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Abstract

In this work, we describe a novel polyamidoamine (PAMAM) dendrimer hydrogel (DH) platform
with potential for tissue engineering and drug delivery. With PAMAM dendrimer G3.0 being the
underlying carrier, polyethylene glycol (PEG) chains of various lengths (MW=1500, 6000, or 12000
gmol~1) were coupled to the dendrimer to different extents, and the resulting PEGylated PAMAM
dendrimers were further coupled with acrylate groups to yield photoreactive dendrimer
macromonomers for gel formation. It was found that gelation based on photoreactive PAMAM G3.0
macromonomers was restricted by the degree of PEGylation, PEG chain length, and the distribution
of acrylate groups on the dendrimer surface. Further, the architecture of the photoreactive
macromonomers affects the structural stability and swelling of the resultant networks. A completely
crosslinked network (DH-G3.0-120004) with a high water swelling ratio was created by UV-curing
of PAMAM dendrimer G3.0 coupled with 28 PEG 12000 chains in the presence of the eosin Y-based
photoinitiating system. The disintegration of DH-G3.0-12000y was pH-insensitive. DH-G3.0—
120004 was found to have similar cytocompatibility to uncrosslinked G3.0-120004 but have a
significantly lower cellular uptake by macrophages. With PAMAM dendrimer G3.5 being the
underlying carrier, the dendrimer modified with 43 PEG 1500 chains was able to form a completely
crosslinked network (DH-G3.50-1500) by UV-curing in the presence of the eosin Y-based
photoinitiating system. DH-G3.50-1500 exhibited pH-dependent disintegration. Its disintegration
ratio increased with pH. PAMAM dendrimer hydrogels uniquely express the structural characteristics
of both PEG hydrogel and PAMAM dendrimer and have potential for various applications in tissue
engineering and drug delivery.
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Introduction

Dendrimers possess a well-defined highly branched nanoscale architecture with many reactive
surface groups. Numerous biomedical applications such as drug delivery have been explored
based on dendrimers because the size, geometry, and building blocks of dendritic structures,
as well as the functionality and quantity of their surface groups, can be finely modulated.}—6
Drug molecules can be either physically entrapped inside the dendritic structure or covalently
attached onto the surface. Their highly clustered surface groups allow targeted drug delivery
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and high drug payloads that would enhance therapeutic effectiveness. Further, dendrimers are
an ideal type of platform for combined delivery of diagnostic and therapeutic agents, namely,
theranostics. Nonetheless, dendrimer-based biomedical applications rely heavily on the
construction of nanostructured bioactive dendritic delivery systems. Recently, it has drawn
attention to employ dendritic polymers to synthesize hydrogels.”~19 Hydrogels are crosslinked
insoluble networks of polymer chains that swell in aqueous solutions. Hydrogels are useful in
drug delivery and tissue engineering because of their biocompatibility, high water content, low
surface tension, hydrodynamic properties similar to those of natural biological gels and tissues,
and their minimal mechanical irritation due to their soft and rubbery state.

The multifunctionality of dendrimers makes themselves a new class of crosslinking agent for
producing crosslinked networks, which have been demonstrated in previous studies.11: 12
Photocrosslinkable dendrimers have also been explored to generate tissue adhesive scaffolds
for tissue engineering applications. Grinstaff and coworkers synthesized aliphatic polyester-
ether hybrid dendritic-linear polymers and reported that these new dendritic structures could
be further coupled with photoreactive groups to generate tissue adhesive dendritic gels with
potential application in corneal laceration repair.8710 The emergence of dendrimer-based
scaffolds suggested a new direction for the design of tissue engineering scaffolds and drug
delivery systems.13 It has been demonstrated that the inclusion of dendritic polymers affords
hydrogels with better control over chemical, physical, and biological properties on the basis
of their versatile structures. Due to many potential applications, there is an ongoing need to
develop dendritic hydrogels with increasingly flexible architectures, which are capable of being
adapted to a variety of uses and conditions.

