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Abstract
Development of carrier systems to improve oral bioavailability and target drugs to specific sites
continues to be an unmet need. The goal of this study was to evaluate the potential of anionic
generation (G) 6.5 poly(amido amine) (PAMAM) dendrimers in oral drug delivery by assessing
their in vivo oral translocation. G6.5-COOH dendrimers were characterized for their
physiochemical characteristics and acute oral toxicity was assessed in CD-1 mice. The dendrimers
were labeled with 125I and their stability evaluated. Oral bioavailability was assessed in the same
mouse model. Investigation of the radioactivity profile in plasma, revealed presence of both large
and small molecular weight compounds. Detailed area under the curve analysis suggests an
effective 9.4% bioavailability of radiolabeled marker associated with G6.5-COOH. Results
reported here suggest the potential of dendrimers in permeating gastrointestinal barriers in vivo.
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INTRODUCTION
Delivering drugs using macromolecular carriers can overcome non-specific toxicity
associated with small molecular weight compounds1. Macromolecular therapeutics such as
polymer-drug conjugates are known to circulate longer in blood2, 3 by virtue of their size, in
turn reducing the need to administer larger than required doses. These delivery systems can
also be fine-tuned to release the drug payload at specific sites4, which can further reduce
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toxic side effects. Macromolecular drug conjugates passively accumulate into sites of
inflammation and disease over time improving efficacy5, 6. From an oral drug delivery
perspective, hydrophilic polymers can substantially increase the solubility of hydrophobic
drugs, and if designed appropriately can enhance their trans-epithelial transport. Considering
the advantages of macromolecular carriers, it would be beneficial to be able to deliver such
systems orally.

Size and surface charge are two important parameters that are known to play crucial roles in
oral absorption of polymeric systems in vivo7–9. Cationic polymers such as chitosan, for
example, are known to increase paracellular transport by interaction with tight junctions and
associated proteins (e.g., occludin, ZO-1 and actin cytoskeleton)10–12. Anionic systems, on
the other hand, influence changes in intracellular calcium concentration thereby initiating a
cascade of events ultimately leading to contraction of the acto-myosin filaments, and tight
junction opening13–16. Although considerable progress has been made, the limited oral
bioavailability exhibited by macromolecular systems restricts their further use.

Dendrimers are unique polymers that have a branched architecture and nanoscale
dimensions17, 18. Step-wise growth of these branches confers a compact structure to the
polymers. Multiple terminal ends of these branches can be suitably functionalized to carry a
large drug payload19–23. An important characteristic of the dendrimers is that size and
surface charge of these constructs can be tailored precisely18, 20, 24. Dendrimer-drug
conjugates demonstrate distinct advantages over their free drug counterparts in terms of
efficacy18, 25, 26, reduced systemic toxicity27 and differential biodistribution patterns28–30.
Since the first report of trans-epithelial transport of dendrimers in everted sac model
systems31, much progress has been made in understanding the influence of physicochemical
characteristics of these polymers on permeability, as well as potential mechanisms of action
of translocation. 31–39 These studies were largely limited to an in vitro setting however,
which does not capture the dynamic complexities presented in vivo, such as the acidic
environment of the gastrointestinal (GI) tract, enzymatic activity of the small intestine, GI
transit time, presence of mucus layer coating the intestinal epithelium, dilution of
compounds in the lumen, rapid clearance and presence of immune factors such as M-cells,
etc. We present here, to the best of our knowledge for the first time, results from the in vivo
evaluation of oral translocation of radiolabeled PAMAM dendrimers across the epithelial
barrier of the gut. The ultimate goal is to design an oral drug carrier that would deliver
macromolecular chemotherapeutics to the systemic circulation. In order to do so it was first
necessary to identify a dendrimer that was non-toxic and showed appreciable oral
absorption. Earlier studies revealed serious hematological complications associated with
amine-terminated PAMAM dendrimers40 and hence their use in this study was not pursued.
Among the anionic dendrimers, G6.5-COOH was chosen based on its in vivo safety
profile40 and favorable size characteristics as a multifunctional platform. Initially, G6.5-
COOH dendrimer was evaluated for acute toxicity after oral administration in an immune
competent mouse model. Once safety was determined, oral bioavailability of the carrier was
assessed in the same animal model.

