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l of proton concentration using an
electrochemically generated acid compatible with
miniaturization†

Janwa El-Maiss, Divya Balakrishnan and César Pascual Garćıa *

Controlling locally produced acidity in miniaturized spaces is of high importance to manage simultaneous

chemical reactions. Here, we present a platform that hosts miniaturized micro-reactors each one enabling

electrochemical control of the acidity in �nL volumes. We demonstrated the local control of chemical

reactions with the deprotection of strong acid labile groups in a region of 150 mm of diameter of

upstanding glass using high proton concentrations (�10�1 M) and the acidity contrasts between the cell

region and the outside. We demonstrated accurate control of the proton concentration in aqueous and

organic solvents and the control of chemical reactions in organic electrolytes achieved with a sulfonated

tetrafluoroethylene-based membrane, which isolates the acid generating electrodes from the reagents in

the solution. The quantitative control of the acidity by faradaic currents was demonstrated by the

calibration of carboxyfluorescein adjusted with external titrations and with a tautomer transition

occurring at pH 4.2. To the best of our knowledge, this platform shows the best control of acidity in the

smallest volume reported so far.
Introduction

Acidity has a dening role in numerous chemical and biological
processes,1 for example, the activity of enzymes,2 the assembly
of DNA3 and the solid phase synthesis of biopolymers using acid
or base labile protecting groups.4,5 For all these applications, it
is important to have a way to predict and control the acidity,
which in most of the cases is done by titrating solutions of
compounds dissociated in water or organic solvents and limits
the miniaturization of chemical reactions. The miniaturization
of the control of the acidity has a similar impact on combina-
torial chemistry to Moore's law for microelectronics,6 allowing
the massive multiplexing of chemical reactions. The electro-
chemical generation of acidity also allows the regulation of
acidity by faradaic currents that can be automatized.7

Several solutions for multiplexed combinatorial chemistry
are currently available, providing microarrays based on the
deprotection of optical labile8 or acid/base labile9 groups ach-
ieved by imaging or with the encapsulation of chemical
monomers for micro-printing strategies. However, these plat-
forms still lack throughput and versatility to reach widespread
use for different applications that would benet from the
control of combinatorial chemistry on a large multiplexing
esearch and Technology Department,

Technology (LIST), Belvaux L-4422,

mation (ESI) available. See

the Royal Society of Chemistry
scale. An electrochemically generated acid was also used for the
generation of microarrays9,10 using hydroquinone/
benzoquinone soluble in the medium, and the protons were
electrochemically/photoelectrochemically generated next to the
electrodes. Regardless the quasi-reversibility of the processes,
these techniques were limited by the fast diffusion of the
protons and the limited range of achieved pH. A detailed table
of otherminiaturized pH-controlled devices is also shown in the
ESI.† Electrochemical strategies, in addition to facilitating the
electronic management, can ease the miniaturization of the
control of chemical reactions using silicon fabrication tech-
nologies that would allow a cost-effective production of chips to
facilitate access to the technology.11 However, these attempts
were not able to provide the necessary specications to achieve
the control of chemistry that would allow them to reach wider
use.

A platform for the multiplexed control of chemical reactions
with acidity requires reaching high proton concentrations and
being able to maintain the contrast between the acid and
alkaline regions in miniaturized spaces for times much longer
than the characteristic diffusion and reaction times. It also
requires an accurate control of the proton concentration in
aqueous and organic solvents to allow different chemical
strategies including the possibility to control quantitatively the
acidity for orthogonal control of chemical reactions at different
acidities. Finally, while the quantication of acid in aqueous
environments is well predicted by the well-known proton
dissociation constants (pKa expressed on a logarithmic scale), in
organic solutions, the proton activity is more elusive to
Nanoscale Adv., 2022, 4, 3233–3242 | 3233
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determine. In these solvents the pKa of the conjugated acid/base
pairs depends also on their interaction with the solvents, and
the possible proton carriers that may be added to facilitate the
dissociation, or as in the case of electrolytes, to change the
properties of the solution.12 Good control in organic solvent for
the generalization of chemical reactions requires the generation
of a neutral acid from electrodes that would avoid affecting the
chemical reactions of the electrolyte while preventing their
degradation. Such an acid can be used as a reference for the
determination of pKa values in organic solvents.

To control the proton concentration in different solvents,
our strategy was to use an electrochemically generated acid
using molecules xed to the electrode surfaces, which was
monitored by using a reference uorescence label. We used
a design of an electrochemical reactor where the acidity is
generated by proton exchange reactions.13 The platform holds
several miniaturized electrochemical reactors, each of which
consists of three electrochemical partial cells containing the
working, counter, and reference electrodes (WE, CE and RE,
respectively) and separated by diffusion barriers. In the cell
containing the WE, the acidity is regulated by a voltage bias
applied with respect to the reference cell, which controls the
release or adsorption of protons by molecules functionalized in
the WE. The electrodes are isolated from the electrolyte using
a uorinated proton permeable membrane (Naon).14 The
diffusion barriers ensure that the number of protons in each
cell is stable for periods much longer than the dissociation
dynamics, while the small dimensions of the cell ensure rapid
feedback of the reactions in the cell. The electrochemically
generated acid released protons, free of counter ions and free to
interact with the elements of the electrolyte. Thanks to these
characteristics, the acidity can be controlled and estimated by
using faradaic currents.