Being the most investigated family of dendrimers, polyamidoamine (PAMAM) dendrimers
have been exhaustively evaluated and utilized for targeted drug and gene delivery, diagnosis,
and imaging.13-16 Beyond the role of crosslinking agent previously explored for PAMAM
dendrimers,12 we designed a new enabling PAMAM dendrimer hydrogel platform with
combined structural characteristics and properties of dendritic nanoparticle and hydrogel,
which can be tailored for broad applications. In this work, we explored the synthesis and
characterization of PAMAM dendrimer hydrogels based on amine-terminated PAMAM
dendrimer G3.0 and carboxyl-terminated PAMAM dendrimer G3.5. PEG was used as spacer
to facilitate with crosslinking of individual dendrimer molecules. Covalent attachment of PEG
to the dendrimer was on the basis of its many useful properties such as biocompatibility, stealth
properties, prevention of protein absorption, etc. Photopolymerizable acrylate end groups were
introduced to the PEGylated dendrimers for crosslinking dendrimers. One of the envisioned
compelling characteristics of the PAMAM dendrimer hydrogel networks is that they allow
simultaneous delivery of both hydrophobic and hydrophilic drugs (Figure 1). In particular, the
interior hydrophobic core of the dendrimer would encapsulate hydrophobic compounds, thus
increasing their water solubility and loading amounts, while the crosslinked PEG network
enables the encapsulation of hydrophilic drugs. In addition, the surface charges conferred by
terminal groups on the dendrimer surface can be modulated to make the hydrogel polyionic
with controllable charge density. Additionally, their unique spatial structure and configuration
with high adaptability may present themselves a suitable platform for fine tuning of cell-
scaffold interactions in tissue engineering. The focus of this work was to identify optimal
conditions for gel formation, elucidate the impact of dendritic structure on gelation, and study
the properties of the formed hydrogels.
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Experimental Section

Materials

Polyethylene glycol diol (OH-PEG-OH) (MW=1500, 6000, and 12000 g/mol), triethylamine
(TEA), 1-vinyl-2 pyrrolidinone (NVP), 4-nitrophenyl chloroformate (NPC), ethyl ether
(anhydrous), N,N-dimethylformamide (DMF), ethanol, fluorescein isothiocynate (FITC),
ninhydrin, eosin Y, triethanolamine (TEOA), dimethoxyphenyl acetophone (DMPA),
tetrahydrofuran (THF), hydrochloric acid (HCI), N,N'-dicyclohexylcarbodiimide (DCC), 4-
dimethylaminopyridine (DMAP), phosphate buffer solution (PBS), and sodium hydroxide
were purchased from Sigma-Aldrich (St. Louis, MO). PAMAM dendrimers G3.0 and G3.5
were purchased from Dendritech (Midland, MI). Irgacure 2959 was given by Ciba Corporation
(Newport, DE).

Synthesis of Photoreactive Dendrimer Macromonomers

G3.0-PEG-acrylate—As illustrated in Scheme 1, one hydroxyl end group of PEG diol
(MW=1500, 6000, or 12000 g-mol~1) was activated with NPC and TEA to form OH-PEG-
NPC conjugates. Briefly, PEG diol was dissolved in a large volume of THF. To this solution
were added equimolar amounts of NPC and TEA. The mixture was stirred for 24 hours, and
then centrifuged to remove salt. The resultant OH-PEG-NPC conjugates were precipitated in
cold ether, collected, and freeze dried. OH-PEG-NPC was then reacted with PAMAM
dendrimer G3.0 in DMF for 72 hours where the molar feed ratio of OH-PEG-NPC/dendrimer
was 32:1. The resulting G3.0-PEG-OH was precipitated in cold ethyl ether and then dialyzed
for purification. To introduce photoreactive acrylate groups to PEGylated PAMAM dendrimer
G3.0, G3.0-PEG-OH was dissolved in THF. Acryloyl chloride and TEA were slowly added to
the solution. The solution was stirred for 4 hours to generate G3.0-PEG-acrylate. The molar
feed ratio of PEG coupled to the dendrimer: acryloyl chloride: TEA was 1:4:6. Following the
removal of the salt through centrifugation, G3.0-PEG-acrylate was precipitated in cold ethyl
ether, dialyzed against deionized water, and freeze dried. Linear PEG acrylate (MW=1500
g-mol~1) was also synthesized by heterobifunctionalizing PEG diol with acryloyl chloride and
used as a control for hydrogel formation.

