by 1H 

NMR using a 400 MHz Bruker DPX-400 spectrometer (Bruker BioSpin Corp., Billerica, 

MA) as described in our earlier publication [22].  The MW of PEG-PLA was also 

measured by Gel Permeation Chromatography (GPC) based on polystyrene standards 

as previously described [24].  Measurements were carried out using a 600 HPLC pump, 

717plus Autosampler, and 2414 Refractive Index detector (Waters, Milford, MA, USA) 

using THF as the mobile phase at 1 mL/min with a Waters Styragel® HR2 column at 

30°C.  The structure of G4-RHO-FA-OH-MTX and G4-RHO-OH-MTX was confirmed by 

UV/Vis using a DU800 UV/Vis Spectrophotometer (Beckman Coulter, CA).  The number 
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of MTX molecules attached to each dendrimer was calculated based on a standard 

curve of MTX absorbance versus concentration in ddH2O at 373 nm.  Particle size 

(diameter, nm) and surface charge (zeta potential, mV) of the conjugates and the 

nanohybrids were measured in triplicates by quasi-elastic laser light scattering using a 

Nicomp 380 Zeta Potential/Particle Sizer (Particle Sizing Systems, Santa Barbara, CA) 

in ddH2O.  The measurements were performed using samples that were suspended in 

ddH2O at a concentration of 100 μg/mL, filtered through a 0.45 μm syringe filter, and 

briefly vortexed prior to each measurement.   

4.2.6 Loading efficiencies of the dendrimer-encapsulated nanohybrids 

Loading was defined as the dendrimer conjugate content in the nanohybrids.  

Five milligrams of each nanohybrid formulation were dissolved in 1 mL of 0.5 M to 

degrade the PEG-PLA and completely release the loaded dendrimers, followed by 

filtration through a 0.45 μm syringe filter.  The fluorescence intensity from the filtrates 

was then measured using a SpectraMAX GeminiXS microplate spectrofluorometer 

(Molecular Devices, Sunnyvale, CA).  The amount of the dendrimer conjugates in the 

filtrates was determined from a standard curve of each conjugate’s fluorescence versus 

concentration in 0.5 M NaOH at 544 nm excitation and 576 nm emission wavelengths.  

Loading was expressed as μg dendrimer conjugates per mg copolymer.  Loading 

efficiency was defined as the ratio of the actual loading obtained to the theoretical 

loading.   

4.2.7 Scanning Electron Microscopy (SEM) observations 

Surface morphology of the nanohybrids was examined by scanning electron 

microscopy (SEM) using a JEOL-JSM 6320F field emission microscope (JEOL USA, 
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Peabody, MA) as previously described [22, 24].  Samples were sputter-coated with 

Pt/Pd at a coating thickness of 6 nm (Polaron E5100 sputter coater system, Polaron, 

UK) and then visualized at an accelerating voltage of 4.0 mV and 8.0 mm working 

distance.   

4.2.8 Cell culture 

The KB cell line was purchased from the American Type Tissue Collection 

(ATCC, Manassas, VA) and grown continuously as a monolayer at 37 °C, 5% CO2 in 

GIBCO RPMI 1640 medium (Invitrogen Corporation, Carlsbad, CA), resulting in FR-

downregulated KB cells (KB FR-).  The RPMI 1640 medium was supplemented with 

penicillin (100 units/mL), streptomycin (100 mg/mL), and 10% heat-inactivated fetal 

bovine serum (FBS) (Invitrogen) before use.  Some of the cells were cultured in FA-

deficient RPMI 1640 media (Invitrogen) for at least 4 days before experiments, resulting 

in FR-overexpressing KB (KB FR+) cells [22, 25].   

4.2.9 Dendrimer release kinetics in cell-conditioned culture media 

KB FR+ cells were seeded in 12-well plates at a density of 2 × 105 cells/well in 

complete FA-deficient RPMI 1640 for 24 h.  The complete medium was then replaced 

with basal FA-deficient RPMI 1640, and the cells were incubated up to 48 h.  At 1, 4, 24, 

and 48 h, the media were withdrawn and used to dissolve the nanohybrids in triplicate 

to achieve a concentration equivalent to 100 nM G4-RHO-FA-OH.  The nanohybrids 

were then incubated for 1, 4, 24, and 48 h.  At the end of each incubation time, the 

solutions were centrifuged at 14,000 rpm (23,708 × g) for 5 min to precipitate intact 

nanohybrids, and the fluorescence intensities of the supernatants were measured.  The 
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amounts of the dendrimer conjugates released over time were determined based on a 

standard curve of G4-RHO-FA-OH fluorescence versus concentration in basal FA-

deficient RPMI 1640, as described above. 

4.2.10 Cellular interactions of the nanohybrids labeled with two dyes (RHO and 

FITC) 

KB FR+ cells were seeded in 4-well chamber slides (Millicell EZ Slide, Millipore, 

Billerica, MA) at a density of 1.0 × 105 cells/well and incubated in FA-deficient RPMI 

1640 for 24 h.  The cells were then treated with G4-RHO-FA-OH, G4-RHO-OH, the 

corresponding FITC-labeled nanohybrids, and empty FITC-NPs for 30 min (G4-RHO-

FA-OH only), 1, 4, 24, and 48 h, at a concentration of 100 nM based on the dendrimer 

conjugates in basal FA-deficient RPMI 1640.  Additionally, KB FR- cells were also used 

as a negative control and incubated with G4-RHO-FA-OH and its nanohybrid 

formulation.  After each incubation time, cells were washed twice with PBS with 

Ca++/Mg++ (Mediatech, Inc., Manassas, VA), fixed in 4% paraformaldehyde for 10 min, 

and washed again.  The slides were then mounted with antiphotobleaching mounting 

media with DAPI and covered with glass coverslips for confocal observations.  

4.2.11 Cellular interactions of the nanohybrids in the presence of endocytic 

inhibitors 

KB FR+ cells were seeded in 4-well chamber slides as described above, and then 

treated with filipin (1 μg/mL) [26], MβCD (5 mM) [27], or a mixture of filipin and MβCD in 

FA-deficient basal RPMI 1640 for 1 h.  Cells were washed once with PBS with 

Ca++/Mg++, followed by adding G4-RHO-FA-OH (100 nM), the corresponding 
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nanohybrids, and empty FITC-NPs.  The treatment was carried out for 4 and 24 h, after 

which the confocal samples were prepared as described above. 

4.2.12 Penetration assay using multicellular tumor spheroids (MCTS) 

MCTS formation was performed using the liquid overlay method [28].  KB FR+ 

cells from a confluent T-75 flask were detached using trypsin-EDTA and resuspended in 

FA-deficient RPMI 1640 at a concentration of 6 × 103 cells/mL.  Five hundred microliters 

of the cell suspension were transferred to 8-well chamber slides (Millicell EZ Slide, 

Millipore, Billerica, MA) coated with 1% agarose in complete FA-deficient RPMI 1640.  

The cells were then incubated on agarose for 7 days to allow the formation of MCTS.  

After 7 days, 250 μL of the media in each well were removed, and MCTS were treated 

with 250 μL of 200 nM G4-RHO-FA-OH, an equivalent concentration of the 

nanohybrids, or empty FITC-NPs, for 1, 4, 24, and 48 h.  After each treatment, MCTS 

were carefully washed twice with PBS with Ca++/Mg++, fixed in paraformaldehyde for 10 

min, and washed again.  The chamber gasket was then removed, and the pieces of 

agarose were transferred to glass cover slips for confocal observation.   

4.2.13 Confocal microscopy observation 

Cells incubated with various nanomaterials as described above were visualized 

using a Zeiss LSM 510 Meta confocal laser scanning microscope (CLSM, Carl Zeiss, 

Germany).  A 25 mW diode UV 405 nm laser was used for excitation of DAPI, the 543 

nm line of a 1 mW tunable HeNe laser was used for excitation of RHO, and the 488 nm 

line of a 30 mW tunable Ar laser was used for the excitation of FITC.  Emission was 

filtered at 420 nm, 565-595 nm, and 505-530 nm for DAPI, RHO and FITC, respectively.  

Images were captured using a 63x/1.2 Water DIC C-Apochromat objective.  Z-stack 
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images for the 2D cell culture experiments were taken at 1 μm intervals for a total slice 

thickness of 8 μm.  For the penetration assay, MCTS were viewed using a 10x/0.25 Ph1 

A-Plan objective, and Z-stack images were taken at 20 μm intervals for a total slice 

thickness of 140 μm. 

4.2.14 Cytotoxicity assay of the MTX-conjugated dendrimers and nanohybrids 

Each of G4-RHO-FA-OH-MTX, G4-RHO-OH-MTX, or free MTX was 

encapsulated into PEG-PLA NPs using the double emulsion method as described 

above.  KB FR+
 cells were seeded in 96-well plates at a density of 5 × 103 cells/well for 

24 h.  The cells (n = 4) were then treated with 1 μM free MTX or an equivalent 

concentration of the dendrimer conjugates, nanohybrids, or MTX-encapsulated NPs in 

basal FA-deficient RPMI 1640 for 1, 4, 24, 48, and 72 h.  After each incubation time, the 

media was replaced with complete FA-deficient RPMI 1640 and the cells were further 

incubated for 72 h to allow them to proliferate, while changing the media after 48 h.  At 

72 h post-treatment, the media was replaced, and the MTS assay reagent (CellTiter 96 

AQueous One Solution (MTS) Assay, Promega, Madison, WI) was added to each well.  

The cells were incubated for 2 h, and the plates were read at 492 nm absorbance 

wavelength.  Cell viability was expressed as % proliferation relative to untreated cells 

and plotted against incubation time.  A similar experiment was conducted with the 

control conjugates without MTX (G4-RHO-FA-OH and G4-RHO-OH and their 

nanohybrids) and empty NPs. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Preparation of the G4 PAMAM dendrimer conjugates and nanohybrids 
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A general overview of the preparation of the nanohybrids is illustrated in Figure 4.1.  