To monitor the proton activity in our cell, we used the uo-
rescent dye carboxyuorescein (FAM). FAM allowed a calibra-
tion using an external titration that coincided with the proton
concentration calculated using faradaic currents. We also cali-
brated the system using a special tautomerization process that
FAM undergoes at a particular pH, and we used proton quan-
tication to control the acidity in acetonitrile (ACN). We used
uorescence to calibrate the proton activity of acids in an
organic electrolyte, observing the formation of super-acids due
to the inuence of proton carrier salts in the electrolyte. Finally,
we used our electrochemical cell for the deprotection of acid
labile groups. In our case we proved the deprotection of tert-
butyloxycarbonyl (Boc) groups from an APTES monolayer graf-
ted on a glass surface upstanding to the electrodes in the cell of
the WE. This kind of reaction added a proof of the activity of the
electrochemically generated acid, which in traditional chem-
istry is obtained aer using high acid concentrations. Using
a microuidic platform and cell design similar to the one in ref.
13, we improved and miniaturised the reactor design demon-
strating that the production of acidity does not depend on the
footprint of the device and that thus, it can be further mini-
aturised. pH tracking was also improved with online moni-
toring by faradaic currents calibrated by the FAM transition.
Also, the device was rstly used to control chemical reactions
3234 | Nanoscale Adv., 2022, 4, 3233–3242
other than the pH control with the deprotection of acid labile
groups.
Experimental section
Chemicals and instrumentation

4-Aminothiophenol (4-ATP), potassium chloride (KCl), 6-carbox-
yuorescein (FAM), tetrabutylammonium hexauorophosphate
(Bu4PF6), hydrochloric acid (HCl), potassium hydroxide (KOH),
benzotriazol-1-yloxytripyrrolidinophosphonium hexa-
uorophosphate (PyBOP), N,N-diisopropylethylamine (DIPEA), 3-
(aminopropyl)triethoxysilane (APTES), triuoroacetic acid (TFA),
rhodamine B isothiocyanate (RITC), absolute ethanol (EtOH),
anhydrous acetonitrile (ACN), anhydrous dichloromethane
(DCM) and anhydrous dimethyl sulfoxide (DMSO) were
purchased from Sigma Aldrich and N-tert-butyloxycarbonyl-12-
amino-dodecanoic acid (acid-Boc) was purchased from Iris
biotech GMBH. All the chemicals were used without further
purication. For the preparation of aqueous electrolyte solutions
and cleaning purposes Millipore ltered water was used. For the
electropolymerization and pH control experiments, a Solartron
Modulab XM Pstat 1 mS/s potentiostat (Pstat) was used.
Fabrication of microreactors and the microuidic platform

The electrochemical microreactors were fabricated on silicon
chips coated with a dielectric layer of SiO2 using standard
techniques of micro-electromechanical systems (MEMS) and
chemical and electrochemical surface functionalization
methods (Fig. 1a). The chips were integrated with a platform
(Fig. 1d) having microuidic, optical, and electrical access and
a pneumatic actuation to open and close the cells. All the details
involved in the fabrication process are also reported in the ESI-
1.† Briey, optical lithography was performed to pattern the
design of the electrodes. The substrate was spin-coated with an
optical resist and the electrodes with contact pads were exposed
and developed. Later, 5 and 50 nm layers of Cr and Au were
evaporated using an e-beam evaporator. The chip was placed in
acetone for li-off. We then spin coated the chip with SU8 3010
epoxy resist to lithograph the separation barriers. The chip was
aerwards developed and hard baked for 60 minutes. The
electrodes were electrochemically platinized to increase their
surface area. The chip was later activated in a UV ozone cleaner
for 30 minutes and functionalized with 0.5 mM of 4-amino-
thiophenol (4-ATP) in absolute ethanol for 24 hours to form
a self-assembledmonolayer of the redox active molecules on top
of the porous electrodes. This conguration without further
modications was used for experiments with aqueous solu-
tions. The essential difference that we used for the experiments
with organic solvents is the isolation of the electrodes from the
electrolyte using a sulfonated tetrauoroethylene (Naon)
based membrane. We incorporated a Naon lm by spin-
coating its commercial solution aer the functionalization of
the chip with the 4-ATP molecules. The Naon membrane,
while avoiding the possibility of cross reactions between 4-ATP
molecules and carboxyuorescein, allows the selective transport
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Functionalization of the glass: (a) APTES 5% v/v in absolute
EtOH at 50 �C overnight. (b) DIEA 20 eq., PyBOP 20 eq., Boc-acid 20
eq. in DCM overnight. (c) Electrochemical deprotection of Boc in ACN
10 mM Bu4PF6.
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of protons from the electrodes to the solution through its
sulfonate channels.