G3.5-PEG-acrylate—As shown in Scheme 2, PEG diol (MW=1500 g/mol) was directly
conjugated to half generation PAMAM dendrimer G3.5 following the DCC/DMAP coupling
chemistry detailed our previous work 17. The molar feed ratio of PEG diol: DCC: DMAP: G3.5
was 64:64:64:1. Photoreactive acrylate groups were introduced to G3.5-PEG-OH following
the procedure described above. Upon the removal of the salt produced in the reaction, the
resultant G3.5-PEG 1500-acrylate was precipitated in cold ethyl ether, dialyzed against
deionized water, and freeze dried. G%-#, denotes photoreactive dendrimer macromonomer,
where % is the generation of PAMAM dendrimer (3.0 or 3.5), # is the molecular weight of
PEG (gmol™1), and subscript p indicates the level of the degree of PEGylation (H (high) or L

(low)).

Preparation of Dendrimer Hydrogels

Three types of photoinitiators (i.e., DMPA, Irgacure 2959, and eosin Y-based photoinitiating
system) were attempted for forming dendrimer hydrogels. For each trial, 100 puL of dendrimer-
PEG acrylate solution (7.5-40 wt.%) was mixed with either 2 mg of DMPA, 2 mg of Irgacure
2959, or 5 pL solution of an eosin Y photoinitiator solution containing eosin Y (0.1 wt.%),
TEOA (40 wt.%), and NVP (4 wt.%),18 and then subjected to UV radiation at 325 nm for up
to 30 minutes. Hydrogel formation (i.e., sol-gel phase transition) was estimated using the
inverted test tube method.19 DH-G%-#, denotes each UV-cured sample where % is the
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generation of PAMAM dendrimer (3.0 or 3.5), # is the molecular weight of PEG (gmol 1), and
subscript p indicates the level of the degree of PEGylation (H (high) or L (low)).

Characterization

1H NMR Spectroscopy—The IH NMR spectra of dendrimer derivatives were recorded on
a 300 MHz NMR spectrometer (Mercury-300). The solvent used was deuterium water (D20),
which has a chemical shift of 4.8 ppm.

1H-NMR for G3.0-PEG-OH (300 MHz, D,0): & 3.6 ppm, methylene of PEG; 2.4-3.4 ppm,
methylene of G3.0. According to the integration of corresponding proton peaks, the degrees
of PEGylation (p) were determined and listed in Table 1.

1H-NMR for G3.5-PEG-OH (300 MHz, D,0): & 3.6 ppm, methylene of PEG; 2.4-3.4 ppm,
methylene of G3.5. The degree of PEGylation for G3.5-PEG1500-OH was 43 per dendrimer.

Scanning Electron Microscopy (SEM)—SEM images were taken under a scanning
electron microscope ZESIS EVO50. Each freeze-dried sample was mounted on the stub over
a double sided sticky carbon sheet, and then the stub with the mounted sample was coated with
gold for 2 minutes and 40 seconds at 30 milliamps. The gold plated stub was placed inside the
SEM chamber under high vacuum for image taking.

