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Abstract
Polyamidoamine (PAMAM) dendrimers have been widely explored as carriers of therapeutics and
imaging agents. However, amine-terminated PAMAM dendrimers is rarely utilized in systemic
applications due to its cytotoxicity and risk of opsonization, caused by its cationic charges. Such
undesirable effects may be mitigated by shielding the PAMAM dendrimer surface with polymers
that reduce the charges. However, this shielding may also interfere with PAMAM dendrimers’
ability to interact with target cells, thus reducing cellular uptake and overall efficacy of the
delivery system. Therefore, we propose to use zwitterionic chitosan (ZWC), a new chitosan
derivative, which has a unique pH-sensitive charge profile, as an alternative biomaterial to modify
the cationic surface of PAMAM dendrimers. Stable electrostatic complex of ZWC and PAMAM
dendrimers was formed at pH 7.4, where the PAMAM dendrimer surface was covered with ZWC,
as demonstrated by fluorescence spectroscopy and transmission electron microscopy. The
presence of ZWC coating protected red blood cells and fibroblast cells from hemolytic and
cytotoxic activities of PAMAM dendrimers, respectively. Confocal microscopy showed that the
protective effect of ZWC disappeared at low pH as the complex dissociated due to the charge
conversion of ZWC, allowing PAMAM dendrimers to enter cells. These results demonstrate that
ZWC is able to provide a surface coverage of PAMAM dendrimers in a pH-dependent manner
and, thus, enhance the utility of PAMAM dendrimers as a drug carrier to solid tumors with
acidifying microenvironment.
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INTRODUCTION
Polyamidoamine (PAMAM) dendrimers have been widely explored as a carrier of
therapeutics or imaging agents,1 where the payload can be non-covalently encapsulated in
the void space of the interior2–6 or covalently conjugated to the termini.7–9 PAMAM
dendrimers may have various functional groups on the surface, such as amines,
carboxylates, and amidoethylethanolamines. In particular, amine-terminated PAMAM
dendrimers are useful for gene delivery due to its cationic charge, which allows for
complexation of nucleic acids and for their cellular uptake.10, 11 Moreover, protonation of
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tertiary amines in the interior of PAMAM dendrimers facilitates their endosomal escape via
the proton sponge effect.12 Amine-termini of PAMAM dendrimers are also useful for
covalent conjugation of drugs or imaging agents, via linkers cleaved by a condition unique
to target tissues.1, 13

Despite the ability to carry various agents, amine-terminated PAMAM dendrimers are
hardly used in systemic applications due to their non-specific toxicity and high risk of
reticuloendothelial system (RES) uptake.14 To reduce the charge-related toxicity and
prevent opsonization of cationic PAMAM dendrimers, part of the amine termini is often
modified with polyethylene glycol (i.e., PEGylated), a non-ionic hydrophilic polymer that
masks the cationic charge.15, 16 However, a potential disadvantage of PEGylation is that
PEG can interfere with interactions between the carriers and target cells and reduce their
cellular uptake.17–19

To address this problem, PEGylated PAMAM dendrimers can be additionally decorated
with various ligands such as folate,20, 21 transferrin,22 or arginine-glycine-aspartic acid
(RGD) peptide,23 of which receptors are known to be overexpressed in many solid tumors.
While these ligands help cells take up dendrimer drug carriers greatly, the fraction of target
cells that express corresponding cellular receptors is not always predictable, and the
expression levels can change during progression of the diseases.24 In this regard, it is
conceivable to utilize a relatively common feature of diseased tissues or organs for target-
specific delivery of therapeutic agents. In the case of tumors, pH of the microenvironment
can be used. Cancer cells distant from blood vessels are deprived of oxygen25, 26 and
undergo anaerobic glycolysis to generate excess lactic acid.27, 28 As a result, hypoxic tumors
tend to develop a weakly acidic microenvironment (pH 6.5 to 7.229) compared to normal
tissues.30, 31

In this study, we propose a new surface modification strategy for an amine-terminated
PAMAM dendrimer, which can shield its cationic surface and prevent cellular interaction or
expose the surface to cells in a pH-responsive manner. This strategy utilizes a new chitosan
derivative that exhibits a unique charge profile according to environment pH.32 The chitosan
derivative, called zwitterionic chitosan (ZWC), is created by the conjugation of succinic
anhydride to primary amines of chitosan and shows negative charges at relatively high pH
and positive charges at low pH. We envision that ZWC, negatively charged at pH 7.4, will
complex with cationic PAMAM dendrimers and mask the surface charge. Once in acidic
environment, ZWC is expected to undergo charge reversal and lose the protective function
so that the PAMAM dendrimers can freely interact with tumor cells.