The platform consists of a central liquid reservoir delimited
by a circular FFKM gasket. The upper part of the platform allows
controling the aperture of the cell between an average of 100 mm
between the opened and the closed position, where the barriers
delimiting the cells are in contact with the upstanding glass,
and the gap in the electrochemical cells of the WE, CE and RE
and the diffusion barriers have an average height of�5 mm. The
open and close positions were actioned by a pneumatic piston.
When the cell is in the close position, the total volume of the
isolated partial cell of the WE (V) is 0.9 nL. This volume is
considered in the article to calculate the concentrations of
electrochemically generated acid conned in the volume of the
partial cell of the WE. The liquid in the central aperture was
managed with syringe pumps through an inlet and evacuated
through an outlet in which vacuum could also be applied to
achieve good lling. Finally, this cell also allowed optical access
into the central aperture through the upstanding glass (this
glass will be functionalized in Boc-deprotection experiments).
Using an optical microscope, we could follow the uorescence
in the electrolyte, being able to resolve the acidity sequentially
between the cells.

Functionalization of the glass slides

For the experiments showing the deprotection of acid labile
groups, we functionalized circular microscope slides of 1 cm
diameter as shown in Scheme 1. The glass slides were cleaned
using isopropanol and acetone and blow dried with nitrogen
gas. They were activated using an UV Ozone treatment for
30 min and immersed in a solution of 5% APTES in 40 mL of
absolute ethanol at 50� overnight. The samples were cleaned
and placed in a solution of PyBOP 742 mg, BOC – 150 mg, DIEA
– 248 mL, and DCM 7.5 mL (preactivated for 10 min). The
Fig. 1 (a) Chip fabrication of the integrated electrochemical cells. (b)
electrode geometry bearing the WE, CE, and RE. (c) Cyclic voltammogra
(d) Schematic representation of the microfluidic platform with a movabl

© 2022 The Author(s). Published by the Royal Society of Chemistry
samples were kept in the above solution overnight at room
temperature, closed with aluminum foil. The growth of the lm
was followed by water contact angle measurement and XPS
(details in ESI-6†). For each experiment, a functionalized glass
slide was mounted on the upstanding lid of the platform, using
a dedicated glue. Following the experiments, the glass slides
were removed from the platform and stained with rhodamine B
isothiocyanate to observe the deprotection ngerprint.

Two control samples were prepared for the evaluation of Boc
deprotection. A negative control was used with the Boc pro-
tected samples and incubated into rhodamine without further
treatment. The positive control was prepared aer a treatment
with 50% TFA acid for one hour, before the same incubation
with rhodamine. The uorescence was evaluated normalizing
a spot with a eld of view �50 mm to the signal from an
equivalent glass slide treated with traditional deprotection in
TFA acid.
3D microscope picture of the microreactor and a description of the
m with the extracted faradaic currents represented with blue shadows.
e optical setup on top and the exploded view of the platform.

Nanoscale Adv., 2022, 4, 3233–3242 | 3235
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Control of redox reactions in the platform

In our platform, the 4-ATP functionalized electrodes can be
biased to exchange protons with the electrolyte. This reaction is
more efficient aer the dimerization of 4-ATP.15 The dimeriza-
tion was carried out in water by electro-polymerization with
cyclic voltammetry. Before cycling the acid/base control, the cell
was placed in the open position and the electrodes were con-
nected to a potentiostat using a three-electrode system. A cyclic
voltammetry (CV) program was applied in the range of �0.6 to
+0.6 V at a scan rate of 25 mV s�1 for 5 cycles in the presence of
the dye (FAM 0.5 mM) in KCl (100 mM) (Fig. 1c). The voltam-
mograms corresponding to the electropolymerisation exhibited
twomain contributions in the oxidation peaks corresponding to
the reversible exchange of protons and the dimerization at �0.1
and 0.4 V respectively. As consecutive cycles were performed the
main peak corresponding to the dimerization disappeared and
the main contribution remained with the peak at 0.2 V corre-
sponding to the two proton exchange reactions. The details of
all these reactions were studied in our previous article.15 In
some of the chips, other residual contributions that we ascribed
to non-dimerized molecules could also be observed between the
two peaks of the dimerized molecules and electro-
polymerisation. The 4-ATP molecules exchanging protons can
be assessed by faradaic currents causing proton exchange
reactions at low voltages. For the experiments in organic
solvents, FAM was used with the same initial concentration 0.5
mM in a solution of 100 mM Bu4PF6 in ACN. In organic medium,
CVs were recorded between 0 and 1 V vs. a pseudo-reference
with a scan rate of 30 mV s�1. The deprotection of Boc acid
labile groups occurs with the application of a linear swipe up
from 0 to 0.85 V, a xed voltage (0.85 V) for 1 min and then
a second linear swipe up from 0.85 to 0 V. The electroneutrality
is globally maintained between the WE and CE by the difference
of the potential. In addition, high ionic strength solution (KCl/
Bu4PF6 ¼ 100 mM) was used to avoid increasing the potential
difference between both cells and maintain the
electroneutrality.
Fig. 2 (a) The time evolution of the CV and fluorescence data cor-
responding to cycles 2 to 5, the voltage, the current, and the
normalized FAM-fluorescence in black, red, and green, respectively.
(b) Normalized fluorescence (green) and faradaic charge expressed as
apparent pH ¼ (�log Q/(F � V)) (in blue) vs. time. The different active
species are indicated. (c) Calibration curve of carboxyfluorescein vs.
pH using external titration.
Results and discussion