RHO-labeled, FA-targeted G4 PAMAM dendrimers were prepared by sequential 

conjugation with RHO and FA, followed by hydroxylation of the remaining amine groups, 

resulting in G4-RHO-FA-OH (Figure 4.1(A)).  The hydroxylation step was performed to 

eliminate non-specific interactions between amine-terminated dendrimers and cell 

membranes as well as to enable subsequent conjugation with MTX through an ester 

bond [23].  Conjugation of RHO and FA to the dendrimers and successful end-capping 

of the amine groups was confirmed using 1H NMR and zeta potential measurements 

(Table 4.1 and Figure 4.2).  The 1H NMR spectra (Figure 4.2) revealed that the 

conjugates prepared in this study contained approximately 3.9 and 4.3 RHO and FA 

molecules per dendrimer, respectively.  Since the characteristic proton peaks of MTX 

were overlapping with those of FA and RHO, the no. of MTX molecules present could 

 

Figure 4.1.  Overview of nanohybrid preparation.  (A) Sequential preparation of the 

targeted dendrimer conjugates, (B) Encapsulation of the dendrimer conjugates into 

PEG-PLA copolymers to produce the nanohybrids. 
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not be estimated by 1H NMR.  For this reason, MTX conjugation was confirmed using 

UV/Vis (Figure 4.3), which revealed that there are approximately 4.7 and 5.6 MTX 

molecules attached to G4-RHO-FA-OH and G4-RHO-OH, respectively.  PEG-PLA and 

FITC-PEG-PLA copolymers were synthesized by bulk polymerization of D,L-lactide 

using mPEG5K and Boc-NH-PEG5K-OH as initiators.  1H NMR was used to confirm the 

 
 
Figure 4.2.  1H NMR spectra of (A) G4 PAMAM dendrimer, (B) G4-RHO-NH2, and 

(C) G4-RHO-FA-NH2.  The 1H NMR spectrum of G4 PAMAM dendrimers (A) shows 6 

characteristic peaks at 2.46, 2.65, 2.84, 3.01, 3.32, and 3.43 ppm.  After conjugation 

with RHO, new peaks between 6.50 and 8.50 ppm corresponding to the aromatic 

protons of RHO were observed (B).  Based on the relative integration values at 8.04 

ppm and the dendrimer peaks, it was calculated that each dendrimer has 

approximately 3.9 RHO molecules.  For G4-RHO-FA-NH2 (C), an increase in the 

integration values at 6.68 and 7.76 ppm, compared to G4-RHO, indicated successful 

FA conjugation.  Based upon the difference in the relative integration values of the 

characteristic RHO and FA peaks, it was calculated that approximately 4.3 FA 

molecules were attached to the dendrimer.   

 



84 
 

chemical structure of the copolymers and to estimate the MW of the PLA block (Figure 

4.4).  This was calculated to be 44,900 g/mol for PEG-PLA (Mn: 37,500, Mw: 45,521, 

PDI: 1.2 as measured by GPC) and 48,800 g/mol for Boc-NH-PEG-PLA based on the 

relative integration ratios of peak b around 3.62 ppm (the protons of the ethylene oxide 

repeating units) to peak c around 5.15 ppm (the lactide repeating units).  Following 

deprotection of Boc-NH-PEG-PLA, H2N-PEG-PLA was obtained and conjugated to 

FITC, which was also confirmed using 1H NMR (Figure 4.4). 

The various dendrimer conjugates were then encapsulated into PEG-PLA 

copolymers using the double emulsion method to produce the nanohybrids as we 

described earlier (Figure 4.1(B)).  Dendrimer encapsulation was performed using double 

emulsion to prepare nanohybrids with controlled particle sizes around 100 nm in 

diameter (Figure 4.5) and at high loading efficiencies (67 – 83%) (Table 4.1).  The 

change in zeta potential values for the nanohybrids (-11.6 – -18.6 mV) compared to 

 
 

Figure 4.3.  UV/Vis spectra of MTX, MTX-dendrimer conjugates, and the control 

dendrimers in ddH2O.  Based on the absorbance of the conjugates at 373 nm, G4-

RHO-FA-OH-MTX and G4-RHO-OH-MTX each contain 4.7 and 5.6 MTX molecules 

per dendrimer, respectively. 
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Figure 4.4.  1H NMR spectra of (A) PEG-PLA, (B) Boc-NH-PEG-PLA, (C) 

deprotected H2N-PEG-PLA, and (D) FITC-PEG-PLA.  The 1H NMR spectrum of 

PEG-PLA shows two characteristic peaks of PLA at 5.15 and 1.55 ppm (b and c), 

corresponding to the protons of the methine and methylene groups, respectively.  As 

for mPEG, the characteristic peak corresponding to the ethylene glycol repeating 

units (b) was observed at 3.62 ppm.  The MWs of PEG-PLA were estimated using 

the relative integration ratios of peaks b and c, based on the integral value for peak a 

of mPEG.  This was calculated to be 44,900 g/mol for PEG-PLA and 48,800 g/mol for 

Boc-NH-PEG-PLA.  Deprotection of Boc-NH-PEG-PLA was confirmed by the 

disappearance of peak d (0.85 ppm) corresponding to the Boc group.  Conjugation of 

FITC to H2N-PEG-PLA was confirmed by the appearance of peak e at 6.45 ppm 

corresponding to the aromatic protons of FITC, and it was calculated that 0.8 FITC 

molecules were attached to the polymer based on the relative integration ratio of 

peaks a and e. 
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those of the dendrimer conjugates before encapsulation (3.4 – 28.1 mV) indicated 

successful encapsulation.  

4.3.2 Selective cellular interactions of the nanohybrids containing targeted 

dendrimers 

Non-targeted polymeric NPs have been reported to exhibit a degree of non-

specificity when incubated with cells [21, 29].  Targeted dendrimers on the other hand 

have shown excellent receptor selectivity with minimal non-specific uptake after 

neutralization of the surface groups [22, 25].  Our design strategy is based on 

Table 4.1.  Characterization of the G4 PAMAM dendrimers and nanohybrids 

 
Particle size 

(nm) 

Zeta potential 

(mV) 

Loading efficiency 

(%) 

G4-RHO-NH2 16.7 ± 2.4 28.1 ± 1.8 N/A 

G4-RHO-OH 12.1 ± 7.3 4.2 ± 1.7 N/A 

G4-RHO-OH-MTX 15.2 ± 3.2 2.5 ± 0.7 N/A 

G4-RHO-FA-OH 19.6 ± 7.8 3.4 ± 1.6 N/A 

G4-RHO-FA-OH-MTX 13.4 ± 5.3 3.2 ± 1.1 N/A 

FITC-NP 114.7 ± 5.7 -13.5 ± 4.2 N/A 

G4-RHO-OH/FITC-NP 101.5 ± 8.5 -11.6 ± 3.3 69.0 

G4-RHO-OH-MTX/NP 89.8 ± 12.5 -18.6 ± 3.5 83.1 

G4-RHO-FA-OH/FITC-NP 125.5 ± 10.2 -15.3 ± 6.5 72.5 

G4-RHO-FA-OH-MTX/NP 79.8 ± 5.4 -14.4 ± 5.7 67.2 
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hybridization of the two nanocarriers, which is hypothesized to impart both dendrimer- 

and NP-like attributes to the nanohybrid system.  To test this hypothesis, we first 

investigated whether the targeting efficiency of the system is more affected by the 

dendrimers (highly selective) or by the polymeric NPs (non-specific).  We previously 

monitored the cellular uptake of the FA-targeted nanohybrids based on RHO conjugated 

to the dendrimers, showing high selectivity of the nanohybrids to KB FR+ cells up to 4 h 

of incubation [22].  In this paper, we conducted a similar experiment using a two-dye 

system, i.e., FITC-labeled NPs encapsulating RHO-labeled dendrimers, and observed 

the cellular interactions of the nanohybrids up to 48 h of incubation.   

As similarly observed in our previous report, after 1 h of incubation, only the free 

targeted dendrimers (G4-RHO-FA-OH) showed significant cellular binding and uptake 

into KB FR+ (Figure 4.6).  The targeted nanohybrids (G4-RHO-FA-OH/FITC-NP) started 

 

Figure 4.5.  SEM images of the nanohybrids prepared in this study showing 

controlled particle sizes around 100 nm in diameter (scale bar: 100 nm). 
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to selectively interact with the cells after 4 h, likely due to the protective effect of the 

polymeric shell (Figure 4.6 and Figure 4.7).  The overlap in the red and green 

fluorescence signals in those images shows the co-localization of the dendrimers with 

the nanohybrid shell, indicating that the nanohybrids interacted with cells intact.  This 

interaction was seemingly specific, as the fluorescence from the targeted nanohybrids 

was significantly higher than that of the non-targeted nanohybrids (G4-RHO-OH/FITC-

 

Figure 4.6.  CLSM images of KB FR+ cells upon incubation with G4-RHO-FA-OH (left 

column), G4-RHO-FA-OH-encapsulated nanohybrids (middle column), and empty 

FITC-NPs (right column) up to 48 h.  Red: RHO-labeled dendrimers, green: FITC-

labeled NPs, blue: cell nuclei stained by DAPI, scale bar: 20 μm.  
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NP) and that from KB FR- cells (Figure 4.8).  Green fluorescence signals from empty 

FITC-NPs were also negligible (Figure 4.6 and Figure 4.7).  Our observations indicate 

that the targeted dendrimers, particularly those near the surface of the nanohybrids, 

may act as a driving force that contributes to the selective association with FR on the 

 
 
Figure 4.7.  Ortho view of Z-stack images of KB FR+ cells upon incubation with G4-

RHO-FA-OH (left column), G4-RHO-FA-OH-encapsulated nanohybrids (middle 

column), and empty FITC-NPs (right column) at 4 and 24 h.  Red: RHO-labeled 

dendrimers, green: FITC-labeled NPs, blue: cell nuclei stained by DAPI, scale bar: 10 

μm.  The targeted dendrimers show specific interaction with KB FR+ throughout the 

incubation period.  The targeted nanohybrids start to selectively interact with the cells 

after 4 h as the overlapping red and green fluorescence signals are observed.  At 

longer incubation hours (24 h and Figure 25), the red signals become predominant, 

indicating that the released dendrimers selectively interact with the KB FR+ cells.  

