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Abstract
PURPOSE—In this work a novel pH-responsive nanoscale polymer network was investigated for
potential applications in nanomedicine. These consisted of a polybasic core surface stabilized with
poly(ethylene glycol) grafts. The ability to control swelling properties via changes in core
hydrophobicity and crosslinking density was assessed. The nanomatrices were also evaluated in
vitro as nanocarriers for targeted intracellular delivery of macromolecules.

METHODS—Photo-emulsion polymerization was used to synthesize poly[2-(diethylamino)ethyl
methacrylateco-t-butyl methacrylate-g-poly(ethylene glycol)] (PDBP) nanomatrices. These were
characterized using NMR, dynamic and electrophoretic light scattering, electron microscopy. The
cytocompatibility and cellular uptake of nanomatrices was measured using the NIH/3T3 and A549
cell lines.

RESULTS—PDBP nanomatrices had a dry diameter of 40-60 nm and a hydrodynamic diameter
of 70-90 nm in the collapsed state. Maximum volume swelling ratios from 10-23 were obtained
depending on crosslinking density. Controlling the hydrophobicity of the networks allowed for
control over the critical swelling pH without a significant loss in maximal volume swelling. The
effect of PDBP nanomatrices on cell viability and cell membrane integrity depended on
crosslinking density. Cell uptake and cytosolic delivery of FITC-albumin was enhanced from
clathrin-targeting nanocarriers. The uptake resulted in nuclear localization of the dye in a cell type
dependent fashion.

CONCLUSIONS—The results of this work indicate that PDBP nanomatrices have tunable
swelling properties. The networks were cytocompatible and proved to be suitable agents for
intracellular delivery.

Keywords
Nanogel; pH-responsive; Photopolymerization; Cell uptake; Endosomolytic agent

1. Introduction
The emergence and growth of nanomedicine has spurred the development of a wide variety
of nanostructured devices for the treatment and detection of disease. As biomaterials these
new devices must meet minimum standards of biocompatibility as well as possess advanced
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functionality. Ideally they should also be durable, fabricated with scalable processing
methods and possess tunable properties. Photopolymerized polymer networks have been
proven to meet all these criteria as macroscale biomaterials, and could potentially do the
same on the nanoscale. This work was an attempt to further evaluate a novel
photopolymerized hydrogel for applications in nanomedicine.

Nanogels are platform technologies with diverse biomedical applications. They can be tailor
made for imaging, biosensing, therapeutic delivery, biomolecular recognition or multimodal
purposes. Because they are covalently crosslinking they have integrity that cannot be
achieved in purely self-assembled systems. They can be easily fabricated on the nanoscale
using diverse techniques such as nanolithography, nanofluidics, emulsions or the principles
of self-assembly (1).

Much of the biomedical work on synthetic nanoscale polymers has centered on self-
assembled systems such as liposomes or biodegradable thermoplastics such as PLGA or
polyanhydrides for drug delivery. These systems can be loaded with drugs with low aqueous
solubility and locally delivered to target tissue. Macromolecular therapeutics, such as
nucleic acids or proteins, present additional challenges in drug delivery. These compounds
are typically water soluble and degraded in the harsh processing conditions used to fabricate
many synthetic polymer nanocarriers. Aqueous phase biomacromolecules can be
encapsulated into hydrogels by simple partitioning. Also, networks can be made to respond
to a range of environmental stimulus, such as pH, light, or temperature.

Photopolymerized poly[2-(diethylamino)ethyl methacrylate-g-poly(ethylene glycol)]
nanomatrices are a novel polymer networks that undergoes a pH-dependent hydrophobe-to-
hydrophile phase shift. This unique property qualifies these polymer matrices as nanogels
only at low pH. It also makes these networks useful for the delivery of a wider variety of
compounds including small lipophilic drugs as well as large biomolecules. These
nanomatrices can be fabricated using free radical oil-in-water emulsion polymerization.
They have been used as drug and gene delivery agents as well as platforms for the synthesis
of nanocomposites (2-4).

