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New insights into the blue intrinsic fluorescence
of oxidized PAMAM dendrimers considering their
use as bionanomaterials†

Cláudia S. Camacho, a Marta Urgellés,b Helena Tomás, a Fernando Lahoz b

and João Rodrigues *a

Like other bionanomaterials, dendrimers are usually labelled with fluorescent compounds in order to be

optically detected within cells. However, this process can interfere with their biological properties, so it

is crucial to find other solutions for their traceability. Here, the blue intrinsic fluorescence of amine-

terminated poly(amidoamine) (PAMAM) dendrimers was enhanced using oxidative treatment with

ammonium persulfate (APS). The effects of dendrimer generation (G3, G4, and G5) and pH on the

spectroscopic behavior of both pristine and APS-treated PAMAM dendrimers were studied in aqueous

solution. Overall, the results pointed out that there are at least two types of emitting electron-rich

hetero-atomic sub-luminophores (HASLs) confined within the dendrimer scaffold that have very close

maximum emission wavelengths and whose emission properties strongly depend on pH. The APS

treatment significantly enhanced the fluorescence intensity by leading to the protonation of the interior

of the dendrimer. However, fluorescence intensity was not only dependent on the number of HASLs in

the dendrimer scaffold (i.e., on dendrimer generation), but also on the rigidification suffered by the

dendrimer due to the acidic environment (at low pH values, APS-treated G4 was indeed the most

emissive species). Moreover, photoluminescence studies with lyophilized samples were also conducted,

which confirmed the coexistence of more than one type of HASLs emitting in the dendrimer structure.

The APS treatment affected these HASLs to a different extent. Time-resolved fluorescence experiments

always showed higher average lifetimes of HASLs for APS-treated dendrimers than for pristine ones, in

accordance with the fluorescence intensity results. On the other hand, the fraction and lifetimes of

HASLs in APS-treated dendrimers were similar in solution and the lyophilized form. This behaviour was

different for the pristine dendrimers that presented increased luminescence upon aggregation. Finally,

the highly emissive oxidized dendrimers were shown not only to be much less cytotoxic and hemotoxic

than pristine dendrimers but also to be detectable inside cells upon excitation with UV light.

Introduction

In the biomedical field, poly(amidoamine) (PAMAM) dendrimers
have been studied as potential nanocarriers for drugs, genes,
and/or bioimaging contrast agents.1–9 Nevertheless, their applica-
tion in the treatment and/or diagnosis of diseases or other
medical conditions may be limited by the inherent toxicity
associated with their amine termini, as well as by the lack of a
strong intrinsic traceable signal that would allow their localization
within cells or tissues.10–12 To overcome these limitations,

different strategies have been used, e.g., decreasing or masking
the amine groups at the dendrimer surface and labelling the
dendrimer with fluorescent molecules, which often imply impor-
tant modifications in the properties of the dendrimer and
unwanted changes in their biological behavior.13,14 For instance,
the labelling of dendrimers with fluorescent probes may impact
their cytotoxicity profile and modify their mechanisms of cellular
internalization.13,14

A less known strategy relies on exploring the intrinsic
fluorescence of PAMAM dendrimers,15–19 which was recently
attributed by Don Tomalia et al. to a non-traditional intrinsic
luminescence (NTIL) phenomenon20 that does not involve
aromatic or extended p-systems but rather electron-rich
hetero-atomic sub-luminophores (HASLs) confined within
macromolecular architectures. This NTIL phenomenon is asso-
ciated with a fluorescence emission that is often amplified by
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the rigidification of molecular structures or by the clustering
of HASLs.20,21 Indeed, several experiments indicate that the
observed weak intrinsic fluorescence of PAMAM dendrimers
does not arise from their surface chemical groups but, instead,
stems from chemical entities present in their internal ordered
dendritic structure, like the interior amide and tertiary amine
moieties that possess electron-rich heteroatoms.15,17,20,21

In fact, NTIL emission can be observed in PAMAM dendrimers
with amine, hydroxyl, or carboxylate terminal groups15 and can
be drastically enhanced through oxidative treatment, such as
direct oxygen exposure22 or by using ammonium persulfate
(APS, (NH4)2S2O8).16 Another important feature that should be
referred to is that the fluorescence intensity shown by APS-
treated dendrimers was significantly pH-dependent, increasing
in acidic conditions,23,24 as already observed for pristine
dendrimers.15

The cumulative evidence of the existence of the NTIL
phenomenon in the case of dendrimers, the interesting seminal
works of Imae Toyoko et al.,15,17,22,24–26 and our previous work
in the application of dendrimers in the biomedical
field1,4–6,27–30 led us to study in more detail the non-intrinsic
fluorescence presented by APS-treated dendrimers. Here, three
generations of amine-terminated PAMAM dendrimers (G3, G4,
and G5) were oxidised with APS and, after characterization via
proton nuclear magnetic resonance (1H NMR) and Fourier
transformed infrared (FTIR) spectroscopies, their fluorescence
properties were evaluated in solution and lyophilized forms for
a better understanding of the possible mechanism underlying
the observed enhanced intrinsic fluorescence. As far as we know,
this is the first study of the NTIL phenomenon in APS-treated
dendrimers without the interference of the solvent. Furthermore,
since the ultimate purpose of these dendrimers is their potential
application in the biomedical field, the effect of pH on their
fluorescence intensity was studied, as well as their cytotoxicity,
hemotoxicity, and visualization inside cells.