The control of acidity occurs on a customized platform pre-
sented in Fig. 1. The electrochemical microelectrodes are
fabricated in a multistep process combining spin coating of
photoresist, optical lithography, metal evaporation and then
functionalization with the redox molecule 4-ATP, as shown in
Fig. 1a. The chips bearing four microreactors, each one
composed of three electrodes connected through diffusion
barriers (WE, CE, and RE), are mounted on the platform (Fig. 1b
and d) having a sealable gasket and a microuidic system for
the lling of the system with a pneumatic piston for the opening
and closure of the cells. The whole setup holds an optical setup
on the top to follow the uorescence in the cell (Fig. 1d). The
fabrication steps of the devices and the platform are shown in
ESI-1.† Aer their polymerization, the 4-ATP molecules
dimerize to a redox molecular state that at low applied voltages
exchange two protons with the electrolyte for each dimer in the
3236 | Nanoscale Adv., 2022, 4, 3233–3242
electrode (quasi)-reversibly, and each proton is compensated for
by the current of one electron exchanged in the WE.15–17 The CE
had the same composition; thus, it balanced the reactions in
the WE by reverse proton exchange reactions. However, since
the separation by the diffusive barriers keeps both partial cells
apart, there are no possibilities for cross proton exchanges. The
faradaic currents were tted considering the contribution of the
reversible proton exchange peaks aer the subtraction of the
contributions from the capacitance, the linear currents attrib-
uted to mass transport as well as the non-reversible residual
polymerization. The resulting faradaic contributions of the
proton exchange reactions were used to calculate the proton
concentration generated during the oxidation and re-adsorbed
by the electrodes during the reduction cycle (details of the
calculations are shown in ESI-3†). The calculations showed
similar concentration in the two cases (in the case of Fig. 1c, for
instance, 3.6 � 10�4 M and 3.52 � 10�4 M were found for the
oxidation and reduction peaks, respectively). This behavior was
observed for repetitive cycles (up to hundreds of cycles that we
monitored the currents in some of our experiments) validating
the quasi-reversibility of the system. During different experi-
ments using different chips we observed a variety of surface
functionalization in the electrodes that resulted in different
dynamic ranges of pH obtained during the CV cycles, with
typical maximum acidities reaching pH between 3 and 1.
Monitoring acidity with FAM in aqueous solutions

The changes in FAM uorescence (pH 7 xed, 0.5 mMsolution in
KCl 100 mM) with the applied voltage were tracked focusing
a microscope in the WE during the CV measurements and
following the peak emission at 525 nm. Fig. 2a reports the time
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) FAM acid/base pairs (FAMH4
+ cation C, FAMH3 neutral N,

FAMH2
� monoanion M, FAMH2� dianion D, and FAM3� trianion T)