To obtain a proof of concept of this strategy, we produced PAMAM dendrimers complexed
with ZWC (ZWC(PAMAM)) and examined pH-dependent association and dissociation of
the complex. The structure of ZWC(PAMAM) complex was elucidated with fluorescence
spectroscopy and transmission electron microscopy. The effect of ZWC coating on the
toxicity and cellular interaction of PAMAM dendrimers was studied using the hemolysis
assay and the cell proliferation assay. Finally, the effect of pH-dependent removal of ZWC
coating was studied by microscopic observation of cancer cells incubated with
ZWC(PAMAM) at different pHs.

EXPERIMENTAL SECTION
Materials

Chitosan (15 kDa) was purchased from Polysciences, Inc. (Warrington, PA).
Polyamidoamine (PAMAM) dendrimer generation 5 (G5) was purchased from Sigma-
Aldrich (St. Louis, MO). Fluorescence dyes Flamma FPR-552, FPR-581, and FNG-456
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were a gift from BioActs (DKC Corp., Incheon, Korea). MTT (3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) and all other cell culture supplies were purchased from
Invitrogen (Eugene, OR) unless specified otherwise.

Synthesis of Zwitterionic Chitosan (ZWC)
Zwitterionic chitosan (ZWC) was synthesized by following previously established
methods.32 In short, chitosan acetate was resuspended in deionized (DI) water, and succinic
anhydride was added to the chitosan mixture while stirring. After overnight reaction, the
solution was dialyzed (molecular-weight cut off: 3500 Da) against water maintaining pH
10–11, and the purified ZWC was lyophilized. ZWC was re-suspended in deionized water
(DI water) and reacted with 30% H2O2 under vigorous stirring for 1h at room temperature to
produce a lower molecular-weight ZWC. The reaction was quenched by the addition of
methanol, and the resulting solution was purified by dialysis. The purified product was
lyophilized and stored in −20°C. The low molecular-weight ZWC was used throughout this
study.

Preparation and Characterization of ZWC(PAMAM) NPs
ZWC solutions were prepared in phosphate buffers (pH 7.4) with ionic strengths, varying
the concentration from 0.5 mg/mL to 2 mg/mL. ZWC(PAMAM) NPs were created by
mixing a small volume of PAMAM-methanol solution (40 mg/mL) in the ZWC solution
achieving various ZWC to PAMAM ratios (1:1 to 4:1). The formation of ZWC(PAMAM)
complex was indicated by the development of turbidity, monitored at 660 nm using a
Beckman DU 650 UV-VIS Spectrophotometer (Brea, CA). Particle sizes of ZWC(PAMAM)
and the components, prepared in phosphate-buffered saline (PBS, 10 mM phosphate, pH
7.4), were measured by dynamic light scattering using a Malvern Zetasizer Nano ZS90
(Worchestershire, UK). Count rate (kilo counts per second), proportional to the number of
particles in solution, and polydispersity index, an indicator of the extent of particle
aggregation, were also noted. Surface charges of ZWC(PAMAM) and the components were
measured using a Malvern Zetasizer Nano ZS90 at pH ranging from 3 to 9 in ~0.3
increment. For this measurement, all components and complexes were prepared in 10 mM
NaCl, and the pH was adjusted using 0.1 N HCl or NaOH.

Critical Association Concentration (CAC) of ZWC(PAMAM) NPs
ZWC(PAMAM) NPs were prepared by mixing 2 mg/mL ZWC solution in PBS and 1 mg/
mL PAMAM dendrimer suspension in PBS, in equal volumes. The suspension was serially
diluted by factors of 2 and 4 using PBS. Count rate of each suspension was obtained using
dynamic light scattering (Malvern Zetasizer) with a 5 mW He-Ne laser operated at 633 nm.
Count rates of ZWC and PAMAM dendrimer solutions were also measured at corresponding
concentrations.