Experimental
General

Except for PAMAM dendrimers, all the reagents were used as
received. Amine-terminated PAMAM dendrimers G3 (26.80 w/w%),
G4 (9.99 w/w%), and G5 (19.13 w/w%) with an ethylenediamine
core were acquired from Dendritech Inc. using methanol as the
solvent. Before use, they were dialyzed to remove impurities.
Ammonium persulfate (APS, (NH4)2S2O8) was supplied by PAN-
REAC (puriss. p.a., ACS reagent, reag. Ph. Eur.), potassium
dihydrogen phosphate by Merck, potassium ferricyanide by
Riedel-de-Haën, potassium cyanide by Aldrich and Triton-X
by Merck Millipore. Fluorescence grade pyrene was purchased
from Sigma-Aldrich. The ultrapure water (UPW) used in the
synthesis was obtained with a Millipore Milli-Q with a resistivity
higher than 18.2 MO cm. All the media, solutions, and reagents
used for cell culture manipulation were purchased from Life
Technologies (Thermo Fischer Scientific) unless otherwise
stated. The hemoglobin used in the hemotoxicity assays was

from bovine blood and was purchased from Sigma-Aldrich.
The healthy human blood was supplied by Hospital Dr Nélio
Mendonça (SESARAM) under a collaboration between the
University of Madeira/Centro de Quı́mica da Madeira and the
SESARAM haematology service.

APS-treatment of PAMAM dendrimers and
structural characterization

The same methodology was used for the three generations
of PAMAM dendrimers. Briefly, an aqueous solution of the
PAMAM dendrimer (0.2 mM) and an aqueous solution of APS
(0.1 M, 20 mol equiv.) were stored in the fridge for 30 minutes.
Afterward, the APS aqueous solution was dropwise added into
the PAMAM dendrimer solution. The mixture was allowed to
react under magnetic stirring at room temperature for three
days. The solution was then lyophilized, always leading to a
pale-yellow viscous liquid.

Proton nuclear magnetic resonance (1H-NMR) spectra were
recorded with a Bruker UltraShieldTM 400 Plus Ultra Long
Hold NMR spectrometer at room temperature using D2O as
the solvent. Chemical shifts (d) were reported in ppm and
referenced relatively to the residual proton of the deuterated
solvent. The Fourier transformed infrared (FTIR) spectra of
lyophilized samples were recorded in KBr pellets using a
PerkinElmer Spectrum Two spectrometer in the 4000–400 cm�1

range.

UV-Vis spectroscopy and photoluminescence studies

The obtained pale-yellow viscous liquids containing the oxidized
PAMAM dendrimers were dissolved in ultrapure water (UPW), and
irradiated using UV light (366 nm) to collect the images shown in
Fig. 3 and Fig. S6 (ESI†).

UV-Vis spectroscopy studies in solution were performed in
the range of 200–600 nm using a PerkinElmer Lambda 25 UV-Vis
spectrometer. Photoluminescence (PL) studies in solution were
conducted using a PerkinElmer LS 55 fluorescence spectrometer
in the range of 300–700 nm using a 10 mm-path quartz cell and
excitation and emission slit widths set at 12 nm and 5 nm,
respectively. Emission spectra were recorded using an excitation
wavelength of 380 nm (lex), and excitation spectra were recorded,
setting the emission wavelength at 450 nm (lem). Studies at
different pH values were conducted in a universal buffer
solution (6 g of citric acid, 3.9 g of monopotassium phosphate,
1.8 g of boric acid, and 5.3 g of diethyl-barbituric acid in 1 L of
UPW) by adjusting the pH of the solution using HCl or NaOH
1 M solutions.

Relative quantum yields for the APS-treated PAMAM den-
drimers were calculated using the single point method.31 The
following equation was used:

Q ¼ QR
I

IR

ODR

OD

n2

nR2
(1)

where Q is the fluorescence quantum yield, I is the integrated
fluorescence intensity, n is the refractive index of the solvent
(water), and OD is the optical density. The subscript R denotes
the value for the reference, that is, for the fluorophore of known
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quantum yield. The reference fluorophore used was pyrene in
cyclohexane, which presents a quantum yield of 32% (lex =
317 nm).32 The concentration used for pyrene and APS-treated
PAMAM dendrimers was 1 � 10�5 M. The absorbance value
used was the value at a wavelength of 380 nm (the excitation
wavelength used in fluorescence emission studies).

The diffuse reflectance of the lyophilized material was
measured in the 250–500 nm spectral range using an Agilent
Cary 5000 spectrophotometer equipped with an integrated
sphere. The photoluminescence (PL) spectra of the lyophilized
material were recorded using a 405 nm picosecond pulsed
diode laser (Edinburgh Instruments EPL-405) with a typical
pulse width of 80 ps. The emission spectra and fluorescence
decays were recorded using a fluorescence spectrometer with a
single photon counting multichannel plate photomultiplier
and dedicated acquisition software (Edinburgh Instruments
LifeSpec II and F900 software). Fitting of the fluorescence
decays to multi-exponential decay functions was performed using
the reconvolution of the instrumental response function (IRF) of
the equipment (Edinburgh Instruments FAST software).

Cytotoxicity evaluation

CAL-72, a human osteosarcoma cell line, and NIH 3T3, a mouse
fibroblast cell line, were purchased from DSMZ. Both cell lines
were cultured in Dulbecco’s Modified Eagle’s medium (DMEM)
containing 1% (v/v) antibiotic–antimycotic 100� solution (AA,
containing penicillin, streptomycin, and amphotericin B) and
10% (v/v) foetal bovine serum (FBS), at 37 1C, in a humidified
atmosphere with 5% carbon dioxide. For CAL-72 cells, the
medium was also supplemented with 1% (v/v) insulin–trans-
ferrin–selenium 100� solution (ITS) and 1% (v/v) L-glutamine
solution (100�).

For cell culture experiments, both cell lines were cultured in
48-well plates at a seeding density of 10 � 103 cells per well.
After 24 h, the medium was replaced with a fresh one, and the
cells were incubated with the APS-treated PAMAM dendrimers
(G3, G4, and G5) prepared in PBS buffer (pH 7.4) within the
concentration range of 0.25–20 mM. Pristine PAMAM dendrimer
solutions were used as controls.

