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ABSTRACT: Today, there is a very strong demand for versatile near-infrared imaging (NIR) agents suitable for non-invasive 
optical imaging in living organisms (in vivo imaging). We created here a family of NIR emitting macromolecules that take 
advantage of the unique structure of dendrimers. In contrast to existing fluorescent dendrimers bearing fluorophores at 
their periphery or in their cavities, a NIR fluorescent structure is incorporated in the core of the dendrimer. By using the 
poly(amidoamine) dendrimer structure, we want to promote the biocompatibility of the NIR-emissive system and to have 
functional groups available at the periphery to obtain specific biological functionalities such as the ability to deliver drugs 
or for targeting biological location. We report here the divergent synthesis and characterization by NMR and mass spec-
trometries of poly(amidoamine) dendrimers derived from the fluorescent NIR-emitting anthraquinone core (AQ-PAMAF). 
AQ-PAMAFs ranging from the generation -0.5 up to 3 were synthesized with a good level of control resulting in homoge-
neous and complete dendrimers. Absorption, excitation and emission spectra as well as quantum yields of AQ-PAMAF 
have been determined in aqueous solutions and compared with the corresponding properties of the AQ-core. It has been 
demonstrated that absorption bands of AQ-PAMAF range from UV to 750 nm while the emission is observed in the range 
of 650 to 950 nm. Fluorescence macroscopy experiments confirmed that the NIR signal of AQ-PAMAF can be detected with 
a satisfactory signal-to-noise ratio in aqueous solution, in blood and through 1 mm thick tissue-mimicking phantom. Results 
show that our approach is highly promising for the creation of an unprecedented generation of versatile NIR-emitting 
agents. 

Introduction 

The use of near-infrared (NIR) light is triggering a growing 
interest in the last two decades for in vitro and in vivo ap-
plications. In this range of wavelength (> 650 nm), also 
called the biological imaging window,1 native biomolecules 
exhibit low absorption and autofluorescence resulting in a 
significant reduction of the background signal. A relatively 
deep penetration of light through tissues (>1 cm depth) can 
be obtained and thanks to the low interaction between 
light and biological material, risks of disturbing or damag-
ing the biological systems and/or their metabolism is min-
imized.2–6 In addition, optical imaging based on 

fluorescence allow to reach a high detection sensitivity by 
using rather inexpensive and transportable equipment.7 
Images acquired in the NIR range possess higher resolution 
compared to those measured in the visible due to the lower 
scattering of light in this wavelength 

For an optimal benefit in NIR optical bioimaging, probes 
have i) to be excited at low energy and emit in the NIR, ii) 
to be soluble in biological media, iii) to be photostable and, 
ideally, iv) to be able to carry and to monitor the delivery 
of molecules such as drugs. So far, such probes remain lim-
ited to few systems of different chemical natures (1) organic 
dyes, (2) fluorescent organic/inorganic nanostructures,8 
and (3) quantum dots (QDs).6 



 

In the last decade, the fluorescent probe domain has been 
extended to dendrimer one.9,10,11,12,13,14 Due to their particu-
lar architectures, dendrimers and especially fluorescent 
dendrimers have been used in many fields of science, with 
a special emphasis on biology, to monitor and understand 
biological events at the molecular level.15,16,17 As an example, 
Majoral and Caminade have recently reviewed the family 
of phosphorhydrazone dendrimers containing fluorescent 
groups in different parts of the dendritic structure (core, 
branch and surface).18 The fluorescent properties were very 
often controlled by the dendrimer structure and one visi-
ble phthalocyanine chromophore was incorporated as the 
core of the dendrimer structure.19 In contrast, poly(ami-
doamine) dendrimers, extensively used for different types 
of applications, were less often designed to generate fluo-
rescence properties.20 To reach this goal, two strategies 
have been explored either by incorporating fluorescent en-
tities in the internal cavity of the dendrimer tree21 or by 
grafting the fluorescent entities in the end of the branches 
of the dendrimer. This last approach has been so far the 
most successful way to generate poly(amidoamine) den-
drimers with promising fluorescent properties.22,23 