The empty NPs start to interact with the cells after 24 h likely due to non-specific 

interactions. 
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cells.  After 24 h, the targeted nanohybrids still showed a degree of overlap in the red 

 
 
Figure 4.8.  CLSM images of (L to R): KB FR- cells incubated with G4-RHO-FA-OH, 

KB FR- cells incubated with G4-RHO-FA-OH/FITC-NPs, KB FR+ cells incubated with 

G4-RHO-OH, and KB FR+ cells incubated with G4-RHO-OH/FITC-NPs up to 48 h.  

G4-RHO-FA-OH and its corresponding nanohybrids show limited interactions with KB 

FR- cells.  Nontargeted dendrimer conjugates (G4-RHO-OH) and their corresponding 

nanohybrids show a significantly lower degree of interactions with KB FR+ cells 

compared to the FA-targeted systems (Figure 25).  Red: RHO-labeled dendrimers, 

green: FITC-labeled NPs, blue: DAPI, scale bar: 20 μm.  
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and green signals; however, an increase in the red fluorescence intensity relative to the 

green signal was observed from the cells when compared to that at 4 h.  The separation 

of the red signal from the green fluorescence is a clear indication of the dendrimer 

release from the nanohybrids after 24 h of incubation, which became predominantly 

observed from the cells at the longer incubation hours (24-48 h).  After 48 h of 

incubation, non-specific cellular interactions were observed as non-targeted systems 

and the empty FITC-NPs started to interact with the cells (Figure 4.6 and Figure 4.8).   

4.3.3 The cellular microenvironment facilitates dendrimer release from the 

nanohybrids 

Release kinetics of macromolecules from polymeric NPs with similar MW to the 

PEG-PLA copolymers used in this study are typically slow and can take up to several 

days to weeks to complete the release.  For example, we have previously conducted a 

release study of the dendrimers from the nanohybrids in PBS and found that only 18% 

and 38% of the dendrimer conjugates are released after 4 and 24 h, respectively [22].  

Unexpectedly, Figure 4.6 shows that the cellular uptake kinetics were much faster and 

completed within 48 h, which is likely due to the presence of cells that accelerate the 

release kinetics.  We thus investigated the effect of the cellular microenvironment on the 

dissociation and release of the dendrimer conjugates from the nanohybrids.  The 

release medium used for this experiment was the same culture medium used for the 

cellular uptake studies after conditioning in the presence of cells for various incubation 

hours.  As shown in Figure 4.9, the release kinetics in conditioned culture medium was 

significantly faster (38% and 60% release after 4 and 24 h, respectively) compared to 

that obtained using PBS.  This accelerated release profile confirmed that the selective 
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cellular interaction observed in Figure 4.6 is primarily a result of the release of the 

targeted dendrimers from the nanohybrids at longer incubation hours.  Thus, by 

conducting the release test in the conditioned media, we can better understand the 

effect of the cellular microenvironment on the release kinetics of the nanohybrids.  This 

serves as a valuable in vitro tool that can help predict the in vivo behavior of the 

nanohybrids. 

4.3.4 Dual properties in cellular interactions of the nanohybrids revealed by 

endocytic inhibitors 

 
 

Figure 4.9.  Release kinetics of G4-RHO-FA-OH/FITC-NP in cell-conditioned basal 

FA-deficient RPMI 1640 media.  Faster release kinetics were obtained compared to 

the release profile in PBS (red dotted line, adapted from Figure 17), with ~90% of the 

dendrimer conjugates released after 48 h of incubation. 
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Nanocarriers (both targeted and non-targeted) are known to be associated with 

various internalization mechanisms such as endocytosis (clathrin-, caveolae-mediated, 

or non-specific adsorptive endocytosis), energy-independent cell entry, and 

macropinocytosis [29-31].  Although controversial, polymeric NPs have been reported to 

internalize into cells through non-specific pathways that are frequently associated with 

clathrin-mediated endocytosis, whereas FA-targeted dendrimers reportedly utilize 

caveolae-mediated endocytosis similar to other FA-targeted systems [32].  MβCD is a 

commonly used agent for cellular uptake studies and is known to extract cholesterol 

from membranes, which inhibits clathrin-coated pit formation and subsequent 

endocytosis [27].  Filipin on the other hand is known to inhibit caveloae-mediated 

endocytosis [26].   

We compared the cellular uptake mechanism of the FA-targeted nanohybrids to 

that of free FA-targeted dendrimers and non-targeted empty FITC-NPs under the 

presence of filipin, MβCD, or a combination of the two agents, at various incubation 

times.  As shown in Figure 4.10, cellular uptake of G4-RHO-FA-OH was inhibited by 

filipin and filipin/MβCD, but not affected by MβCD alone up to 24 h.  In contrast, the 

internalization of the nanohybrids was inhibited by both MβCD and filipin/MβCD at 4 h 

but only by filipin/MβCD after 24 h.  These observations indicate that the cellular 

interaction of the nanohybrids follows a similar pathway to polymeric NPs at early 

incubation times.  After 24 h, as more dendrimers are released, the nanohybrids exhibit 

characteristics of both dendrimers and NPs, requiring the blockade of the two pathways 

to inhibit their internalization.   



94 
 

The cellular uptake inhibition of empty FITC-NPs at 4 h was not as obvious since 

the incubation time may not have been enough to achieve significant non-specific 

internalization of the NPs.  However, inhibition was observed at 24 h by MβCD and 

filipin/MβCD, confirming that the cellular uptake of NPs was dependent on non-specific 

clathrin-mediated mechanism.  Even though the inhibitory effect of filipin and MβCD was 

partially reversed by 24 h, resulting in incomplete inhibition for some groups (G4-RHO-

FA-OH at 24 h), these results confirm that the nanohybrids possess both NP-like and 

dendrimer-like characteristics in an incubation time-dependent manner.   

   
 

Figure 4.10.  Effect of endocytic inhibitors on cellular interactions of the nanohybrids 

observed using CLSM.  KB FR+ cells were incubated with G4-RHO-FA-OH, 

nanohybrids (G4-RHO-FA-OH/FITC-NP), and empty FITC-NPs for 4 h and 24 h.  

Red: RHO-labeled dendrimers, green: FITC-labeled NPs, blue: cell nuclei stained by 

DAPI, scale bar: 20 μm.  Cellular uptake of the targeted dendrimers is fully inhibited 

at 4 h by filipin and filipin/MβCD, but not affected by MβCD alone.  The uptake of the 

targeted nanohybrids is inhibited by MβCD and filipin/MβCD at 4 h, exhibiting 

polymeric NP-like behavior.  However, at 24 h, only filipin/MβCD blocks the 

interaction of the nanohybrids, and yet limited effect of MβCD is observed, indicating 

the selective cellular interactions by the released dendrimers (red fluorescence).  As 

expected, non-specific uptake of the empty FITC-NPs at 24 h is inhibited by MβCD 

and filipin/MβCD. 
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4.3.5 Targeted dendrimers penetrate tumor spheroids following their release 

from the nanohybrids 

Tumor spheroids generated by the liquid overlay method can serve as a reliable 

in vitro 3D tumor model.  Their multicellular organization represents not only cell 

aggregates, but has also been reported to contain an organized extracellular matrix 

resembling that of tumors in vivo [33, 34].  The small size, molecular flexibility, and 

deformability of dendrimers have been shown to contribute to their highly efficient tissue 

penetration through tumors and 3D tumor models such as MCTS [35, 36].   

Using MCTS, we assessed tumor penetration of the FA-targeted dendrimers and 

nanohybrids up to 48 h incubation.  Figure 4.11 shows confocal images taken at a depth 

of 80 μm into each spheroid.  Free G4-RHO-FA-OH starts to penetrate into the 

spheroids within 1 h.  For the nanohybrids, a delay up to 4 h in spheroid penetration 

was observed, followed by substantially increased red signals, representing that the 

released dendrimers have reached the core of the spheroids.  The absence of green 

signals in the core of the spheroids treated with the nanohybrids strongly indicates that 

only the released dendrimers were able to penetrate as deep as free dendrimers, while 

the intact nanohybrids remained at the periphery.  A similar observation, with more 

nanohybrids clustered at the MCTS periphery, was obtained at 24 and 48 h.  As 

expected, empty FITC-NPs were not able to penetrate the spheroids, remaining on top 

or at the periphery.  The results highlighted in Figure 30 serve as in vitro validation for 

the design rationale of our multi-scale nanohybrid system, where efficient tumor 

penetration can be achieved by the smaller, highly flexible dendrimers upon release 

from the NP shell that has suitable size for passive targeting to tumors.  
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4.3.6 The nanohybrid platform enables temporal control over cytotoxicity 

In order to validate the drug delivery potential of the nanohybrids, we employed 

MTX as a model chemotherapeutic drug [18, 19].  For this experiment, MTX was 

 
 

Figure 4.11.  (A) CLSM images of KB FR+ MCTS upon incubation with G4-RHO-FA-

OH, G4-RHO-FA-OH/FITC-NP, and empty FITC-NPs up to 48 h.  Red: RHO-labeled 

dendrimers, green: FITC-labeled NPs.  Images shown were taken at a depth of 80 μm 

into each spheroid, scale bar: 100 μm.  Only the free dendrimers and those released 

from the nanohybrids are able to penetrate deep into the spheroids.  Empty FITC-NPs 

and intact nanohybrids accumulate at the periphery of the spheroids even after 48 h.    
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conjugated to the targeted and non-targeted dendrimer conjugates, followed by 

encapsulation into PEG-PLA, resulting in the MTX-containing nanohybrids.  As shown in 

Figure 4.12, no significant inhibition in cell proliferation was observed within the first 4 h 

of incubation, which can be attributed to the incomplete release of the drug and drug 

 
 
