
Electrochemical behaviour of poly(amidoamine) dendrimers at
micropipette-based liquid/liquid micro-interfaces

Gazi Jahirul Islam a,b, Damien W.M. Arrigan a,*

a School of Molecular and Life Sciences, Curtin University, GPO Box U1987, Perth, WA 6845, Australia
b Department of Chemistry, University of Barishal, Barishal, 8254, Bangladesh

A R T I C L E I N F O

Keywords:
Poly(amidoamine) dendrimers
Micropipette
Ion-transfer
Voltammetry
μITIES

A B S T R A C T

Dendrimers are macromolecules with well-defined three-dimensional structures, sizes and surface charges. In
this work, four generations of poly(amidoamine) (PAMAM) dendrimers were investigated at the micro-interface
between two immiscible electrolyte solutions (μITIES) to understand their electrochemical responses as simple
models of ionised macromolecules. Cyclic voltammetry (CV) across a range of aqueous phase pH revealed that all
four generations (G0-G3) presented diffusion-controlled ion-transfer from aqueous to organic phase, while the
reverse transfers from organic to aqueous phase varied with both pH and the dendrimer generation. The larger
dendrimers (G2 and G3) show an adsorption behaviour at pH ≤ 3.5, but show a diffusional response at pH ≥ 6.
On the other hand, the smaller dendrimers (G0 and G1) always show a diffusional response and are not impacted
by the pH. This indicates that more highly charged dendrimers condense at the interface. The reverse scan of CVs
showed that an increased applied potential was required to remove (desorb) these polycations from the interfaces
in comparison to smaller, less charged species. Diffusion coefficients (D) were estimated, showing a decrease
with increasing generation. Limits of detection for these dendrimers by CV at the μITIES were 0.4, 0.2, 0.7 and
0.5 μM for G0 to G3, respectively, while differential pulse voltammetry lowered the LODs (0.07, 0.05, 0.09 and
0.08 μM, respectively). These study shows that the μITIES provides a simple way to detect and evaluate the
electrochemical behaviour of ionised macromolecules, providing a simple illustration of detection mechanism
with diffusion or adsorption processes.

1. Introduction

Since the 1990s, dendrimers have become popular macromolecules
in scientific research. These types of macromolecules were first reported
by Vögtle et al. [1], who synthesized branched tripropylamine macro-
molecules. Subsequently, branched poly(amidoamine) (PAMAM) den-
drimers were synthesized by Tomalia et al. [2]. Dendrimers are unique
and non-traditional polymers with well-defined structures, sizes and
surface charges. They are three-dimensional macromolecules with
highly symmetric, spherical, hyper-branched, and monodisperse char-
acteristics that are different from linear polymers [3–9]. In general, a
dendrimer is made up of three parts – a core, a scaffold, and a surface.
The core is the centre part of the molecule and possessing a given
number of dendrons or branches. Each dendron is composed of a number
of branching points or scaffold and surface groups [10–13]. The number
and nature of functional groups of the dendrimer, which depends on the
generation, determines their physical and chemical properties [14].

Due to their special structure, dendrimers have many specific prop-
erties like solubility, viscosity, hydrodynamic character, and versatility
[10]. Dendrimers are extensively studied for their distinctive features
and used in various applications. Due to the possibility for precise
control over their physicochemical properties and their branched
polymeric properties, dendrimers have been investigated for a wide
range of biomedical applications [15–18], such as drug delivery, as
unimolecular micelles and protein mimics [19–23], in gene delivery
[24–27], in cell membrane interactions [28], and as nanocarriers for
RNAi therapeutic cancer treatment [23,27,29–31]. Dendrimers are also
used as catalysts [32,33] and self-assembled monolayers as models for
biological systems [34,35]. Electroactive dendrimers are of great
importance to understand biological electron-transfer processes [36]
and they are also used as electron-transfer mediators for sensors or
electro-optical devices [37].
Dendrimers such as PAMAM and poly(propylenimine) [PPI] may

have cationic, anionic or neutral moieties at their surfaces which are
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mainly responsible for the high solubility, reactivity and toxicity of these
molecules [13,38]. PAMAM dendrimers are widely studied in
drug-delivery because of their charged or polar characteristics under
biological conditions [39,40].
The electrochemical transfer of electrons or ions across the interface