EXPERIMENTAL SECTION
Preparation and characterization of PAMAM dendrimers

Generation (G) 6.5 PAMAM dendrimers were fractionated and characterized as previously
described40. Briefly, G6.5 PAMAM dendrimers with ethylene diamine core were purchased
from Sigma (St. Louis, MO). Dendrimer samples were further fractionated by a preparative
Sephadex Hiload 75 size exclusion column (GE Healthcare Biosciences, Piscataway, NJ) as
necessary to remove small molecular weight impurities. All dendrimers were characterized
at physiologically relevant pH by dynamic light scattering (DLS) on a DAWN HELEOS II
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(Wyatt Technologies, Santa Barbara, CA), at a concentration of 5 mg/ml and their zeta
potential recorded on a Malvern Zetasizer (Malvern Instruments Inc., Westborough, MA) at
a concentration of 10 mg/ml in triplicates. Zeta potential was measured at pH 7.4 (not
buffered). In addition PAMAM dendrimers were characterized by high performance liquid
chromatography (HPLC) (Agilent Technologies, Santa Clara, CA) on a C18 (4.6 × 250 mm,
5 µm) column (Waters, Milford, MA) in an acetonitrile: water buffer (27:73) with 0.14%
trifluoro acetic acid, and size exclusion chromatography (SEC) on an analytical Superose 6
10/300 GL column (GE Healthcare Biosciences, Piscataway, NJ). Elution buffer was PBS:
Acetonitrile (80:20) with 0.1% sodium azide.

Animals
All oral acute toxicity studies were carried out in 4–6 weeks old female CD-1 mice weighing
about 25 g. Oral bioavailability studies were performed in the same CD-1 mouse model. In-
situ stability studies were carried out in female Sprague Dawley (SD) rats weighing about
150–200 g. Both strains were purchased from Charles River Laboratories (Boston, MA) and
used strictly according to the rules and guidelines of the University of Utah Institutional
Animal Care and Use Committee. Animals were fed their usual diet during the course of all
studies.

Oral acute toxicity
In order to exclude local toxicity of dendrimers as the cause of increased permeation
resulting in enhanced oral bioavailability, an acute toxicity study after oral administration of
G6.5 PAMAM dendrimer was conducted using CD-1 mice (n=5). 1 mg/kg dose of
dendrimer was prepared in a total volume of 0.2 ml/mice with physiological saline. Samples
were filtered through 0.2 µm filters and administered by oral gavage using appropriately
sized curved feeding needles. To exclude the presence of endotoxin in nanoparticle samples,
an endpoint LAL assay (Lonza, Basel, Switzerland) was performed according to the
manufacturer’s instructions. Immediately after administration, animals were observed for 30
min for post injection reaction. Animal weight was recorded and systemic clinical
observations for signs of toxicity such as unusual locomotion, bleeding in any orifice,
ruffling of fur/skin, lacrimation/ redness of the eye, vasodialation, vasoconstriction, coldness
of body, etc. 40 were carried out twice daily for a period of 10 days. Unless animals showed
signs of toxicity (greater than 10% animal weight loss consistently for more than 2 days or
other clinical signs of toxicity (Supplementary Table 1)) the acute toxicity study progressed
to completion (10 day period). Ten days after injection, mice were individually euthanized
using 70% CO2 in oxygen, with euthanasia confirmed by lack of breathing for 30s. Blood
was taken via inferior vena cava (IVC) stick, and drawn into a heparinized syringe through a
23G needle and deposited into a blood tube. Blood samples were examined for clotting and/
or hemolysis upon collection. Organs (heart, lungs, liver, spleen, kidney, and GI) were
removed, weighed and % weight of organ to total body weight calculated to determine organ
atrophy/hypertrophy in response to dendrimer injection. Complete blood counts (CBC) were
performed within two hours of blood collection using a CBC-DIFF (Heska, Loveland, CO)
blood count analyzer. Following CBC, samples were centrifuged at 10,000 rpm for 2.5
minutes. The collected serum samples were used to measure blood urea nitrogen (BUN),
creatinine, aspartate aminotransferase (AST), alanine aminotransferase (ALT), total
bilirubin, total protein and albumin using a DRI-CHEM (Heska, Loveland, CO) veterinary
blood chemistry analyzer to examine kidney and liver toxicity.