The biocompatibility of PDGP nanostructures can be tuned by modifying surface and bulk
properties. Polybasic polymers with conjugated poly(ethylene glycol) (PEG) chains are
known to have increased biocompatibility both in vivo and in vitro (5,6). On PDGP
nanogels the length of surface grafted PEG chains (2) as well as crosslinking density (4)
were shown to modulate biocompatibility in vitro. As the crosslinking density increases the
network provides increased resistance to swelling forces and thereby a decreased pH needed
to swell. Another strategy to lower the critical swelling pH is to increase the hydrophobicity
of the matrix core (7). In this work PDGP networks were fabricated with enhanced core
hydrophobicity to determine the effect on swelling properties, in vitro biocompatibility and
cell uptake.

2. Materials and Methods
2.1 List of Reagents

The chemicals 2-(diethylamino)ethyl methacrylate, tert-butyl methacrylate, 2-aminoethyl
methacrylate, tetraethylene glycol dimethacrylate, poly(ethylene glycol) monomethyl ether
monomethacrylate (Mn=2080, 50wt% aqueous solution), Brij-30,
myristyltrimethylammonium bromide, fluorescein labeled bovine serum albumin and
fluorescamine were all obtained from Sigma-Aldrich Corporation. Brefeldin A, deuterium
chloride (DCl; 20% in D2O), hydrochloric acid 1N solution (HCl), sodium hydroxide 1N
solution (NaOH), fetal bovine serum (FBS) and calf serum (CS) were obtained from

Fisher et al. Page 2

Pharm Res. Author manuscript; available in PMC 2011 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Thermo-Fisher Scientific Inc.. Irgacure® 2959 was obtained from Ciba Chemical Company.
Dulbecco's Modified Eagles Media (DMEM), non-essential amino acids, and antibiotic/
antimycotics were obtained from Mediatech Inc. NIH/3T3 mouse fibroblasts and A549
human lung carcinoma cells were obtained from ATCC. Deuterium oxide (D2O) was
obtained from Cambridge Isotope Laboratories Inc. (Andover, MA).

2.2 Nanomatrix synthesis
PDGP and PDBP nanomatrices were polymerized by photo-emulsion polymerization as
described below. All monomers were passed through a column of basic alumina powder to
remove inhibitor prior to use. In a round bottom flask, a mixture of TEGDMA, DEAEM and
BMA was added to an aqueous solution of 5 wt% PEGMMA, Irgacure 2959 at 0.5 wt% of
total monomer, 1.144 mg/ml MyTAB, and 4 mg/ml Brij-30 in deionized distilled water
(ddH2O). TEGDMA was used at mole feed ratios of 0.01, 0.025, 0.05, 0.10. The DEAEM
content was kept constant at 5 wt% monomer in water and BMA was used at 20 mol% of
DEAEM. For NMR studies uncrosslinked PDEAEM homopolymer, PDGP and PDBP
copolymers were prepared using the same conditions but without TEGDMA. Nanomatrices
with primary amines were prepared with 5 mol% of total monomer content. AEM pre-
dissolved in aqueous phase just prior to the reaction.

The mixture was emulsified for 10 min using a Misonix Ultrasonicator (Misonix Inc.,
Farmingdale, NY, USA) at 88 W while partially submerged in a stirred ice water bath. The
emulsion was then purged with nitrogen gas for ten minutes, capped, and then exposed to a
UV light source (Dymax BlueWave™ 200 UV, Dymax, Torrington, CT, USA) for 2.5 h at
140 mW/cm2 with the light guide directed at the top of the emulsion, all with constant
stirring. The removal of unreacted reagents and surfactants was performed by repeatedly
inducing polyeletrolyte-to-ionomer collapse. First, the pH of the suspension was lowered to
3 using 1 N HCl. Then acetone was added to 70 vol.%. This caused destabilization of the
suspension followed by flocculation and sedimentation. The supernatant containing
unreacted reagents and surfactants was separated by centrifuging the sediment into a pellet
at 3,200 rcf. Following this, the pellet was resuspended in 0.5 N HCl and the process
repeated four more times. The final centrifugation was followed by resuspension in ddH20
and lyophilization. Nanomatrices were stored dry and desiccated in this protonated form
until use.

