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Dendrimer-entrapped gold nanoparticles (Au DENPSs) can be
formed using low-generation dendrimers pre-modified by
polyethylene glycol (PEG). The formed PEGylated Au DENPs
with desirable stability, cytocompatibility, and X-ray
attenuation property enable efficient computed tomography
imaging of the heart and tumor model of mice.

Computed tomography (CT) has been considered to be one of the
most powerful molecular imaging techniques due to its high
density resolution, deep tissue penetration, rapid scan speed, and
cost effectiveness.”” > For effective and specific CT imaging,
contrast agents are generally required.”® The conventionally used
small molecular iodinated CT contrast agents (e.g., Omnipaque)’
suffer severe drawbacks of short blood circulation time, lack of
tissue specificity, and renal toxicity at a relatively high
concentration, quite limiting their CT imaging applications.®° It
is important to develop new contrast agents to overcome the
above drawbacks.

Recent advances in nanotechnology have enabled the
generation of various inorganic nanoparticulate contrast agents
for CT imaging applications.> ' ' In particular, Bi,S;
nanoparticles (NPs),''* Yb-based NPs,> ' and gold NPs
(AuNPs)'*?! have been developed for various CT imaging
applications. These nanosized CT contrast agents share the
common advantages, such as prolonged blood circulation time
due to the nanoscale size and high X-ray attenuation coefficient
due to the high atomic number of the radiodense element. Among
the developed inorganic NP-based CT contrast agents, AuNPs
have been quite attractive because of the advantages of easy
35 synthesis, good stability, and good biocompatibility after proper
surface functionalization.'” ' 2224

To form stable and biocompatible AuNPs, dendrimers,
especially poly(amidoamine) (PAMAM) dendrimers have been
used as excellent templates or stabilizers to form dendrimer-
entrapped AuNPs (Au DENPs) or dendrimer-stabilized AuNPs
(Au DSNPs).*3!' Dendrimers are a class of highly branched,
monodispersed, synthetic macromolecules with well-defined
structure, composition, and geometry.’> With the unique
structural features of dendrimers, Au DENPs having a structure
of one AuNP entrapped within each dendrimer molecule can be
formed using dendrimers as templates via a fast reducing reaction
and the formed Au core NPs are usually smaller than 5 nm.*” %>
3335 Alternatively, Au DSNPs with Au core size usually larger

a

a5

S

by

S

b3

than 5 nm can be prepared using dendrimers as stabilizers under

so weak reducing conditions. In this case, Au DSNPs denote to a

structure of one AuNP surrounded with multiple dendrimers.?***

3% Our previous work has shown that several kinds of Au DENPs”
182739 and Au DSNPs? 2 3% %0 can be formed and used as
contrast agents for CT imaging applications. To render the
particles with desired biocompatibility, acetylation of the
dendrimer terminal amines after the formation of the particles is
usually performed. Additionally, polyethylene glycol (PEG) has
also been modified onto the dendrimer surface for subsequent
formation of Au DENPs for CT imaging of cancer cells in vitro
and in vivo,*" ** since PEGylation modification of particle
surfaces is proven to afford the particles with good stability and
desirable biocompatibility.?> *“*  Importantly, our studies
demonstrate that the PEGylation modification of generation 5
(G5) dendrimer surface enables enlarged dendrimer periphery
that can be used to load more Au element within the dendrimer
interior.* 3* *" *2 In most of these studies, high-generation
dendrimers (e.g., G5) have been used to generate Au DENPs or
Au DSNPs for CT imaging applications. Recently, we have
shown that stable and biocompatible Au DSNPs can be
successfully formed using generation 2 (G2) dendrimers with a
size of 2.9 nm as stabilizers via a hydrothermal approach for CT
imaging applications.” ** These prior successes lead us to
hypothesize that PEGylated low-generation dendrimers with
enlarged periphery may be used as templates to form Au DENPs,
thereby providing a facile strategy to avoid using expensive high-
generation dendrimers. This is of significance for their further
biomedical applications.

. . e

Scheme 1. Schematic illustration of the synthesis of PEGylated Au
DENPs using G2 dendrimers.