Radiolabeling and characterization of dendrimers
G6.5-COOH PAMAM dendrimers were radiolabeled as previously reported41. Briefly,
Carboxyl terminal groups were initially modified with ethylene diamine (1:2) using N-
Hydroxysuccinimide/ ethyl (dimethylaminopropyl) carbodiimide reagents to facilitate
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further attachment to 125I radiolabeled Bolton-Hunter reagent (American Radiolabeled
Chemicals, Inc., St. Louis, MO). About 10mg of dendrimers were mixed separately (1:1)
with 125I labeled Bolton-Hunter reagent (~0.5 mCi) under ice. Radiolabeling reaction
(Supplementary Figure 1) was performed in borate buffer (pH 8.5) over 4h. The progression
of the radiolabeling was monitored by thin layer chromatography (Solvent system: 10%
methanol in chloroform). The reaction was then dialyzed in a 1000 MW cutoff dialysis
membrane (Spectrum Laboratories, Inc., Rancho Dominguez, CA) against a 0.9% saline
solution for 48h. All samples were fractionated on a size exclusion PD-10 column (GE
Healthcare, Piscataway, NJ) before use. Radiolabeled dendrimers were characterized on a
size exclusion PD-10 column. Columns were initially washed with 10 ml of saline, then 2 µl
of the sample was loaded onto the column and the initial 2 ml of saline was discarded as
void volume. Subsequently 0.5 ml fractions were collected up to a volume of 10 ml and
radioactivity in each fraction was read on the γ-counter (Canberra, Meriden, CT). A line
graph was plotted between % of radioactivity recovered and volume (in ml) using
Microsoft’s Excel (Redmond, WA).

Stability of radiolabeled dendrimers in simulated gastric and intestinal conditions
10ml of simulated gastric fluid (Ricca Chemical Company, Arlington, TX) containing 32
mg of porcine pepsin enzymes (Sigma, St. Louis, MO) and 10 ml of simulated intestinal
fluid (Ricca Chemical Company, Arlington, TX) with 100 mg of porcine pancreatin
enzymes (Sigma, St. Louis, MO) were prepared freshly according to US pharmacopeia42.
Radiolabeled G6.5 dendrimers were incubated in the prepared solutions at 37° C with
constant stirring. About 30,000–40,000 CPM of radioactive dendrimer was added into the
test solution. It was ascertained that the sample volume constituted less than 10% of the total
test solution. 200 µl samples were collected at each time point (1h, 4h, 12h and 24h) and
loaded on a PD-10 column. Size exclusion samples were processed as mentioned in the
previous section. Control experiment included radiolabeled dendrimers and 125I mixed in
test solution and immediately run on PD-10 as an equivalent of 0 min.

In-situ stability
In order to evaluate the stability of radiolabeled dendrimers, intestinal secretions was
collected from sacrificed CD-1 mice by flushing 2ml of saline slowly through an incision in
the duodenal region and the secretions were collected from an outlet created right before the
cecum. Collected solution was immediately used for evaluating the stability of radiolabeled
G6.5-COOH. Procedures similar to the one described in the earlier stability section were
employed. Radiolabeled G6.5 dendrimers with radioactivity of about 50,000 CPM was
incubated in the solution. Results were plotted as % of radioactivity recovered vs. Volume.

In-situ loop perfusion experiments were performed in SD rats (n=3). Anesthesia was
induced with 4%, and maintained throughout the procedure with 2% isofluorane. Once
anesthetized a minimal cut was made in the abdominal region. A catheter was introduced
into the duodenum by a small incision and the catheter was secured with surgical sutures.
Similarly an outlet was created in the jejunum using plastic tubing to ensure free flow. Then
the system was flushed with 20ml of saline. After flushing the outlet was closed using
sutures. Radiolabeled G6.5-COOH sample (~150,000 CPM/mice) was introduced into the
loop by injection using a syringe in 2ml volume. Animals were closely monitored
throughout the procedure. At the end of 2h animals were sacrificed and sample retrieved
from the loop. Size exclusion columns were run on the sample as described before. Results
were plotted as % of radioactivity recovered vs. Volume.

CD-1 mice serum purchased from Charles River Laboratories (Wilmington, MA) was used
to study the stability of radiolabeled dendrimers. Mouse serum was mixed with saline (1:1)
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and approximately 40,000 CPM of radiolabeled G6.5-COOH was incubated in the solution.
The samples were kept at 37° C under constant stirring. At the end of 24h sample was spun
down at 3500 rpm for 10 min. Plasma was loaded on a size exclusion column as described
earlier. 125I was used as a control sample. Results were plotted as % of total CPM vs.
Volume.

In vivo oral bioavailability
CD-1 mice (n=5) were used for the oral bioavailability studies. Dendrimer samples were
prepared in physiological saline (0.2 ml/mouse). A dose of 1 mg/kg of non-labeled mixed
with the radiolabeled G6.5 dendrimers (~100,000 CPM/mice) was administered by oral
gavage. Each mouse was housed in a separate metabolic cage that facilitated collection of
separate stool and urine samples. After 4h, mice were euthanized using CO2 gas. Blood was
taken via inferior vena cava (IVC) stick, and drawn into a heparinized syringe through a
23G needle. All major organs were collected separately. The carcass was also collected to
boost recovery of entire administered dose. Radioactivity in each organ was read on a γ-
counter. Bioavailability was calculated as a percentage of injected doses based on the
dendrimer’s accumulation in blood, liver, heart, lungs, spleen, kidneys, thyroid, urine and
brain. Radioactivity in the gastrointestinal tract and stool was not considered as orally
bioavailable but still measured for complete recovery of administered dose.