Fluorescence Spectroscopy for Investigation of ZWC-PAMAM Complex Structure
ZWC was labeled with a fluorescent dye FPR-552 (λabs: 551 nm; λex: 570 nm) per the
manufacturer’s protocol. Briefly, 1 mg of FPR-552 was dissolved in a mixture of 50 μL
dimethyl sulfoxide (DMSO) and 50 μL DI water, and 1 mg of ZWC was dissolved in 100
μL of phosphate buffer (10 mM, pH 9). One microliter of the FPR-552 solution was
incubated with 19 μL of the ZWC solution overnight at room temperature in a dark
environment, and excessive dye was removed by dialysis. The PAMAM dendrimer was
similarly labeled with an FPR-581 dye (λabs: 578 nm; λex: 595 nm). The labeled ZWC and
PAMAM dendrimer were referred to as ZWC-552 and PAMAM-581, respectively.
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Fluorescence spectra of ZWC-552, PAMAM-581, ZWC-552 combined with unlabeled
PAMAM, and PAMAM-581 combined with unlabeled ZWC solutions were obtained using
a Molecular Devices SpectraMax M5 (Sunnyvale, CA). Samples containing ZWC-552 were
excited at 544 nm with a cutoff of 550 nm, and their emission spectra were read from 550 to
650 nm. Samples containing PAMAM-581 were excited at 578 nm with a 590 nm cutoff,
and the emission spectra were read from 590 to 650 nm.

Transmission Electron Microscopy (TEM)
ZWC (0.5, 1 and 2 mg/mL), PAMAM dendrimer (0.5 mg/mL), and ZWC(PAMAM)
(specified concentrations) were prepared in DI water at pH 7.4. Samples were mounted on a
400-mesh Cu grid with formvar and carbon supporting film (not glow-discharged) and
stained with 2% uranyl acetate (UA) solution. Excess stain was removed with filter paper,
and the grid was dried prior to imaging. Samples were imaged using a Philips CM-100 TEM
(FEI Company, Hillsboro, OR) operated at 100 kV, spot size 3, 200 μm condenser aperture,
and 70 μm objective aperture. Images were captured using a SIA L3-C 2 megapixel CCD
camera (Scientific Instruments and Application, Duluth, GA) at original microscope
magnifications ranging from 25,000× to 180,000×.

Hemolytic Activity Assay
Hemolysis assay was conducted as described in the literature.33 Blood was collected from
Spague-Dawley rats via the dorsal aorta according to a protocol approved by the Purdue
Animal Care and Usage Committee. Red blood cells (RBC) were isolated from blood and
washed using 210 mM NaCl solution until the supernatant became free of red color. Purified
RBC pellets were incubated with 900 μL of ZWC, PAMAM dendrimer, or ZWC(PAMAM)
in PBS at various concentrations for 1 h at 37°C. DI water (positive control) caused
complete lysis in this condition. PBS was used as a negative control. Samples were
centrifuged at 2000 rpm for 5 min following incubation. 980 μL of supernatant was
removed, and the remaining RBC pellet was dissolved in 980 μL of DI water. Absorbance
of the RBC solution was measured at 541 nm. Data were expressed as normalized to the
PBS-treated RBC.

Cell Viability Assay
Cytotoxicity of ZWC, PAMAM dendrimer, and ZWC(PAMAM) was evaluated using NIH
3T3 mouse fibroblast cells (ATCC, Rockville, MD) via MTT (3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay. Fibroblasts were cultured in DMEM high
glucose medium supplemented with 10% bovine calf serum (ATCC, Rockville, MD), 100
U/mL penicillin and 100 μg/mL streptomycin. For MTT assay, cells were seeded in 96-well
plates at a density of 10,000 cells per well. After overnight incubation, culture medium was
replaced with various concentrations of ZWC (0.5, 1, 1.5, 2 mg/mL), PAMAM dendrimer
(0.05, 0.1, 0.5 mg/mL), or ZWC(PAMAM) (formed with combinations of different ZWC
and PAMAM concentrations) complexes suspended in PBS containing 10% calf serum.
After 4h incubation with the samples, the media was replaced with 100 μL of fresh medium
and 15 μL of 5 mg/mL MTT, and the incubation was continued for 3.5h. The stop/
solubilization solution was then added to dissolve the formed formazan. To avoid the
interference due to the turbidity of ZWC(PAMAM) complexes, plates were centrifuged for
30 min at 4000 rpm, and clear supernatant was collected prior to reading. Cell viability was
estimated by reading the absorbance of the solubilized formazan in the supernatant at 562
nm. The obtained absorbance was normalized to the absorbance of cells grown in complete
medium without any treatment.
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Confocal Microscopy
SKOV-3 ovarian carcinoma cells (ATCC, Rockville, MD) were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100
μg/mL streptomycin. The cells were plated in 35 mm diameter glass bottom dishes at a
density of 800,000 per dish. After overnight incubation, the medium was replaced with a
suspension of fluorescent PAMAM dendrimer (PAMAM-456), labeled with an amine-
reactive dye FNG-456 λabs: 495 nm; λex: 529 nm), or a complex prepared with ZWC and
PAMAM-456, ZWC(PAMAM-456). Here, the PAMAM-456 sample was prepared in PBS,
and ZWC(PAMAM-456) complex was prepared in PBS by mixing ZWC with PAMAM-456
at a 2:1 ratio. The suspensions were then supplemented with 10% FBS, and their pH was
adjusted to 7.4 or 6.4 before adding to the cells. The final concentration of each component
in the suspensions was 1 mg/mL ZWC and/or 0.5 mg/mL PAMAM-456 dendrimer. After
incubation with the treatments for 1h at 37°C, cells were washed twice in PBS (pH 7.4) or
pH-adjusted PBS (pH 6.4) and imaged in each buffer containing 1 μL of DRAQ5 nuclear
stain (Axxora, San Diego, CA). PAMAM-456 and DRAQ5 were excited with 488 nm and
633 nm lasers, respectively, and images of cell nuclei were obtained using an Olympus
FV1000 confocal microscope (Olympus, Japan) using 60× objective.