Taking into account these previous works and considering 
the work of Tomalia showing that the poly(amidoamine) 
dendrimer have demonstrated a good biocompatibility,24,25 
but also a high water solubility to the point that they can 
be used as water-solubility enhancer,20,26,27 we have decided 
to design, synthesize and characterize a new type of fluo-
rescent poly(amidoamine) dendrimers in which the chro-
mophore is located in the core of the dendrimers structure. 
With this strategy, the dendrimer will maintain its aqueous 
solubility and available functionalities at the periphery 
(amine or carboxylic acid functions). This fluorescent mac-
romolecule will offer large opportunities to link biomole-
cules and/or drugs to target and/or deliver drugs respec-
tively and to decrease the poly(amidoamine) toxicity. Very 
few works on the bases of this concept have been pub-
lished. The first reported example is the synthesis of G2.5 
fluorescent labeled poly(amidoamine) dendrimers pos-
sessing a naphthalene core.28 Later, low generation (G0, 4 
amino-terminated groups) poly(amidoamine) dendrimer 
built around perylene diimide chromophore were tested as 
sensor with selectivity toward metal ion in organic sol-
vent.29 More recently, the same hydrophobic fluorophore 
was conjugated with hydrophilic poly(amidoamine) den-
drons to obtain a series of fluorescent dendrimers with en-
hanced water-solubility for fluorescence imaging in biolog-
ical conditions.18 Another example has been reported by 
Christensen, J. B et al., with the synthesis of a dendrimer 
with a single sulforhodamine B molecule as the core.30,31 
Several works were also devoted to the development of flu-
orescent macromolecules with poly(amidoamine) den-
drons functionalized with chromophores localized at the 
focal point and/or at the periphery of the dendron.32–35 It is 
important to note here that none of these works were tar-
geted the development of NIR absorbing and emitting 
poly(amidoamine) dendrimers.  

In this present work, we report the design, synthesis and 
characterization of a novel class of anthraquinone-

functionalized poly(amidoamine) dendrimers (AQ-
PAMAFs) up to the third generation as a new NIR optical 
imaging probe. The synthetic pathway allows to obtain a 
perfect characterization of each dendrimer generation by 
1H NMR that confirm a high degree of purity. The charac-
terization of both NIR luminescence and biological prop-
erties of this macromolecules are described. Anthraqui-
none 11 was selected for its low energy absorption thanks 
to the methoxy and amino electron-donating groups on 
the scaffold 36–43 and consequently was chosen as a core 
candidate because of its light absorption capability in the 
biological window as well as its symmetric structure which 
is desirable to ease the synthesis. 

 

RESULTS AND DISCUSSION  

Chemical synthesis and characterization 

The anthraquinone-core poly(amidoamine) dendrimers 
(AQ-PAMAFs) were prepared by a divergent synthesis in-
spired by a previously described repetitive sequence30,44 
starting from the anthraquinone-core 11 and followed by a 
Michael addition on methyl acrylate and an amidation re-
action with the help of ethylenediamine. In order to main-
tain a planar symmetry, and thus to simplify the character-
ization of the different dendrimer generations, we decided 
to start with two ethylamino arms at positions 1 and 4 of 
the anthraquinone core. For this purpose, the key interme-
diate 8 was synthesized in seven steps according to litera-
ture procedures45 (Scheme 1). Then, the fluoro groups were 
substituted with Boc-ethylenediamine in the presence of 
pyridine at 100 °C for 32 h giving the desired di-substituted 
product 10 (AQ-core) in 85% yield. The hydrolysis of the 
Boc protecting groups was performed in a mixture of tri-
fluoracetic acid (TFA)/dichloromethane under an opti-
mized 0 °C temperature condition (to avoid side product 
formation, see SI) for 1.5 h yielding to the TFA salt 11 as a 
unique product. 