To analyze radioactivity profile in plasma, 3 mice per group were used, a higher radioactive
dose of ~500,000 CPM/mouse was administered orally and mice were sacrificed at 1h and
4h. At these time points the blood was collected in mini centrifuge tube and spun down at
3500 rpm for 10min. The plasma was then loaded on a size exclusion PD-10 column
(procedure as mentioned in earlier section). Similarly, urine sample from each animal was
also loaded on a size exclusion PD-10 column. Results were plotted as % radioactivity
recovered vs. Volume. Control experiments included externally mixing G6.5COOH-125I and
Na125I with urine and serum from mice to validate the size exclusion methods.

Radiolabeled G6.5-COOH (~1 million CPM/mice) was injected intravenously to CD-1 mice
(n=1) by tail vein injection. Mouse was housed in a metabolic cage and after 4h sacrificed.
Plasma and urine collected from animals were run on a PD-10 column. Results of the urine
and plasma profiles were plotted as % of radioactivity recovered vs. Volume.

Area under the curve (AUC) analysis
GraphPad Prism 5.01 software (GraphPad Software, Inc., La Jolla, CA) was used to
calculate the area under the curve (AUC) for all the size exclusion radioactivity profiles
generated. The software generated a % of area under the two major peaks that were detected
corresponding to small and large molecular weight fractions. The percentages of area under
the curve were represented for all size exclusion profiles along with the volume range (ml)
for each peak to give a sense of the distribution of each species in the sample.

Statistical analysis
Statistical differences were analyzed by a one-way ANOVAs test with Bonferroni’s
correction using GraphPad Prism 5.01 software (GraphPad Software, Inc., La Jolla, CA).
Significant difference was defined as * P < 0.05, ** P < 0.01 and *** P<0.0001.

RESULTS
Physiochemical characterization of G6.5-COOH dendrimers

G6.5-COOH dendrimers were fractionated as necessary to remove small molecular weight
impurities and characterized for size and charge by dynamic light scattering and zeta
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potential respectively (Table 1). The size distribution of G6.5-COOH was 8.5±0.61 and the
zeta potential was 42±1.2 as expected for a generation 6.5 dendrimer with 512 carboxyl-
groups on the surface. The absence of small molecular weight impurities was confirmed by
size exclusion chromatography and high performance liquid chromatography. Characterized
dendrimers were subsequently evaluated for oral toxicity and translocation in mice.

Acute oral toxicity of G6.5-COOH dendrimer
Potential toxicity of doses employed in the bioavailaility studies (1 mg/kg) was evaluated in
immune competent CD-1 mice in order to exclude local toxicity due to dendrimers as the
cause of increased permeation and oral bioavailability. Use of an immune competent model
becomes relevant with reports suggesting nanoparticle trafficking and sequestering by M-
cells and Peyer’s patches43. Results indicate that G6.5-COOH did not show any signs of
toxicity after oral administration in CD-1 mice. Animal weights observed over ten days of
the study did not show any significant differences from the control group. Various blood
parameters (data not shown) also indicated no differences from the control group. The
administered dose also tested negative for endotoxin contamination.

Radiolabeling of G6.5-COOH dendrimer and characterization
In order to track the dendrimer in vivo it was radiolabeled with 125I. 125I emitting high-
energy γ-radiation was chosen for ease of sample detection. G6.5-COOH (11 µCi/mg) was
radiolabeled with Bolton-Hunter [125I] reagent (Supplementary Figure 1). Progression of the
reaction was monitored by thin layer chromatography. After purification by dialysis and
preparative size exclusion on a PD-10 column, the radiolabeled dendrimers were
characterized by size exclusion chromatography (Figure 1) to confirm the absence of
free 125I-labeled Bolton-Hunter reagent or other small molecular weight impurities. Size
exclusion profile on both the Superose 6 and PD-10 columns indicate that the radiolabeled
G6.5-COOH profile had negligible quantities of small molecular radioactivity as determined
by area under the curve analysis (Figure 1). Size exclusion profiles demonstrated the
absence of small molecule impurities with most of the radioactivity associated with large
molecular weight fraction (dendrimer elution volume).