Water Adsorption Kinetics—Water adsorption of dendrimer hydrogels as a function of
time was determined. Each weighed dry sample was immersed into PBS (pH 7.4). The sample
was taken out from the swelling medium, blot dried, and weighed at different time intervals
until a constant weight was reached. Alternatively, when the swollen sample became viscous
or disintegrated, the sample was subjected to centrifugal ultrafiltration (MWCO 300) at a low
speed to remove unbound water prior to weighing. Each water adsorption measurement was
carried out over a period of 24 hours. The water adsorption ratio of the sample was calculated
Ws - Wd

using the following equation: Water adsorption ratio (%)=——=— X 100, where Ws is the
weight of swollen sample and Wd is the weight of dry sample. The reported values of water
uptakes were averaged over at least three measurements.

pH-Dependent Hydrogel Disintegration Study—Freeze-dried hydrogel samples were
weighed and incubated at room temperature in 2 mL-centrifuge tubes containing media of
different pHs (i.e., pH 2 (prepared with HCI), pH 4.4 (prepared with HCI), pH 7.4 (prepared
with PBS), and pH 10 (prepared with NaOH)). At 24 hours, centrifugation was carried out.
The sample residue from the bottom portion of the centrifuge tube was freeze dried and weighed
to determine the disintegration degree. The disintegration extent was calculated using the
Wdy — Wy
following equation: Dlsmtegratlon(/o)—T x 100 , Where Wdg is the weight of initial
dry sample, Wdog4p, is the weight of freeze dried sample after 24 hours of incubation in the
medium.

Cytotoxicity and Cellular Uptake Studies

The cytotoxicity and cellular uptake of uncrosslinked or crosslinked G3.0-PEG-acrylate were
examined in vitro using RAW264.7 mouse macrophages. Prior to the tests, G3.0-PEG-acrylate
was labeled with florescent dye, i.e. FITC. Briefly, G3.0-PEG-acrylate was dissolved in 2 mL
of PBS buffer, and FITC was dissolved in 1 mL of methanol. The FITC solution was added

dropwise to the PBS solution of G3.0-PEG acrylate, in which the molar ratio of amine groups
of dendrimer to FITC was 1:1.25. This mixture solution was then stirred in dark for 24 hours.
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Dialysis was then performed to remove the excess amount of FITC. The solution was freeze
dried to obtain FITC labeled G3.0-PEG-acrylate.

The macrophages were seeded in a 24-well cell culture plate (1x103 cells/well) at 37 °C in 1
mL of growth medium (DMEM medium supplemented with 10% fetal calf serum, 100 Ul/ml
penicillin-streptomycin) in an atmosphere of 10% CO,. After 24 hours, the culture medium
was replaced with fresh growth medium containing different concentrations of uncrosslinked
or crosslinked G3.0-PEG-acrylate (i.e., 0.2, 2, 20, 50, or 100 uM). Fluorescence images of
FITC-labeled dendrimers taken up by the cells were obtained from a Zeiss Axiovert 200
inverted fluorescence microscope at predetermined time intervals up to 24 hours. Cell viability
at 48 hours post-incubation was determined using the Trypan blue assay.

Statistical Analysis

The data were expressed as means + SD. Statistical evaluation of the data was performed by
analysis of variance (ANOVA) followed by Student’s t-test for pairwise comparison of
subgroups. Differences among means were considered statistically significant at a p value of
<0.05.

Results and Discussion

Preparation and Characterization of Dendrimer Hydrogels (DHS)

Photoreactive PEGylated dendrimer macromonomers of various PEG chain lengths and
degrees of PEGylation were synthesized and studied for gel formation. The synthesis and
characterization of PEGylated PAMAM dendrimers were detailed in our previous work.17:
20-23 According to 1H-NMR measurements, PEGylated G3.0 macromonomers G3.0—

1500 or 4, G3.0-6000; o H, G3.0-12000; o H, and G3.5-1500y (Table 1) were obtained and
then coupled with photoreactive acrylate groups for photoinitiated hydrogel formation. Three
commonly used photoinitiators, DMPA, Irgacure 2959, and the eosin Y-based photoinitiating
system, were used to initiate the crosslinking reaction. Initial screening of photoinitiators was
based on highly PEGylated PAMAM dendrimer G3.0 macromonomers (i.e., G3.0-1500,
G3.0-6000y, and G3.0-120004). Linear PEG 1500-acrylate was studied as control.