The cytotoxicity of APS-treated dendrimers was indirectly
evaluated by measuring the metabolic activity of cells through
the resazurin reduction assay. After a 48 h incubation period,
the cell culture medium was replaced with a new medium
containing resazurin at a concentration of 0.1 mg ml�1, and
the cells were further incubated for 3 h at 37 1C. Afterwards,
aliquots of cell medium were transferred to the wells of 96-well
opaque plates, and the fluorescence of resorufin was measured
using a PerkinElmer VICTOR3t microplate reader (lex =
530 nm, lem = 590 nm). The metabolic activity is presented as
a percentage of the control (cells cultured in the absence of
dendrimers). The results are expressed as the mean� SD of two
independent experiments with three replicates of each.

Hemotoxicity evaluation

Hemotoxicity assays were carried out using fresh and healthy
human blood. For the determination of the total hemoglobin

concentration in the original blood, a 250-fold dilution of blood
was prepared in cyanmethemoglobin reagent, which is also
called C reagent (20 ml of blood in 5 ml of C reagent). The C
reagent (50 mg potassium ferricyanide, 12.5 mg potassium
cyanide, and 35 mg potassium dihydrogen phosphate in
250 ml of distilled water) was prepared in an amber bottle
with 250 ml Triton-X, and its pH was adjusted to 7.4.
A standard curve for hemoglobin was then established using
hemoglobin from bovine blood (ESI,† Fig. S1). For that
purpose, a stock solution of the protein (1.5 mg ml�1) was
prepared using C reagent as the solvent. From this stock
solution, serial dilutions were performed to obtain standards
of known concentration (0.20, 0.37, 0.54, 0.7, 0.88, 1.05, 1.22
and 1.39 mg ml�1) and the absorbance was measured at
550 nm. The C reagent was used as the blank. The purity of
the commercial hemoglobin was very good, as assessed by
the ratio of absorbance values at 550 nm and 405 nm. The
absorbance of the diluted solution of blood was then mea-
sured, and its concentration was determined.

For the hemotoxicity evaluation of the oxidized dendrimers,
the compounds were dissolved in distilled water (30 mM) and
diluted to concentrations of 0.1, 1, and 5 mM using PBS solution
(Mg2+/Ca2+ free). Then, 1 ml of a 10% (v/v) blood solution was
prepared in PBS (Mg2+/Ca2+ free), and 10 ml of this solution was
placed into microcentrifuge tubes, one for each compound and
concentration to test, including a positive and a negative
control. Then, the blood solution was added to 70 ml of
each sample and 70 ml of water or PBS for the positive and
negative controls, respectively, and incubated for 3 h at 37 1C.
Following the incubation period, the mixture was centrifuged
at 3800 rpm for 10 min. Then, 40 ml of each supernatant was
transferred to 96 well plates, and 160 ml of the C reagent was
added. The absorbance values of the supernatants were mea-
sured at 550 nm in the microplate reader, and the prepared
standard curve was applied to determine their hemoglobin
concentrations. The same procedure was performed for the
pristine PAMAM dendrimers. Taking into account the dilutions
made throughout the assay, the percentage of hemolysis was then
calculated for each situation from the ratio between the hemo-
globin concentration in the sample’s supernatant and the total
value that was initially present multiplied by 100. The results are
presented as mean � SD for three independent assays.

Fluorescence microscopy studies

The human bone osteosarcoma epithelial (U2OS) cell line was
cultured in Dulbecco’s modified Eagle’s medium (DMEM, high
glucose, GlutaMAX) with 10% (v/v) FBS and 1% (v/v) penicillin–
streptomycin solution under standard cell culture conditions.
Cells were grown at 37 1C in a 5% carbon dioxide incubator
until reaching 50–80% confluence before being used in the
experiments. Cells were then incubated with the APS-treated
PAMAM dendrimer G4 for 24 h at 2 mM. Cell culture images
were collected using a Cell Observer fluorescence microscope
(Zeiss) with a 40� objective, equipped with a black and white
photographic camera (Zeiss Axiocam 503 mono) and Zen software
for image acquisition.
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Results and discussion
Structural characterization of dendrimers

Three different generations of PAMAM dendrimers with amine
terminal groups (G3, G4, and G5) were oxidized using ammo-
nium persulfate and characterized via 1H-NMR. Comparing
each spectrum obtained with the corresponding spectrum of
the pristine dendrimer, it is possible to observe a downfield
shift of the main NMR signals for the APS-treated PAMAM
dendrimers (see Fig. S2–S4 in the ESI,† as well as Table S1).
In fact, it is known that, beyond hydrogen peroxide that
decomposes originating oxygen, APS hydrolysis also gives rise
to other chemical species in solution, such as permonosulfuric
acid, peroxymonosulfate, and sulfuric acid.33 Although the
effect of APS on PAMAM dendrimers is still not very well
understood, there is evidence that these species confer an
acidic environment and cause the protonation of amine groups
of the dendrimer.23 Our 1H-NMR results support this finding
since the protonated amines will act as electron-withdrawing
agents and cause the downfield shift of the signals arising from
the protons in the vicinity of both the primary and the tertiary
amines. Imae et al. also reported the downfield shift of the
signal of the methylene protons adjacent to the peripheral
amines24 for APS-treated dendrimers. In our case, a deshielding
of the protons surrounding the tertiary amines was observed
too. Additionally, the strength of hydrogen bonds between the
oxygen in the –CQO moiety and the proton in the –NH moiety
increases under acidic conditions, which further contributes to
proton deshielding.23 This behaviour was similar for all the
tested dendrimer generations.