In this present study, amine-terminated G2 PAMAM
dendrimers (G2.NH,) were firstly modified with PEG chains and
then employed as templates to form Au DENPs via a chemical
reduction protocol (Scheme 1). The formed PEGylated Au
DENPs were characterized via different techniques. 3-(4,5-
Dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
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cell viability assay was used to evaluate the cytotoxicity of the
particles. Finally, the PEGylated Au DENPs were used for CT
imaging of organs and a tumor model of mice after intravenous
injection of the particles. To our knowledge, this is the first report
related to the formation of PEGylated Au DENPs using low-
generation dendrimers for CT imaging applications.

Due to the relatively open structure and small size, amine-
terminated low generation PAMAM dendrimers are unable to
entrap AuNPs within the dendrimer interior even under strong
reducing conditions, and in most of the cases, Au DSNPs are
formed.*® *® With the advantages of PEGylation that have been
proven to be capable to enlarge the dendrimer periphery for more
Au loading within the dendrimer interiors, to improve the
biocompatibility of the particles, and to prolong the blood
circulation time of the particles in our previous work, > ** 41+ 42
attempted to modify the periphery of G2.NH, dendrimers via
PEGylation for possible formation of Au DENPs.

G2.NH, dendrimers were firstly modified with mPEG-COOH
via an  l-ethyl-3-(3-dimethylaminopropyl)  carbodiimide
hydrochloride (EDC) coupling chemistry (Scheme 1). The
formed G2-mPEG was characterized by '"H NMR (Figure Sla,
ESIt). The appearance of the methylene proton signal associated
with mPEG at 3.5 ppm clearly indicates the formation of G2-
MPEG conjugate. By NMR integration of the protons associated
with mMPEG and G2 dendrimer, the number of MPEG moieties
attached onto each G2 dendrimer was estimated to be 10.0.

The formed G2-mPEG conjugates were then employed as
templates to form Au DENPs through NaBH,; reduction
chemistry. Under the selected Au salt/dendrimer molar ratio of
8:1, stable AuNPs with a typical wine red color were formed. It
should be noted that at an Au salt/dendrimer molar ratio of more
than 8:1, a portion of the particles precipitate, suggesting the
instability of the particles. The formation of Au DENPs does not
seem to appreciably alter the 'H NMR spectrum of the G2-mPEG
dendrimers (Figure S1b, ESI}). Zeta-potential measurements
show that the surface potential of G2.NH, dendrimers decreases
from 8.26 to 4.65 mV after modification of MPEG, likely due to
the expected successful coupling reaction. Further formation of
Au DENPs does not seem to significantly alter the surface
potential of the particles (3.61 mV) when compared to the G2-
MPEG dendrimers (Table S1, ESIf). Unlike the formation of
PEGylated Au DENPs using G5 dendrimers partially modified
with PEG as templates for biomedical imaging applications that
requires an additional acetylation step to neutralize the remaining
dendrimer terminal amines,*' it seems that the formed PEGylated
Au DENPs with a close to neutral surface potential using G2
dendrimers do not need such an additional acetylation step. This
is likely due to the fact that a significant stealth effect of PEG can
be achieved by covering 10 amine groups of each G2 dendrimer.