 

 

Scheme 1. Synthetic pathway of the anthraquinone 
core 11 

The deprotected diaminoanthraquinone salt 11 was then 
engaged in a Michael addition with an excess of methyl 
acrylate in the presence of triethylamine at 45 °C for 3 days 
to offer the desired product G-0.5 in 71% yield (Scheme 2), 



 

referred to as a half-generation of the anthraquinone- 
poly(amidoamine) dendrimer (AQ-PAMAF G-0.5). The 
next condensation step performed under inert nitrogen at-
mosphere in MeOH with an excess of ethylenediamine for 
5 days yielded the desired generation zero of the poly(am-
idoamine) shells AQ-PAMAF G0 in 98% yield. 

 

Scheme 2. Synthetic pathway of AQ-PAMAF G0 

At this stage, a two-step iterative process (Michael addition 
with methyl acrylate and amidation with ethylendiamine) 
was engaged for the synthesis of higher-generations of AQ-
PAMAF dendrimers (Scheme 3). These sequences yielded 
to various AQ-PAMAF dendrimers with 8 (AQ-PAMAF 
G1) and 16 (AQ-PAMAF G2) amine end of the branches 
groups in 98 and 97 % yield, respectively, after purification 
by size-exclusion chromatography. For the AQ-PAMAF G3 
with 32 amine end groups, the reaction was more sensitive 
than for the lower generations and let to products with a 
lower level of purity as often reported for high dendrimer 
generations. After careful optimization of the reaction con-
ditions (solvent free conditions) and purification, the G3 
dendrimer was isolated in 9 days from the AQ-PAMAF 
G2.5 with a 23% overall yield from 10 (AQ-core). 

It is important to notice that each AQ-PAMAF dendrimer 
generation was fully characterized by NMR (1H and 13C) and 
mass spectrometry (MALDI-TOF MS and ESI-QTOF 
HRMS) analysis and their purities were evaluated by 1H 
NMR. Thanks to the high level of symmetry in the AQ-
PAMAF dendrimer structures, all the terminal groups are 
chemically equivalent and the NMR signals for the den-
drimer core are therefore highly reduced despite the size 
of the macromolecule, allowing a rapid and easy analysis of 
the 1H NMR data. As an illustration (Figure 1), spectra of 
AQ-PAMAF G-0.5 to G3 are stacked and clearly show the 
poly(amidoamine) arms incorporation characterized by 
signals at 2.3-3.6 ppm and the presence of the AQ dendritic 
core unambiguously characterized by signals at ca. 7.10-

7.25 and 3.9 ppm. Any loss in symmetry which would be 
due to incomplete Michael addition, intramolecular cy-
clisation, or retro-Michael addition, would result in addi-
tional signals in the 1H NMR spectrum. Furthermore, the 
dendrimer grew from a half generation (AQ-PAMAF G-
0.5, G0.5, G1.5, G2.5) to the following full generation (AQ-
PAMAF G0, G1, G2, G3  

 

Scheme 3. Scheme depicting the divergent growth of 
AQ-PAMAF G3 

respectively) was efficiently and easily monitored by the 
appearance/disappearance of the methyl esters signal on 
the surface of the dendrimer at 3.66 ppm. These observa-
tions were corroborated by the 13C NMR spectrum analysis, 
which allows an easy and efficient control of the dendrimer 
growth thanks to the appearance of the new carbon signals 
while the anthraquinone carbons shifts are unchanged (see 
SI, Figure S2). The characterization of each generation and 
half generation was also clearly established by MALDI-
TOF and HRMS (see SI, Figures S3 and S4). Thanks to this 
fine MALDI-TOF analysis (see SI, Figure S6), we have 
found that a side dendrimer AQ-PAMAF G’1.5 with struc-
tural defects was produced from the divergent incomplete 
growth caused by two retro-Michael and intramolecular 
cyclization reactions (See SI, Scheme S5). This structural 
defect was also observed by 1H NMR which showed that the 
anthraquinone (AQ) ring-based dendrimer lose its sym-
metry by showing two doublet signals instead of two sin-
glets of aromatic protons (see SI, Figure S7). 