The amine-terminated PAMAM dendrimers and APS-treated
ones were also studied via FT-IR spectroscopy (ESI,† Fig. S5A–C).
The spectra of all three generations of pristine dendrimers show
the characteristic bands of the amide group (–CONH–).23,34–36 The
amide A band due to N–H stretching vibration (very sensitive to
the strength of hydrogen bonds) appears at 3200–3300 cm�1.
Amide B, an overtone of amide II, can be seen around 3080 cm�1.
Amide I, an intense band mainly associated with the CQO
stretching vibration, arises near 1635 cm�1. The amide II band,
mainly resulting from in-plane C–N–H bending and C–N
stretching, is also evident near 1550 cm�1. Other amide-
associated bands (from III to VI) are also present in the spectra,
although they are more difficult to analyse. Methylene group
bands appear at around 2945 cm�1 (asymmetric C–H methy-
lene stretching), 2850 cm�1 (symmetric C–H methylene stretching),
and 1435–1465 cm�1 (H–C–H scissoring and asymmetric deforma-
tions). Shoulders near 1060 cm�1 reflect the –C–N stretching band
for tertiary amines. Two bands from skeletal C–C stretching at
1130–1150 cm�1 can also be seen in the spectra. The primary
amines present at the surface of dendrimers should absorb radia-
tion in the region of 3250–3400 cm�1 (due to two modes of N–H
stretching), and the corresponding bands appear overlapped with
the amide A band and, possibly, with bands related with the
presence of traces of water.

The APS treatment has a strong impact on the FTIR spectra
of dendrimers, which includes the effect of the generated acidic

environment that results in amine protonation, as well as
the presence of sulfur-containing chemical species produced
during APS hydrolysis. Indeed, Saravanan and Abe23 showed
through XPS analysis that SO4

2� (sulfur VI) and S2O3
2�/S2�

(sulfur II) ions are present in PAMAM dendrimers with hydroxyl
termini after APS treatment. These are stable ions that end up
interacting with the protonated amine groups. Our results
obtained with PAMAM dendrimers containing amine termini
are generally in line with this work. A broad band is evident
above 2400 cm�1 that results from the overlap of several
signals, including those from protonated amines (ammonium
groups). Another broad band appears around 1105 cm�1 due to
the overlapping of the –C–N stretching band of tertiary amines,
the bands from skeletal C–C stretching, and also the bands
related to the presence of sulfur species (namely SO4

2� that
usually presents a band corresponding to asymmetric stretching
around 1090 cm�1). After the oxidative treatment, a sharp band
near 615 cm�1 was also observed, which can be assigned to
certain modes of vibration of the amide group (like the amide
VI band) or, most probably, to the presence of SO4

2� since this ion
shows signals near this frequency caused by out-of-plane bending
vibration.37 The amide I band, which is highly sensitive to small
variations in hydrogen bonding, shifted toward higher frequen-
cies (from around 1635 cm�1 to 1660 cm�1), whereas the signals
of methylene groups became weaker. These findings are consis-
tent with a more acidic environment conferred by APS treatment.

UV-Vis spectroscopy studies

Fig. 1 shows the absorbance spectra of pristine and APS-treated
PAMAM dendrimers (generations 3, 4, and 5) in aqueous
solution. After the oxidative treatment, the slight shoulder that
appeared around 280–290 nm in the pristine dendrimers
(see Fig. 1d that shows the spectra using an expanded scale)
became much more intense (a band is clearly seen). Crooks
et al.38 performed studies with pristine amine- and hydroxyl-
terminated PAMAM dendrimers and concluded that this band
is related to radiation absorption by the tertiary amines present
in the interior of the dendritic structure. They showed that the
intensity of this band increased with the increasing pH and that
the process was reversible. Our results with pristine dendrimers
also reveal the presence of this band, which increases
in intensity with dendrimer generation, that is, it increases
with the number of tertiary amines present in the dendrimer
scaffold. However, we show that the same band appears in the
spectra of APS-treated PAMAM dendrimers with intensity
values that are several orders of magnitude higher than those
observed in pristine dendrimers (Fig. 1e) and despite the
protonation of tertiary amines in the interior of the dendrimers.
In our experiments, both the pristine and the oxidized dendrimers
display an absorbance band with a maximum at 280–290 nm, in
contrast to the observations made by Abe et al. that reported a red-
shift of this band to 360 nm after APS treatment of dendrimers
with hydroxyl surface groups.23

It should, however, be noted that the absorption spectra
of pristine dendrimers reveal the presence of at least two
more bands in the ranges 300–400 nm and 400–500 nm
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(although having a very low intensity). These bands may also
exist in the spectra of APS-treated PAMAM dendrimers which
were camouflaged by the 280–290 nm band of higher intensity.

The effect of pH on the absorbance of generations 3, 4, and 5
of APS-treated PAMAM dendrimers was then studied by record-
ing absorption spectra in a buffer having the same chemical
composition but adjusted to different pH values (Fig. 2).
In general, the intensity of the band at 280–290 nm increases
with dendrimer generation and with the pH value. When the
absorbance intensity at 284 nm is plotted against pH, an
increase after pH E 3 can be clearly observed. At very low
pH, for high levels of dendrimer protonation, the absorbance
values are identical for all generations. As the pH increases, the
level of dendrimer protonation is different for each generation,
and absorbance values become distinct among them. The
absorbance is higher for generation 5, followed by generation
4 and generation 3. Indeed, our results show that the depen-
dency of absorbance at 284 nm on the solution pH for APS-
treated PAMAM dendrimers is identical to what was reported by
Crooks et al. for pristine PAMAM dendrimers38 with both
amine or hydroxyl surface termini. Like Crooks et al., we
obtained opposite results to Fu et al.39 who conducted UV-Vis
experiments with sectorial PAMAM dendrimers containing
amine surface groups.