UV-vis spectrometry and TEM were used to characterize the
formed {(Au”)s-G2-mPEG} DENPs (Figure 1 and Figure S2,
ESIf). An apparent surface plasmon resonance (SPR) band at
around 527 nm indicates the formation of AuNPs with a wine red
solution color (Figure la and inset). TEM data reveal that the
formed AuNPs have a spherical shape and a relatively uniform
size distribution with a mean diameter of 2.8 0.6 nm (Figure 1b
and inset). The hydrodynamic sizes of G2.NH,, G2-mPEG, and
PEGylated Au DENPs were measured by DLS (Table S1, ESI¥).
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It can be seen that G2.NH, dendrimers have a hydrodynamic size
of 542.15 nm with a polydispersity index (PDI) of 0.60. After
MPEG modification, the size of the dendrimers increases to
820.25 nm with a PDI of 1.00. Further formation of Au DENPs
leads to a decreased hydrodynamic size of 276.10 nm with a
smaller PDI of 0.78. Our results suggest that PEGylation of G2
dendrimers is able to enlarge the dendrimer periphery to have a
bigger hydrodynamic size, while the entrapment of AuNPs within
the PEGylated G2 dendrimers seems to appreciably change the
aggregation behavior of the particles. It is interesting to note that
the measured hydrodynamic size of the Au DENPs is much larger
than that measured by TEM. This is likely due to the fact that
DLS measures the size of large aggregates or clusters of particles
in aqueous solution that may consist of many DENPs, while TEM
just measures single metal Au core NPs, in agreement with our
previous results.” >* Although the Au DENPs composed of both
Au core NPs and the dendrimer templates display certain degree
of aggregation in aqueous solution as confirmed by DLS
measurements, the Au core particles themselves do not aggregate
due to the dendrimer entrapment and protection as confirmed by
TEM data. The aggregation state of Au DENPs in a dry state may
be partly reflected from the TEM images (Figure 1b and Figure
S2, ESI}), where some irregular clustered Au core NPs can be
seen. In addition, based on the estimated radius of gyration of
G2-PEG dendrimers (2.5 nm) as simulated by well-tempered
metadynamics,?’ the formed PEGylated G2 dendrimers in our
work are proposed to be able to entrap AuNPs with a mean
diameter of 2.8 nm inside the dendrimer interiors. In this case, the
scenario of Au DSNPs is unlikely possible.

0.0

S0 60 700
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Figure 1. UV-vis spectrum (a) and TEM
PEGylated Au DENPs. Inset of (a) and (b) shows the water solution and
size distribution histogram of the particles, respectively.

image (b) of the synthesized

The crystalline structure of the {(Au”);-G2-mPEG} DENPs
was characterized by both high-resolution TEM and selected area
electron diffraction (SAED). Lattices of the PEGylated Au
DENPs can be clearly observed in a typical high-resolution TEM
image (Figure S3a, ESIt). In addition, the (111), (200), (220),
and (311) rings shown in a typical SAED pattern of the Au
DENPs (Figure S3b, ESIT) clearly indicate the face-centered-
cubic structure of Au crystals.

Stability of the PEGylated Au DENPs is crucial for them to be
used for biomedical applications. Since the aggregation state of
the AuNPs can be directly reflected by changes of their SPR
band,”* *° we used UV-vis spectrometry to assess the stability of
the {(Au’)-G2-mPEG} DENPs (Figure S4, ESIY). Figure S4a
shows the UV-vis spectra of {(Au’);-G2-mPEG} DENPs
dispersed in water with different pHs (pH = 5, 6, 7, and 8,
respectively) at room temperature (25 °C). It can be seen that the
absorption features, especially the SPR peak position of the NPs
does not have an appreciable change in the pH range of 5-8,
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suggesting that the PEGylated Au DENPs show similar
aggregation state in the studied pH range. Similarly, no
significant SPR peak shifting or broadening occurs when the
particles are exposed to water at the temperatures of 4, 25, 37,
s and 50 °C, respectively (Figure S4b, ESIt), suggesting that the
aggregation state of {(Au")s-G2-mPEG} DENPs does not change
appreciably at the studied temperatures.
Furthermore, the colloidal stability of the {(Au’)s-G2-mPEG}
DENPs was further assessed by dispersing the particles in water,
10 phosphate buffered saline (PBS), and cell culture medium,
respectively (Figure S4c, ESIT). It can be found that the particles
do not precipitate after at least one month’s storage at room
temperature. Taken together, the formed {(Auo)g—GZ-mPEG}
DENPs are not only stable at the studied pH and temperature
1s conditions, but also stable in different aqueous media, which is
important for their further biomedical applications.
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Figure 2. CT images of mouse heart (a) and bladder (b) before and after
20 intravenous injection of PEGylated Au DENPs and Omnipaque,
respectively. The red and yellow arrowheads indicate the heart and
bladder area, respectively. (¢) shows the corresponding CT value of heart
and bladder at different time points post injection.