2.3 1H-NMR Spectroscopy
The BMA and PEG content were determined using 1H NMR spectroscopy. Uncrosslinked
polymers were dissolved in D2O in 0.1 N DCl and NMR spectra were recorded using a 300
MHz Varian UNITY+ 300s spectrometer. The integrated intensity of the methylamine
proton peak at 3.2 ppm was compared to the tert-butyl peak from BMA at 1.3 ppm, and the
oxyethylene proton peak from the PEGMMA grafts at 3.6 ppm.

2.4 Scanning Electron Microscopy
Nanomatrices were imaged using a LEO 1530 scanning electron microscope (SEM). Dried
nanomatrices were resuspended in ddH20 and combined with 2 week old colloidal gold. The
suspension was dried on an aluminum stage prior to imaging. Au colloid was prepared as
described by Duff and coworkers. (8). Average diameters in the dry state were obtained by
digitally fitting transverse lines across a minimum of 30 particles and comparing pixel
lengths to the scale bar.
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2.5 Light Scattering
The hydrodynamic diameter in aqueous suspension and effective surface ζ -potential of the
polymer networks were measured using a Brookhaven ZetaPlus instrument (Brookhaven
Instruments Corp.) operating with a 659 nm diode laser source. DLS measurements of
particle size were conducted as follows: Dry particles were resuspended at 1 mg/ml in
ddH2O and brought up to final volume in 1x PBS with a 10x PBS. The same was then
diluted with PBS to attain a scattering intensity between 200-800 kcps. The suspension pH
was adjusted to 10 using microliter amounts of 1 N NaOH and gradually lowered using
small amounts of 1 N HCl. Each measurement was taken in sestuplicate at room
temperature.

Electrophoretic light scattering measurements of the surface ζ -potential were taken from
nanomatrices suspended in 5mM sodium phosphate at pH 7.4. All measurements were taken
at 22°C with a scattering angle of 15°.

2.6 Bioconjugation
The primary amine content of functionalized nanomatrices was quantified using a
fluorescamine assay. The fluorescence intensity from aqueous nanomatrix suspensions at 0.3
mg/ml was compared to AEM standard solutions.

For conjugation, 2 mg/ml suspensions of functionalized and non-functionalized particles
were prepared in PBS with pH adjusted to 7.6. Either RGDS (American Peptide Company
Inc.) or human holo-transferrin (Sigma-Aldrich Corporation) concentrates were added to the
suspension to a final protein-amine mole ratio of 1:10. EDC and sulfo-NHS were used at
20× the protein molarity and 5 mM, respectively. The reaction proceeded for 1 hr, in the
dark at room temperature while stirring. Conjugation was verified by high performance
liquid chromatography (HPLC) of suspension filtrates passed through a 0.02 μm syringe
filter. After reaction, the suspensions were dialyzed against 4°C PBS for 48 hours, with the
wash solution changed twice daily.

2.7 Cell Culture
NIH/3T3 murine fibroblasts were grown on 75 cm2 tissue culture flasks in DMEM with
10% CS, 100 U/ml penicillin, and 100 μg/ml streptomycin. A549 human lung carcinoma
cells were maintain in DMEM with 4.5 g/L glucose & L-glutamine, 1% non-essential amino
acids, 100 U/ml penicillin, 100 μg/ml streptomycin and 10% FBS. The cells were kept at
37°C in a humidified incubator with 5% CO2.