between two immiscible electrolyte solutions (ITIES) is a well-
established field in electrochemistry [41–43]. The voltammetric
response of macromolecules and bio-macromolecules such as DNA and
proteins at the ITIES has become a promising tool for their detection. For
example, the electrochemical behaviour of insulin [44], haemoglobin
[45], myoglobin [46] and cytochrome c [47,48] was investigated at the
ITIES and enabled elucidation of their electrochemical properties. The
electrochemical and physicochemical properties of some dendrimers
have been evaluated from their voltammetric behaviour at the water/1,
2-dichloroethane (DCE) ITIES. Nagatani et al. reported [49] that the
voltammetric behaviour of 4th generation (G4) PAMAM at a water/DCE
ITIES was dependent on pH and on the concentrations of both the
dendrimer and the organic electrolyte. Analysis of the interfacial
response mechanism by potential modulated fluorescence (PMF) spec-
troscopy showed that at pH 7 the dendrimer transferred across the
interface and adsorbed at the organic side of the interface. Nagatani
et al. also studied dendrigraft poly-l-lysines and their interactions with
an anionic fluorescent probe, 8-anilino-1-naphthalenesulfonate. Trans-
fer of the probe from its complex with the dendrigraft to the organic
phase was determined, whereas the dendrigraft adsorbed at the inter-
face, as revealed by in situ fluorescence spectroscopy [50]. This group
also demonstrated that the anthracycline antibiotics, daunorubicin
(DNR) and doxorubicin (DOX), exhibited specific interactions with
amphoteric phospholipid layers and carboxylate-terminated PAMAM
dendrimers at a water/DCE ITIES [51]. Calderon et al. [52] analysed a
series of carbosilane dendrimers with cationic imidazolium surface
groups where they proposed an interfacial ion transfer process,
depending on the nature of the species. Herzog et al. [53] investigated
the electrochemical response, sensitivity and detection limit of four
poly-l-lysine dendrigrafts (G2-G5) at the water/DCE ITIES and found
that the limit of detection decreased (from 11 to 0.65 μM) and the
sensitivity increased (from 1.8 to 25.8 μA μM− 1) with increasing gen-
eration from G2 to G5. Herzog’s group [54] further investigated the
effects of silica modified μITIES arrays on the electrochemical behaviour
of PAMAM generations G0 and G1. They found that the multi-cationic
dendrimers had an electrostatic interaction with the negatively
charged silica deposited at the interface. More recently, Shao’s group
[55] investigated the facilitated ion transfer (FIT) of PAMAM (G0–G2)
by dibenzo-18-crown-6 (DB18C6) at a water/DCE μITIES, where they
found that the facilitated transfer potential of PAMAM decreased with
increasing DB18C6 concentration. They also proposed that the higher
generation dendrimers might transfer at the interface through a depro-
tonation process. Kowalewska et al. studied a series of carbosilane
dendrimers that had positively charged imidazolium groups on their
surfaces. They found that these ionised macromolecules underwent
interfacial transfer accompanied by adsorption/desorption [56]. Previ-
ously, Arrigan’s group [57] reported on the analysis of different gen-
erations of PPI and PAMAM dendrimers at a water/DCE ITIES. They
found that the electrochemical behaviour depended on the dendrimer
family, the generation number, and the experimental pH. They also
observed that the lower generations gave well-defined responses for
both dendrimer families, whereas the higher generations showed dis-
torted voltammograms and instability of the interface. That study was
undertaken at macro-ITIES, i.e. millimetre-centimetre sized interfaces.
The use of a μITIES, such as formed at the mouth of a micropipette,
should provide improved voltammograms for higher generation
PAMAM and hence better electrochemical analysis.
In this study, the electrochemical behaviour of four generations of

PAMAM dendrimers (generations 0–3, G0–G3) at single μITIES formed
at the tip of glass pipettes were investigated. Previous studies used large
ITIES, so results might be influenced by uncompensated resistance or

capacitance effects. A single μITIES minimises these effects [43,58–60]
and enables observation of unexpected electrochemical behaviour.
Finally, the interest in dendrimers is important because they are ideal
macromolecules which can be ionised easily by adjusting the aqueous
phase pH. Hence, they serve as model macromolecules that might reveal
new information about the electrochemistry of (bio)macromolecules at
the μITIES. The PAMAM dendrimers studied here are non-redox-active
and their electrochemistry at the ITIES depends on their acid-base
behaviour. The pKa of the primary amine groups within PAMAM den-
drimers is 9.5 [28] and their tertiary amine groups are fully protonated
only at pH 3 [29]. As a result, it is expected that at higher pH, only the
primary amines will be protonated, whilst at sufficiently low pH, all
tertiary amino groups are protonated. Hence, the PAMAM dendrimers
are expected to interact differently with the interface, depending on the
pH of the aqueous phase. For this reason, a wide range of aqueous phase
pH (1.75–11.0) was examined for all four PAMAM generations to
determine the impact of pH on their electrochemical behaviour.