Linear PEG 1500-acrylate was crosslinked to form a hydrogel network by any one of the three
photoinitiators studied as confirmed by the inverted test tube method. However, highly
PEGylated G3.0-PEG-acrylate, regardless of PEG length, could not be crosslinked to form
hydrogels by UV-curing in the presence of DMPA or Irgacure 2959. Although both DMPA
and Ciba Irgacure 2959 are efficient photoinitiators for UV-curing of most unsaturated
monomers or macromonomers such as linear PEG acrylate, the inefficiency of DMPA and
Irgacure 2959 in UV-curing of PEGylated PAMAM dendrimer macromonomers remains to
be elucidated. It is presumably attributed to the clustering of acrylates by dendrimers and the
incomplete modification of PEG with acrylate, hence spatially restricting photoreactive
acrylate groups to photoinitiator molecules such as DMPA and Irgacure 2959 in the
crosslinking reaction. In contrast, the application of the eosin Y-based photoinitiating system
successfully initiated the crosslinking reaction of G3.0-12000y, leading to hydrogel formation
as shown in Figure 2. Although the use of the eosin Y-based photoinitiating system did not
succeed in forming a “no flow” gel of DH-G3.0-1500 or DH-G3.0-6000y, a significant
increase in the viscosity of their macromonomer solutions was noticed.

Sontjens et al. successfully applied the eosin Y-based photoinitiating system to crosslink
dendritic macromonomers constituting of a poly(ethylene glycol) core and methacrylated poly
(glycerol succinic acid) dendrimer terminal blocks (i.e., PEG3400-(PGLSA-MA,)5).18 Our
initial screening study confirmed that the eosin Y-based photoinitiating system is an effective
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photoinitiator for crosslinking star-shaped photoreactive polymers including ours. Further, our
results imply that PEG length affects the ability of PEGylated dendrimers to crosslink. A
completely crosslinked network would be enabled by dendrimers coupled with long PEG
chains, e.g., G3.0-120004. PAMAM G3.0 tethered with short PEG chains may only be
partially crosslinked with the eosin Y-based photoinitiating system, which is indicated by the
increased viscosity of their macromonomer solutions after UV exposure. SEM micrographs
were obtained to further analyze the structures of the crosslinked PEGylated dendrimers in
comparison with the crosslinked PEG 1500-acrylate. The formation of an isotropic hydrogel
network based on linear PEG 1500-acrylate is illustrated in Figure 3A. Due to the gluey
property of the resultant hydrogels, it became extremely difficult to completely remove water
from the dendrimer hydrogel samples even through extended freeze-drying. Thus, an attempt
to visualize these hydrogels at higher magnifications was unsuccessful. Nonetheless, the
microscopic difference in morphology of the dendrimer hydrogels taken at the current
magnification could still be graphically ascertained and correlated to their network structures
(Figure 3B, 3C, and 3D). In contrast to a loose structure of DH-G3.0-1500y as shown in Figure
3B, numerous submicron colonies are found in DH-G3.0-6000y (Figure 3C). This is likely to
be the evidence of the formation of a partially or locally crosslinked network by G3.0-
6000y. Impressively, DH-G3.0-12000y formed an anisotropic network without colonies,
suggesting the formation of a completely crosslinked network (Figure 3D).