To overcome this growth defects caused by unwanted in-
tramolecular cyclization and to obtain the desired AQ-
PAMAF G2 which is completely decorated on the surface, 
we decided to use N-Boc-ethylenediamine for the ami-
dation step. The optimization of this reaction conditions 



 

allowed us to isolate the AQ-PAMAF-Boc G2 with a good 
purity (as determined by 1H NMR) and in 86% yield by us-
ing an excess of N-Boc-ethylenediamine at 45 °C for 40 

days (Scheme 5). The longer reaction time may be due to 
the restricted access to the ester groups hindered by the 
bulky N-Boc protecting groups. 

 

 

Figure 1. 1H NMR spectra of dendritic growth  



 

 

 

 

 

Scheme 5. Schematic pathway of the synthesis of AQ-
PAMAF-Boc G2 

This synthetic step was monitored by 1H NMR and the 
spectrum showed a chemical shift of the Boc groups at 1.43 
ppm (144 H) which clearly indicated the successful ami-
dation reaction (see SI, Dendrimer AQ-PAMAF-Boc G2 
description and spectra). In addition, HRMS spectrum 
confirm the mass of the expected product [M+ 
4H]4+=1295.8154 with a good isotopic pattern in agreement 
with the theoretical calculation (see SI, Dendrimer AQ-
PAMAF-Boc G2 description). Despite the high level of 
control of the structure and of the resulting purity of the 
AQ-PAMAF-Boc G2, first attempts to deprotect the NH-
Boc groups were unsuccessful. As a consequence, genera-
tions 2, 2.5 and 3 were finally synthesized thanks to the in-
itial two-step iterative process. The optimization of the re-
action conditions by increasing the excess of ethylene dia-
mine (up to free solvent conditions for the synthesis of 
generation 3), AQ-PAMAF G2, AQ-PAMAF G2.5 and AQ-
PAMAF G3 were purified and isolated by size-exclusion 
chromatography and were fully characterized (vide supra).  

 

Characterization of the Photophysical Properties  

The photophysical properties of the different generations 
of the hydrophilic AQ-PAMAF dendrimers (G0.5 to G3) 
were evaluated in aqueous solutions while those of the core 
(AQ-core, 10) were measured in DMSO because of the lim-
ited solubility of the anthraquinone (Figure 2, Table 1). Ab-
sorption spectra of the AQ-core and the AQ-PAMAF den-
drimers exhibit similar broad absorption bands from the 
UV to the visible and in the NIR range up to 750 nm (Figure 
2, black traces) which can be attributed to π→π* and to 
n→π* transitions.42,46 Two pronounced low-energy 

maxima can be observed. For the solutions of AQ-PAMAF 
dendrimers in water, the positions of the maxima vary 
slightly, i.e. from 617.5 to 624.5 nm and from 664.5 to 675 
nm, depending on the nature and the number of the ter-
minal groups. A small bathochromic shift observed for the 
different generations of the AQ-PAMAF dendrimers com-
pared to the hydrophobic AQ-core can be induced by a 
solvent effect or by the growth of the poly(amidoamine) 
branches.47 Under excitation into the absorption bands at 
625 nm all studied compounds show broad-band emission 
in the range of 650-950 nm (Figure 2, red traces). Emission 
spectra of aqueous solutions of G0.5, G1.5 and G2.5 pos-
sessing methyl ester groups at their periphery are almost 
identical. General envelopes of the emission spectra of 
aqueous solutions of G1, G2 and G3 display slight variations 
but no specific dependence with the generation could be 
identified. Such changes might be caused by the environ-
mental modulation of the fluorescent AQ-core with the 
growth of the dendrimer branches and their different fold-
ing. Excitation spectra collected upon monitoring the 
emission at 750 nm (Figure 2, blue traces) show that the 
shapes of these bands resemble the one observed on the 
absorption spectra (Figure 2, black traces). 