2.8 Cytocompatibility
NIH/3T3 cells were seeded in 96-well plates at 2,500 cells/cm2 and grown to 85-90%
confluency. A volume of 200 μL of fresh media was placed in each well 1 hr before
experimentation. Particle suspensions were prepared in PBS. A volume of 50μL of each
suspension was placed in each well, each plate was then shaken for 30 sec at 550 rpm atop a
thermomixer (Eppendorf), and incubated for 24 hr. The media was then removed and used
to quantify lactate dehydrogenase leakage (LDH) using a resazurin based fluorometric assay
(Cytotox-ONE™ Homogeneous Membrane Integrity Assay, Promega Corp.). To measure
cell metabolic activity the media was replaced with a standard MTS assay solution
(CellTiter 96 AQueous, Promega Corp.) and incubated for 90 minutes. The fluorescence and
absorbance were measured using a microplate reader (Synergy HT, BioTek Instruments,
Inc.).
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2.9 Cell Uptake
Transferrin conjugated, RGDS conjugated and control nanomatrices were resuspended in
PBS at 1 mg/ml. They were then combined with an equal volume of FITC-albumin solution
at 0.5 mg/ml and the pH adjusted to 6.5 using 1N HCl. The mixtures were stirred for 30
minutes at room temperature. The carriers were collapsed by raising the pH to 7.4 using 1N
NaOH. Complete loading was confirmed by HPLC.

NIH/3T3 cells were seeded in 96-well plates at 2,500 cells/cm2 and grown to 85-90%. One
hour prior to uptake experiments the media was replaced with 160 μL fresh media. FITC-
albumin loaded nanomatrix suspensions were added at a volume of 40 μL to each well to a
final concentration of 100 μg/ml. Prior to adding to cell wells, BFA was added to the
appropriate suspension to obtain a final well concentration of 5 μg/ml. A 150 mg/ml solution
of RGDS in PBS was added to the appropriate suspensions at 100× conjugated peptide.
Control wells received 40 μL of PBS. The suspensions were allowed to incubate for 1 hr,
rinsed twice with warm PBS then FITC fluorescence measured using a microplate reader.

A549 cells were seeded in 96-well plates at 14,000 cells/cm2 and grown to confluency. For
uptake experiments the same procedure was followed as for NIH/3T3's.

2.10 Optical Microscopy
A549 and NIH/3T3 cells were grown on 8-well chamber slides under the same conditions
used for uptake measurements. After the 1 hr exposure to nanomatrix suspensions the slides
were rinsed in warm PBS and fixed in 10% buffered formalin for 15 minutes. They were
then rinsed in water, stained with DAPI, rinsed again and dried at room temperature. Images
were taken with a Nikon ME600 microscope using reflected light and epifluorescence and
overlayed using MetaMorph® Imaging Software.

3. Results and Discussion
3.1 Nanomatrix Characterization

Poly[2-(diethylamino)ethyl methacrylate-co-t-butyl methacrylate] nanomatrices surface
grafted with poly(ethylene glycol) chains (PDBP) were successfully prepared using UV-
initiated photo-emulsion polymerization. The reactions went to 60-67% conversion, based
on mass yield, and resulted in fairly monodisperse spherical nanostructures 51±7 nm in
diameter. In the pH range 7.4-7.55 the suspended particles were all 71-73 nm in diameter
except for the lowest crosslinking density which was 90 nm in diameter (Fig.1) .

Using the collapsed diameters from SEM measurements, the maximum volume swelling
ratio can be computed for the nanogels at four different crosslinking mole feed ratios as

(1)

where ds and dd are the particle diameters in the swollen state and dry state, respectively.
The average maximum swelling ratios (± standard deviation, n=6) were 22±1, 12±0.04,
7±0.2, and 6±0.1 for crosslinking mole feed ratios of 0.01, 0.025, 0.05 and 0.10 respectively.
In all cases maximal swelling was reached at a pH of 6.75 and lower. These swelling ratios
are essentially the same as those obtained for PDGP nanomatrices (4), suggesting that the
same constraints on encapsulation apply. This was verified by the encapsulation of both
insulin and bovine serum albumin (BSA), which both had 100% loading efficiency in
networks with 2.5% crosslinking density. This is higher than what could be loaded into
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PDGP nanomatrices which entrapped only 27.7% BSA and 83.1% insulin at the same
crosslinking ratio. This suggests that the more hydrophobic network is more efficient at
trapping compounds at physiological pH.