Photoluminescence studies in solution

The pale-yellow viscous liquids obtained after the synthesis
of the APS-treated dendrimers were dissolved in UPW at a
concentration of 1 � 10�3 M. After irradiation under UV light at
366 nm, blue luminescence could be observed. Fig. 3 qualitatively
shows the extent of fluorescence intensity for G3, G4, and G5
dendrimer aqueous solutions prepared at the same concentration
(G3 4 G4 4 G5). An evident difference in terms of luminescence
was clearly seen among the generations (see also the ESI,† Fig. S6).

Fig. 4 shows the excitation and emission fluorescence
spectra of pristine and APS-treated PAMAM dendrimers
(generations 3, 4, and 5) in aqueous solution. After excitation
at 380 nm, an emission band can be observed for both cases in
the blue spectral region with intensity values being much
higher for the APS-treated dendrimers than those for the

Fig. 1 Absorption spectra of pristine and APS-treated PAMAM dendrimers
for generations (a) G3, (b) G4, and (c) G5. (d) Absorption spectra are shown
on an expanded scale. (e) Comparison of absorption spectra among the
three generations of APS-treated PAMAM dendrimers. Spectra were
recorded at a concentration of 1 � 10�5 M in ultrapure water.

Fig. 2 (a) Absorption spectra of APS-treated PAMAM dendrimers
recorded in a buffer solution at a concentration of 1 � 10�7 M and different
pH values. (b) Comparison of absorbance values at 284 nm among the
three generations of APS-treated PAMAM dendrimers.

Fig. 3 APS-treated PAMAM dendrimers (G3–G5) with a concentration of
1 � 10�3 M in ultrapure water in the absence (a) and presence of UV
irradiation (366 nm) (b).
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corresponding pristine ones. Although the excitation spectra
revealed another band at ca. 250 nm (ESI,† Fig. S7), fluores-
cence emission intensities were higher when 380 nm was used
as the excitation wavelength. Interestingly, the excitation
spectra show a very weak signal at ca. 280–290 nm corres-
ponding to the dominant absorption band in the UV-vis
spectra. So, the blue fluorescence emitted by the APS-treated
dendrimers resulted from excitation in the range of 300–
425 nm (as mentioned above, radiation absorption in this
wavelength range is clearly observable in the UV-vis spectra of
pristine dendrimers and is probably hidden by the intense 280–
290 nm absorption band in the UV-vis spectra of APS-treated
dendrimers).

The maximum wavelength of fluorescence in the emission
spectra displayed a red-shift from around 437 nm in the spectra
of pristine dendrimers to about 450 nm in the spectra of
APS-treated dendrimers. Moreover, whereas the fluorescence
intensity increased with generation in pristine dendrimers
(Fig. 4a), it displayed an opposite trend in the case of APS-
treated dendrimers (Fig. 4b). However, it must be noticed that

these spectra were all recorded in water. In fact, we could later
conclude that the emission of fluorescence by APS-treated
dendrimers was strongly pH-dependent, a characteristic
already reported for pristine PAMAM dendrimers.15 When
spectra were recorded in buffer solutions of different pH values
(Fig. 5a), it was evident that the fluorescence intensity was
much higher at low pH (Fig. 5b), highlighting the role of
protonation in the fluorescence behaviour of APS-treated den-
drimers. For all three generations of APS-treated dendrimers,
the fluorescence intensity significantly increased below pH 7,
had maximum values in the 3–5 pH range, and then decreased
again at very low pH. Unexpectedly, at a pH lower than 7,
generation 4 APS-treated PAMAM dendrimers were the most
emissive, followed by generation 5 and then by generation 3.
Indeed, the increase in fluorescence intensity when lowering
the pH was much more marked for the highest generations
than for generation 3. Another observation from these studies
is that the maximum wavelength of fluorescence emission
increases with an increase in the concentration of H+ in
solution (pH decrease), as depicted in Fig. 5c. Moreover, there
was a pronounced jump in this value when decreasing the pH
from 7–8 to 6, similarly to what was observed with the fluores-
cence intensity. Interestingly, the pKa of the tertiary amines
(around 6.338) was included within this interval of pH. In the

Fig. 4 Emission (lex = 380 nm) and excitation (lem = 450 nm) spectra of
pristine (a) and APS-treated (b) PAMAM dendrimers. Spectra were recorded
at a concentration of 1 � 10�5 M in ultrapure water.

Fig. 5 (a) Emission (lex = 380 nm) spectra of generation 3, 4 and 5
APS-treated PAMAM dendrimers recorded in a buffer solution at a
concentration of 1 � 10�6 M and different pH values. (b) Effect of pH on
fluorescence intensity at 450 nm. (c) Effect of pH on the maximum
wavelength of fluorescence emission.
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range of pH 2–6 (low emission zone), the maximum wavelength
of fluorescence emission remained constant.

These results show that the protonation of the tertiary amine
groups in APS-treated dendrimers strongly affects fluorescence
emission. Indeed, the protonation of the tertiary amine groups
in the interior of the dendritic structure has been associated
with molecular conformational and polarity changes.40 Moreover,
as recognized by other researchers, it will result in high internal
repulsion forces among dendrimer branches, thus making the
overall structure more rigid.15,23 Rigidity is also promoted by the
increase in the strength of the hydrogen bonds that occurs in an
acidic environment.15,41

In summary, our photoluminescence studies performed
with the APS-treated dendrimers in solution support the ideas
underlying the NTIL phenomenon described by Tomalia et al.20