Based on the conditions employed in this work, the synthesized photoreactive G3.0-PEG-
acrylate with low degrees of PEGylation were unable to form crosslinked hydrogel networks
or lead to the increase in the viscosity of the UV-cured solutions (Table 1). This observation
indicates that not only the PEG chain length affects the formation of crosslinked networks but
the degree of PEGylation and distribution of acrylates on the dendrimer surface are
instrumental in dendrimer hydrogel formation. Longer PEG chains tethered with acrylates and
a higher degree of PEGylation would enhance the accessibility of acrylate to one another for
crosslinking. Nonetheless, the impact of PEG length on the formation of DH-G3.5-15004
became negligible as compared with DH-G3.0-15004. A “no-flow” gel of DH-G3.5-15004
was confirmed by the inverted test tube method. We believe the major cause of this opposite
outcome was because of a better control over the coupling site of acrylate in G3.0-15004. In
order to introduce photoreactive acrylates to the dendrimer, acryloyl chloride reacts with the
hydroxyl end groups of PEG chains tethered to G3.0 or G3.5 (Scheme 1 and Scheme 2).
However, acryloyl chloride can also react with free amine surface groups of G3.0 (Scheme 1).
Therefore, the extent of PEG chains coupled with acrylates in G3.0-1500p was less than in
G3.5-1500, resulting in its failure to form a crosslinked network. In comparison with the ease
of hydrogel formation of linear PEG acrylate, hydrogel formation based on dendritic PEG
acrylate is restricted by the degree of PEGylation, PEG chain length, the distribution of acrylate
on the dendrimer surface as well as types of photoinitiators.

Swelling and Disintegration Behaviors

Swelling kinetics of dendrimer hydrogels was studied to elucidate the potential effect of
compositions on the swelling behaviors of the formed crosslinked networks. Despite the fact
that G3.0-15004 and G3.0-60004 were only partially crosslinked, they were still capable of
adsorbing water. As shown in Figure 4, the maximal swelling ratio of all the dendrimer
hydrogels was quickly reached in 15 minutes. This fast swelling property was enabled by the
presence of a crosslinked hydrophilic PEG network. Particularly, DH-G3.0-15004 reached the
maximum swelling ratio (i.e., 30%) within 15 minutes and then its swelling ratio quickly
declined to about only 3% at 6 hours and remained constant thereafter. The maximum swelling
ratio of DH-G3.0-6000 was 136%; however, its swelling ratio decreased to 40 % at 6 hours
and remained constant thereafter. DH-G3.0-12000y displayed a maximum swelling ratio of
240%, which was highest among the tested dendrimer hydrogels. The crosslinked PEG 1500-
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acrylate displayed a maximum swelling ratio of 390%, higher than the swelling ratio of any
synthesized dendrimer hydrogel. These results indicate that the rank of the equilibrium swelling
ratios of the hydrogels is consistent with the structural stability of their networks, which is
primarily dependent on the architecture of photoreactive macromonomers as discussed earlier.
The fact that DH-G3.0-1500 and DH-G3.0-6000 underwent an initial increase in water
uptake followed by a significant drop was attributed to the depletion of water, which
coincidentally occurred while the network was destabilized during the swelling process.

In general, a polymeric network possessing carboxylic acid or amine pendant groups is capable
of changing its swelling and disintegration behaviors in response to pH change. For instance,
the ionization of carboxylic acids at high pH or amines at low pH would make the polymer
more hydrophilic, resulting in quicker swelling and/or disintegration 24. Controlled drug
release can also be realized through changes in environmental pH. Since DH-G3.0-120004
and DH-G3.5-15004 formed “no flow” gels, the dependence of their disintegration on pH was
studied. Previous studies have demonstrated polymer chains with terminal acrylate groups are
able to form bioerodible gels, which degrade by hydrolysis of ester bonds 2°. The DH-G3.0—
120004 network contains a number of hydrolytic ester and urethane linkages (Scheme 1).
Although the urethane linkages can undergo hydrolysis, the ester linkages are believed to be
the primary site of hydrolysis responsible for the chain scission-induced destruction of the
network 26: 27, The DH-G3.5-1500 network owns ester linkages (Scheme 2). Therefore, the
ester linkages and/or the urethane linkages in the dendrimer hydrogel networks can be readily
broken to release oligo(acrylic acid) and PEG components. Oligo(acrylic acid) is water soluble
and nontoxic.2>