2. Experimental

2.1. Reagents

All the reagents were purchased from Sigma-Aldrich Australia Ltd.
and used as received unless otherwise indicated. The organic electrolyte
bis(triphenylphosphoranylidene)-ammonium tetrakis(4-chlorophenyl)
borate (BTPPATPBCl) was prepared bymetathesis of equimolar amounts
of bis(triphenylphosphoranylidene)ammonium chloride (BTPPACl) and
potassium tetrakis(4-chlorophenyl)borate (KTPBCl) [61]. BTPPATPBCl
(0.01 M) solutions were prepared in 1,2-dichloroethane (DCE). Chlor-
otrimethylsilane was used for silanization of pipettes. Tetraethy-
lammonium (TEA+) was used as a model ion to characterize the pipettes.
All aqueous solutions (e.g. LiCl solution) were prepared in purified water
from a USF Purelab plus UV (resistivity: 18.2 MΩ cm). The PAMAM
dendrimer kits (generations G0 - G3) were purchased from
Sigma-Aldrich Australia Ltd.

2.2. Fabrication of micropipettes

Micropipettes were prepared from borosilicate capillaries (O.D. 1.0
mm; I.D. 0.75 mm) using a P2000 laser pipette puller (Sutter In-
struments), as described previously [62]. The five programmable pa-
rameters used were: heat (270), filament (3), velocity (20), delay (220),
and pull (165). After pulling, the inner surfaces of the pipettes were
silanised with chlorotrimethylsilane in a simple vaporization process
[62]. Pipette tips were gently abraded on a clean surface, visually
inspected using an optical microscope, and characterized by ion-transfer
cyclic voltammetry (Fig. S1). Stable voltammograms indicated a pipette
suitable for experiments. Pipette radii were calculated from the
steady-state current for the transfer of TEA+ ions from the outer
(aqueous) solution to the inner (DCE) solution (Fig. S2) using equation
S1.

2.3. Electrochemical cell

Electrochemical measurements were conducted using an Autolab
PGSTAT302 N electrochemical analyser (Metrohm Autolab, Utrecht,
The Netherlands) with NOVA software. The organic electrolyte phase
was introduced into the pipette and the organic reference solution
(saturated BTPPACl in 10 mM LiCl) was placed on the top of the organic
phase. Then the pipette was immersed into the aqueous phase so that an
ITIES formed at the tip of the pipette. A two-electrode cell was employed
with one Ag/AgCl electrode in the aqueous solution and another Ag/
AgCl electrode in the organic reference solution. All voltammograms are
reported as the recorded potentials versus the Ag/AgCl reference elec-
trode. Unless stated otherwise, the cyclic voltammetry (CV) scan rate
was 10 mVs− 1. For differential pulse voltammetry (DPV), the
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conditioning potential, equilibrium time, step potential, modulation
amplitude, modulation time and interval time were 0.1 V, 30 s, 0.005 V,
0.05 V, 0.04 s and 0.5 s, respectively. The pH of the aqueous LiCl so-
lution was adjusted by addition of NaOH and HCl solutions and
measured using a calibrated pH meter (model CP-511, Ionode,
Queensland, Australia). The cell composition is as follows:

3. Results and discussion

3.1. Origin of the CV response

The electrochemical behaviour of PAMAM dendrimers at the μITIES
between water and DCE formed at the tip of a glass micropipette were
studied by CV. The CVs start from low potential and scan towards more
positive potentials. On the forward scan, a sigmoidal voltammetric wave
formed (Fig. 1) at higher potential (near to the background electrolyte
transfer), corresponding to transfer of the dendrimer G0, and indicates
radial diffusion from the outer aqueous phase to the micro-interface. On
the other hand, a peak-shaped response was evident on the reverse scan
(Fig. 1), indicating linear diffusion of dendrimers within the inner DCE
phase to the interface [42]. A similar response was obtained for the
model ion TEA+ (Fig. S1). Background subtraction of the blank vol-
tammogram from the dendrimer voltammogram clearly accentuates the
sigmoidal voltammogram on the forward scan (Fig. 1). The shape of the
voltammogram illustrates the possible charge transfer mechanism for
dendrimer behaviour at the ITIES, i.e. radial diffusion-controlled
transfer of the ionised dendrimer from the aqueous phase outside the
pipette to the organic phase inside the pipette. All four generations of
dendrimers produced similar CV responses (Figure S3-Figure S6) and
formed well-defined voltammograms, with the extent of ion transfer
current varying consistently with concentration and aqueous phase pH.
It is possible that the transfer process involve cationic dendrimer