Fluorescence intensity not only depends on the number of
HASLs confined in the dendrimer scaffold (that is, on dendrimer
generation) but is also enhanced by scaffold rigidification
that occurs as a consequence of APS treatment. The results
obtained for the three different generations of dendrimers in
Fig. 5 should then be a compromise between these two para-
meters. For example, although APS-treated G4 dendrimers have
a lower number of HASLs than their G5 counterparts, they
should adopt a more rigid conformation under low pH condi-
tions that promote fluorescence emission. Also, one should
notice that, independently of the generation, the emission
spectra were not symmetrical. Regarding this observation, there
are three possibilities: different HASLs inside the dendrimer
structure may exist emitting at different wavelengths; the same
HASLs may exist in multiple chemical environments (at least
more than one) that modulate fluorescence emission; and,
finally, both situations may coexist. In fact, a study using
quantum chemical theory methods concluded that there are
two potential emitting moieties in pristine PAMAM dendri-
mers: the imidic acid resonance structure from the amide,
the formation of which is promoted at low pH values, and the
tertiary ammonium groups formed upon protonation of tertiary
amines.35 Calculations assuming the dendrimers in the gas
phase showed that these species could theoretically emit
fluorescence at 308 nm (the imidic acid) and 370 nm (the
tertiary ammonium group).35 Also, a recent work devoted to
the study of fluorescence quenching in pristine PAMAM
dendrimers points out that there are two distinct fluorescent
moieties in their structure with the emission maxima separated
by 40 nm.42 It is therefore reasonable to assume that the amide
and tertiary amine groups that exist in the dendrimer scaffold
constitute two distinct HASLs with photoluminescence proper-
ties that are dependent on the pH environment which is in turn
strongly affected by the APS treatment. However, it seems that
the APS treatment does not exert its effect to the same extent in
both HASLs as it causes a red shift in the maximum wavelength
of fluorescence. In other words, it increases the number of
HASLs that emit at a higher wavelength, which, according to
the literature,35 should be the tertiary ammonium groups.

The quantum yield of a fluorophore is an important para-
meter as it informs about the ratio of photons emitted to

photons absorbed; that is, it is a measure of the efficiency
of the process. Quantum yields were determined for PAMAM
dendrimers after the oxidative treatment using pyrene as a
reference. Generation 3 APS-treated PAMAM dendrimers were
the ones with the highest quantum yield (75%), followed by
generation 4 (63%) and generation 5 (15%). Interestingly,
Klajnert-Maculewicz et al. also found a decrease in quantum
yield with an increase in the generation of pyrrolidone-
terminated PAMAM dendrimers.43

Photoluminescence studies in lyophilized samples

The absorption spectra of the dendrimers in the lyophilized
form were obtained from diffuse reflectance measurements.
The results are shown in Fig. 6. The absorption spectrum of the
G3 pristine PAMAM dendrimers is formed by a band centred
at about 280 nm, which is in line with what was observed in
the previous UV-vis spectroscopy experiments performed in
solution. A shoulder appears at the low energy side of the
absorption band for pristine G4 and G5 dendrimers, which
evidences the effect of the additional shells of the dendrimer on
the absorption centres as the generation increases (in fact, very
low-intensity absorbance bands in the ranges of 300–400 nm
and 400–500 nm were also present in the UV-vis spectra of
pristine dendrimers in solution; see Fig. 1d).

Also, here the APS treatment has a substantial impact on the
absorption spectrum. An intense absorption band appears in
the 300–400 nm spectral range, which overlaps the one cen-
tered at 280 nm. As mentioned previously, the corresponding
absorption bands may be present in the UV-vis spectra of APS-
treated dendrimers recorded in solution although camouflaged
by the dominant 280–290 nm band (Fig. 1d). However, experi-
ments with the dendrimers in the lyophilized form clearly
evidence the existence of absorption at wavelengths above
300 nm.

The emission spectra of the APS-treated and pristine G3, G4,
and G5 PAMAM dendrimers were recorded under excitation at

Fig. 6 Normalized absorption spectra of pristine PAMAM dendrimers and
APS-treated PAMAM dendrimers (G3, G4, and G5) in the lyophilized form.
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405 nm (Fig. 7). In the case of the pristine dendrimers, the
emission is formed by two overlapping bands. One is centred at
about 445 nm and the other around 475–480 nm. The relative
intensity of the second band increases as the generation of the
PAMAM dendrimer is higher. The APS-treated dendrimers
present emission spectra formed by the same two overlapping
bands, but the relative weight of the second band is more
significant. These results are compatible with the hypothesis of
the coexistence of more than one type of HASLs emitting in the
dendrimer structure and that the APS treatment does not affect
the fluorescence intensity of both in the same manner.

A quantitative comparison of the emission intensities in the
lyophilized samples remains challenging since differences in
the quantity and compactness of the sample have a direct
influence on the results. However, one may qualitatively say
that emission intensities of the same order of magnitude were
obtained in this case for the APS-treated and pristine PAMAM
dendrimers. This result is quite different from the one observed
in the aqueous solution where the APS-treated dendrimers
showed emission intensities several orders of magnitude higher
than the pristine ones (Fig. 4). To investigate this finding, time-
resolved fluorescence measurements were conducted in G3, G4,
and G5 pristine and APS-treated PAMAM dendrimers.

Time-resolved fluorescence experiments

The decays of the fluorescence of G3, G4, and G5 pristine and
APS-treated PAMAM dendrimers were recorded at the maxi-
mum of the emission bands when the excitation was tuned at
405 nm. Both lyophilized samples and water solutions at a
concentration of 2 � 10�5 M were tested and compared (Fig. 8).
Based on the previous experiments and assuming the existence
of two HASLs in the dendrimer structure, the decay curves were
fitted to a double exponential decay equation:

I(t) = A1e�t/t1 + A2e�t/t2 (2)

where t1 and t2 are the decay constants of the fast and slow
components, respectively, and A1 and A2 represent the pre-
exponential factors that should correspond to the fraction of
each HASL. An average lifetime (tan) is then defined using the
equation:31

tavh i ¼ A1t12 þ A2t22

A1t1 þ A2t2
(3)

The decay curves were fitted to eqn (2), taking into account
the reconvolution of the IRF of the experimental setup. Table 1
shows the pre-exponential factors, t1 and t2, and the average
lifetime obtained from the fitting procedure.