 

 

Figure 2. Normalized absorption (black traces), excitation 
(blue traces, λem = 750 nm) and emission (red traces, λex = 625 
nm) spectra recorded for the solutions of the AQ-core (20 µM, 
DMSO) and for the corresponding generations of the AQ-
PAMAF dendrimers (G0.5 to G3; 20 µM, H2O) at room tem-
perature. 

The values of the absolute quantum yields of the NIR emis-
sion were determined and lie in a narrow range of 0.11-
0.19% (Table 1). These results indicate that the electronic 
structure of the anthraquinone chromophore is minimally 
affected by the growth of poly(amidoamine) branches, as 
well as by the nature and the number of the terminal 
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groups. Altogether, the photophysical properties of the dif-
ferent generations of hydrophilic AQ-PAMAF dendrimers, 
i.e. the excitation in the red-NIR range and the emission in 
the NIR domain with a satisfactory brightness, suggest 
these macromolecules to be promising candidates for NIR 
optical imaging studies.  

 

Table 1. Photophysical properties recorded for the so-
lutions of the AQ-core (20 µM, DMSO) and the corre-
sponding generations of the AQ-PAMAF dendrimers 
(G0.5 to G3; 20 µM, H2O) at room temperature. 

Com-
pound 

Nature and 
number of 
the terminal 
groups 

λabs 
(nm)a 

ε (M-1 
cm-1)a 

Φ (%)b 

AQ-core AQ-(CH2-CH2-
NHBoc)2 

615.5; 
660.5 

14240 ; 
13475 

0.189(1) 

G0.5 AQ-PAMAF-
(CO2CH3)8 

617.5; 
664.5 

12302 ; 
12360 

0.151(1) 

G1 AQ-PAMAF-
(NH2)8 

624.0; 
674.0 

13238 ; 
15443 

0.176(1) 

G1.5 AQ-PAMAF-
(CO2CH3)16 

619.0; 
667.0 

12408 ; 
12909 

0.146(1) 

G2 AQ-PAMAF-
(NH2)16 

624.5; 
675.0 

13267 ; 
15391 

0.114(1) 

G2.5 AQ-PAMAF-
(CO2CH3)32 

619.0; 
667.0 

13744 ; 
15511 

0.164(1) 

G3 AQ-PAMAF-
(NH2)32 

624.5; 
675.0 

13652 ; 
15535 

0.158(1) 

a From absorption spectra (Figure 2, S8); maxima in the 
range 470-750 nm. b Absolute quantum yield upon 625 nm ex-
citation; 2σ values are given between parentheses. 

 

NIR fluorescence imaging  

Considering the ability of AQ-PAMAF dendrimers to ab-
sorb and to emit photons at wavelengths compatible with 
experiments in biological conditions that have been re-
vealed by spectroscopy, NIR fluorescence optical imaging 
was carried out to demonstrate their ability to operate in 
real experimental conditions. To achieve this goal, we de-
signed experiments simulating an ultimate in vivo imaging 
experiment conducted on mice. 

Stock solutions of AQ-PAMAF dendrimers were diluted in 
both (i) water and (ii) blood to 200 µM concentration, and 
then introduced into small capillaries in order to mimic 
blood vessels upon a systemic injection of compounds (Fig-
ure 3). Epifluorescence macroscopy imaging experiments 
conducted with these capillaries indicated that upon exci-
tation with light passing through a 650 nm band pass 50 
nm filter AQ-PAMAF dendrimers maintain their abilities 
to emit a bright signal in the NIR when diluted either in 
water (Figure 3A) or in blood (Figure 3B). The fact that an 
impressive intensity of NIR emission of AQ-PAMAF den-
drimers was observable in blood (Figure 3B) should be par-
ticularly highlighted. The strong absorption and scattering 