Statistical Analysis
All data were expressed as averages with standard deviations. ANOVA was used to
determine statistical difference among the groups, and multiple contrasts were performed
with the Tukey test. A p-value of <0.05 was considered statistically significant.

RESULTS
pH-Dependent Charge Profiles of PAMAM Dendrimer and ZWCs

Zeta potentials of ZWC and PAMAM dendrimer were measured at pH values ranging from
3 to 9. PAMAM dendrimer (0.5 mg/mL) showed positive charges at all pH values (Fig. 1).
ZWC showed a negative charge at relatively basic pH and a positive charge at acidic pH.
The pH at which the charge changed (transition pH) depended on the ratio of succinic
anhydride to chitosan. The transition pHs of ZWC prepared with an An/Am ratio of 0.3
(ZWC0.3) and 0.7 (ZWC0.7) were 6.6 and 4.3, respectively, consistent with our previous
report.32 Since ZWC0.7 was most likely to form an electrostatic complex with PAMAM
dendrimer among the synthesized ZWCs due to the relatively strong negative charge,
ZWC0.7 was used in subsequent experiments and was referred to as ZWC.

Formation of ZWC(PAMAM) Complexes
Upon introduction of ZWC to PAMAM dendrimer, the mixture became turbid immediately,
indicating the formation of complexes. The suspension containing 1 mg/mL ZWC and 0.5
mg/mL PAMAM dendrimer showed an average particle size of 351.8 nm with a relatively
narrow size distribution (PDI: 0.16) (Table 1) at a count rate of 1777.3 kilo counts per
second (kcps). PAMAM dendrimer as a 0.5 mg/mL colloidal solution in PBS showed a
particle size of 184.4 nm, but the count rate and PDI were 42.1 kcps and 0.60, respectively.
The low count rate and high PDI indicated that the observed particle size was due to random
aggregates of PAMAM dendrimer in water, which has been reported in the literature.34

ZWC (1 mg/mL) showed a particle size of 535.2 nm with a similarly low count rate (62.5
kcps) and high PDI (0.76), suggesting that ZWC also aggregated when present alone in this
concentration. The high particle count rate of the PAMAM-ZWC mixture indicates that the
two components formed complexes, which were distinguished from each component, and
the measured particle size reflected that of the complexes rather than a simple average of the
two components.
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pH-Dependent Formation and Dissociation of ZWC(PAMAM) Complexes
The complex based on PAMAM dendrimer and ZWC showed a pH-dependent charge
profile, similar to that of ZWC, but with a transition pH shifted to right from 4.3 to pH 6.8
(Fig. 1). The increase in transition pH indicates partial neutralization of anionic charge of
ZWC by PAMAM dendrimer. The net charge of ZWC(PAMAM) at pH 7.4 was
approximately −8 mV.

Turbidity of the complex suspension decreased with the decrease of pH (Fig. 2). When pH
was lowered to 3 by the addition of HCl solution, the ZWC(PAMAM) suspension became
completely clear, similar to individual ZWC and PAMAM components, indicating
dissociation of the complexes (Supporting Fig. 1). On the other hand, the addition of NaCl
solution, which provided the same degree of ion increase and dilution effect without
changing the pH, did not induce significant decrease in turbidity. This indicates that the
complex dissociation observed at pH 3 was not due to dilution of the complex or increase of
ionic strength in the suspension. Given that ZWC assumes an increasingly positive charge as
pH decreases, the complex dissociation is most likely due to electrostatic repulsion of
protonated ZWC and PAMAM dendrimer.