interacting with organic phase anion at the interface, as reported for
protein electrochemistry at the ITIES [45,63]. If the formation of a
complex between cation of the dendrimer and anion of the organic
electrolyte is limited by arrival of organic anion at the interface, a vol-
tammetric peak on the forward scan would be expected, due to linear
diffusion of the organic anion within the inner (DCE) phase. However,
steady-state voltammograms were obtained (Fig. 1, Figs. S3–S6), which
suggests the controlling mass transport process was in the aqueous
phase, and hence supports the conclusion that dendrimer transfer
occurred.
Table 1 shows the hydrodynamic diameters and the numbers of

primary and secondary amino groups of these dendrimers [64,65]. As
the amino groups can be ionised, the molecular charge of the dendrimers
depends on the experimental pH of dendrimer solution. The approxi-
mate molecular charges (zi) of these dendrimers based on acid-base ti-
trations [39] are summarised in Table 1. Protonation of PAMAM
dendrimers first occurs at the primary amino surface groups at the outer
rim of the dendrimers at high pH. Subsequently, the interior tertiary
amino groups are protonated at lower pH and the central tertiary amines
are protonated at even lower pH [39,57].

3.2. CV of PAMAM dendrimer G0

PAMAM dendrimer G0 has four surface primary amino groups and
two interior tertiary amino groups [64]. Fig. 1 shows the typical CVs
before and after background subtraction. Fig. 2 shows the background
subtracted CVs of G0 in different aqueous phase pH. The shape of the
CVs are similar, which indicates that the overall transfer behaviour of G0

at different pH is the same except and only the magnitude of response
changes. The change of current with pH is due to the different charges of
G0 at different pH. For this case, the best response was at pH 3.5 and the
variation in the shape of the CVsmay be because of the different shape of
the pipettes. The responses in acidic pH aqueous phases are consistent.
Fig. 2g and h shows the current versus concentration plots for both

forward and reverse scans at different pH. It shows that if we decrease
the pH from the un-adjusted LiCl solution (pH 6.0), then initially the
current response increased and gives the highest response at pH 3.5.
Then it gradually decreased and no response was seen at very low pH of
1.75 (Fig. 2a). On the other hand, the current response is always low at
higher pH than pH 6.0 (Fig. 2e and f). The current response normally
depends on the ionised charge of the dendrimers, which varies with pH
[39]. With the decrease of pH the charge of the dendrimers increase and
with the increase of pH, the charge decreases. This is because the surface
and inner amino groups become more protonated at lower pH and vice
versa for higher pH (Table 1) [39]. The charges (zi) of G0 at pH 9, 6, 3.5
and 2.75 are 2, 5, 6 and 6 respectively [39]. Accordingly, it is aligned
with the experiment that as pH decreases from 9 to 3.5, the current
increased. But for lower the pH, the current decreased further although
G0 is fully protonated, which is unexpected. The half-wave potential
(E1/2) and peak potential (Ep) for the transfer of G0 at the liquid/liquid
micro-interface was assessed at different pH. The E1/2 based on the
forward scan are 0.71, 0.71, 0.7 and 0.69 V and Ep for the reverse scan
are 0.71, 0.71, 0.7 and 0.69 V for pH 2.75, 3.5, 6.0 and 9.0, respectively
(Table 2). Interestingly, no difference between E1/2 and Ep has been seen
and both potentials essentially remain the same with the increase of
concentrations within each pH (Fig. S3).

3.3. CV of PAMAM dendrimer G1

PAMAM dendrimer G1 has eight surface primary amino groups and
six interior tertiary amine groups (Table 1) [64]. Fig. 3 shows the
background subtracted CVs of G1 at different aqueous phase pH. Be-
tween pH 1.75 and 6.0, the charge of G1 is 14 and then the charge de-
creases with increasing pH (Table 1) [39].
Fig. 3i and j shows the current verses concentration plots for forward