Stability of radiolabeled G6.5-COOH dendrimer in simulated gastric and intestinal fluids
It was important to ascertain the stability of the radiolabeled G6.5-COOH dendrimers in the
gastrointestinal environment before oral administration in mice. Therefore, the stability of
the radiolabeled dendrimers (G6.5COOH-125I) in simulated gastric and intestinal conditions,
as inferred by the presence or absence of small molecular weight radiolabel in a size
exclusion profile, was evaluated over time at 37°C. Size exclusion profile of the radiolabeled
G6.5-COOH after exposure to simulated GI conditions revealed minimal release of small
molecular weight radiolabel as shown in Figure 2. Samples were analyzed at three time
points (1h, 4h and 12h). Results indicate that radiolabeled G6.5-COOH was relatively intact
under the simulated pH and enzymatic conditions of the GI tract with large molecular
weight peak corresponding to majority of area under the curve under both SGF and SIF
conditions (SGF: 1h- 100%, 4h- 99.4%, 12h- 99.3% and SIF: 1h- 99.9%, 4h- 99.8%, 12h-
98.7%) (Figure 2). It is worth mentioning that over 12h under the simulated intestinal
conditions there was about 1.3% release of radioactivity corresponding to small molecular
weight fraction as indicated by area under the curve analysis (Figure 2). Control experiment
(data not shown) with 125I was performed to demonstrate the validity of the methods for
differentiating small molecules and macromolecules under these specific conditions.
Stability studies showed that the radiolabeled G6.5-COOH could be employed for further
bioavailability studies.
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In-situ stability of radiolabeled G6.5-COOH dendrimers
The simulated conditions evaluated in the earlier section were made according to US
pharmacopeia42 and might vary slightly from fluids actually secreted into the mice lumen.
Hence, it was decided to evaluate the stability of radiolabeled G6.5-COOH in mice lumen
(1h, 4h, 12h) at 37 °C. Results demonstrate that incubation in mice intestinal lumen over
time did not lead to considerable breakdown of radiolabeled G6.5-COOH dendrimers
(Figure 3A). Only minimal degradation (3.5% over 4h) was observed with the appearance of
small molecular weight radiolabels increasing over time (Figure 3A).

Next stability study was conducted in an in-situ loop perfusion setup. It was performed to
evaluate if the interactions of the radiolabeled dendrimers with the dynamic layers of the
intestinal serosa and mucus affects their stability. Rats were chosen, as it was easier to
implement the in-situ loop method, owing to their larger size in comparison with mice.
Animals (n=3) could be kept alive under anesthesia only for 2h. Results from the size
exclusion profile of fluid collected from the lumen of the in-situ loop at end-point of the
experiment indicate that there was very minimal release (0.2%) of the small molecular
weight radiolabel, and the radiolabeled dendrimers appeared to be intact (Figure 3B).

To examine the possibility that radiolabeled dendrimers might be released in the plasma,
radiolabel stability in mouse serum was evaluated. Size exclusion profile of serum
containing radiolabeled G6.5-COOH incubated at 37°C for 24h revealed that there was
minimal radiolabel release (5.6%) occurring due to conditions in the plasma and the large
molecular weight fraction was mostly intact (Figure 3C).

Oral translocation of G6.5-COOH dendrimers
Next we assessed the oral translocation of the G6.5-COOH dendrimers in CD-1 mice. A
preliminary study (data not shown) indicated that the oral bioavailability of dendrimers
plateaus off at about 4h, which correlated with reports of intestinal transit time in mice
(varies between 2–4h44, 45). Hence all subsequent studies employed a four-hour time point
to evaluate bioavailability. An investigational dose of 1 mg/kg G6.5-COOH dendrimer
(earlier determined to be non-toxic) was administered by oral gavage technique to CD-1
mice (n=5) and accumulation of the dendrimer in major organs was traced by measuring the
radioactivity on a γ-counter. Results (Figure 4) demonstrate that radiolabeled markers
associated with anionic G6.5 dendrimers are absorbed orally. The radiolabeles displayed
bioavailability of 22.4 ±3.8% (% of the administered dose) (Figure 4). 70% of the overall
administered dose was recovered in these experiments. Most of the bioavailable dose had
been excreted in the urine by 4h, but quantities of radioactivity did localize in organs such as
the liver, kidneys, lungs and blood. To exclude the presence of free 125I in systemic
circulation the thyroid was examined as an internal control for accumulation of radioactivity.
In all studies there was less than 0.2% of radioactive dose present.