As expected, the disintegration of PEG 1500 acrylate hydrogel was not affected by pH and
invariably lost its 45% of mass at the chosen pHs following 24 hours of incubation (Figure 5).
It was shown that the disintegration of DH-G3.0-12000 was pH independent as well. At 24
hours, DH-G3.0-12000y constantly lost its 49% of mass at the chosen pHs. Its pH-insensitivity
was due to the significant consumption of amine surface groups by a high degree of PEGylation
(88% of the dendrimer surface sites) and acrylation of some of the remaining amine surface
groups. As discussed earlier, a structurally adaptive feature of dendrimer hydrogels is that the
amine groups on the dendrimer surface contribute to the pH sensitivity of the crosslinked
dendrimer network. Therefore, modulating of the degree of PEGylation on the dendrimer
surface provides a means to generate a pH-sensitive network with a better control over its
disintegration, swelling Kinetics, etc. In addition, a second polymer may be required to
formulate semi-interpenetrating networks with PEGylated dendrimers for structural stability
enhancement. In contrast, the disintegration ratio of DH-G3.5-1500 showed pH-dependence
as shown in Figure 6. Its disintegration ratio increased with pH. More specifically, DH-G3.5-
15004 had the highest disintegration ratio of 47% at pH 10 and the lowest disintegration ratio
of 4% at pH 2. As a result, the disintegration ratio was reduced by 91% as pH dropped from
pH 10 to pH 2. According to our characterization, DH-G3.5-1500y has one third of the
carboxylate groups remained, which are responsible for the pH-dependent disintegration of the
gel.

Cytotoxicity and Cellular Uptake

The cytotoxicity and cellular uptake of uncrosslinked and crosslinked G3.0-120004-acrylate
(FITC-labeled) were evaluated using the RAW264.7 mouse macrophages. Consistent with our
previous results, uncrosslinked G3.0-120004-acrylate displayed dose-dependent cytotoxicity.
It has a negligible toxic effect on RAW264 mouse macrophages at concentrations of 0.2 uM
or below (Figure 7). The cytotoxicity level of crosslinked G3.0-120004 (i.e., DH-G3.0-

120004) was similar to that of uncrosslinked G3.0-12000y. DH-G3.0-12000y did not show
improved cytocompatibility possibly because of the quick disintegration of the network, thus
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generating internalizable degradation products in amounts equivalent to G3.0-12000y. The
higher the concentration of G3.0-12000 and DH-G3.0-120004, the more the potential of
their internalization by cells. Consequently, the increased toxicity of G3.0-12000y and DH-
G3.0-12000y was observed at higher concentrations. It must be noted that the photoinitiator
used for crosslinking shall be nontoxic as it may leech out of the hydrogel network. The eosin
Y-based photoinitiating system has been reported to be nontoxic °. Its nontoxicity was
confirmed in this work as the extent of the toxicity of crosslinked dendrimer hydrogels was
similar to that of uncrosslinked PEGylated dendrimers within an exposure period of 48 hours.

The cellular uptake of G3.0-120004 and crosslinked G3.0-12000 (i.e., DH-G3.0-120004)
by the RAW264.7 macrophages was studied using fluorescence microscopy. In this work, the
same cell seeding condition was applied throughout the experiment. Accordingly, the cell
density and confluency were nearly identical across all the treatment groups, based on which
the amount of fluorescence probe-labeled dendrimer nanoparticles and the number of cells
taking up the nanoparticles were qualitatively analyzed and compared among the treatment
groups. G3.0-120004 was quickly taken up by the macrophages within 30 minutes and more
of G3.0-120004 nanoparticles were internalized at 2 uM (Figure 8B) than at 0.2 uM (Figure
8A). Further, higher concentrations and longer incubation periods interchangeably resulted in
an increased cellular uptake of G3.0-120004. A strong cellular uptake was observed at 24
hours when the nanoparticle concentration was 20 uM (Figure 8C). In contrast, crosslinking
markedly reduced nonspecific cellular uptake of G3.0-12000y, which was only sparsely
observed starting at 1 hour post-incubation. Even at 20 uM, the cellular uptake of DH-G3.0-
120004 was still low (Figure 8D).