Fig. 1. CVs of 6 μM PAMAM G0 transfer without (red, solid line) and with
(black, dashed line) background subtraction at a μITIES formed at a micropi-
pette tip (radius 8.8 μm). CV of blank (green, solid line) is also shown.
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and reverse scans respectively, at the various pH studied. Similar re-
sponses for PAMAM G0 were observed, as the protonation of amino
groups in G1 follows the same pattern. Table 1 shows that there is no
charge at pH 11.0, consistent with the CV response (Fig. 3h). As the pH
decreased, the charges increased and G1 became fully protonated at pH
3.5 and lower [39]. The CVs also follow this pattern, with the highest
current response at pH 3.5. However, below pH 3.5, the current response
gradually decreased, similar to G0, although they are fully charged. The
half-wave potential (E1/2) and peak potential (Ep) for the transfer of G1
at the liquid/liquid micro-interface did not change with pH. The
measured E1/2 based on the forward scan is 0.67 V and Ep for the reverse
scan is also 0.67 V for all pH (Table 2). Similar to G0, there is no

difference between the E1/2 and Ep values and these remain constant
with increasing concentration (Fig. S4). It is noticeable that in the
reverse CV scan there is a second peak at lower pH 1.75 and 2.25
(Fig. S4), which may indicate a process such as adsorption/desorption in
addition to the diffusion-controlled ion-transfer.

3.4. CV of PAMAM dendrimer G2

PAMAM dendrimer G2 has 16 surface primary amino groups and 14
interior tertiary amino groups [64]. Fig. 4a-h shows the background
subtracted CVs of G2 across a range of aqueous phase pH values. The
shapes of the CV forward scans are similar but the reverse scans here

Table 1
Structural characteristics of different generations of PAMAM dendrimers and their charges at different pH [39,64,65].

Dendrimer Generations Hydro- dynamic diameter (nm) Number of amino
groups

Charge (zi) of the ionised macromolecule at different pH

Primary Secondary pH 1.75 pH 2.25 pH 2.75 pH 3.5 pH 6.0 pH 9.0 pH 10.0 pH 11.0

G0 1.5 4 2 6 6 5 2
G1 2.2 8 6 14 14 14 14 9 4 1
G2 2.9 16 14 30 30 30 20 15 9 3 1
G3 3.6 32 30 62 62 62 60 37 20 4 2

Fig. 2. Background subtracted CVs of PAMAM dendrimer G0 at (a) pH 1.75 (b) pH 2.75 (c) pH 3.5 (d) pH 6.0 (e) pH 9.0 and (f) pH 10.0 with 8.8 μm pipette radius.
Figure also shows current vs concentration at pH 2.75, 3.5, 6.0 and 9.0 for (g) forward scan and (h) reverse scan.

Table 2
Values of the slope of the current vs concentration calibration curve and of ion-transfer potentials of PAMAM dendrimer generations G0 to G3 at different pH.

Dendrimer generations pH 1.75 pH 2.25 pH 2.75 pH 3.5 pH 6.0 pH 9.0 pH 10.0 pH 11.0

Slope pA/μM G0 forward 13.1 20 16.4 7.2
reverse − 7.8 − 17.9 − 8.6 − 2.6

G1 forward 17.2 17.7 20.1 25.8 20.1 10.9
reverse − 12.1 − 12.3 − 18.3 − 29.3 − 22.7 − 8.73

G2 forward 41.3 38.2 30.4 14.8 22.2 25.3 28.6 33.6
reverse − 124 − 121 − 33.2 − 22.1 − 29.9 − 38.4 − 41.7 − 37.7

G3 forward 48.9 33.9 75.8 62.6 44.2 50.6 39.7 35.7
reverse − 214 − 173 − 339 − 230 − 148 − 200 − 170 − 70.0

Ion-transfer Potential (V) vs. Ag/AgCl G0 E1/2 0.71 0.71 0.70 0.69
Ep 0.71 0.71 0.70 0.69

G1 E1/2 0.67 0.67 0.67 0.67 0.67 0.67
Ep 0.67 0.67 0.67 0.67 0.67 0.67

G2 E1/2 0.65 0.66 0.69 0.69 0.66 0.67 0.67 0.74
Ep 0.63 0.63 0.63 0.63 0.65 0.65 0.67 0.71

G3 E1/2 0.66 0.65 0.70 0.70 0.68 0.66 0.69 0.74
Ep 0.61 0.60 0.60 0.61 0.61 0.62 0.64 0.72
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show a range of behaviours. The charge of ionised G2 at pH 11.0 is 1
[39] and the charge gradually increases with decreasing pH, becoming
fully protonated at pH 2.75 and lower, where the charge is 30 [39].
Interestingly, in this case, the current response did not show any
particular trend with the ionised molecular charge at and above pH 3.5.
Fig. 4i and j shows the current versus concentration plots for both for-
ward and reverse CV scans at different pH. It shows that in both cases of
high pH and low pH, G2 gave higher electrochemical responses. The
highest response for both forward and reverse scans were at pH 1.75 and
pH 2.25. But the reverse peak gave exceptionally high currents for both
these pH. However, for G0 at pH 1.75, there was no response and G1
gave little response. The highest response was at pH 3.5 for both G0 and
G1. The response for G2 increased with pH up to 11.0 although the
ionised charges decreased. On the other hand, G1 yielded a low response
at pH 10.0 and no response at pH 11.0, as expected, based on the ionised
charges.
From Fig. 4, it is clear that the shape of the reverse peak became