Figure 4.12.  Cell proliferation kinetics of KB FR+ (n = 4) after treatment with MTX-

conjugated dendrimers and nanohybrids at a concentration equivalent to 1 μM MTX 

over 72 h.  The MTS assay was performed after additional 72 h to allow the cells to 

proliferate.  Free MTX and the MTX-conjugated FA-targeted dendrimers start to 

exhibit cytotoxicity after 24 h, as indicated by the reduction in cell proliferation (<80%) 

relative to untreated controls.  G4-RHO-FA-OH-MTX-encapsulated nanohybrids 

show a similar effect on cell growth at the 72 h time point but with a time delay of 48 

h due to the controlled release of the dendrimer conjugates.  * and ** denote 

significant difference in cell proliferation relative to the non-targeted dendrimer 

conjugates (G4-RHO-OH-MTX) and nanohybrids (G4-RHO-OH-MTX/NP), 

respectively.  Statistical analysis was performed using OriginPro 8.5 using 1-way 

ANOVA followed by Tukey’s post hoc test at p < 0.05. 
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conjugates from the various systems.  After 24 h, free MTX and the targeted dendrimer-

MTX conjugates (G4-RHO-FA-OH-MTX) showed a significant inhibition in cell 

proliferation, and a less but obvious anti-proliferation effect was observed from the 

group treated with the targeted nanohybrids (G4-RHO-FA-OH-MTX/NP).  The targeted 

nanohybrids showed a delay in the cellular uptake of the drug conjugates, which 

translated into a delay in the cytotoxic effect of MTX, while maintaining the similar 

receptor selectivity as the free targeted dendrimers.  After 72 h of incubation, the 

targeted nanohybrids maintained their selectivity as shown in the significantly higher 

cytotoxic effect compared to the non-targeted nanohybrids containing G4-RHO-OH-

MTX and MTX-encapsulated NPs.   

These results provide a promising starting point for future in vivo translation of 

this system.  The controlled release of the targeted dendrimer-drug conjugates from the 

nanohybrids is expected to protect against premature elimination from the circulation, 

while improving their tumor accumulation and penetration through sequential passive 

and active targeting. 

4.4 CONCLUSION 

Taken together, the results highlighted herein demonstrate the temporally 

controlled, dual nature of the multi-scale nanohybrid platform.  Through a series of in 

vitro experiments that simulate in vivo situations, our results indicate that the dendrimer-

polymer nanohybrid system combines the characteristics of free dendrimers, such as 

high receptor selectivity and efficient tumor penetration, with the controlled release 

properties and larger size of the polymeric NPs.  Co-localization of the dendrimers and 

the polymeric NP shell of the nanohybrids showed the selective uptake of the intact 
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nanohybrids at 4 h of incubation (Figure 25 and Figure 26).  The release of free 

dendrimers, which was facilitated in the culture medium (Figure 28), enhanced the 

selective uptake of the nanohybrids up to 24 h, as supported by the increased red 

fluorescence signals from KB FR+ observed at longer incubation times (Figure 25).  

Inhibition of different endocytic pathways revealed that the uptake mechanism of the 

nanohybrids closely resembles polymeric NPs at earlier time points, and follows both 

dendrimers- and NP-like pathways at longer incubation times (Figure 29).  MCTS 

served as an effective 3D in vitro model for tumor penetration and showed the released 

dendrimers from the nanohybrids can still achieve efficient penetration similar to free 

dendrimers (Figure 30).  Finally, the in vitro cytotoxicity results (Figure 31) demonstrate 

the high FR selectivity of the FA-targeted dendrimer-MTX conjugates and their 

nanohybrids.  In addition to the selective toxicity, the targeted nanohybrids also 

exhibited the controlled cellular uptake kinetics that is attributed to the nanohybrid 

design.  These results will be further validated in vivo to demonstrate the tumor 

targeting efficacy of the nanohybrids through a combination of longer circulation time 

and enhanced tumor selectivity and penetration.  
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CHAPTER 5 

 

PROLONGED BLOOD CIRCULATION TIME AND ENHANCED TUMOR RETENTION 

OF FOLATE-TARGETED DENDRIMER-POLYMER NANOHYBRID SYSTEMS 

 

5.1 INTRODUCTION 

Over the last few decades, nanotechnology-based platforms have shown great 

promise in reducing the toxic side effects of anti-neoplastic drugs [1].  The controlled 

size of nanoparticles (NPs) such as liposomes, biodegradable polymeric NPs, and 

micelles allows their passive accumulation at tumor tissues through the enhanced 

permeability and retention (EPR) effect, while minimizing their uptake by normal tissues 

[2-6].  For example, FDA-approved anti-cancer NPs such as Doxil® and Abraxane® are 

associated with significant reduction in adverse effects compared to conventional 

chemotherapy due to their particle size (~100 nm) [7-9].  To increase the targeting 

efficacy, ligand conjugation on the surface of these NPs has also been attempted to 

achieve active targeting to tumors [10-15].  However, the therapeutic benefit of these 

NPs and the majority of nanocarriers under investigation is limited by inadequate tumor 

delivery.  The dense tumor interstitial matrix hinders the diffusion of NPs larger than 60 

nm despite their ability to cross the leaky tumor vessels, causing them to accumulate in 

perivascular regions and exert only local effects [16, 17].     

On the other hand, smaller NPs can achieve better and interstitial transport and 

tumor penetration [18-22].  However, their small size is often associated with a shorter 
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blood half-life and nonspecific uptake by organs of the reticuloendothelial system (RES).  

In particular, folate (FA)-targeted poly(amidoamine) (PAMAM) dendrimers have 

previously shown high targeting efficacy to FA receptor (FR)-overexpressing tumor 

xenografts [23-27].  Unfortunately, their small size (~ 5 nm in diameter) and the surface 

exposure of the targeting ligands has been the cause of their short circulation time and 

significant liver uptake [27, 28].    

To maximize the targeting efficacy of existing nanocarriers, there is an emerging 

requirement to develop a multi-scale system.  The ideal properties of this system are to 

combine actively-targeted smaller NPs that possess favorable tissue penetration and 

diffusivity, with larger NPs with a controlled size for passive targeting and longer blood 

circulation times.  Previously, we have designed a multi-scale hybrid NP platform that 

combines targeted dendrimers with larger polymeric NPs [29, 30].  Using FA-targeted 

generation 4 (G4) PAMAM dendrimers encapsulated within poly(ethylene glycol)-b-

poly(D,L-lactide) (PEG-PLA) copolymers, we were able to produce hybrid NPs, or 

nanohybrids with controlled sizes  around 100 nm.  The nanohybrids combined the 

highly selective cellular interactions of FA-targeted dendrimers with the larger size and 

controlled release properties of polymeric NPs, which dictated their cellular interaction 

kinetics and uptake pathways by FA receptor (FR)-overexpressing KB cells (KB FR+).  

Simulated penetration assays in multicellular tumor spheroids (MCTS) also revealed 

that the targeted dendrimers can penetrate deep into the spheroids upon their release 

from the nanohybrids, imparting favorable penetration properties as opposed to the 

polymeric NPs alone.   
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These preliminary findings highlight the potential of the nanohybrid system to 

enhance the targeting efficacy of the individual nanocarriers in vivo.  The encapsulation 

of targeted dendrimers within the protective matrix of PEG-PLA produced nanohybrids 

with controlled release and cellular targeting kinetics, while maintaining efficient 

penetration in vitro.  This led us to hypothesize that this platform can address the 

limitations facing FA-targeted dendrimers and polymeric NPs.  For example, the short 

blood circulation times and significant liver uptake of FA-targeted dendrimers due to 

surface exposure of FA molecules, and the limited tissue diffusivity of polymeric NPs 

due to their large size.   As Illustrated in Figure 5.1, by controlling the release of the 

dendrimer conjugates, the nanohybrid platform can prolong the circulation time of free 

dendrimers and protect against premature systemic elimination.  At the same time, the 

controlled size of the nanohybrids allows them to passively target tumors through the 

EPR effect.  As the nanohybrids accumulate at the tumor site, actively targeted 

dendrimers are gradually released from the biodegradable PEG-PLA matrix, enabling 

selective targeting to individual cancer cells, with more efficient tumor distribution and 

penetration (Figure 5.1).   

Previously, the targeting efficacy of FA-targeted G5 PAMAM dendrimers has 

been extensively evaluated in vitro and has shown great promise in enhancing targeted 

drug delivery to tumors in vivo [25-27].  Throughout our previous studies, we have 

employed FA-targeted G4 PAMAM dendrimers, possessing a smaller size (MW 14kDa) 

compared to G5 dendrimers (28kDa), with sufficient surface functional groups for 

attachment of imaging agents and targeting ligands.  In order to validate the choice of 

dendrimer generation for in vivo biodistribution studies, we compared the penetration 
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efficiency of G4 and G5 dendrimers in MCTS.  We then conducted a biodistribution 

study in healthy mice to investigate the in vivo fate of nanohybrids encapsulating 

nontargeted G4 dendrimers compared to free dendrimer conjugates and empty NPs 

following a single IV injection up to 24 h.  In order to validate the targeting efficacy of 

FA-targeted nanohybrids, a similar study was carried out in athymic nude mice carrying 

xenografts of KB FR+ tumors using FA-targeted dendrimers and nanohybrids, as well as 

empty NPs.  

5.2 EXPERIMENTAL SECTION 

 

 
 
Figure 5.1.  Overview of the sequential passive and active targeting enabled by the 

nanohybrid system.  The PEGylated larger NP allows the nanohybrids to be long 

circulating and passively accumulate at the tumor site through the EPR effect.  Once 

there, actively-targeted dedrimers are gradually released and able to penetrate deep 

within the tumor tissue, ultimately resulting in enhanced targeting efficacy (partially 

contributed by Kevin Shyu). 

Endothelial cell Tumor cell Targeted dendrimer Hybrid NP
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5.2.1 Materials 

G4 and G5 PAMAM dendrimers, rhodamine B isothiocyanate (RITC), folic acid 

(FA), glycidol, tin(II)2-ethylhexanoate, poly(ethylene glycol) monomethyl ether (mPEG) 

(MW 5,000 Da), poly(vinyl alcohol) (PVA, 87-89% hydrolyzed, MW 13,000-23,000 Da), 

dimethyl sulfoxide (DMSO), dimethylformamide (DMF), and dichloromethane (DCM) 

were all obtained from Sigma-Aldrich (St. Louis, MO).  D,L-lactide and Boc-NH-PEG5K-

OH were purchased from Polysciences Inc. (Warrington, PA) and Jenkem Technology 

(Beijing, China), respectively.  All other chemicals used in this study were purchased 

from Sigma-Aldrich unless specified otherwise.   