Stability of ZWC(PAMAM) Complex
To study the effect of ionic strength on the formation and stability of ZWC(PAMAM), the
complexes were suspended in pH 7.4 phosphate buffers containing different concentrations
of NaCl (10–300 mM) and incubated for 48h. Turbidity of complex suspension decreased as
the NaCl concentration increased (Fig. 3). This indicates that a large number of ions have
interfered with the formation of complexes and, thus, confirms the electrostatic nature of
ZWC(PAMAM) complex. The complexes formed and incubated in 150 mM NaCl solution
maintained a constant turbidity (Fig. 3), particle size, and count rate over 48 h (data not
shown).

To examine the effect of dilution on stability of ZWC(PAMAM), we determined its critical
association concentration (CAC), the lowest concentration at which ZWC and PAMAM
formed electrostatic complexes. The CAC was determined using dynamic light scattering as
the concentration above which the intensity of scattered light (or particle count rate) showed
a linear increase with concentration of the components.35 ZWC or PAMAM alone showed a
minimal count rate, which did not change with the concentration (Fig. 4). In contrast,
ZWC(PAMAM) NPs showed a linear increase in count rate with a CAC corresponding to
ZWC 1.8 ± 0.3 μg/mL and PAMAM 0.9 ± 0.2 μg/mL. Below the CAC, the count rate
overlapped with those of PAMAM alone, indicating dissociation of ZWC(PAMAM)
complex.

Elucidation of ZWC(PAMAM) Complex Structure with Fluorescence Spectroscopy
The structure of ZWC(PAMAM) complex was elucidated by observing changes in the
fluorescence emission profiles of (i) fluorescently labeled ZWC (ZWC-552) in the presence
of unlabeled PAMAM and (ii) fluorescently labeled PAMAM (PAMAM-581) in the
presence of unlabeled ZWC. At pH 7.4, a condition that allowed for attractive interaction
between ZWC and PAMAM, ZWC-552 showed increasing fluorescence intensity with
increasing concentration of unlabeled PAMAM (Fig. 5A). This suggests that the
complexation of the two components resulted in dissociation of ZWC aggregates and, thus,
de-quenching of ZWC-552 fluorescence. In contrast, PAMAM-581 incubated with
unlabeled ZWC showed decreasing fluorescence intensity with increasing concentration of
unlabeled ZWC (Fig. 5B). One explanation for this result is blockade of fluorescence
emission due to the increasing ZWC coverage of PAMAM-581.
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Morphology of ZWC(PAMAM) Complexes
ZWC(PAMAM) and each component were visualized with TEM after UA staining (Fig. 6).
PAMAM and ZWC were oppositely stained by UA, which is likely due to the differential
affinity of UA for each component. UA breaks down into different acetate ion species,
which have a much greater affinity for phosphoryl and carboxyl groups.36 Therefore, ZWC
was positively stained, whereas PAMAM (lacking phosphoryl and carboxyl groups)
appeared lighter (negatively stained).

In the absence of ZWC, PAMAM was observed as round white particles with a size <10 nm
in diameter, approaching theoretical size.37 In the samples prepared with ZWC and
PAMAM in 2:1 or 4:1 ratio, dark ZWC showed up around light PAMAM. On the other
hand, at 1:1 ratio, a number of PAMAM appeared separate from ZWC, indicating
incomplete ZWC coverage of PAMAM.

Protective Effects of ZWC Coating
To investigate the effect of ZWC coating, hemolytic activity of ZWC(PAMAM) was
compared with that of PAMAM. Typically, the red color of hemoglobin released from the
lysed RBC is used to quantify the extent of lysis by a material of interest. However, this
method could not be used in the present study because the turbidity of the complexes
interfered with the absorbance reading. Alternatively, the remaining RBC pellet was
quantified by re-suspending it in DI water and measuring its absorbance at 541 nm.

As shown in Fig. 7, ZWC alone, at concentrations of 0.5–2 mg/mL, had no hemolytic effect
on RBC, consistent with our previous report.32 PAMAM at 0.5 mg/mL showed significant
hemolysis, and the addition of 0.5 mg/mL ZWC (ZWC:PAMAM = 1:1) did not prevent it.
On the other hand, ZWC(PAMAM) formed with higher ZWC:PAMAM ratios (2:1 – 4:1)
exhibited no hemolysis. This result indicates that ZWC coating prevented direct interaction
between PAMAM and RBC.