From the volume swelling plot it is clear that by varying crosslinking density and
hydrophobicity the swelling properties of the networks can be controlled. (Fig. 2). The
increased core hydrophobicity also had the effect of tightening the loosely crosslinked
networks in the collapsed state. The 1% crosslinked PDGP deswells to a much lesser extent
than PDBP. PDEAEM homopolymer is insoluble in water above its pKa yet is known to
take on some water (9), due to the high density of hydrogen bond accepting amines. The
additional lipophilic units allow the network to exclude more water in the collapsed state.

The incorporation of t-BMA into the network was verified and quantified using proton NMR
(Fig. 3). The spectra show a new peak at 1.3 ppm corresponding to the tert-butyl groups.
The t-BMA/DEAEM mole ratio in the polymer was 30 mol% of the DEAEM fraction as
obtained by comparing the new peak area with the methylamine peak at 3.2 ppm. The PEG/
DEAEM mole ratio was 4%. When the PEG fraction calculated from NMR and polymer
yield are taken into account the bulk of unreacted monomer is mostly PEG grafts. The
lipophilic comonomers all go to near complete conversion.

The use of polyamines is known to enhance cellular adhesion of biomaterials (10). The cell
membrane glycocalyx is a molecular forest of branched, highly sulfated proteoglycans,
which are strongly attracted to polycations (11-14). For macroscale materials this can lead to
an enhanced biological interface. For nanoscale biomaterials this can lead to increased
toxicity due to cell lysis. As a PDEAEM based, material PDBP could affect cellular
membranes in the same way as the similar tertiary amine methacrylate polymer poly[2-
(dimethylamino)ethyl methacrylate]. This polymer was shown to cause red blood cell lysis
and in vivo toxicity (15). The potential for damage is dependent on the amount of charge
available at the polymer surface. ζ-potential measurements taken at physiological pH
showed a slight decline in surface charge as crosslinking density increased. The average
values (±SD, n=10) were 3.8±6 mV at 1% crosslinking, 3.9±4 mV at 2.5%, 1.3±3.6 mV at
5% and 0.9±3.4 mV. None of the nanostructures were significantly cationized, especially
when compared with the 15-30 mV ζ-potentials needed for other polybasic carriers to induce
nonspecific cell uptake (16-18).

3.2 Cell Viability
Wolff and Rozema described the positive surface charge on most intracellular delivery
agents as a ‘double edged sword,’ required for uptake yet responsible for significant toxicity
(19). The amount of surface charge of a polybasic material is related to the pKa of the
ionizable groups. The gold standard in intracellular delivery, polyethyleneimine (PEI), has a
pKa of 5.5, leaving only about 1/6 of the available amines protonated at physiological pH
(20) yet it can reduce cell viability by up to 85% (21). PDEAEM has a pKa of 7.3-7.5 (20).
PDBP appeared to have a maximum buffering capacity at pH values only slightly below
this, meaning that it has potentially much greater cationization than PEI at physiological pH.
To determine how this affected toxicity, in vitro biocompatibility was measured using
confluent NIH/3T3 fibroblasts exposed to PDBP nanomatrix suspensions for 24 hours. The
viability of these tissue mimics was measured using a metabolic cell viability assay
complexed with a cytotoxicity assay which measured LDH leakage from damaged cell
membranes.

The two assays provided different assessments of cell-material response. The concentration
range of 0.125-1 mg/ml chosen was to obtain an upper limit on biocompatibility. When
concentrations in the 1-20 μg/ml range were used, typical for polyplex gene delivery
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carriers, no toxicity was detected. Based on the metabolic assay, the two lowest crosslinking
densities show moderate to severe cytotoxicity above 0.25 mg/ml, while the other samples
show no cytotoxicity at any concentration (Fig. 4A). Exposure to PDBP for 24 hr had much
less effect on cell metabolism than PDGP exposure for 2 hr. The reason for this is most
likely the lower critical swelling pH. This has a twofold effect: it decreases cationization and
increases PEG surface graft density by tightening the networks. Increased crosslinking
density would have the same effect on surface graft density.