In solution and for the three dendrimer generations, the
decay of the APS-treated dendrimers is clearly longer than those
of the non-treated precursors, that is, corresponds to higher
average lifetimes. When analysing the pre-exponential factors,
one can see that there is a predominance (99–100%) of very fast
emitting components (0.01–0.02 ns) in the pristine dendrimers,
whereas increased higher average lifetimes (4.92–5.91 ns) are
observed in their APS treated counterparts. The average life-
times in APS-treated dendrimers result from a combination of
fast emitting components (0.70–1.12 ns) with slow emitting
ones (7.05–7.50 ns) in a proportion of 69–82% and 18–31%,
respectively. These lifetime results are in agreement with
the higher emission intensities observed in the APS-treated
dendrimers in aqueous solution as compared to the pristine
ones (Fig. 4). Assuming that the HASLs in dendrimers are the
imidic acid and the tertiary ammonium groups and based on
the results and data from the literature,35 we propose that
tertiary ammonium groups are HASLs with longer fluorescence
lifetimes.

In the lyophilized form, except for G3 PAMAM dendrimers,
APS-treated dendrimers still show higher average lifetimes than

Fig. 7 Normalized emission spectra of pristine PAMAM dendrimers and
APS-treated PAMAM dendrimers (G3, G4, and G5) in the lyophilized form
(lex = 380 nm).

Fig. 8 Decay of the fluorescence of pristine and APS-treated (a) G3,
(b) G4, and (c) G5 PAMAM dendrimers in lyophilized form and (d) G3,
(e) G4, and (f) G5 PAMAM dendrimers in aqueous solution.
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pristine ones (E5 ns vs. E3 ns), although belonging to the
same order of magnitude. This explains the observed qualita-
tively similar fluorescence intensities for both cases. In APS-
treated dendrimers, the characteristics of both slow and fast
emitting HASLs are very similar when comparing the results of
the fitting parameters obtained for lyophilized and solution
samples.

Nevertheless, the most notable finding in these studies is
when the lyophilized samples of pristine dendrimers are com-
pared with the corresponding solution samples. Much longer
average lifetimes (2.68–3.34 ns) are observed in the lyophilized
form than those in solution (0.01–0.04 ns). This can be
explained in light of the NTIL theory that states that NTIL
emissions can be enhanced by HASL aggregation.20 This pro-
perty is also observable in many other systems and gives rise to
higher fluorescence intensities.20,44 The mechanism of aggregation-
induced emission is very well elucidated by Ben Tang et al. in an
excellent review44 and may be applied here for the pristine
dendrimers. In solution, the dynamic intramolecular motions
in dendrimers extinguish their excited-state energy, whereas, in
the lyophilized/aggregated form, the restriction of these motions
allows the excited state energy to be released via a radiative
pathway. This same mechanism can explain why scaffold rigidifi-
cation can also result in an increase in fluorescence intensity.
Most likely, this phenomenon does not occur with APS-treated
dendrimers since they are protonated, and the molecules are less
aggregated in the lyophilized sample because of repulsion forces
existing among them.

In vitro cytotoxicity studies

For the application of dendrimers as bionanomaterials, it is
very important to assure that they will not compromise cell
viability. In fact, regarding PAMAM dendrimers, it is well
known that their toxicity behaviour is dependent on the gene-
ration, concentration, and type of terminal groups. PAMAM
dendrimers with amine termini can be particularly toxic due
to their high positive surface charge under physiological
conditions.10,11 As such, we aimed to investigate the cytotoxicity

of the APS-treated PAMAM dendrimers and compare it with
that of the pristine dendrimers.

The cytotoxicity of dendrimers was then evaluated in vitro
using NIH 3T3 (mouse fibroblasts) and CAL-72 (human osteo-
sarcoma cells) cell lines. The first cell line was used as a model
of normal cells and the second one as a model of cancer cells as
dendrimers are mostly being studied as drug delivery vehicles
for cancer-related applications. A metabolic activity assay (the
resazurin reduction assay) was used to assess cell viability, and
the results were obtained after 48 h in culture for different
dendrimer concentrations as shown in Fig. 9 (the results are
expressed as a percentage of the metabolic activity of the
control, that is, cells that were not exposed to dendrimers).
Our results reveal that the viability of NIH 3T3 cells decreased
when exposed to pristine amine terminated PAMAM dendrimers,
especially for the higher generations at higher concentrations,
which is consistent with the results reported in the literature.4,10

Similar results were also obtained with the CAL-72 cell line.
However, the APS-treated PAMAM dendrimers were much less
toxic for both cell lines, especially in the cases of G3 and G4
dendrimer generations, as can be concluded from the analysis of
the IC50 values presented in Table 2. These results suggest that
the synthesized APS-PAMAM dendrimers could be potentially
used for biomedical applications with advantage over the pristine
PAMAM dendrimers since they are less cytotoxic and do not
compromise the cell internalization and imaging.

Hemotoxicity evaluation

In order to be used as bionanomaterials that need to be
administered intravenously, dendrimers should be compatible
with blood, namely by not causing the lysis of red cells.