The protective effect of ZWC was additionally confirmed by the MTT cell proliferation
assay (Fig. 8). ZWC had minimal cytotoxic effects on fibroblasts at all concentrations. The
slight decrease in viability was due to the fact that cells were incubated in PBS with 10%
FBS rather than complete medium. On the other hand, cell viabilities decreased to 36%,
18%, and 4% of non-treated control cells at 0.05, 0.1, and 0.5 mg/mL PAMAM,
respectively, similar to previous studies.38–40 Cytotoxicity of PAMAM decreased with the
addition of ZWC at the concentrations of 0.5–2 mg/mL for each level of PAMAM. At
relatively lower PAMAM concentrations (0.05 and 0.1 mg/mL), cell viability was improved
upon addition of ZWC 0.5 mg/mL, from 36% (0.05 mg/mL PAMAM) and 18% (0.1 mg/mL
PAMAM) to 80% and 76%, respectively, which were comparable to the viability at ZWC
0.5 mg/mL alone. Cell viability did not increase beyond this level at higher concentrations
of ZWC, indicating that 0.5 mg/mL ZWC was sufficient for shielding the effect of 0.05–0.1
mg/mL PAMAM. For 0.5 mg/mL PAMAM, cell viability gradually increased with the
increase of ZWC concentration, reaching 60% with 2 mg/mL ZWC. This result indicates
that ZWC coating can protect fibroblast cells from the toxic effect of PAMAM.

Cellular Uptake of ZWC(PAMAM) Complexes at Different pHs
To test the pH-dependent removal of ZWC coating from a ZWC(PAMAM) complex,
cellular uptake of a complex formed with ZWC and fluorescently labeled PAMAM
(PAMAM-456) was observed at different pHs (7.4 and 6.4) using confocal microscopy. At
both pHs, SKOV-3 cells treated with 0.5 mg/mL PAMAM-456 showed peri- and
intracellular PAMAM-456 fluorescence, indicating cellular uptake of bare dendrimers (Fig.
9B and 9E). Cells treated with ZWC(PAMAM-456) at pH 7.4 (Fig. 9C) did not show
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significant cellular uptake of PAMAM-456, attributable to interference of the associated
ZWC. In contrast, those at pH 6.4 showed cellular uptake of PAMAM-456, comparable to
the cells treated with PAMAM-456 alone, indicating pH-responsive removal of ZWC from
the complex.

DISCUSSION
ZWC has several features ideal for surface modification of cationic nanocarriers. First, as an
anionic polymer at pH 7.4, ZWC can form an electrostatic complex on a cationic polymer
surface and reduce protein adsorption to the surface.32 Moreover, the pH at which ZWC
undergoes charge reversal is easily controlled according to the ratio of anhydride added to
amine. Such flexibility allows for customized surface modification, according to tumor
extracellular pH that varies with the type and stage of tumors.41 Finally, ZWC is compatible
with blood as demonstrated by the lack of hemolytic activity or activation of the C3
complement cascade.32

We used ZWC as a surface modifier of amine-terminated G5 PAMAM dendrimer, which
forms a complex with PAMAM at neutral pH and can be removed in acidifying
environment. As indicated by the increase of turbidity and particle count rate, a mixture of
PAMAM and ZWC formed an electrostatic complex with a diameter of ~350 nm and zeta
potential of −8 mV at pH 7.4. The ZWC(PAMAM) complex remained stable in
physiological ionic strength at least for 48h. The CAC of ZWC(PAMAM) complex was 2.7
μg/mL (ZWC 1.8 μg/mL + PAMAM 0.9 μg/mL), comparable to the critical micelle
concentration values of relatively stable polymeric micelle systems.42–47 These results
suggest that ZWC(PAMAM) complex has the potential to remain stable during circulation,
where they undergo dilution and encounter ions. Upon exposure to acidic pH, the complex
gradually dissociated, as indicated by turbidity decrease. As pH dropped below 6.8, the net
surface charge became positive, favorable for interaction with cells in acidic tumors.

Fluorescence spectroscopy was used to elucidate the ZWC(PAMAM) complex structure.
Fluorescence intensity of the labeled ZWC and PAMAM (ZWC-552 and PAMAM-581)
changed as the amount of unlabeled counterparts increased. The increasing fluorescence
intensity of ZWC-552 with increasing PAMAM may be explained by de-quenching of
ZWC-552, which was present as aggregates by themselves but dissociated upon
complexation with PAMAM-552. This explanation is supported by the lack of such
fluorescence change at pH 9 (Supporting Fig. 2A), where ZWC had a stronger anionic
charge and was less likely to self-associate than ZWC at pH 7.4. To the contrary,
fluorescence intensity of PAMAM-581 decreased as the amount of ZWC increased. This
result suggests that emission of PAMAM-581 fluorescence might have been blocked due to
ZWC coverage. A similar trend was seen at pH 9 (Supporting Fig. 2C), where anionic ZWC
and cationic PAMAM-581 were supposed to form an electrostatic complex. These distinct
changes in fluorescence intensity of ZWC-552 and PAMAM-581 in the presence of
unlabeled counterparts were not seen at pH 3 (Supporting Figs. 2B and 2D), where both
ZWC and PAMAM were charged positively and thus did not form ionic complexes. These
results confirm that ZWC(PAMAM) complexes are formed by electrostatic interactions
between the two components, in which PAMAM is covered by ZWC. TEM provides
additional evidence of this structure.