A different relationship between crosslinking density and cytocompatibility was obtained
from looking at the LDH leakage assay (Fig. 4B). The results showed that the 10%
crosslinked sample had the only insignificant effect on plasma membrane integrity, and only
below 0.25 mg/ml (P<0.05). The membrane damage at higher concentrations appeared
negligible. At 5% crosslinking the carriers caused moderate membrane leakage above 0.25
mg/ml and a small amount of membrane disruption at lower concentrations. At the two
lower crosslinking densities severe membrane disruption occurs that corresponds with the
metabolic activity.

Taken together, the results of the two assays show that there is a certain degree of carrier
induced membrane disruption that is either not harmful to cells or only transiently so. The
two techniques would clearly provide very different IC50 values.

3.3 Bioconjugation
To introduce specificity into the carrier it was first functionalized with primary amines by
including AEM into the aqueous phase of the reaction. The presence of primary amines was
confirmed and quantified using a fluorescamine assay. The measured amine content between
three batches was consistently 26-27 μmol/g, representing a 16.9% incorporation efficiency.
It is important to note that the monomer AEM worked well in this initial application but the
use of it in other reaction schemes may be complicated by its tendency to quickly rearrange,
resulting in a loss of primary amines (22). The polymerized form is stable. In this work it
was added just prior to the reaction, helping to preserve more of the original structure. Also,
the presence of any primary amines during the polymerization can lead to Michael addition.

There are different pathways by which nanoscale intracellular delivery agents have been
shown to enter the cell. The availability of each pathway varies by cell type and particle size
(16). Phagocytosis and macropinocytosis are both actin driven processes resulting in large
endosomal compartments (23). For carriers >200nm these are the main pathways (24).
Phagocytosis is normally limited to certain cell types, such as macrophages, that function to
clear infections and debris, yet certain pathogens are able to induce phagocytosis in non-
phagocytic cells (25). Macropinocytosis can be triggered by various growth factors, such as
epidermal growth factor (26). This pathway can either result in lysosomal fusion or
recycling to the cell membrane. Carriers below 200nm can enter the cell through
macropinocytosis, clathrin-coated pits, caveolin-dependent or lipid raft-dependent
endocytosis. Uptake through caveolae or lipid rafts results in a neutral pH compartment (27),
useless for an acid swellable carrier. Only entry via clathrin coated-pits is an assured way for
a carrier to encounter the influx of protons responsible for the success of many polybasic
cell delivery agents.

To target clathrin-coated pits PDBP nanomatrices were conjugated to human holo-
transferrin using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride and sulfo-
NHS. Elution fractions passed through a 0.02 μm filter confirmed no binding of Tf to
nonfunctional, EDC/Sulfo-NHS treated controls while no Tf eluted from functional gels.
Transferrin is known to be endocytosed through the clathrin-dependent pathway by cells
(28). Vinogradov and coworkers (29,30) showed that transferrin conjugated nanogels could
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be used for tumor targeting and crossing the blood-brain barrier. Ogris and coworkers (31)
showed that transferrin conjugated PEG/PEI/DNA nanoparticles had targeting specificity
with reduced serum protein adsorption. However, in vivo the circulation half-life was fairly
short. This was likely due to the inherent instability of particles formed by
polycomplexation.

3.4 A549 Cell Uptake
Cell uptake was investigated using the A549 human pulmonary epithelial cell line. FITC-
albumin was loaded into the nanocarriers as an imaging probe and the fluorescence was
quantified. The unconjugated carriers showed significant uptake compared to FITC-albumin
alone (Fig. 5). In this case the unconjugated control carriers were functionalized with AEM
to account for any non-specific uptake caused by free amines. Conjugation with transferrin
approximately doubled the uptake of the carrier. Shen and coworkers (32) showed that
treatment with BFA caused an increase in transferrin uptake in Madin-Darby canine kidney
cells. To determine if it had the same effect on PDBP uptake it was co-delivered with them,
resulting in a 3-fold increase in uptake. Interestingly, co-delivery of transferrin in solution
had a similar effect (data not shown). During conjugation the transferrinamine ratio was kept
low, at 1:10, to limit protein-protein conjugation. Lim and Shen (33) showed that oligo-Tf
resulted in greater cell uptake than monomeric Tf. This suggests that the bioconjugate ratio
used here could be increased 30-fold without any reduction in the biological activity of
transferrin.