of light and autofluorescence of blood create a very diffi-
cult challenge for the recording of good quality images 
through this medium. Interestingly, despite the great sim-
ilarity of the values of luminescence quantum yields rec-
orded for the different generations of AQ-PAMAF den-
drimers (Table 1) in pure water, an enhanced NIR signal 
intensity was observed for the dendrimers of higher gener-
ations, in particular for the G2.5 and G3. In addition, the 
collected NIR images indicated the absence of any aggre-
gation of AQ-PAMAFs at the used optical resolution open-
ing possibilities for in vivo imaging applications upon in-
travenous injections. These observations promote the in-
terest of the advanced chemistry used in this work to en-
hance further the biocompatibility and the optical proper-
ties of AQ derivatives. Through the growth of poly(ami-
doamine) branches of these dendrimers, the AQ fluoro-
phore maintains its fluorescent properties while being wa-
ter soluble. 

In view of the strong signal of the NIR emission observed 
for the higher generations of AQ-PAMAF dendrimers, fur-
ther imaging experiments were performed through a depth 
of 1 mm of bio-mimicking phantom tissue placed on the 
top of capillaries filled with blood containing AQ-PAMAF 
G2.5 and G3 dendrimers.48 For both G2.5 and G3 den-
drimers (Figures 3C and 3D), a NIR signal was detected 
with a sufficient signal-to-noise ratio resulting in the ac-
quisition of good quality image of the blood-filled capillar-
ies containing AQ-PAMAF dendrimers through the phan-
tom tissue. Finally, high quality images obtained with AQ-
PAMAF G2.5 and G3 through 1 mm of bio-mimicking tis-
sue highlight the great potential of the higher generations 
of dendrimers for in vivo applications. 

 

 

Figure 3. NIR fluorescence macroscopy images of capillaries 
filled with AQ-PAMAF dendrimers of different generations 
diluted at 200 µM in water (A) or in mouse blood (B). From 
top to bottom, the series of capillaries contain water/blood ex-
clusively as a control, and then AQ-PAMAF dendrimers of 
generations G0.5, G1, G1.5, G2, G2.5, and G3 respectively. The 
fluorescence signals arising from capillaries containing AQ-
PAMAF G2.5 (C) and AQ-PAMAF G3 (D) at 200 µM in mouse 
blood were recorded through a 1 mm thick bio mimicking 



 

phantom tissue. Epifluorescence pictures were obtained using 

the following filters and exposure times: ex = 650 nm band 

pass 50 nm, em = 716 nm band pass 40 nm, exp = 5 s for A and 

B, exp = 10 s for C and D. The orange color was chosen to arti-
ficially represent the NIR fluorescence arising from the den-
drimers. Top right corner images correspond to color pictures 
of the samples to show the experimental setup. 

 

CONCLUSION 

In conclusion, we have successfully designed and synthe-
sized a third generation AQ-PAMAF-dendrimer with an 
efficient synthetic route that includes 17 steps with a 3% 
global yield. Each generation of dendrimer was unambigu-
ously isolated and characterized by 1H NMR and mass spec-
trometry. We have shown the high efficiency of 1H NMR 
spectroscopy for the monitoring and characterization of 
poly(amidoamine) dendrimers growth from low to high 
generation. Hydrophilic poly(amidoamine) dendrimer tree 
were built around a near infrared emitting chromophore 
located in the core of the dendrimer structure. The photo-
physical properties of the different generations of AQ-
PAMAF dendrimers, i.e. excitation in the red-NIR range 
and emission in the NIR domain with good brightness 
combined with the high-quality of the NIR macroscopy im-
ages of dendrimers solution in water and blood obtained 
with AQ-PAMAF G2.5 and G3 through bio-mimicking tis-
sue highlight the great potential of the higher generations 
of dendrimers for in vivo NIR imaging applications. Such 
hydrophilic and biocompatible dendrimer NIR imaging 
probe open new routes for the design of new nano-object 
that could combine the role of nanocarrier of drugs and/or 
vectors while being a NIR imaging agents due to their 
branches that are available to allow for a versatile function-
alization. 
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