Dose absorbed in the plasma was analyzed by size exclusion chromatography to check for
the integrity of the radioactive fraction that was bioavailable (1h and 4h). Size exclusion
profiles of plasma revealed the presence of both large molecular weight and to an extent
small molecular weight species (Figure 5A). Control experiments showed the validity of the
method employed in differentiating small molecules and large molecules in the plasma
(Figure 5B). Supplementary Figure 2 also shows the size exclusion profile of 125I-labeled
Bolton-Hunter reagent in plasma and urine to confirm that the compound still eluted in the
small molecular weight range in the presence of these fluids. Results suggest presence of a
mixture of small and macromolecular species in the systemic circulation implying partial
breakdown of the radiolabeled dendrimers in vivo. Area under the curve distribution
indicated that 41.9% (4h) corresponded to large molecular weight compounds.
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Urine samples were also analyzed for integrity of the radiolabeled compounds in a fashion
similar to plasma experiments. It was observed that radioactivity corresponding to only
small molecular weight fractions was present in all urine samples as analyzed by size
exclusion chromatography (Supplementary Figure 3). This result was expected in that
radiolabeled G6.5-COOH dendrimers are about 8.5nm in size and would not easily be
excreted in the urine unless degraded. Radioactivity corresponding to small molecules that
was observed in the plasma earlier was cleared by the kidneys over time and hence detected
in the urine. An intravenous dose of radiolabeled G6.5-COOH was also administered (n=1)
as a control to indentify if any in vivo factors affected the stability of the system once it
reached the systemic circulation. The plasma from mice was analyzed after 4h for integrity
as mentioned earlier. Size exclusion chromatogram of the plasma profile indicates that the
entire radioactivity still remained associated with the large molecular weight peak and no
degradation (0%) was observed (Supplementary Figure 4). Interestingly, when the urine
from the intravenous experiment was analyzed after 4h by size exclusion, the results indicate
that there was substantial degradation with 76% of the area under the curve (AUC) present
in small molecular weight region (Supplementary Figure 4).

A fraction of the reported 22.4% oral bioavailability reported based on radioactivity might
include small molecular weight entities as shown by radioactivity profile of the plasma. The
small molecular weight associated radioactivity can be generated either pre- or post-
epithelial. Area under the curve (AUC) analysis revealed that 41.9% of the radioactivity
profile in plasma corresponded to large molecules (Figure 5). Plasma profile was considered
a reliable indicator and this distribution was scaled to the oral bioavailability numbers,
results of which indicate that 9.4% of the orally administered dose could be attributed to
bioavailable large molecules.

DISCUSSION
Polymers have been examined in oral delivery applications. Polymers such as
hydroxypropylmethylcellulose (HPMC) are extensively used as bulking agents in oral
formulations46. Chitosan derivatives possess mucoadhesive properties and hence have been
exploited in oral delivery applications as sustained release depots47, 48. The influence of size
and charge on trans-epithelial transport of PAMAM dendrimers has been investigated32–34.
It has been shown that attachment of lipids to PAMAM dendrimers increases transport
across intestinal epithelial cells36, 49, and that endocytic uptake of dendrimers influences
their paracelluar transport across epithelial monolayers38. These studies however were in an
in vitro setting. It is necessary to investigate the potential of dendrimers for oral delivery in
an in vivo system where the pre- and post-epithelial factors play crucial roles.

In order to comprehend results from in vivo toxicity and oral bioavailability studies it was
necessary to employ well characterized probes. G6.5-COOH dendrimers used in this study
were characterized for their size, zeta potential and absence of small molecular weight
impurities (Table 1). Physiochemical characteristics of the dendrimer conformed to expected
trends. Acute oral toxicity evaluations at the investigational dose of 1 mg/kg showed no
detectable signs of toxicity. It was important to confirm these results before evaluating oral
bioavailability of the dendrimers since any toxic effects in the local GI environment could
lead to an artificial increase in epithelial permeability.

After the anionic G6.5 dendrimers were radiolabeled, they were purified in order to remove
the residual 125I labeled Bolton-Hunter reagent or any other small molecular weight
impurities. It was observed that use of a buffered solvent was necessary both during dialysis
or size exclusion chromatography to achieve complete purification. The small molecular
weight 125I labeled impurities can easily complex or encapsulate within the dendrimers’
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hollow structure, and use of saline or any buffer system is thought to disrupt these
interactions, hence successfully removing any small molecular weight impurity associated
with the dendrimer. The radiolabeled dendrimers were characterized by size exclusion
chromatography with three successive runs of the fractionated macromolecular peaks to
ensure the absence of small molecules (Figure 1), only after which these preparations were
used. Area under the curve (AUC) of radiolabeled G6.5 dendrimers (both Superose 6 and
PD-10 size exclusion columns) suggests negligible quantities of small molecular weight
impurities (Figure 1). The elution profiles were examined for higher volumes (Figure 1A) to
ensure no small molecules were retained in the column. The Superose 6 column that has a
better resolution was used to confirm the results observed with the PD-10 size exclusion
columns.