present during the oxidation and reduction process. FAM 1 is the red
shifted, FAM 2 green and FAM 3 blue shifted species. (b) Tautomeri-
zation between the lactone FAMH3 and the zwitterionic tautomer, and
(c) absorption spectrum of the different species of FAM reported with
permission from the literature.
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evolution of the CV and uorescence data corresponding to 4
representative cycles (from cycle 2 to 5, excluding the rst
oxidation/reduction that usually exhibits spurious contribu-
tions from the open circuit state) showing the voltage, the
current, and the normalized FAM-uorescence in black, red,
and green, respectively. The current curves reported the typical
redox peaks corresponding to the proton exchange reactions,
from which for each cycle the faradaic currents could be
extracted (quantitative data of the cycles and details of the
calculations are shown in ESI-2 and 3†). We attribute the
decrease of FAM uorescence to the increase of acidity in the
cell due to the proton exchange reactions. Fig. 2b shows the
details in one cycle with the FAM uorescence (in green) and the
calculated charge exchange Q (blue curve) as a function of time
extracted from the faradaic currents. Q(t) is expressed on
a negative logarithmic scale normalized to the Faraday number
and the volume of the cell, to which we added a baseline of Q(0)
¼ 107 (in the units of elementary charge) where the exponent 7
corresponds to a baseline of neutral pH to account for the initial
conditions of the electrolyte. In this way the charge is expressed
in equivalent units of pH. Fig. 2c shows the uorescence curve
or the FAM vs. pH, calibrated with an ISFET pH meter in
a solution that was titrated with KOH. We observed a small
delay of the uorescence with respect to the faradaic currents
part of which (�1 s) can be attributed to the integration time of
our spectra, but we did not consider this delay relevant in the
overall cycle. We also observed a very good correspondence of
the uorescence obtained in the cell at the equivalent pH
calculated from Q and the one at pH produced with the external
titration. Due to the cell connement, this correlation between
the acidity and the faradaic currents is a proof of the electro-
chemical origin of the acid. The maximum uorescence is ob-
tained when no protons were released in the system or when
they are reabsorbed by the 4-ATP molecules aer the reduction
cycles that correspond to the moment when the normalized
faradaic currents indicate pH 7. The intensity decreases when
the oxidation of 4-ATP occurs (�0.6 to 0.6 V) and then increases
during the reduction fragment of the cycle (0.6 to �0.6 V) where
the protons were re-adsorbed. This returning to the normal
uorescence before the protons activity is also consistent with
our interpretation that the phenomenon is quasi-reversible, and
that the adsorption of the protons released in the system is
efficient. In the cycle we detail here, the equivalent pH of the
faradaic currents reached values close to 1.

An independent calibration of the relationship of the Q
derived from the faradaic currents with the acidity was observed
with the tautomerization of FAM. Tautomerism is a solvent-
dependent chemical process that commonly results in the
relocation of a hydrogen atom and affects the activity of
biomolecules and dyes. Either an acid or a base can catalyze the
proton transfer.18 FAM has different forms (each one having
different tautomers that can coexist in water), and the transition
from one to another can be driven by acidity. In aqueous solu-
tion, FAM has different acid/base pairs (cation C, neutral N,
monoanionM, dianion D, and trianion T) depending on the pH.
Aschi et al.18 were the rst to present accurate measurements of
the pKa values of the different pairs of FAM using
© 2022 The Author(s). Published by the Royal Society of Chemistry
spectrophotometric titration, chemometric analysis and
quantum mechanical estimations. Based on their paper, we
adapted rst the nomenclature of the different species by
considering the global charge of the tautomer with the groups:
(i) the anion family (T (FAM3�), D (FAMH2�) and M (FAMH2

�))
that had a similar absorbance at 470 nm (though T and D had
their maximum at lower frequencies) denoted as FAM 1, (ii) the
neutral tautomer N (FAMH3), which had the lowest absorbance
at 470 nm denoted as FAM 2 and (iii) the cation compound C
(FAMH4

+) that increased the absorbance at 470 nm with respect
to FAM 2 but not with respect to FAM 3. FAM 1 to FAM 3 are
represented in Fig. 3.

To observe the tautomer transition, we used freshly
purchased FAM prepared from a completely dehydroxylated
state (FAM 1, shown in red in Fig. 3) without stabilization of the
buffer (0.5 mM solution in KCl 100 mM). Fig. 4a shows the time
dependent curves of the voltage (black), current (red) and
uorescence (green) from the cell containing the WE. The
interpretation of the cyclic voltammograms does not change, as
there is no inuence of the state of compounds on the elec-
trolyte. All the peaks were tted to extract Q(t) from the faradaic
currents. However, for the preparation of the uorophore in the
electrolyte, we observed a different behavior. Fig. 4b shows
a zoomed-in image of the uorescence of cycle 2 (extended for
a time slightly before and aer), which is representative of the
behavior observed. The most notorious feature is the relative
minimum of the uorescence that can be observed around 150 s
occurring at the middle of the oxidation cycle. As the voltam-
mogram continued to complete the oxidation, the descending
uorescence with the oxidation cycle was retrieved to achieve
the global minimum at the end of the oxidation cycle and then
the maximum of the uorescence was recovered aer the
reduction (in this cycle aer 210 s). We interpreted the
Nanoscale Adv., 2022, 4, 3233–3242 | 3237
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Fig. 4 (a) The time evolution of the CV and fluorescence data cor-
responding to 4 representative cycles, the voltage, the current, and the
normalized FAM-fluorescence in black, red, and green, respectively.
(b) Normalized fluorescence vs. time and the different species in the
medium 1 to FAM 3. (c) Proton concentration (�log Q/(F � V)) vs. time
and the different species in the medium.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