5.2.2 Preparation of G4 and G5 PAMAM dendrimer conjugates 

Fully hydroxylated RITC-labeled FA-targeted G4 and G5 PAMAM dendrimer 

conjugates (G4-RITC-FA-OH and G5-RITC-FA-OH) were prepared and characterized 

by UV/Vis (DU800 UV/Vis Spectrophotometer, Beckman Coulter, CA) and 1H NMR (400 

MHz Bruker DPX-400 spectrometer, Bruker BioSpin Corp., Billerica, MA) as reported in 

our earlier publications [29, 30].  Briefly, 20 mg of G4 PAMAM (1.4 × 10-3 mmol) and G5 

PAMAM (6.9 × 10-3 mmol) were each dissolved in 4 mL methanol, to which TEA (4.1 μL, 

3.0 × 10-2 mmol for G4, and 6.4 μL, 4.5 × 10-2 mmol for G5) was added, followed by 

adding acetic anhydride (2.6 μL, 2.7 × 10-2 mmol for G4, and 3.6 μL, 3.8 × 10-2 mmol for 

G5).  The reactions were carried out under vigorous stirring at RT overnight.  The 

products were diluted with deionized distilled water (ddH2O) and purified by ultrafiltration 

using an Amicon Ultra-15 Centrifugal Filter Unit (MWCO 3000, Millipore, Billerica, MA), 

at 4000 rpm and 4 °C for 20 min, with repeated washing with ddH2O five times.  The 

dendrimers were then re-dissolved in ddH2O and lyophilized.   



 110 

For conjugation of RITC, 15 mg of G4 (1.1 × 10-3 mmol) and G5 (5.2 × 10-4 

mmol) was dissolved in 3 mL ddH2O, to which RITC (2.3 mg, 4.2 × 10-3 mmol for G4, 

and 1.4 mg, 2.6 × 10-3 mmol for G5) dissolved in 200 μL DMSO was added under 

vigorous stirring at RT overnight.  Excess RITC was removed by ultrafiltration as 

described above, by washing with ddH2O ten times.  The products were then diluted in 

ddH2O and lyophilized, resulting in G4-RITC-NH2 and G5-RITC-NH2.   

FA conjugation was performed by reacting FA (1.6 mg, 3.5 × 10-3 mmol for G4, 

and 1.2 mg, 2.8 × 10-3 mmol for G5) with EDC (6.7 mg, 3.5 × 10-2 mmol for G4, and 5.3 

mg, 2.8 × 10-2 mmol for G5) and NHS (4.1 mg, 3.5 × 10-2 mmol for G4, and 3.2 mg, 2.8 

× 10-2 mmol for G5) in 500 μL DMSO under vigorous stirring at RT for 30 min.  Activated 

FA was then added to G4-RITC-NH2 (10 mg, 7.0 × 10-4 mmol) and G5-RITC-NH2 (10 

mg, 3.5 × 10-4 mmol) each dissolved in 2 mL ddH2O under vigorous stirring at RT 

overnight.  The products were purified by ultrafiltration as described above, diluted in 

ddH2O, and lyophilized, resulting in G4-RITC-FA-NH2 and G5-RITC-FA-NH2. 

The remaining amine groups on the dendrimer conjugates were hydroxylated by 

dissolving 5 mg of each conjugate in 2 mL ddH2O, to which glycidol (200% molar 

excess relative to the number of primary amines) was added under vigorous stirring at 

RT for 3 h.  The final products were purified by ultrafiltration as described above, diluted 

in ddH2O, and lyophilized, resulting in G4-RITC-FA-OH, G4-RITC-OH, G5-RITC-FA-OH, 

and G5-RITC-OH.   

5.2.3 Synthesis of PEG-PLA and RITC-PEG-PLA 

PEG-PLA and Boc-NH-PEG-PLA were prepared by ring opening polymerization 

of D,L-lactide as previously described [29, 30].  RITC-PEG-PLA was then prepared 
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following deprotection of Boc-NH-PEG-PLA.  Briefly, Boc-NH-PEG-PLA was 

deprotected by dissolving 200 mg in 4 mL of DCM, and 4 mL of TFA was added into the 

solution dropwise under vigorous stirring for 15 min.  TFA and DCM were evaporated 

under vacuum at 70°C using a rotary evaporator.  The product was redissolved in 1 mL 

DCM, precipitated using cold diethyl ether, vacuum filtered, and dried overnight.  H2N-

PEG-PLA was conjugated to RITC by dissolving 50 mg (1.2 × 10-3 mmol) in 2 mL DMF.  

RITC (0.6 mg, 1.5 × 10-3 mmol) in 500 μL DMF was added into the polymer/DMF 

solution under vigorous stirring at RT overnight.  Excess RITC was removed by 

membrane dialysis against ddH2O using a 3,500 MWCO dialysis membrane for two 

days.  The final product was then lyophilized over 2 days and stored at -20 °C.  

5.2.4 Encapsulation of the dendrimer conjugates into PEG-PLA NPs 

Nanohybrids containing targeted or non-targeted dendrimer conjugates (G4-

RITC-FA-OH or G4-RITC-OH) were prepared using a double emulsion method [29-31].  

For example, G4-RITC-FA-OH (1 mL, 3 mg/mL in ddH2O) was added to 5 mL of 10 

mg/mL solution of PEG-PLA in DCM, and the mixture was sonicated for 1 min using a 

Misonix XL Ultrasonic Processor (100% duty cycle, 475 W, 1/8” tip, QSonica, LLC, 

Newtown, CT).  Ten milliliters of 3% aqueous PVA solution was then added to the 

mixture, followed by additional sonication for 1 min.  The double emulsion was poured 

into 20 mL of 0.3% PVA in ddH2O, and vigorously stirred at RT for 24 h to evaporate 

DCM.  Unencapsulated dendrimers and PVA were removed by ultracentrfugation, with 

repeated washing with ddH2O fifteen times. The resulting nanohybrid solution was 

redissolved in ddH2O, lyophilized over 2 days, and stored at -20 °C.  G4-RITC-OH was 

also encapsulated into PEG-PLA NPs using the same method.  Empty RITC-NPs (50% 
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w/w RITC-PEG-PLA) were prepared by adding ddH2O instead of the dendrimer 

solution. 

5.2.5 Structure confirmation and size/surface charge measurements 

The dendrimer conjugates and PEG-PLA copolymers were characterized by 1H 

NMR as previously described [29-31]. The structure of G4-RITC-FA-OH and G5-RITC-

FA-OH was also confirmed by UV/Vis.  The number of RITC and FA molecules attached 

to each dendrimer was calculated based on a standard curve of RITC and FA 

absorbance versus concentration in ddH2O at 556 nm and 275 nm, respectively.  

Particle size (diameter, nm) and surface charge (zeta potential, mV) of the conjugates 

and the nanohybrids were measured in triplicates by quasi-elastic laser light scattering 

using a Nicomp 380 Zeta Potential/Particle Sizer (Particle Sizing Systems, Santa 

Barbara, CA) in ddH2O.  The measurements were performed using samples that were 

suspended in ddH2O at a concentration of 100 μg/mL, filtered through a 0.45 μm 

syringe filter, and briefly vortexed prior to each measurement.   

5.2.6 Loading efficiencies of G4 dendrimer-encapsulated nanohybrids 

Two milligrams of lyophilized nanohybrids was dissolved in 1 mL of 0.5 M NaOH 

to degrade the PEG-PLA and completely release the loaded dendrimers, followed by 

filtration through a 0.45 μm syringe filter.  The fluorescence intensity from the filtrates 

was then measured using a BioTek Synergy 4 microplate spectrofluorometer (Winooski, 

VT).  The amount of the dendrimer conjugates in the filtrates was determined from a 

standard curve of each conjugate’s fluorescence versus concentration in 0.5 M NaOH at 

540 nm excitation and 590 nm emission wavelengths.  Loading was expressed as mg 
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dendrimer conjugates per mg copolymer.  Loading efficiency was defined as the ratio of 

the actual loading obtained to the theoretical loading.   

5.2.7 Cell culture 

The KB cell line was purchased from the American Type Tissue Collection 

(ATCC, Manassas, VA) and grown continuously as a monolayer at 37 °C, 5% CO2 in 

GIBCO FA-deficient RPMI 1640 medium (Invitrogen Corporation, Carlsbad, CA) 

supplemented with penicillin (100 units/mL), streptomycin (100 mg/mL), and 10% heat-

inactivated fetal bovine serum (FBS) (Invitrogen), resulting in FR-overexpressing KB 

(KB FR+) cells. 

5.2.8 Penetration assay using multicellular tumor spheroids (MCTS) 

MCTS formation was performed using the liquid overlay method as previously 

reported [30].  KB FR+ cells from a confluent T-75 flask were detached using trypsin-

EDTA and resuspended in FA-deficient RPMI 1640 at a concentration of 6 × 103 

cells/mL.  Five hundred microliters of the cell suspension were transferred to 8-well 

chamber slides (Millicell EZ Slide, Millipore, Billerica, MA) coated with 1% agarose in 

complete FA-deficient RPMI 1640.  The cells were then incubated on agarose for 5 

days to allow the formation of MCTS.  After 5 days, 250 μL of the media in each well 

were removed, and MCTS were treated with 250 μL of 200 nM G4-RITC-FA-OH, G5-

RITC-FA-OH, and the control conjugates G4-RITC-OH and G5-RITC-OH, for 1, 4, and 

24 h.  After each treatment, MCTS were carefully washed twice with PBS with 

Ca++/Mg++, fixed in paraformaldehyde for 10 min, and washed again.  The chamber 

gasket was then removed, and the pieces of agarose were transferred to glass cover 

slips for confocal observation.   
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5.2.9 Confocal microscopy observations 

Tumor spheroids were visualized using a Zeiss LSM 510 Meta confocal laser 

scanning microscope (CLSM, Carl Zeiss, Germany).  The 543 nm line of a 1 mW 

tunable HeNe laser was used for the excitation of RITC, and emission was filtered at 

565-595 nm.  Images were captured using a 10x/0.25 Ph1 A-Plan objective, and Z-

stack images were taken at 20 μm intervals for a total slice thickness of 200 μm. 