»s  Cytocompatibility is a key issue for a material to be used in
biomedical ~applications.” ** We next explored the
cytocompatibility of the PEGylated Au DENPs via MTT cell
viability assay (Figure S5, ESIT). It can be seen that the formed
{(Au")s-G2-mPEG} DENPs do not display apparent cytotoxicity

30 in the concentration ranging from 0 to 3000 nM when compared
with the PBS control. This demonstrates that the PEGylated Au
DENPs possess desirable cytocompatibility.

The cytocompatibility of {(Au’);-G2-mPEG} DENPs was
further confirmed by phase contrast microscopic visualization of

35 the morphology of KB cells treated with the particles for 24 h
(Figure S6, ESIt). It is clear that after treated with the PEGylated
Au DENPs with a concentration range of 1000-3000 nM, the
cells are pretty healthy, similar to the control cells treated with
PBS. These cell morphology observation results validate the

40 MTT assay data.

The X-ray attenuation property of the formed {(Au®)s-G2-
mPEG} DENPs was investigated in comparison with a
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conventional iodine-based small molecular CT contrast agent,
Omnipaque (Figure S7, ESIf). CT phantom images of the
aqueous suspensions of PEGylated Au DENPs reveal that the
brightness of the CT image increases with the particle
concentration, similar to Omnipaque (Figure S7a, ESIT), and the
CT image of PEGylated Au DENPs is much brighter than that of
Omnipaque at the concentration of Au or iodine above 0.04 M.

Further quantitative analysis data reveal that with the increase
of the molar concentration of active element (Au or iodine), the
X-ray attenuation intensity of both {(Au’)s-G2-mPEG} DENPs
and Omnipaque increases (Figure S7b, ESI{). Under similar
concentrations of radiodense element, the {(Au’);-G2-mPEG}
DENPs show much higher CT values than Omnipaque, in
agreement with our previous work.* ¥ The better X-ray
attenuation property of Au DENPs than that of Omnipaque may
render them with improved CT imaging sensitivity.

We next explored the in vivo CT imaging performance of the
PEGylated Au DENPs. After intravenous injection of the
particles, CT images of heart and bladder (Figure 2) were
collected. The bladder CT imaging was performed in order to
compare the excretion behavior of the Au DENPs with that of
Omnipaque. It is clear that at 15-90 min post injection of the
particles, the CT images of heart are much brighter than those of
the Omnipaque group (Figure 2a), and the brightness of the heart
starts to decay after 15 min for both Au DENPs and Omnipaque.
In contrast, the brightness of the CT images of the bladder for the
Omnipaque group is much higher than that for the Au DENP
group (Figure 2b) at 15-90 min post injection, indicating a much
faster metabolism process of Omnipaque. Our results suggest that
the injection of PEGylated Au DENPs may enable a better CT
imaging of mouse heart than Omnipaque due to the prolonged
blood circulation time of the particles.

The better CT imaging performance of Au DENPs was further
confirmed by quantitative measurement of the CT values of the
mouse heart and bladder (Figure 2c). It can be clearly seen that
the CT value of heart for the Au DENP group is obviously much
higher than that for the Omnipaque control at 15-90 min post
injection, indicating that the PEGylated Au DENPs enable an
enhanced CT imaging of the heart. Although the CT values of the
heart using the Au DENPs are improved in a range of 36.5-64.2%
at the studied corresponding time points (15-90 min) when
compared to those using Omnipaque, further improvement of
heart CT imaging may be achievable after surface modification of
Au DENPs with appropriate targeting ligands. The decayed CT
value with time post injection for both groups is attributed to the
metabolism process of the contrast agents. For the case of bladder
imaging, the CT value of the bladder for the Omnipaque group
reaches approximately 1500 HU at 15 min post injection and
maintains high values till 90 min, indicating the fast metabolism
process of the small molecular Omnipaque. In contrast, the
metabolism process of Au DENPs is quite slow, and the bladder
CT value for the Au DENP group increases gradually with the
time post injection, and the CT value is less than 75 HU at 90 min
post injection. Our results reveal that Omnipaque can be quickly
excreted out of body through urinary system, while the
PEGylated Au DENPs display a much slower metabolization,
enabling effective CT imaging of heart.