7:
22

:4
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
intermediate minimum with the formation of a medium
tautomer FAM 2, less uorescent than the species generated at
this instant in the solution with a limited lifetime (few micro-
seconds). This sudden drop in the uorescence can be
explained based on the absorption spectra (Fig. 3c) of the
different FAM species. The initial species FAM 1 (shown in red)
showed transitions from one acid/base pair to another with
a similar absorbance at our excitation wavelength (470 nm).
However, the lower absorbance of the neutral lactone N (FAM 2
shown in green in Fig. 3c) at the excitation wavelengths trans-
lates into lower emission uorescence. At this specic moment
we recorded the tautomerization of the keto/spiro form (lactone
FAMH3) into the zwitterionic equivalent (one of them being less
uorescent than the other). The colored band at the bottom of
the uorescence spectra represents the pH dependence of the
different FAM acid/base pairs present in the solution and its
evolution with time. Later the transition to cationic FAM 3
recovers the normal behavior. Fig. 4c shows the calculated
charge exchanged as a function of time (Q(t)) extracted from the
faradaic currents during the oxidation as detailed before. It
shows that the pH varied in the solution via the electrochemi-
cally generated acid from 7 to 2 passing therefore through all
the pKa values of the FAM. Thus, as the generation of protons
during the oxidation protonates rst the trianionic FAM3� it
passes by the neutral (zwitterionic) FAMH3 leading at the end to
cationic non-uorescent FAMH4

+. During the reduction of 4-
ATP, the protons are re-adsorbed leading to a reverse exchange
phenomenon (Fig. 3a), but the tautomerization is no longer
observed, showing the instability of the neutral tautomer N.
3238 | Nanoscale Adv., 2022, 4, 3233–3242
Fig. 4b and c represent respectively the tautomerization of
the neutral tautomer into its zwitterionic state, and the absor-
bance spectra of all the compounds as reported in the work of
Aschi et al.18 This interpretation is consistent with their
measurement for the pKa values of the different families:

At pKa4
¼ FAM3� + H3O

+ $ FAMH2� + H2O, highly

fluorescent

At pKa3
¼ FAMH2� + H3O

+ $ FAMH2
� + H2O

At pKa2
¼ FAMH2

� + H3O
+ $ FAMH3 + H2O

At pKa1
¼ FAMH3 + H3O

+ $ FAMH4+ + H2O, non-fluorescent

where pKa represents the major species coexisting in the
medium, and H3O

+ results from the protons generated elec-
trochemically by the electrodes. At the equilibrium between two
species, the pKa value is equivalent to the pH. The value of pKa

was calculated integrating the area of the oxidation peak from
the beginning of the oxidation to the moment of tautomeriza-
tion. The pH for the minimum of uorescence observed at
120 s, calculated from the faradaic currents, was 4.2, which is in
line with the pKa values reported in the literature.18
Monitoring acidity with FAM in organic solvents

Following the validation of the method to calculate the proton
concentration with the faradaic currents, we deployed the
platform for the control of acidity in organic solvents using
ACN. Since FAM bares 2 carboxylic radicals, to avoid reactions
with the amino groups of 4-ATP in the electrodes we introduced
a coating layer with a peruorinated sulfonate polymer (Naon
117). Naon in addition to protecting the 4-ATP groups can
transport the electrochemically generated protons from the
electrodes to the solution through its sulfonate channels.
Fig. 5a shows a few representative cycles (from 2 to 5, also
excluding the rst cycle to exclude the effects from the open
circuit state) from a series of voltammograms obtained in the
microreactor, together with the uorescence obtained from
FAM (0.5 mM) dissolved in an acetonitrile-based electrolyte
(10 mM Bu4PF6) solution. The CVs vs. time are shown repre-
senting the voltage bias in black and the measured current and
uorescence in red and green, respectively. The complete
experiment was also carried out for several tens of repetitions
without apparent degradation of the faradaic currents of the
uorescence, reecting the efficiency of Naon to avoid side
reactions between FAM and the electrodes. Fig. 5b shows
a representative cycle of CV (cycle 2) with the classical repre-
sentation of current vs. bias voltage. The faradaic currents show
two peaks that we ascribe to the oxidation of the dimerized and
monomer forms of 4-ATP at �0.3 V and �0.55 V, respectively.
These peaks were persistent; thus, we believe that the Naon
coating avoids further polymerization. The oxidation peaks are
also shied towards higher bias, as expected due to the increase
of the pKa of the electrolyte. We also observe an increase of the
bias for the reduction peak, as a consequence of the same effect.
The faradaic currents were extracted from each voltammogram
© 2022 The Author(s). Published by the Royal Society of Chemistry
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cycle to calculate the number of protons produced during each
bias ramp (more details of the extraction are shown in ESI-4
Table 2†). The concentration of the protons produced during
the oxidation (1.67 � 10�2 M) is almost equivalent to those re-
adsorbed for the reduction (1.45 � 10�2 M). The concentra-
tion of protons (�log(Q/F � V)) and the relative uorescence
normalized to the maximum value under normal conditions are
shown vs. time in the inset of Fig. 5c.