sharper pH 3.5 and lower. Based on this voltammetric peak shape, we
suggest that G2 undergoes an adsorption process at lower pH. The cur-
rent also increased within the range pH 6.0 to 11.0, which might be due
to adsorption although the ionised charge decreased. On the other hand,
Table 2 shows the ion-transfer potential varied with pH in contrast to the
behaviour of G0 and G1 (Fig. S5). As the pH increased (1.75–10.0), the

ion-transfer potential shifted to higher values. Furthermore, the differ-
ence between E1/2 and Ep decreased with increasing pH. These variations
were insignificant for G0 and G1. This may be because the lower gen-
eration dendrimers G0 and G1 show the simplest electrochemistry
whereas G2 and higher generations show more complex behaviour due
to their molecular sizes and charges.

3.5. CV of PAMAM dendrimer G3

PAMAM dendrimer G3 is a giant molecule with 32 surface primary
amino groups and 30 interior tertiary amino groups (Table 1) [64]. CV of
G3 showed noticeable differences in behaviour compared to the lower
generations. Generally, the reverse scan current responses for G3 were
2–3 times greater than the current on the forward scan. Only at pH 11.0
the reverse peak current is small, but still larger than obtained for the
other generations although the ionised molecular charge is only 2 at this
pH. The high reverse scan current is attributed to adsorption of ionised
macromolecules at the interface. The narrow and enhanced peak shape
(Fig. 5) also indicates the role of an adsorption/desorption process,
unlike the broad diffusion-controlled processes for TEA+ ion transfer
(Fig. S1), for example. Another important noticeable difference for G3
from the other generations was the difference between forward
half-wave potential and reverse peak potential (E1/2 - Ep). The reverse

Fig. 3. Background subtracted CVs of 8.0 μM PAMAM dendrimer G1 at (a) pH 1.75 (b) pH 2.25 (c) pH 2.75 (d) pH 3.5 (e) pH 6.0 (f) pH 9.0 and 10 μM G1 at (g) pH
10.0 and (h) pH 11.0. Pipette radius for (a) to (e) was 9.2 μm and for (f) to (h) was 8.4 μm. Also shown are current vs. concentration plots for G1 at pH 1.75, 2.25,
2.75, 3.5, 6.0, 9.0 and 10.0 for (i) forward scan and (j) reverse scan.

Fig. 4. Background subtracted CVs of 6 μM PAMAM dendrimer G2 at (a) pH 1.75 (b) pH 2.25 (c) pH 2.75 (d) pH 3.5 (e) pH 6.0 (f) pH 9.0, (g) pH 10.0 and (h) pH
11.0. The pipette radius was 9.5, 8.4, 8.4, 8.4, 8.0, 9.5, 9.5 and 10.3 μm, respectively. Also shown is current vs concentration plots for PAMAM G2 at pH 1.75, 2.25,
2.75, 3.5, 6.0, 9.0, 10.0 and 11.0 for (i) forward scan and (j) reverse scan.
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peak is shifted to lower potentials relative to the forward wave, in
contrast to G0 and G1. This may be because the ionised macromolecules
are attached (adsorbed) more strongly to the interface and thus require
additional energy (applied potential) to desorb them from the interface.
This distinct behaviour of G3 illustrates the advantages of using a
micro-ITIES rather than a macro-interface. Previous studies of PAMAM
dendrimers on macro-interfaces did not show the distinctive reverse
peak behaviour for higher generations [57]. This interesting behaviour
is clearly dependent on PAMAM generation and this may be because as
the generation number increased so does the number of ionisable surface
and internal functional groups, so that the high positive ionised
macromolecular charge increases. At the interface, these highly ionised
macromolecule undergo a condensation with charge compensated by
electrostatic binding with the anions of the organic phase electrolyte
solution. As a result, more highly charged generations have more scope
for electrostatic interactions with compensating anions of the organic
phase, and stronger complexes are formed as a result. These complexes
are neutral (all charges are compensated) and hence adsorption at the
interface can occur. Accordingly, these ion-pair complexes require
additional energy to remove (desorb) them from the interface [66] and
disrupt the complexation. The shift of reverse peak potential is also pH
dependent as the shift seems larger at intermediate pH 2.75 to 6.0 and is
decreased at lower and higher pH values (Table 2). Fig. 5 shows the
overall ion transfer shifts to higher potentials at pH 10 and 11, whereas
for other pH values the ion transfers occur at similar potentials. Some of
these potential shifts might be due to changes in the aqueous phase
reference electrode potential with pH, although this does not impact on
the differences in forward and reverse potentials already discussed, i.e.
E1/2 - Ep. For most cases, the peak potential shifts with the increase of
concentration within the same pH (Fig. S6), which also indicates
adsorption.
Fig. 5i and j shows the current versus concentration plots for both