According to the comparison of DLS, it is likely that multiple component molecules
participated in the formation of complexes. Each ZWC(PAMAM) was measured to be ~20
nm under TEM, greater than a single PAMAM G5 (5.7 nm37), where the difference may be
attributable to ZWC coating. On the other hand, particle size measured by DLS (~350 nm)
was much larger than that measured by TEM. Discrepancy between sizes measured with
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TEM and DLS is not unusual,48, 49 with some studies finding a 50% larger size using
DLS.48 Such variation is typically explained by the differences in the way each obtains
particle size: TEM requires particles to be dehydrated and subjects them to high vacuum,
while DLS determines an average hydrodynamic particle diameter of fully hydrated
particles. However, the large difference in TEM and DLS measurements seen in the present
study may not be explained by this reason alone. It is more likely that particles are present as
aggregates in solution, which are separated upon dehydration. Interestingly, the particle size
of ZWC(PAMAM) complex did not significantly change after filtration through a membrane
filter with a pore size of 200 nm, although turbidity seen in the sample prior to filtration
reduced after the filtration. This observation suggests that the aggregation may be an
equilibrium state, which is restored by individual components or smaller complexes passing
the filter. Fig. 10 shows a schematic model of ZWC(PAMAM) complex, based on the
observations of fluorescence spectroscopy, TEM, and DLS.

At pH 7.4, ZWC coating prevented PAMAM from damaging RBC. Without the coating,
PAMAM G5 (0.1 mg/mL or greater) is hemolytic,50 due to interactions between cationic
PAMAM and RBC membrane.51 Similarly, ZWC coating protected NIH3T3 fibroblasts
from toxic effects of PAMAM, which is known to cause apoptosis in mammalian cells52, 53

in a generation-54, 55 and concentration-dependent manner (Fig. 8). In both cases, the
protective effect of ZWC was more evident when the ratio of ZWC to PAMAM was 2:1 or
higher. This trend was consistent with TEM, where the ZWC(PAMAM) complex prepared
in 1:1 ratio showed incomplete ZWC coverage of PAMAM but those in 2:1 or 4:1 showed
complete coverage.

Confocal microscopy demonstrated that the protective effect of ZWC disappeared as it was
removed from PAMAM at pH 6.4. At pH 7.4, ZWC(PAMAM-456) complex was barely
taken up by SKOV-3 cells due to the interference of ZWC with cell-complex interactions.
On the other hand, the fluorescence of PAMAM-456 was readily seen in the cells at pH 6.4,
indicating partial removal of ZWC from the complex. In contrast, PAMAM-456 alone
entered cells irrespective of medium pH, reflecting persistent cationic charge of the surface.
Of note, at the concentration used in this study (0.5 mg/mL), PAMAM caused the
appearance of punctate nuclear signals representing fragmentation of the nuclei of cells
(Supporting Fig. 4B and 4E), a feature frequently observed in cells undergoing apoptosis.56

SKOV-3 cells treated with ZWC(PAMAM) showed no signs of abnormality at pH 7.4
(Supporting Fig. 4C), but the cells treated with ZWC(PAMAM) at pH 6.4 showed punctate
nuclear signals (Supporting Fig. 4F), similar to those treated with PAMAM alone,
corroborating the differential cellular uptake of PAMAM-456 complexed with ZWC.