Conclusions

A novel versatile PAMAM dendrimer hydrogel platform was developed on the basis of
PAMAM dendrimers G3.0 and G3.5. A completely crosslinked network (DH-G3.0-120004)
with a high water swelling ratio was successfully by UV-curing of PAMAM dendrimer G3.0
coupled with 28 PEG 12000 chains in the presence of the eosin Y-based photoinitiating system.
With PAMAM dendrimer G3.5 being the underlying carrier, the dendrimer modified with 43
PEG 1500 chains was able to form a completely crosslinked network (DH-G3.5-1500y). The
newly constructed dendrimer hydrogels possess high structural flexibility, high water
absorptivity, good cytocompatibility, and controlled swelling and disintegration through the
modulation of dendrimer surface charges and modification. PAMAM dendrimer hydrogels
uniquely express the structural characteristics of both PEG hydrogel and PAMAM dendrimer
and have potential for various applications in tissue engineering and drug delivery.
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Dendrimer (e.g. amine-terminated PAMAM dendrimer)

Hydrophilic drug encapsulated in the PEG network

Hydrophobic drug encapsulated in the dendrimer

Crosslinked PEG network

PAMAM dendrimer hydrogel

Figure 1.
Schematic of a crosslinked PAMAM dendrimer network.
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Figure 2.
Dendrimer hydrogel G3.0-DH-120004 formed on a Teflon substrate (image taken by digital
camera).
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Figure 3.
SEM micrographs of crosslinked PEG 1500-acrylate (A), DH-G3.0-1500y (B), DH-G3.0-
6000y (C), and DH-G3.0-120004 (D).
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Figure 4.

Effect of PEG length on the swelling kinetics of DHs based on PAMAM dendrimer G3.0.
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Figure 5.
Effect of pH on the disintegration of DH-G3.0-12000y and cross-linked PEG 1500-acrylate.
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Figure 6.
Effect of pH on the disintegration of DH-G3.5-15004.
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Figure 7.
Cytotoxicity of G3.0-12000y and DH-G3.0-120004.
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Figure 8.

Representative fluorescence images of cellular uptake of G3.0-12000y and DH-G3.0-
12000y at various concentrations with various incubation times (A: 30 min/0.2 uM/ G3.0-
12000y; B: 30 min/2 uM/G3.0-12000y; C: 24 h/20 uM/G3.0-12000y; D: 24 h/20 pM/DH-
G3.0-12000y) (original magnification, 100x)
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Synthesis of photoreactive G3.5-PEG-acrylate macromonomer and its photoinitiated
crosslinking reaction.
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Dendrimer hydrogels and qualitative description on their flow property.

Table 1

Dendrimer hydrogel Generation of PEG length Degree of
(DH-G%-#,)2 dendrimer (%) (#, gmol™) PEGylation P Flow property ©
DH-G3.0-1500, 3.0 1500 4 -
DH-G3.0-15004 3.0 1500 29 +
DH-G3.0-6000, 3.0 6000 3 -
DH-G3.0-60004 3.0 6000 23 +
DH-G3.0-12000, 3.0 12000 3 -
DH-G3.0-120004 3.0 12000 28 ++
DH-G3.5-15004 35 1500 43 ++

Page 21

ELI'he macromonomer solutions (7.5 wt%) were mixed with the eosin Y-based photoinitiating system and exposed to UV light (325 nm) for 30 minutes.

bdetermined by IH-NMR.

—, neither increase in the viscosity of the solution nor gel formation was observed; +, viscosity of the solution increased; however, no gel formed; +
+, gel formed determined by the inverted test tube method.
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