forward and reverse directions at different pH. It shows that PAMAM
generation G3 gives very high electrochemical response at lower pH.
The highest response for both forward and reverse directions are ob-
tained at pH 2.75 and pH 3.5. Despite the indication of adsorption, no
saturation of the current vs. concentration plot was seen in the range
studied here. The electrochemical response at pH 9.0 is also higher than
the unadjusted lithium chloride solution (pH 6.0). At higher pH, the
response decreased and gave the lowest response at pH 11.0.

3.6. Diffusion coefficients

The diffusion coefficient (D) is an important parameter for electro-
analytical investigations as it allows comparison of results to literature

values. In this work, the diffusion coefficient was calculated from the
steady-state forward current of CVs using the modified Saito equation Iss
= 3.35π|zi|FDCr [67]. In this equation, Iss is the steady state current, zi,
F, D, C and r are the molecular charge, Faraday constant, diffusion co-
efficient, concentration of species and radius of the interface, respec-
tively. The calculated D values for G0 at pH 2.75, 3.5, 6.0 and 9.0 are 2.5
× 10− 6, 3.3 × 10− 6, 3.7 × 10− 6 and 4.1 × 10− 6 cm2s− 1 respectively. D
values for G1 are 1.6 × 10− 6, 2.0 × 10− 6, 2.4 × 10− 6 and 3.2 × 10− 6

cm2s− 1; for G2 are 1.2 × 10− 6, 0.9 × 10− 6, 1.8 × 10− 6 and 2.9 × 10− 6

cm2s− 1; and for G3 are 1.3 × 10− 6, 1.2 × 10− 6, 1.3 × 10− 6 and 2.5 ×

10− 6 cm2s− 1 at pH 2.75, 3.5, 6.0 and 9.0 respectively. These values are
consistent with published data. Jiminez et al. determined diffusion co-
efficients for G0 - G3 by DOSY-NMR spectroscopy in infinite dilution
aqueous solution at high and neutral pH. They reported diffusion co-
efficients of 3.13 × 10− 6, 2.14 × 10− 6, 1.32 × 10− 6 and 0.82 × 10− 6

cm2s− 1 for G0-G3, respectively, at pH 7 [68]. Our
electrochemically-determined diffusion coefficients at pH 6 are in good
agreement with these values. Our electrochemical results also show
good agreement with the theoretical estimates made from molecular
dynamics simulations, which ranged from 1.2 × 10− 6 to 3.2 × 10− 6

cm2s− 1 for G1-G3 PAMAM dendrimers [69]. From all of these data, we
can see that the diffusion coefficients decrease with increasing genera-
tion number, as expected because the diffusion coefficient will decrease
with increasing molecular size [68,70]. We found that diffusion coeffi-
cient increased with increasing pH, which is also supported by the
literature [68].

3.7. Detection limits and sensitivity

The above results show that CV at a micro-ITIES is a useful method to
characterize dendrimers of different generations. CV reveals the
response mechanism such as diffusion-controlled ion-transfer or
adsorption as well as dendrimers’ diffusion coefficients (if the response
is diffusion-controlled). From a detection or electroanalysis perspective,
the limit of detection (LOD) can be estimated from CV. The LODs for G0,
G1, G2 and G3 were calculated as 0.4 μM, 0.2 μM, 0.7 μM and 0.5 μM,
respectively, at pH 3.5. This pH was chosen because G0 and G1 gave the
best responses at this pH. The LOD calculation was based on (3.σ)/S
formula [71,72], where S is the slope of the calibration curve and σ is the
standard deviation of the y-intercept of the regression line. The sensi-
tivity (slopes) of the CVs for forward and reverse responses are sum-
marised in Table 2. It is interesting to note that for the lower generations
(G0 and G1), the ratio of reverse to forward sensitivities are less than 1,
indicating that the forward scans are more sensitive to dendrimer con-
centration. However, for the higher generations, G2 and G3, this ratio