In acetonitrile, the electrolyte plays a key role in the mobility
of the electrochemically generated protons. Different equilibria
are in competition in the solution: the dissociation of the
electrolyte, its association with the protons, the protonation of
FAM, and the protonation of the solvent itself19 shown as:

Bu4PF6 $ Bu4
+ + PF6

� (1)

H+ + PF6
� $ HPF6 (2)

H+ + ACN $ ACNH+ (3)

FAM3� + HPF6 $ FAMH2� + PF6
� (4)

Eqn (1) shows the dissociation of the salt used for the elec-
trolyte conductivity, which acts as the main proton carrier (eqn
(2)) as PF6

� has a much higher proton affinity than ACN (eqn
(3)). In our system, the acidity is generated from the electrodes
while the conjugate base remains xed and isolated from the
medium by the Naon. The proton concentration is similar to
that of Bu4PF6, but 100 times higher than the concentration of
Fig. 5 (a) The time evolution of the CV and fluorescence data corresp
normalized FAM–fluorescence in black, red and green, respectively, (b)
normalized fluorescence and exponential fitting, with the inset showing th
(F � V)) (in blue) vs. time, (d) transformation of the normalized fluoresce
sponding curve in dashed red, inset in green the titration curve of H
normalized fluorescence into [H+]2 vs.HCl concentration in black, the slo
curve of HCl fluorescence vs. the concentration.

© 2022 The Author(s). Published by the Royal Society of Chemistry
FAM (FAM 0.5 mM, Bu4PF6 10 mM vs. protons electrogenerated
calculated from the faradaic currents �14.5 mM). Thus, as the
acid generated by the faradaic currents reaches the electrolyte,
the protonation of PF6

� (eqn (2)) and the migration of protons
to FAM (eqn (4)) (faster than the protonation of acetonitrile (eqn
(3))) ensure the availability of all the protons to interact with the
acid–base pairs of FAM. Also, due to the planar conguration of
the electrochemical cell and the electrodes, the typical diffusion
length is limited by the height of the cell, which is in the order
of a few mm. Thus, the uorescence in our electrolyte wasmainly
determined by the equilibrium in eqn (4). Then we can interpret
the reversibility of the uorescence spectra from complete
quenching during the oxidation and its total recovery aer the
reduction as the reporting of FAM uorescence vs. the proton
activity. In the inset of Fig. 5c, we observe a delay of the uo-
rescence with respect to the faradaic charge, which we attribute
to the delay of protons to cross the Naon membrane. However,
as the time interval between the oxidation and reduction is
much longer (30 s), the equivalence in Fig. 5 pH* vs. FAM
uorescence is a good approximation over a full cycle. We can
dene the proton activity of the electrochemically generated
acid in the cell as the pH* calculated using the faradaic currents
(�log(Q/F � V)). Assuming the delay of the protons to cross the
Naon barriers, we used the correlated temporal dependence of
faradaic currents and uorescence shown in the inset of Fig. 5c
to generate FAM uorescence vs. pH* shown in black in Fig. 5c.
We used the relationship of the pH* with FAM uorescence to
calibrate the dissociation of acids in a solvent with the same
onding to 4 representative cycles, the voltage, the current, and the
cyclic voltammogram and the extracted faradaic currents, (c) pH*vs.
e normalized fluorescence (green) and proton concentration (�log Q/
nce into [H+]2 vs. HCl concentration in black, the slope of the corre-
Cl fluorescence vs. the concentration, and (e) transformation of the
pe of the corresponding curve in dashed red, inset in green the titration

Nanoscale Adv., 2022, 4, 3233–3242 | 3239
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Table 1 Calculated pKa values for the different titrated acids

Acid used

TFA HCl Formic Acetic

Calculated pKa 9.6 9.3 10.0 9.7
Literature pKa 12.6 (ref. 21) 10.3 (ref. 20) 20.3 (ref. 22) 23.5 (ref. 20)
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composition of our electrolyte. We titrated different acids
including strong and weak acids (HCl and TFA for the strong
and acetic and formic for the weak acids, respectively). We
recorded the FAM uorescence signal corresponding to the
titration of the acids using a solvent with the same composition
as our medium (insets Fig. 5d and e). To obtain the pKa

dependence, we considered the acid dissociation constant:

Ka ¼ ½Hþ�½A��
½HA�

Since the dissociation of ACN is very low (ACN pKa ¼ 40 (ref.
20)), all the protons derive from the acid, and thus the proton
concentration in this system can be considered equal to the
concentration of the conjugated base:

Ka ¼ ½Hþ�2
½HA�

It is noted that pKa from the four acids had similar values in
a range from 9 to 10 although some of them are considered
weak acids. This similar behavior can already be noticed
following the allure of the uorescence titration curves as the
uorescence vs. acid concentration had a similar behavior in all
cases (Table 1).

The strong acidity observed for all the compounds is
explained by the inuence of the electrolyte Bu4PF6, that creates
super-acids due to the ability of PF6

� to associate the protons
Fig. 6 (a) Description of the deprotection of BOC in the electrochemical
and RE in black and diffusion barriers in grey, (c) electrical bias (pulse) app
incubation in rhodamine B, and (e) comparison of the fluorescence o
negative control.