5.2.10 Animals 

 Female BALB/c healthy and BALB/c athymic nude mice (6-8 weeks old) were 

obtained from Harlan Laboratories (Indianapolis, IN).  Animals were treated in 

accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals and the established Institutional Animal Care and Use protocol at 

the University of Illinois at Chicago.  Animals were housed in a temperature and light-

controlled environment (12 h light: 12 h darkness) and were provided food and water ad 

libitum.   

5.2.11 Biodistribution of nontargeted dendrimers and nanohybrids in healthy 

animals 

 Female BALB/c mice (n = 5) were anesthesized with an IP injection of 

ketamine/xylazine (50 mg/kg and 5 mg/kg, respectively) prior to each injection.  Each 

animal was injected with 3.7 mg/kg of the nontargeted dendrimer conjugates (G4-RITC-

OH) (in ~200 μL normal saline) or an equivalent dose of the nanohybrids or RITC-NPs 

(~80 mg/kg in ~200 μL normal saline) via the tail vein.  At 1, 8, and 24 h post-injection, 

animals were given a high dose of ketamine/xylazine (100 mg/kg and 10 mg/kg, 
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respectively) IP.  Blood was collected from the dorsal vein into heparin-coated BD 

Vacutainer® tubes (Franklin Lakes, NJ).  After blood collection, cervical dislocation was 

performed to ensure death, and organs were harvested (heart, lung, liver, kidneys, 

spleen, ovaries) for analysis. 

5.2.12 Biodistribution of FA-targeted dendrimers and nanohybrids in a KB FR+ 

xenograft model 

Six- to eight-week-old female BALB/c athymic nude mice (n = 3) were kept on a 

FA-deficient diet upon arrival and throughout the study.  KB FR+ cells from confluent T-

150 flasks were suspended in PBS at a concentration of 2.5 × 107 cells/mL, and ~200 

μL of the cell suspension was injected subcutaneously using a 30g needle into the right 

flank of each mouse.  The tumors were allowed to grow for 2 weeks until reaching ~1 

cm3 in size.  Each animal was then anesthetized as descried above and injected with 

3.7 mg/kg G4-RITC-FA-OH (in ~200 μL normal saline) or an equivalent dose of the 

nanohybrids or RITC-NPs (~80 mg/kg in ~200 μL normal saline) via the tail vein.  At 1 

and 24 h post-injection, animals were given a high dose of ketamine/xylazine (100 

mg/kg and 10 mg/kg, respectively) IP.  Blood was collected from the dorsal vein into 

heparin-coated BD Vacutainer® tubes.  After blood collection, cervical dislocation was 

performed to ensure death, and tumors and organs were harvested (heart, lung, liver, 

kidneys, spleen, ovaries) for analysis. 

5.2.13 Blood and tissue analysis 

For analysis of the blood collected from animals treated with the free dendrimer 

conjugates, blood collected from each animal was centrifuged at 13200 rpm (5 min, 4 

°C) and the concentration of dendriemr conjugates was calculated from plasma by 
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measuring the fluorescence of the supernatant at 540 nm excitation and 590 nm 

emission wavelengths based on a standard curve of dendrimer fluorescence versus 

concentration in plasma collected from saline-treated controls.  For the analysis of the 

blood collected from animals treated with the nanohybrids and NPs, 100 μL of whole 

blood was incubated with an equal volume of 1 N NaOH to ensure degradation of the 

nanohybrids and NPs overnight in a shaking incubator (100 rpm, 37 °C).  One hundred 

microliters of each sample were then taken to measure the fluorescence as above.  The 

amount of dendrimer conjugates in the nanohybrids and the amount of RITC-NP in the 

blood samples was calculated based on standard curves of dendrimer conjugates and 

RITC-NP in NaOH-treated whole blood. 

For the analysis of tumor and tissue samples, approximately 100 mg of each 

tissue was massed into microcentrifuge tubes, to which 300 μL of ddH2O was added.  

The samples were homogenized on ice using a manual tissue homogenizer.  In order to 

ensure NP degradation, tissue homogenates from animals treated with the nanohybrids 

and RITC-NPs were incubated with an equal volume of 1 N NaOH overnight in a 

shaking incubator (100 rpm, 37 °C).  Tissue homogenates were centrifuged at 13200 

rpm (30 min, 4°C).  Supernatants were then collected and the fluorescence was 

measured at 540 nm excitation and 590 nm emission wavelengths using a fluorescence 

plate reader.  The amount of dendrimer conjugates (free or encapsulated) and RITC-

NPs in each sample was calculated based on standard curves of each material in 

supernatants of tissues and KB FR+ tumors collected from saline controls, and 

expressed as % injected dose (ID)/g tissue.   

5.3 RESULTS AND DISCUSSION 
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5.3.1 Preparation of the G4 and G5 PAMAM dendrimer conjugates and 

nanohybrids 

RITC-labeled, FA-targeted G4 and G5 PAMAM dendrimers were prepared by 

sequential conjugation with RITC and FA, followed by hydroxylation of the remaining 

amine groups, resulting in G4-RHO-FA-OH and G5-RITC-FA-OH.  Conjugation of RITC 

and FA to the dendrimers and successful end-capping of the amine groups was 

confirmed using 1H NMR, UV/Vis, and zeta potential measurements (Table 5.1, Figure 

5.2, Figure 5.3, and Figure 5.4).  UV/Vis spectra revealed that the conjugates prepared 

in this study contained approximately 3.4 RITC and 5.8 FA molecules per G4 

dendrimer, and 2.8 RITC and 5.9 FA molecules per G5 dendrimer.   

PEG-PLA and RITC-PEG-PLA copolymers were synthesized by ring-opening 

polymerization of D,L-lactide using mPEG5K and Boc-NH-PEG5K-OH as initiators [29, 

Table 5.1.  Characterization of G4 and G5 PAMAM dendrimers and nanohybrids  

 Particle size (nm) Zeta potential (mV) Loading efficiency (%) 

G4-RITC-OH 12.1 ± 7.3 4.2 ± 1.7 N/A 

G4-RITC-FA-OH 16.3 ± 7.8 2.7 ± 1.5 N/A 

G5-RITC-OH 13.1 ± 2.8 8.3 ± 4.6 N/A 

G5-RITC-FA-OH 14.0 ± 2.9 2.8 ± 1.2 N/A 

G4-RITC-OH/NP 71.6 ± 14.2 -16.6 ± 0.8 59.2 

G4-RITC-FA-OH/NP 60.8 ± 10.3 -12.5 ± 2.4 83.8 

RITC-NP 62.4 ± 14.1 -16.5 ± 1.5 N/A 
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30].  1H NMR was used to confirm the chemical structure of the copolymers and to 

estimate the MW of the PLA block (Figure 5.5).  This was calculated to be 44,900 g/mol 

for PEG-PLA and 48,800 g/mol for Boc-NH-PEG-PLA based on the relative integration 

ratios of peak b around 3.62 ppm (the protons of the ethylene oxide repeating units) to 

peak c around 5.15 ppm (the lactide repeating units).  Following deprotection of Boc- 

 

Figure 5.2.  1H NMR spectra of (A) G4 PAMAM dendrimer, (B) partially acetylated 

G4, (C) RITC conjugated, fully hydroxylated G4-RITC-OH, and (D) fully hydroxylated, 

RITC and FA conjugated G4-RITC-FA-OH.  The 1H NMR spectrum of G4 PAMAM 

dendrimers (A) has 6 characteristic peaks corresponding to the protons of the 

internal methylene groups and those adjacent to the surface amino groups at 2.46, 

2.65, 2.84, 3.01, 3.32, and 3.43 ppm.  After partial acetylation, a new peak appeared 

at 1.95 ppm corresponding to the acetamide protons.  The dendrimer was 30% 

acetylated based on the integration ratio between peak g and peaks a-f (B).  RITC 

conjugation resulted in new peaks corresponding to the aromatic protons between 

6.75 – 7.65 ppm (C).  FA conjugation also resulted in peaks around 6.55 – 7.85 

which overlapped with the RITC peaks (D). 
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NH-PEG-PLA, H2N-PEG-PLA was obtained and conjugated to RITC, which was also 

confirmed using 1H NMR (Figure 5.5). 

G4 dendrimer conjugates were then encapsulated into PEG-PLA copolymers to 

produce the nanohybrids as we described earlier [29, 30].  Dendrimer encapsulation 

was performed using double emulsion to prepare nanohybrids with controlled particle 

 

Figure 5.3.  1H NMR spectra of (A) G5 PAMAM dendrimer, (B) partially acetylated 

G5, (C) RITC conjugated, fully hydroxylated G5-RITC-OH, and (D) fully hydroxylated, 

RITC and FA conjugated G5-RITC-FA-OH.  The 1H NMR spectrum of G5 PAMAM 

dendrimers (A) has 6 characteristic peaks corresponding to the protons of the 

internal methylene groups and those adjacent to the surface amino groups at 2.46, 

2.65, 2.84, 3.01, 3.32, and 3.43 ppm.  After partial acetylation, a new peak appeared 

at 1.95 ppm corresponding to the acetamide protons.  The dendrimer was 50% 

acetylated based on the integration ratio between peak g and peaks a-f (B).  RITC 

conjugation resulted in new peaks corresponding to the aromatic protons between 

6.75 – 7.65 ppm (C).  FA conjugation also resulted in peaks around 6.55 – 7.85 

which overlapped with the RITC peaks (D). 
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sizes around 70 nm in diameter and at high loading efficiencies (59 – 84%) (Table 5.1).  