Fig. 5. Background subtracted CVs of 5 μM PAMAM dendrimer G3 at (a) pH 1.75 (b) pH 2.25 (c) pH 2.75 (d) pH 3.5 (e) pH 6.0 (f) pH 9.0, (g) pH 10.0 and (h) pH
11.0. The pipette radius was 9.5 μm for (a) to (e) and 10.3 μm for (f) to (h). Also shown is current vs. concentration plot for PAMAM G3 at pH 1.75, 2.25, 2.75, 3.5,
6.0, 9.0, 10.0 and 11.0 for (i) forward scan and (j) reverse scan.
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(reverse slope/forward slope) is greater than 1, showing that the reverse
peak current is more sensitive to the dendrimer concentration. In fact for
generation G2, the ratio is ca. 2 across all the pH studied, while for
generation G3, the ratio is ca. 4 across all the pH studied. These results
indicate that electrochemical analysis of higher generations of PAMAM
dendrimers is best done in acidic conditions and use of a voltammetric
scan in which the dendrimer is desorbed from the interface. Finally, to
improve the LOD, differential pulse voltammetry (DPV) was investi-
gated, as it is a more sensitive technique. DPV gives sharper and
better-defined peaks at a lower concentrations than CV, minimises the
influence of the charging current, and gives improved resolution.
DPV was carried out in the forward scan direction because it gave a

better response than the reverse direction (Fig. S7). The solution pH for
DPV experiments for all PAMAM dendrimers was 3.5. For these exper-
iments, a blank experiment (without analyte) was recorded and then
analyte was spiked into the cell from a stock solution. Then, background
subtraction was applied. The resulting DPVs are shown in Fig. 6. The
LODs calculated from the DPV experiments for G0 to G3 were 0.07 μM,
0.05 μM, 0.09 μM and 0.08 μM, respectively. Therefore, DPV gives
nearly 6-times lower LOD compared to CV for G0 detection and 5, 8, and
6 times lower for G1, G2 and G3, respectively. Fig. 6c and d shows that
the DPV of G2 and G3 gave a broader peak and develops another small
peak, which may be indicative of the adsorption/desorption response
seen in CV experiments for the higher generation dendrimers.

4. Conclusions

Electrochemical investigation of four generations of PAMAM den-
drimers at the ITIES formed at micropipettes over a wide range of pH
was undertaken. In this analysis we focused on how different genera-
tions of dendrimers changed their electrochemical properties with pH.
Because each dendrimer has amine groups which are protonated at
different pH, they are ionised and can be detected by their transfer
across the interface. CV of the PAMAM dendrimers provided important
information about the transfer response (diffusion-control, adsorption)
as well as parameters like diffusion coefficients. CV analysis showed that

the transfer from aqueous phase to organic phase was diffusion-
controlled for all generations. In contrast, the reverse transfers, from
organic to aqueous phase, for G2 and G3 at pH 3.5 or lower followed an
adsorption/desorption process and showed diffusion-controlled transfer
for pH 6.0 or higher. However, G0 and G1 followed diffusional control
for reverse transfers at all pH. Electrochemical responses for G0 and G1
were best at pH 3.5. On the other hand, G2 and G3 show better response
at pH 1.75 and 2.75, respectively. Sometimes higher generation den-
drimers did not follow a general trend, which may be because their
larger sizes and charges makes the response more complex than lower
generations. Previous studies also found that sometimes the charges of
the higher generation dendrimers were neutralized by electrolyte anions
from the aqueous phase which could explain the variation from a gen-
eral trend [57]. CV analysis provided LODs in the range 0.2–0.7 μM for
G0 to G3, whereas DPV enabled improvement of LOD by an order of
magnitude, (0.05–0.09 μM) being an improvement on previously pub-
lished data [57]. The adsorption and desorption of higher generation
dendrimers at lower pH may be a result of electrostatic complexation
close to the interface; this adsorption/desorption could likewise be used
to further improve LODs for dendrimer detection. These results highlight
the intriguing opportunities for study of the electrochemical behaviour
of ionised dendrimers and other macromolecules at liquid/liquid
micro-interfaces.
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Fig. 6. Background subtracted DPV of (a) 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 μM PAMAM G0, (b) 0.2, 0.3, 0.4, 0.6, 0.8, 0.9 and 1.0 μM PAMAM G1, (c) 0.2, 0.3,
0.4, 05, 0.6, 0.7, 0.8, 0.9 and 1.0 μM PAMAM G2, and (d) 0.1, 0.15, 03, 0.5, 0.7, and 1.0 μM PAMAM G3, at 9.5 μm, 9.5 μm, 8.4 μm and 8.4 μm radius ITIES,
respectively. Insets show current vs concentration plots.
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