It should be noted that the mice injected with the PEGylated

This journal is © The Royal Society of Chemistry [year]
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Au DENPs are pretty healthy after at least one month post
injection, indicating the good biocompatibility of the particles.
The Au biodistribution data show that only a small amount of Au
still remains in the spleen, liver, and kidney after one week post
injection (Figure S8, ESIT). This indicates that the PEGylated Au
DENPs are able to be excreted out of the body with the time.
Taken together, our results suggest that the PEGylated Au
DENPs can be used as contrast agents for effective CT imaging
of mouse heart due to the prolonged blood circulation time.

The enhanced CT imaging of mouse heart using PEGylated Au
DENPs drove us to further pursue the applicability to use them
for CT imaging of a tumor model via the known enhanced
permeability and retention (EPR) effect.*®*’ After administrating
the PEGylated Au DENPs via either intraperitoneal or
intravenous injection into the xenografted KB tumor-bearing
mice, CT scanning of the mice was performed (Figure 3a). It can
be seen that the tumor CT contrast enhancement is greater than
that of the mice before injection with the time post injection for
both injection routes. The tumor CT imaging enhancement was
further quantified by measuring the tumor CT values at different
time points post-injection (Figure 3b). For intraperitoneal
injection group, the tumor CT value increases gradually after
injection and shows significant difference at the studied time
points compared to that before injection. The highest CT
enhancement appears at 60 min post injection, followed by slight
decrease of the CT value at 90 min post injection, which may be
caused by the excretion of particles from the tumor tissue. In the
case of intravenous injection, the tumor CT value is enhanced
gradually till 90 min post-injection, which may be because the
PEGylated Au DENPs can be continuously enriched in the tumor
site through blood circulation. Our results suggest that PEGylated
Au DENPs enable effective tumor CT imaging via EPR effect,
similar to our previous result.’ It seems that intravenous injection
is more effective in enhanced tumor CT imaging than the
intraperitoneal route.
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Figure 3. (a) CT images of a tumor model before and after intraperitoneal
and intravenous injection of PEGylated Au DENPs, respectively. The
stars indicate the tumor area. (b) shows the corresponding CT value of
tumor area at different time points post injection.

To confirm the tumor uptake of PEGylated Au DENPs, the
biodistribution of Au element in several major organs such as
heart, liver, spleen, lung, kidney, and tumor was investigated by
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ICP-OES (Figure S9, ESIf). It can be clearly seen that besides
kidney, the majority of the Au element is uptaken by spleen and
lung at 90 min post-injection for both injection routes, which are
associated with the reticuloendothelial system (RES).® This
indicates that besides the tumor accumulation and renal
metabolization, the PEGylated Au DENPs can be cleared mainly
through the RES. It appears that the Au mass in these organs for
the intraperitoneal injection group is much lower than that in the
corresponding organs for the intravenous injection group, which
is likely due to the fact that the intravenously injected Au DENPs
experience a fast blood circulation, enabling a fast clearance of
the particles by the RES. Overall, the Au uptake data suggest that
the PEGylated Au DENPs can be uptaken by the tumor tissue via
two different administration routes, allowing for effective tumor
CT imaging.

Conclusions

In summary, we develop a robust approach to fabricating
PEGylated Au DENPs for CT imaging applications using low
generation dendrimers. Our results suggest that PEGylation
modification of G2 PAMAM dendrimers is able to significantly
enlarge the dendrimer periphery and geometry, allowing for
effective entrapment of AuNPs within the dendrimer interiors.
The formed PEGylated Au DENPs with good stability and
cytocompatibility in the given concentration range display much
stronger X-ray attenuation intensity than the clinically used CT
contrast agent, Omnipaque at the same concentration of
radiodense element (Au or iodine). These properties of the
formed particles enable enhanced CT imaging of mouse heart and
CT imaging of a xenografted tumor model in vivo. With the
versatile  dendrimer  surface = modification  chemistry,
multifunctional PEGylated Au DENPs may be formed using cost
effective low-generation PAMAM dendrimers, thereby providing
an effective platform for CT imaging of different biological
systems.
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