Table 1 Fitting parameters and the average lifetime of G3, G4, and G5
pristine and APS-treated PAMAM dendrimers in aqueous solution and in
lyophilized form

A1 t1 (ns) A2 t2 (ns) tav (ns)

Lyophilized
APS-treated G3 0.96 0.83 0.04 5.15 1.78
APS-treated G4 0.64 1.52 0.36 6.68 5.19
APS-treated G5 0.70 1.47 0.30 6.99 5.16
G3�NH2 0.89 1.13 0.11 5.30 2.68
G4�NH2 0.82 1.38 0.18 5.58 3.34
G5�NH2 0.86 1.17 0.14 5.48 3.04

Solution
APS-treated G3 0.81 0.70 0.19 7.05 5.15
APS-treated G4 0.69 1.12 0.31 7.50 5.91
APS-treated G5 0.82 0.93 0.18 7.27 4.92
G3�NH2 0.9999 0.01 0.0001 3.16 0.01
G4�NH2 0.9999 0.01 0.0001 2.68 0.01
G5�NH2 0.999 0.02 0.001 2.8 0.04

Fig. 9 Cytotoxicity of pristine and APS-treated PAMAM dendrimers after
48 h of incubation using (a) NIH 3T3 and (b) CAL-72 cell lines. The results
are expressed as the mean � SD of three independent experiments with
three replicates each.
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Hemolysis was then assessed for APS-treated dendrimers and
compared with the results for pristine dendrimers (Fig. 10).
As expected, the results showed that hemolysis increased with
the concentration. However, for a concentration of 5 mM or
lower, hemoglobin release was always inferior to 10% in both
cases and not significantly different from the negative control.
In fact, the APS-treated PAMAM dendrimers seem to be slightly
less hemotoxic at lower concentrations (0.1 and 1 mM) than the
pristine PAMAM dendrimers. In summary, one can consider
the APS-treated dendrimers as compatible with blood in what
concerns their hemolysis behaviour.

Visualization of APS-treated PAMAM dendrimers inside cells

A human bone osteosarcoma epithelial cell line (U2OS), known
by being easily transfectable, was used to evaluate the possibi-
lity of detecting APS-treated PAMAM dendrimers inside cells,
that is, to use them as bionanomaterials with traceability
capability. G4 APS-treated PAMAM dendrimers were selected
for use in these proof-of-concept assays since, compared to the
other dendrimers, they present higher fluorescence emission
intensity in the pH range of interest (see Fig. 5). It can be seen
from Fig. 11 that these dendrimers were able to be endocytosed
by cells and can be detected intracellularly as small fluorescent
spots. Importantly, they seem to be present inside cellular
vesicles that reside in the cytoplasm. Most probably, they are

emitting from acidic vesicles (like the lysosomes or endolyso-
somes) since, as seen before, their fluorescence emission is
higher for acidic pH values. Although further experiments are
needed to confirm the localization of APS-treated dendrimers
inside cells, we anticipate that possibly they could be used as
fluorescent markers for acidic vesicle staining.

Conclusions

The spectroscopic behaviour of different generations (G3, G4,
and G5) of PAMAM dendrimers was evaluated before and
after oxidation with ammonium persulfate. The APS treatment
clearly resulted in the protonation of the interior of the
dendrimer and in an enhancement of their intrinsic fluores-
cence properties. Globally, the results showed that there are
at least two types of emitting electron-rich hetero-atomic sub-
luminophores (HASLs) confined within the dendrimer scaffold
that have overlapped emission bands. According to our findings
and after analysing the data from the literature, we believe that
these two HASLs correspond to imidic acid moieties (amide
tautomers) and tertiary ammonium groups formed along with
the APS treatment. In solution, fluorescence intensity was
dependent not only on the pH and on the number of HASLs
in the dendrimer scaffold (that is, on dendrimer generation),
but also on the rigidification suffered by the dendrimer due to
the acidic environment (at a low pH, APS-treated G4 was
indeed the most emissive species). Moreover, photoluminescence
studies with lyophilized samples confirmed the coexistence
of more than one type of HASLs emitting in the dendrimer
structure. The APS treatment affected these HASLs to a different
extent. In accordance with the observed order of fluorescence
intensity, time-resolved fluorescence experiments always
showed higher average lifetimes of HASLs for APS-treated
dendrimers compared to pristine ones. Interestingly, for pris-
tine dendrimers, average lifetimes were much higher in the
lyophilized samples than those in solution, which is evidence of
aggregation-induced emission.

Table 2 IC50 values for G3, G4, and G5 pristine and APS-treated PAMAM
dendrimers. For IC50 determination, experiments were performed in the
0–100 mM range

IC50 � SD (mM)

NIH 3T3 cells CAL-72 cells

G3�NH2 59 � 5 7.7 � 0.5
G4�NH2 4.1 � 0.2 1.7 � 0.1
G5�NH2 1.6 � 0.1 0.6 � 0.1

APS-treated G3 4100 4100
APS-treated G4 64 � 6 9.7 � 0.7
APS-treated G5 4.3 � 0.1 1.1 � 0.2

Fig. 10 Percentage of hemolysis caused by pristine and APS-treated
PAMAM dendrimers at different concentrations after 3 h of incubation
at 37 1C. Results are expressed as mean � SD of three independent
experiments with 3 replicates of each.

Fig. 11 Fluorescence microscopy image of U2OS cells incubated with
generation 4 APS-treated PAMAM dendrimers for 24 hours (dendrimers
were at a concentration of 2 mM). Scale bar = 10 mm.
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In contrast, the fraction and lifetimes of HASLs in APS-treated
dendrimers were similar in solution and in the lyophilized form,
probably because these dendrimers are protonated and cannot
approach each other so easily due to the repulsion forces that are
established. Importantly, the highly emissive APS-treated dendri-
mers presented lower cytotoxicity and hemotoxicity than pristine
dendrimers, and were also detectable inside cells via fluorescence
microscopy. The quantum yield, an important parameter in this
type of microscopy, was high, especially for G3 and G4 APS-treated
PAMAM dendrimers (75% and 63%, respectively).

To conclude, the easy preparation of these dendrimers,
together with their fluorescence and biological properties,
may promote their use in more widespread applications as
bionanomaterials when compared to traditional PAMAM
dendrimers.
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