Gene delivery carriers face the barrier of cell entry, endosomal escape and also the nuclear
membrane. Inefficient release of nucleic acids from the carrier can inhibit the transfection
efficiency of non-viral gene delivery agents. Fluorescence microscopy was used to look at
the ability of PDBP nanomatrices to deliver FITC-albumin to the nucleus (Fig. 6). In A549
cells exposed PDBP-Tf conjugates fluorescence is strong in the vicinity around the nucleus
but poor inside, similar to when nuclear pores are blocked with an antibody (34). The uptake
and targeting potential of the carrier was clearly enhanced by transferrin conjugation. But
the lack of nuclear dye localization leaves doubt about the release of payload into the
cytosol. There is a discrepancy in the literature on size exclusion limit of the nuclear pores.
Some authors claim that compounds larger than 60 kDa can not cross through nuclear pores
unassisted (35,36). Wang and Brattain (37) claim that much larger compounds, up to 110
kDa, pass through nuclear pore complexes passively. Bovine serum albumin, the 67 kDa
compound chosen as a model drug in this work, is the molecule that set the 60 kDa limit in
earlier work due to its inefficient entry through nuclear pores (38,39). Wang and Brattain
also noted the inconsistency in nuclear pore size exclusion between cell types.

3.5 NIH/3T3 Cell Uptake
In order to account for cell type variability, PDBP nanomatrices were clathrin targeted for
uptake in NIH/3T3 cells. First, the RGDS peptide sequence was conjugated to PDBP
nanocarriers. The carrier was then loaded with FITC-albumin and incubated with NIH/3T3
fibroblasts. RGDS conjugation essentially made the nanocarriers viral mimics. Many
adenoviruses use a pH-triggered endosomolysis to enter the cytosol of infected cells. To
infect the cell they display an RGD sequence on their capsid surface to target specific
integrins for clathrin mediated uptake (40,41).

All of the nanocarrier formulations displayed significantly higher uptake over the control
solution (Fig 7). Uptake was significantly increased with the use of RGD, and RGD with
BFA. And in contrast to the A549 results the uptake caused nuclear localization of the dye in
the murine fibroblasts. Despite the increase, when the BFA treated cells were viewed under
the microscope there was mostly perinuclear fluorescence (Fig. 8). Brefeldin A is known to
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interfere with the formation of clathrin coats around endosomes (42). This may interfere
with the endosome maturation, blocking the drop in pH required to swell the nanocarriers.
The greatest enhancement was achieved by co-delivering soluble RGDS at a 100-fold
excess. Instead of competing for binding the soluble peptide seemed to allow the nanocarrier
to piggyback into the cell, similar to the result with transferrin.

4. Conclusions
The general nanoparticle size range for extended circulation half-life in the blood is between
50-200 nm in diameter (43). Tissue targeting can be achieved passively by tailoring
nanoparticle size to exploit the enhanced permeation of pathological vasculature such as in
tissue rheumatoid arthritis, tumorogenesis or infarction (44). pH-responsive nanostructures
can also be used to target low pH compartments such as tumor tissue or intracellular
compartments (45-49). PDGP nanomatrices are of the ideal size and possess the appropriate
pH-responsiveness needed for these applications. This work has also shown that exploiting
hydrophobicity along with crosslinking properties can make these properties tunable.