The change in zeta potential values for the dendrimer conjugates before encapsulation 

(2.7 – 4.2 mV) compared to the nanohybrids (-12.5 – -16.6 mV) indicated successful 

encapsulation.  Empty, RITC-labeled PEG-PLA NPs (RITC-NPs) were also prepared 

and characterized by measuring the particle size and zeta potential (Table 5.1). 

5.3.2 Penetration efficiency of FA-targeted G4 and G5 PAMAM dendrimers 

 The penetration efficiency of G4 dendrimer conjugates was validated and 

compared to FA-targeted G5 dendrimers, which have been extensively investigated in 

vitro and in vivo for targeted drug delivery to tumors [24, 26, 27, 32].  As shown in 

 

 

Figure 5.4.  UV/Vis spectra of G4 and G5 PAMAM dendrimer conjugates prepared in 

this study compared to RITC and FA.  The number of RITC and FA molecules 

attached to each dendrimer was calculated based on the absorbance of the 

conjugates at 556 nm and 275 nm, respectively.  UV/Vis spectra revealed that the 

conjugates prepared in this study contained approximately 3.4 RITC and 5.8 FA 

molecules per G4 dendrimer, and 2.8 RITC and 5.9 FA molecules per G5 dendrimer. 
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Figure 5.6, both generations of FA-targeted dendrimers show similar penetration 

efficiency and kinetics starting from 1 h, and reaching a maximum at 24 h.  At the same 

     
 

         
 

Figure 5.5.  1H NMR spectra of (A) PEG-PLA, (B) Boc-NH-PEG-PLA, (C) 

deprotected H2N-PEG-PLA, and (D) RITC-PEG-PLA.  The 1H NMR spectrum of 

PEG-PLA shows two characteristic peaks of PLA at 5.15 and 1.55 ppm (b and c).  As 

for mPEG, the characteristic peak corresponding to the ethylene glycol repeating 

units (b) was observed at 3.62 ppm.  The MWs of PEG-PLA were estimated using 

the relative integration ratios of peaks b and c, based on the integral value for peak a 

of mPEG.  This was calculated to be 44,900 g/mol for PEG-PLA and 48,800 g/mol for 

Boc-NH-PEG-PLA.  Deprotection of Boc-NH-PEG-PLA was confirmed by the 

disappearance of peak d (0.85 ppm) corresponding to the Boc group.  Conjugation of 

RITC to H2N-PEG-PLA was confirmed by the appearance of peak e at 6.45 ppm 

corresponding to the aromatic protons of RITC, and it was calculated that 0.9 RITC 

molecules were attached to the polymer based on the relative integration ratio of 

peaks a and e. 
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time, nontargeted conjugates exhibited significantly lower penetration ability and much 

slower uptake kinetics compared to their targeted counterparts.  The significance of 

these observations to our hypothesis is that FA-targeted G4 dendrimer conjugates have 

 
 

Figure 5.6.  CLSM images of KB FR+ MCTS upon incubation with G4-RITC-FA-OH 

(top row), G5-RITC-FA-OH (2nd row), G4-RITC-OH (3rd row), and G5-RITC-OH (4th 

row) up to 24 h.  Red: RITC-labeled dendrimers.  Images shown were taken at a 

depth of 80 μm into each spheroid, scale bar: 100 μm.  Only the FA-targeted 

dendrimers are able to penetrate deep into the spheroids up to 24 h.  G4-RITC-FA-

OH conjugates display similar penetration ability to G5-RITC-FA-OH, which validates 

their use as FA-targeted vectors in the nanohybrid system.  The nontargeted 

conjugates, G4-RITC-OH and G5-RITC-OH, exhibit a significantly lower penetration 

ability compared to FA-targeted conjugates. 
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demonstrated similar tumor penetration ability to G5 dendrimers.  This strongly supports 

their validity as a choice of targeted vectors incorporated within our nanohybrid system 

for subsequent in vivo biodistribution studies.   

5.3.3 Altered biodistribution of dendrimer-encapsulated nanohybrids 

 Previous biodistribution studies using PAMAM dendrimers have shown that 

following IV administration, kidneys are the major organs of elimination, which is often 

associated with short blood residence times (< 10% ID remaining within 24 h) [27, 33, 

34].  On the other hand, PEGylated polymeric NPs are mostly eliminated by the RES 

(liver and spleen) and are longer circulating [35-37].  In order to see whether the 

nanohybrid system can improve the elimination kinetics of dendrimer conjugates, we 

first investigated the biodistribution and elimination of nontargeted nanohybrids 

compared to free dendrimer conjugates and empty NPs in non-tumor bearing mice.  As 

shown in Figure 5.7(A), following a single IV injection, nontargeted dendrimer 

conjugates (G4-RITC-OH) are quickly cleared from the blood (<10% ID remaining) after 

24 h, and appear mostly in the kidneys, with minimal amounts found in the liver or 

spleen.  In contrast, an equivalent dose of dendrimers encapsulated within the 

nanohybrids displayed a markedly different biodistribution profile (Figure 5.7(B)), which 

more closely resembled empty NPs (Figure 5.7(C)).  For example, the nanohybrids and 

RITC-NPs persisted longer in the blood, with 18-23% ID found after 24 h, and they were 

both mostly eliminated by the liver and spleen, with some accumulation in the heart and 

lung.   

 These observations support the hypothesis that the nanohybrid system can 

protect the encapsulated dendrimers from premature systemic elimination.  This could 
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be attributed to the combination of the larger particle size and sustained release of the 

dendrimer conjugates from the PEG-PLA matrix.   The size of the nanohybrids is larger 

than the renal threshold, switching the elimination pathway to organs of the RES such 

as the liver and spleen.  The outer PEG layer also imparts stealth properties to the 

 
 
Figure 5.7.  Biodistribution profile of (A) nontargeted G4 dendrimers (G4-RITC-OH), 

(B) nontargeted nanohybrids, and (C) empty RITC-NPs, following a single IV 

injection.  Nontargeted dendrimer conjugates are quickly cleared from the blood 

(<10% ID remaining) after 24 h, and appear mostly in the kidneys.  In contrast, an 

equivalent dose of dendrimers encapsulated within the nanohybrids display a 

biodistribution profile closer to RITC-NPs.  The nanohybrids and RITC-NPs persisted 

longer in the blood, with 18-23% ID found after 24 h, and they were both mostly 

eliminated by the liver and spleen. 
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system, similar to the PEGylated RITC-NPs and other nanocarriers reported in the 

literature [11, 35, 36].  These findings support part of the design rationale of the 

nanohybrid system, where prolonged circulation time of dendrimer conjugates can be 

successfully achieved through the nanohybrid platform.  

 5.3.4 Enhanced targeting efficacy and tumor retention of FA-targeted 

nanohybrids 

 Next, we tested the biodistribution of FA-targeted nanohybrids in mice carrying, 

human KB FR+ tumors, compared to FA-targeted dendrimers and RITC-NPs.  As shown 

in Figure 5.8(A), free FA-targeted dendrimers (G4-RITC-FA-OH) are cleared even more 

rapidly than nontargeted conjugates (Figure 5.7(A)), with <5% ID remaining after 24 h.  

The faster elimination of FA-targeted dendrimers was attributed to the significant liver 

uptake (~15% ID was found in the liver after 24 h) due to the presence of FA receptors 

in the liver and other RES organs such as the spleen [27].  At the same time, only ~5% 

ID could be found in the tumor tissue after 1 h, and ~3% ID after 24 h, highlighting the 

limitation of using FA-targeted dendrimers for tumor targeting.  We had previously 

observed that dendrimer-encapsulated nanohybrids are shielded from elimination and 

subsequently achieve longer circulation times compared to free conjugates (Figure 

5.7(B)).  This led us to hypothesize that in the presence of tumors, FA-targeted 

nanohybrids will achieve higher concentrations in the tumor tissue through a 

combination of prolonged circulation time and passive targeting.  As shown in Figure 

5.8(B), FA-targeted nanohybrids not only persisted longer in the blood (14% ID 

remaining after 24 h), but also a higher % ID was found in the tumor tissue (12% 

compared to 3% for the free conjugates).  A similar biodistribution pattern was observed 
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for RITC-NPs, including in tumor tissue (Figure 5.8(C)).  Note that the blood 

 
 
Figure 5.8.  Biodistribution profile of (A) FA-targeted G4 dendrimers (G4-RITC-FA-

OH), (B) FA-targeted nanohybrids, and (C) empty RITC-NPs, in BALB/c mice 

carrying human KB FR+ xenografts, following a single IV injection.  FA-targeted 

dendrimers (A) are cleared from the blood faster than nontargeted conjugates 

(Figure 37(A)), with <5% ID remaining after 24 h, due to significant liver uptake 

(~15% ID).  Only ~5% ID could be found in the tumor tissue after 1 h, and ~3% ID 

after 24 h.  FA-targeted nanohybrids (B) not only persisted longer in the blood 

(14%ID remaining after 24 h), but also a higher % ID was found in the tumor tissue 

(12%) compared to the free conjugates.  A similar biodistribution pattern was 

observed for RITC-NPs, including in tumor tissue (C).   
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concentrations of FA-targeted nanohybrids in tumor-bearing mice were slightly lower 

than RITC-NPs and the levels obtained with the nontargeted systems in healthy animals 

(Figure 5.7(B)).  This was attributed to the faster elimination of FA-targeted conjugates 

upon their release from the nanohybrids, in addition to their significant accumulation at 

the tumor site.  