In summary, the results of this study show the formation of ZWC coating around PAMAM
particles, which provides a conditional shielding/deshielding effect. The ZWC coating
protects non-target cells from damaging effects of PAMAM at neutral pH, but the protection
is no longer effective when the particles are exposed to acidic environment. Therefore,
ZWC(PAMAM) complex has the potential to serve as an effective drug carrier to solid
tumors with acidifying microenvironment such as hypoxia. The ability to control the
PAMAM toxicity in a pH-dependent manner with the use of ZWC also gives an opportunity
to explore PAMAM as a polymeric cytotoxic agent. The conditional deshielding of
PAMAM surface was observed at pH 6.4 in the present study, but the transition pH may be
adjusted according to the acidity of tumors by controlling the anhydride to amine ratio
during the production of ZWC. The proof of concept demonstrated in this study is thus
applicable for a variety of tumors with different extents of acidification.
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Fig. 1.
pH dependent zeta-potential profiles of ZWC, PAMAM, and ZWC(PAMAM). ZWC0.3 and
ZWC0.7 indicate ZWCs prepared with anhydride to amine ratio of 0.3 and 0.7, respectively.
Each curve is a representative of at least 3 runs.
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Fig. 2.
Absorbance (@ 660 nm) of ZWC(PAMAM) at different pHs. ZWC(PAMAM) was prepared
with ZWC (1 mg/mL) and PAMAM (0.5 mg/mL). Data are expressed as averages with
standard deviations of 3 identically and independently prepared samples.
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Fig. 3.
Stability of ZWC(PAMAM) incubated in different ionic strengths for 48 h, as measured
with turbidity change. ZWC(PAMAM) prepared with (A) 1 mg/mL ZWC and 0.5 mg/mL
PAMAM, and (B) 0.75 mg/mL ZWC and 0.5 mg/mL PAMAM. Data are expressed as
averages with standard deviations of 3 identically and independently prepared samples.
There was no difference between 0 and 48 h in all samples (Tukey post hoc test; p>0.05).
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Fig. 4.
Determination of critical association concentration of ZWC(PAMAM). The result is
representative of 3 independently and identically prepared samples. The bottom plot shows a
magnified view of the range indicated in the top plot.
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Fig. 5.
Fluorescence profiles of (A) ZWC-552 (0.2 mg/mL) in the presence of unlabeled PAMAM
(0.05–0.2 mg/mL) at pH 7.4 (excited at 544 nm; emission scanned from 550 to 650 nm) and
(B) PAMAM-581 (0.2 mg/mL) in the presence of unlabeled ZWC (0.05–0.2 mg/mL) at pH
7.4 (excited at 578 nm; emission scanned from 590 to 650 nm). Each plot is representative
of three replicates.
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Fig. 6.
Transmission electron micrographs of PAMAM, ZWC, and ZWC(PAMAM).
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Fig. 7.
Hemolytic activity of ZWC, PAMAM, and ZWC(PAMAM). RBCs were incubated with the
samples at concentrations shown in the table at 37°C and pH 7.4 for 1 h. Pictures were taken
after centrifugation of the tubes at 2000 rpm for 5 min. The pellets are intact RBC, and the
red supernatant or precipitate on the tube wall show hemoglobin released from the lysed
RBC. Data are expressed as averages with standard deviations of 3 identically and
independently prepared samples. *: p<0.05 vs. PBS by Tukey test.
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Fig. 8.
Cell viability of ZWC, PAMAM, and ZWC(PAMAM) at various concentrations using MTT
assay. Data are expressed as averages with standard deviations of 3 repeated tests. #:
p<0.005 vs. PAMAM (No ZWC) at each concentration. Numbers indicate the final
concentrations of ZWC and/or PAMAM in culture medium.
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Fig. 9.
Cellular uptake of PAMAM-456 or ZWC(PAMAM-456) at pH 7.4 (top) and pH 6.4
(bottom): (A, D) cells only, (B, E) PAMAM-456 (0.5 mg/mL), and (C, F)
ZWC(PAMAM-456) equivalent to PAMAM-456 (0.5 mg/mL) and ZWC (1 mg/mL). Green:
PAMAM-456; blue: nuclei. Overlays of fluorescent and transmission images are provided in
Supporting Fig. 3.
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Fig. 10.
Schematic description of ZWC(PAMAM) formation and dissociation at different pHs.
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Table 1

Particle size, polydispersity index, and derived count rate of ZWC(PAMAM) NPs and the components.

Samples n Particle size (diameter, nm) Polydispersity index (PDI) Derived count rate (kcps)

ZWC(PAMAM) 9 351.8 ± 21.1 0.16 ± 0.05 1777.3 ± 92.0

PAMAM 3 184.4 ± 25.0 0.60 ± 0.01 42.1 ± 46.3

ZWC 3 535.2 ± 41.9 0.76 ± 0.05 62.5 ± 3.8

*
Samples prepared in phosphate-buffered saline (10 mM phosphate, pH 7.4).

**
Each sample contained PAMAM 0.5 mg/mL and/or ZWC 1 mg/mL.
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