3240 | Nanoscale Adv., 2022, 4, 3233–3242
dissociated from the acids already reported in the literature.23

The use of this proton carrier allows increasing the dissociation
of the acid, almost similarly to mineral acids dissociated in
water. As a result of our calibration of the acidity response of
FAM with the faradaic currents, we were able to nd the activity
of the acids in the complex media that included Bu4PF6.
Deprotection of acid labile groups using the electrochemically
generated acid

Following the good control of the acidity reaching very high
concentrations of protons, we disposed the generation of acid to
deprotect acid labile groups employed in solid phase synthesis.
We tested the Boc protecting group, known in peptide and
nucleotide synthesis due to the high yield of polymers that it
achieves. However, the high yields of purity achieved are also
due to its stability that ensures the orthogonality of chemistry
during acid/base transitions, which requires a high acid
concentration for its removal (�50% TFA in DCM used in many
traditional solid phase syntheses).

We proceeded to use glass functionalized with amino groups
protected by a Boc terminal function as described in Fig. 6.
Fig. 6a represents the deprotection of BOC groups using elec-
trochemically generated protons by chronoamperometry from
Naon protected electrodes in the presence of an ACN based
electrolyte (no FAM was included in these experiments). Fig. 6b
shows a microscope picture corresponding to one of the elec-
trochemical cells. Black platinized electrodes are seen in the
cell coated with Nafion, (b) full reactor with a circular WE electrode, CE
lied on the WE vs. the RE at 0.85 V for 1 min, (d) deprotected cell after

f the electro-deprotected glass with glass treated with TFA 50% and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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microscope in black. The electrodes are connected by diffusion
barriers that are seen in Fig. 6b in grey. The circular electrode is
the WE, while the short and long arched electrodes are the RE
and CE, respectively. To be sure that we generated enough
protons, a pulsed voltage bias to the WE vs. the RE was main-
tained at 0.85 V for 1 min.

Fig. 6c shows the electrical bias used for the generation of
acid. Aer the exposure to this pulse, the glass was removed
from the reactor and incubated with rhodamine B iso-
thiocyanate in DMF for an hour to let the isothiocyanate func-
tion of the uorophore react with newly Boc-deprotected amine.
Fig. 6d shows the resulting image of the glass aer the incu-
bation. The area of the deprotected region is equivalent to the
total footprint of our WE both being spots with a radius of�150
mm. The delity of the uorescence image in Fig. 6d to the
footprint of theWE shows the efficiency of the system to conne
the acidity during the chronoamperometry experiments. This
also supports the approximation that we have used through the
article to consider the protons conned to the partial cell of the
WE. We compared the deprotection of the electrochemically
generated acid with the positive and negative controls described
in the section Materials and methods and ESI-6.† The results
are shown in Fig. 6e. The negative control shows that the
deprotection was efficient, while the comparison with the
positive control yielded lower uorescence on the glass of the
electrochemically generated acid. Nevertheless, since we cannot
exclude contributions from uorescence areas larger than our
eld of view (due to imperfections of the diaphragm in our
microscope system) we believe that the positive control is an
upper limit. The deprotection achieved by the electrochemically
generated acid was quite signicant, considering that the
deprotected area had the same footprint of the WE. Since the
surface area of the platinized electrodes was �10 times the at
area of the glass, we achieved such deprotection with�10 molar
equivalents of the exposed amino groups.

Conclusion

In this work, we have shown accurate control of acidity by
means of an electrochemically generated acid in 150 mm
regions. We proved that faradaic currents can accurately control
the acidity in the cell both in aqueous and organic solvents.
Microreactors provide extremely acidic environments �10�1 M,
thanks to which, we were able to demonstrate the deprotection
of –Boc acid labile groups. The reactor delivers a neutral acid
that can be used for the control of many chemical reactions with
a Naon coating that isolated the electrodes.

One of the advantages of the electrochemically generated
acid in our system is the absence of a conjugate base that could
react and interfere in the medium. For organic acidity we used
the correspondence of the faradaic currents with the proton
concentration in the cell to calibrate the FAM uorescence.
Furthermore, we were able to calculate the pKa values of four
different acids in the presence of Bu4PF6, which are different
than the values reported in the literature.

To the best of our knowledge, this platform shows the best
control of acidity in the smallest volume reported so far. This
© 2022 The Author(s). Published by the Royal Society of Chemistry
volume is three orders of magnitude smaller than the last
version that we used in our previous publication, as the foot-
print has decreased to the order of 150 mm. The high delity
achieved while deprotecting the acid labile groups placed in
a glass upstanding the partial cell of our WE shows the high
potential of our platform to control addressable chemical
reactions. Owing to the high level of miniaturization, it would
be possible to highly parallelize such chemical reactions, for
example, to achieve high density polymer microarrays using
parallelized solid phase synthesis.
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Polymers, 2021, 13, 1–21.
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