The simulated gastric and intestinal fluids were prepared according to US pharmacopeia
recommendations42, generally used to screen drug formulations and other routine testing.
Results from these stability studies suggest that the radiolabeled dendrimers were stable
under these conditions (Figure 2), with minimal breakdown (< 1%) over 4h. Although the
intestinal transit time in mice is about 2–4h44, a 12h time point was also investigated to
understand their behavior at prolonged time points and the trend remained the same. The
radiolabeled G6.5-COOH demonstrated minimal degradation probably because of the steric
hindrance displayed by the carboxyl surface groups that could restrict enzymatic access.

Possible in vivo scenarios that could potentially cleave the radiolabel off dendrimers were
tested in-situ such as mice intestinal secretions, the dynamic mucus and serosal layers
present in mice and mice serum. None of these evaluated conditions captured breakdown to
the extent seen in the in vivo bioavailability studies (Figure 3). Degradation of the
radiolabeled dendrimers as observed in the in vivo bioavailability experiments could occur
in scenarios that were not tested and are subjects of future investigation. For example, the
interstitial region during transport from the intestinal lumen to the systemic circulation,
which is known to have prevalent brush border enzymes,50, 51 could potentially cleave
chemical bonds. Degradation of these probes under harsh gastric condition in vivo is a
possibility although in vitro stability studies under simulated gastric conditions (Figure 2)
did not capture this effect. The probability of kupffer cells in the liver degrading the
radiolabeled dendrimers after absorption into systemic circulation was ruled out because this
scenario would be captured in the study where radiolabeled G6.5-COOH was administered
intravenously in mice, but the plasma profile from this experiment showed no signs of
degradation even after 4h (Supplementary Figure 4). A detailed study is warranted to
examine the pre- and post-epithelial breakdown of the small molecular weigh radiolabeled
fragments from the dendrimers.

A trend emerging from the oral translocation studies is that the radiolabels displayed
substantial bioavailability across intestinal epithelial barriers (Figure 4). Although
evaluation of mechanistic aspects were beyond the scope of this manuscript, a possible
explanation, besides degradation products, could be the opening of tight junctions as
observed earlier with similar G3.5-COOH systems38. G6.5-COOH dendrimers have a
number of surface carboxyl groups, which potentially can increase interactions with
epithelial cells in turn influencing greater tight junction opening. Poly(acrylic acid)s and
polyunsaturated fatty acids are known to increase paracellular transport by causing a change
in intracellular calcium concentration13–16. A similar phenomenon could potentially
influence the trans-epithelial transport of carboxyl-terminated dendrimers by causing a
greater calcium flux leading to greater modulation of tight junction opening.

Another important factor to consider while interpreting the bioavailability results is that in
our studies accumulation in the GI tract was not included in the bioavailable fraction (Figure
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4). The gastrointestinal tract is a highly perfused organ and the dendrimers could localize
there after absorption into the blood, or the intestinal epithelial cells could uptake these
dendrimers into intracellular compartments from the lumen, which also could contribute
towards the bioavailable component. Since there was not a reliable method to demarcate
between bioavailable and non-bioavailable components in the GI (in vivo), radioactivity in
the GI was regarded as non-bioavailable. This assumption may underestimate the oral
bioavailability of the investigated dendrimers. Another important point to note in the
biodistribution data was the rapid clearance of anionic G6.5 dendrimers from the plasma
(0.25% in plasma after 4h). Modifications such as PEGylation may be incorporated in future
studies in order to increase the plasma residence time of anionic dendrimers if needed52, 53.

The unusually high bioavailability numbers given the size of the dendrimers prompted us to
investigate the integrity of the radiolabeled macromolecules in the systemic circulation.
Plasma profile of mice administered with G6.5-COOH revealed two radioactivity peaks
corresponding to both small molecular weight and large molecular weight species as
detected on a size exclusion column (Figure 5). The controls shown in Figure 5 were
important in ensuring that the size exclusion methods used were valid for plasma samples.
As results revealed, the 22.4% bioavailability observed was not entirely macromolecular in
nature but some radioactivity corresponded to small molecules present in the plasma. In
order to quantify the bioavailability that can be attributed to large molecular weight
dendrimers we resorted to demarcating the percentages of macromolecules and small
molecules by an area under the curve analysis. Ultimately, about 42% of the oral
bioavailability can be attributed to large molecular weight fraction, which puts the
bioavailability for radiolabeled G6.5-COOH at 9.4% in 4h. These results support the
potential of G6.5 dendrimers in delivery of bioactive agents across the gut mucosae. There
have been earlier reports of radiolabels associated with dendrimers degrading under in vivo
conditions suggesting the need for stable labeling techniques54.