The enhanced targeting efficacy of the nanohybrids is attributed to the sequential 

utilization of passive and active targeting.  The protective PEG-PLA matrix shields the 

targeted conjugates from premature elimination, while providing a stealth layer to 

prolong the circulation.  The larger size of the nanohybrids allows them to accumulate at 

the tumor site through the EPR effect, where by controlling their release, FA-targeted 

dendrimer conjugates are able to selectively target individual cancer cells.  Similar 

levels of nontargeted polymeric NPs were also found in the tumor tissue.  However, the 

high flexibility and efficient tissue penetration properties of dendrimers will be able to 

achieve more efficient tumor penetration and targeting compared to the rigid NPs.  This 

is supported by our previous findings from simulated penetration assays in MCTS, 

where only the FA-targeted dendrimers were able to penetrate deeper into the 

spheroids, while the empty NPs remained clustered at the periphery [30].  Additionally, it 

is expected that nontargeted nanohybrids will be able to achieve similar tumor 

concentrations to FA-targeted ones.  However, as observed in Figure 5.6, without the 

targeting ligand, nontargeted dendrimer conjugates have significantly lower penetration 

efficiency compared to targeted conjugates.  This further supports our argument that the 

synergistic combination of active and passive targeting within the nanohybrid system is 

essential to enhance the targeting efficacy of the nanocarriers.   
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5.4 CONCLUSION 

 We report on the in vivo targeting efficacy of novel FA-targeted dendrimer-

biodegradable polymer hybid NPs.  The multi-scale nanohybrid system was designed to 

overcome the limitations of existing nanocarriers such as the short circulation time 

(dendrimers) and poor penetration efficiency (polymeric NPs).  By encapsulating FA-

targeted dendrimers within long circulating PEG-PLA NPs, the larger size of the 

nanohybrids and the controlled release of the dendrimer conjugates prevented their 

premature renal elimination.  This allowed for sufficient concentrations to accumulate at 

the tumor site, through a combination of passive and active targeting.  Thus, the 

nanohybrids resulted in enhanced tumor accumulation and retention compared to the 

free FA-targeted dendrimers.  Compared to polymeric NPs, it is expected that the 

favorable tissue diffusion and penetration properties of dendrimer conjugates will impart 

superior targeting efficacy and more efficient tumor distribution of drug molecules, which 

will be the subject of our future investigations.  
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CHAPTER 6 

 

CONCLUSIONS AND OUTLOOK 

  

Presented herein is the first multi-scale dendrimer-polymer based nanohybrid 

system that can systematically address the limitations of existing nanocarriers such as 

dendrimers and polymeric NPs.  One of the key features of the nanohybrid system is 

the use of simple methodology to incorporate nanocarriers with different size scales, in 

an effort to harness their therapeutic potential.   

As a proof of concept study, we first designed nanohybrid systems (100-150 nm 

in diameter) that combined a polycation, PEI, with protective outer layers consisting of 

biodegradable polymeric NPs or liposomes (Chapter 2).  PEI was chosen as a model 

multifunctional polycation as it is associated with spontaneous, nonspecific cellular 

interactions that often result in cytotoxicity, creating the need to control its cellular 

interaction kinetics.  After conjugation with RITC, PEI-RITC conjugates were 

encapsulated into: i) polymeric NPs made of either polylactide-co-glycolide (PLGA) or 

polyethylene glycol-b-polylactide-co-glycolide (PEG-PLGA); or ii) PEGylated liposomes, 

resulting in three nanohybrid systems.  Through the nano-hybridization, both cellular 

uptake and cytotoxicity of the nanohybrids were kinetically controlled.  The cytotoxicity 

assay using MCF-7 cells revealed that liposome-based nanohybrids exhibited the least 

toxicity, followed by PEG-PLGA- and PLGA-based NPs after 24 hr incubation.  The 

different kinetics of cellular uptake was also observed; the liposome-based systems 

being the fastest and PLGA-based systems being the slowest.  The results presented a 
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potential delivery platform with enhanced control over its biological interaction kinetics 

and passive targeting capability through size control. 

Based on the controlled cytotoxicity and cellular uptake kinetics obtained with the 

PEI-based nanohybrids, we then hypothesized that the nanohybrid platform can also 

enable controlled cellular targeting kinetics by using targeted nanovectors in the core 

(Chapter 3).  Polymeric NPs and dendrimers are two major classes of nanomaterials 

that have demonstrated great potential for targeted drug delivery.  However, their 

targeting efficacy has not yet met clinical needs largely because of a lack of control over 

their targeting kinetics, which often results in rapid clearance and off-target drug 

delivery.  To address this issue, we decided to modify the nanohybrid design through 

hybridization of targeted dendrimers with polymeric NPs.  FA-targeted G4 PAMAM 

dendrimers were thus encapsulated into PEG-PLA NPs using a double emulsion 

method, forming nanohybrids with a uniform size (~100 nm in diameter) at high 

encapsulation efficiencies (69–85%).  Targeted dendrimers encapsulated within the 

NPs selectively interacted with KB FR+ cells upon release in a temporally controlled 

manner.  The targeting kinetics of the nanohybrids were further modulated using three 

different molecular weights (MW) of the PLA block (23, 30, and 45 kDa).  We also 

observed that the release rates of the dendrimers from the nanohybrids were inversely 

proportional to the MW of the PLA block, which dictated their binding and internalization 

kinetics with KB cells.  Our results provided evidence that selective cellular interactions 

can be kinetically controlled by the nanohybrid design, which can potentially enhance 

the targeting efficacy of nanocarriers. 

In order to achieve more in depth understanding of the cellular interactions of the 
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nanohybrids, we conducted a series of in vitro experiments that validate the design 

rationale of the system, in order to better predict their in vivo behavior (Chapter 4).  

Cellular uptake studies in KB FR+ cells revealed that the nanohybrids maintained high 

FR selectivity resembling the selectivity of free dendrimers, while displaying temporally 

controlled cellular interactions due to the presence of the polymeric NP shells.  The 

cellular interactions of the nanohybrids were clathrin-dependent (characteristic of 

polymer NPs) at early incubation time points (4 h), which were partially converted to 

caveolae-mediated internalization (characteristic of FA-targeted dendrimers) at longer 

incubation hours (24 h).  Simulated penetration assays using MCTS of KB FR+ cells 

also revealed that the targeted dendrimers penetrated deep into the spheroids upon 

their release from the nanohybrids, whereas the NP shell did not.  Additionally, 

methotrexate-containing systems showed the selective, controlled cytotoxicity kinetics 

of the nanohybrids.  These results all demonstrated that our nanohybrids successfully 

integrate the unique characteristics of dendrimers (effective targeting and penetration) 

and polymeric NPs (controlled release and suitable size for long circulation) in a 

kinetically controlled manner. 

Finally, we investigated the in vivo fate of the dendrimer-based nanohybrids in a 

mouse model, in order to validate the design rationale of the nanohybrid system and its 

potential to enhance the targeting efficacy of FA-targeted dendrimers (Chapter 5).  The 

biodistribution profile of nontargeted nanohybrids was constructed following a single IV 

injection into non-tumor bearing animals to obtain an idea of the general distribution 

pattern of the system, compared to free dendrimers and polymeric NPs.  While free 

dendrimer conjugates were eliminated rapidly from the blood by the kidneys within 24 h, 
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dendrimer-encapsulated nanohybrids were longer circulating and mostly cleared by 

macrophages in the liver and spleen, similar to the polymeric NPs.  Next, biodistribution 

studies were conducted in nude mice carrying KB FR+ tumor xenografts following a 

single IV injection of FA-targeted dendrimers, nanohybrids, and polymeric NPs.  

Consistent with previous reports using FA-targeted dendrimers, the conjugates were 

rapidly cleared from the blood, and mainly found in the kidneys, as well as the liver and 

spleen, due to the presence of FR in these organs.  The short blood residence time 

caused modest amounts of the free dendrimers to be found in the tumor, which was 

also attributed to their small size that does not allow tumor accumulation through 

passive targeting.  On the other hand, FA-targeted, dendrimer-encapsulated 

nanohybrids were longer circulating and able to achieve higher tumor concentrations 

through a combination of passive and active targeting.   

When comparing the nanohybrids with nontargeted polymeric NPs, both systems 

followed a similar biodistribution pattern.  However, the high molecular flexibility and 

favorable tissue diffusivity of dendrimers make them more efficient in tumor penetration 

and distribution.  Therefore, by combining the superior tumor penetration properties of 

targeted dendrimers and the larger size and longer circulation times of polymeric NPs, 

our nanohybrid system can enhance the targeting efficacy of the individual nanocarriers.  

Further evidence of tumor penetration and homogeneous distribution will be the subject 

of future investigations, through the use of fluorescence and near IR imaging 

techniques, as well as the incorporation of a chemotherapeutic drug conjugated to the 

dendrimers.   

One of the advantages of using dendrimers in the core of the nanohybrid system 
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is that a variety of drug molecules can be conjugated to the terminal amine groups 

following surface modification (e.g. hydroxylation) using relatively simple coupling 

chemistries.  For example, a drug molecule with a carboxyl group such as doxorubicin 

or methotrexate can be easily attached to the hydroxylated dendrimers through 

EDC/NHS chemistry, resulting in an ester bond.  This type of bond is readily cleaved by 

esterases inside the body, allowing the free drug to be released.  It is important to note 

that for scale-up purposes, large scale production of the multifunctional dendrimer 

conjugates remains a challenge, and can potentially be the rate-limiting step in 

nanohybrid preparation for clinical translation.  For this technology to move forward, 

conjugation chemistries need to be carefully optimized in order to produce the 

dendrimer conjugates in sufficient amounts without sacrificing their physicochemical and 

biological properties. 

Nanomedicine offers a plethora of opportunities to improve the quality of life of 

cancer patients.  Dendrimers and other dendritic polymers have attracted a great deal of 

scientific interest as multifunctional nano-scale devices because of their unique 

structures and precise controllability over their physical and biological properties.  

Although further work is still warranted to achieve widespread clinical use, dendrimer-

based nanocarriers are undoubtedly making a huge impact on the field of 

nanomedicine, and will continue to do so for years to come.  Hybrid structures of 

dendrimers and linear copolymers can add to the numerous advantages of plain 

dendrimers and polymeric NPs, by imparting unique properties that can be functionally 

tuned to address some of the limitations of the individual nanocarriers.  The combination 

of pre-existing dendrimer-based nanomaterials with other polymers using a multi-
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layered design strategy is a promising alternative approach that can be used to 

enhance the therapeutic efficacy and broaden the applications of dendritic materials.  

Additionally, the ever growing advancement in dendrimer chemistry will definitely enable 

the design of more biocompatible dendrimer-based nanodevices.  This in turn will help 

address the challenges on the road to their successful clinical applications, such as 

prolonging their blood circulation times and enhancing their tumor targeting efficacy.   
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