Polybasic endosomolytic agents can be uptaken into cells by nonspecific surface attraction, a
process that is not well suited for in vivo applications and comes with significant toxicity.
PDBP nanomatrices have been designed as surface neutralized proton sponges with very
low cytotoxicity. Cell delivery agents that make use of the proton sponge effect are best
targeted to cell uptake pathways that lead to lysosomes. This work showed that PDBP
nanomatrices can be clathrin-targeted, making them useful as lysosomotropic drug delivery
agents. Further work is needed to determine the efficacy of these structures in vivo.
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Abbreviations

AEM 2-aminoethyl methacrylate hydrochloride

BFA brefeldin A

BMA tert-butyl methacrylate

DEAEM 2-(diethylamino)ethyl methacrylate)

DLS dynamic light scattering

FITC fluorescein isothiocyanate

HPLC high performance liquid chromatography

LDH lactate dehydrogenase

MyTAB myristyltrimethylammonium bromide

PDBP poly[2-(diethylamino)ethyl methacrylate-co-t-butyl methacrylate-g-
poly(ethylene glycol)]

PDEAEM poly[2-(diethylamino)ethyl methacrylate]

PDGP poly[2-(diethylamino)ethyl methacrylate-g-poly(ethylene glycol)]
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PEGMMA poly(ethylene glycol) monomethyl ether monomethacrylate

RGDS arginine-glycine-aspartate-serine

TEGDMA Tetraethylene glycol dimethacrylate

Tf holo-transferrin
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Figure 1.
(Left) Scanning Electron Microscope image of PDBP nanomatrices. (Right) The diameters
of nanomatrices suspended in PBS over a range of pH values. Four different crosslinking
feed ratios are shown. The data is expressed as the mean ± standard deviation (n=6).
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Figure 2.
Volume swelling ratios vs pH for PDGP nanomatrices with crosslinking densities of 1%
(▲) and 2.5% (●) and PDBP nanomatrices with densities of 1% (△) and 2.5% (○). The
curves represent best Gompertz fits for the PDBP (solid lines) and PDGP (dashed lines)
data. Data points are represented by the mean with errors equal to ± standard deviation
(n=6).
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Figure 3.
1H NMR spectra for uncrosslinked PDBP (A), PDGP (B) and PDEAEM homopolymer (C).
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Figure 4.
Cytocompatibility of NIH/3T3 cells exposed to PDBP nanomatrices with crosslinking ratios
of 0.01 (●), 0.025 ( ), 0.05 ( ) and 0.1 (○). (A) Cell viability measurements using a
metabolic assay. Data is expressed as percentage of control viability. (B) Cytotoxicity
measurements using an LDH leakage assay. Data is expressed as percentage of Triton X-100
(+)-control. Data is represented as mean ± SD (n=6). Asterisks represent statistically
significant difference from control (* P<0.05, **P<0.005).
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Figure 5.
FITC-albumin loaded nanomatrix uptake into A549 cells after 1 hr. Carriers without
conjugated transferrin (-Tf), with (+Tf), and with transferrin co-delivered with BFA (+Tf
+BFA) were used. Control cells were exposed to FITC-albumin alone at equal
concentration. Each bar represents the mean ± SD (n=8). Asterisks represent statistically
significant difference from the control (*P<0.0005)
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Figure 6.
(A & B) FITC-albumin delivered into A549 cells by PDBP-Tf conjugates 1hr. The intensity
of the dye is mostly perinuclear. (C & D) Control A549 cells exposed to FITC-albumin
solution.
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Figure 7.
FITC-albumin loaded nanomatrix uptake into NIH/3T3 cells after 1 hr. Carriers without
RGDS (-RGDS), conjugated (+RGDS), conjugated to RGDS co-delivered with BFA
(+RGDS +BFA), and conjugates with 100x excess RGDS in solution. Control cells were
exposed to FITC-albumin alone at equal concentration. Each bar represents the mean ± SD
(n=8). Asterisks represent statistically significant difference from the control (*P<0.0001)
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Figure 8.
(A & B) NIH/3T3 uptake of PDBP-RGDS conjugates loaded with FITC-albumin after 1hr.
(C & D) Codelivery of BFA and PDBP-RGDS conjugates loaded with FITC-albumin. BFA
appears to inhibit nuclear localization of the dye.
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