In the control experiment where radiolabeled G6.5 dendrimers were administered
intravenously, the urine profile analyzed by size exclusion chromatography (Supplementary
Figure 4) showed that there were still small molecular weight impurities appearing in the
urine, even though the plasma profile showed intact dendrimers. This observation suggests
possibility of breakdown of the radiolabeled G6.5 dendrimers in other organs such as the
kidneys where peptidases and other enzymes55 could cleave the small molecule radiolabel
present on the dendrimers. Future studies in this area include techniques to eliminate or
reduce the degradation that we observed with the existing chemical bonds such as
incorporation of the radioactive entity within the structure of the dendrimer, demonstrate
with dendrimer-based carriers that it is possible to enhance the oral bioavailability of poorly
bioavailable drugs in vivo, and investigate in detail the mechanisms and sites of degradation
of radiolabeled dendrimers, as well as understanding the mechanisms of oral translocation
and the long-term effects of dendrimer bioaccumulation.

In conclusion Figure 6 shows the major findings from this study, demonstrating the potential
of anionic G6.5 dendrimers to permeate oral barriers and absorb in the systemic circulation.
Systemic absorption of dendrimers after oral administration, and challenges with the
instability of the radioactive labeled system upon in vivo evaluation in mice is presented.
The estimated oral bioavailability of G6.5 dendrimers, provide opportunities for further
investigation of these polymers in oral drug delivery applications.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Size exclusion profile of radiolabeled PAMAM dendrimers. G6.5COOH-125I dendrimers
were characterized for absence of small molecular weight impurities by eluting on: A)
PD-10 column and, B) Superose 6 column. Profiles indicate radioactivity patterns measured
on a γ-counter. Tables indicate the % area under the curve (AUC) for the peaks. Na125I was
eluted as a control small molecular weight radioactive compound.
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Figure 2.
Stability profile of radiolabeled PAMAM dendrimers in simulated gastric and intestinal
fluids. G6.5COOH-125I was incubated in simulated gastric and intestinal fluids containing
enzymes at 37° C, and their stability over time (1h, 4h and 12h) was evaluated by size
exclusion chromatography. Graph showed compounds were relatively stable under these
conditions with minimal degradation observed over time. Tables indicate the % area under
the curve (AUC) for the peaks.
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Figure 3.
Stability of radiolabeled G6.5-COOH dendrimers evaluated under various in-situ conditions
as analyzed by size exclusion chromatography. A) Stability of the compound in mice
intestinal secretions indicated minimal release of small molecular weight impurities over
time (1h, 4h and 12h). B) Stability of radiolabeled G6.5-COOH after 2h of exposure in the
rat in-situ loop perfusion model also indicated minimal release. C) Stability of the
radiolabeled compound in mice serum over 24h showed intact large molecular weight
radiolabeled dendrimers. Na125I was tested as a control small molecule. Tables indicate the
% area under the curve (AUC) for the peaks.
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Figure 4.
Biodistribution of orally administered anionic G6.5 dendrimers in CD-1 mice. Anionic
dendrimers effectively translocated oral barriers to be absorbed into systemic circulation.
70% recovery of radioactivity was observed in these experiments.
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Figure 5.
A) Radioactivity profile in plasma of CD-1 mice after oral administration of G6.5-COOH as
analyzed by size exclusion chromatography. Results indicate presence of large molecular
weight fractions corresponding to dendrimers in plasma at 1h and 4h as well as presence of
small molecular weight radioactive fractions. B) Panel indicates control graphs of small
molecular weight impurities and macromolecules mixed externally with mice serum to
validate the size exclusion method. Table indicates the % area under the curve (AUC) for
the peaks.
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Figure 6.
Schematic showing the fate of radiolabeled G6.5 dendrimers in the gastrointestinal tract and
evidence of its subsequent systemic absorption.
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Table 1

Physicochemical characterization of G6.5–COOH dendrimers

Dendrimer G6.5-COOH Size Exclusion Profile#

# Of surface groups§ 512

Size (diameter) in nm 8.5 ± 0.61

Zeta potential (mV)□ −42.0 ± 1.2

§
Provided by manufacturer

□
Zeta potential was measured at pH 7.4 (not buffered), 25°C

#
Profile was generated on a Superose 6 column, eluent – PBS: Acetonitrile (80:20)
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