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ABSTRACT: Electroanalytical sensors for point-of-care biomedical or point-of-use
environmental sample analysis are gaining popularity due to low limits of detection, ease
of miniaturization, convenience, and ability to work with small sample volumes. Since pH
must be tightly controlled for optimum electrochemical performance, adjustment of pH
in these samples is often a necessity. Yet manual titration is time-consuming and can be
especially challenging for small volumes. End point determination can also be difficult.
Current commercial automatic pH titrators are generally designed for large volume (>1
mL) batch titrations, while the existing microvolume titrators are semiautomatic at best,
still relying on multiple manual steps. To address the gap, we developed an automatic
microtitration system suitable for small volume samples. The system was validated using
digested whole blood microsamples, successfully demonstrating accurate and rapid pH
adjustment for samples as small as 100 μL. The simple modular construction of the
system makes it compatible with acid washing for trace metal detection and other cleaning or sample preparation steps. The
electrochemical detection of manganese heavy metal in blood at the parts per billion level showed no detectable contamination
induced by the system. Ultimately, our simple, accurate, user-friendly automatic microtitration system can be used in the pH
adjustment of microvolume samples and can potentially be extended to other pH end point analysis.
KEYWORDS: Microtitration, small volume samples, microvolume titrator, automated pH adjustment, acid-based titration,
trace level analysis

1. INTRODUCTION
The analytical laboratory approaches used to measure trace
metals in water or biological samples are generally based on
either spectrometry (e.g., ICP-MS)1,2 or spectroscopy (e.g.,
AAS).3,4 These techniques are widely used due to high
accuracy and sensitivity and low limits of detection at the sub-
parts per billion level.5 However, the high cost of
instrumentation, the need for highly trained personnel, and
the use of relatively large sample volumes (mL) has led to
growing interest in electroanalytical methods for point-of-care
biomedical or point-of-use environmental applications. Many
point-of-care sensors and analysis methods rely on small
sample volumes collected.6−13 These are typically biofluids
such as blood or sweat or saliva. Frequently, the pH of these
samples must be adjusted, especially if the samples undergo
acidification to break up biological components, such as
protein and cells, for the electrochemical measurements.14

Traditionally, this process involves manual pipetting of the
titrant into the solution. However, the manual titration is time-
consuming and can be challenging for small volumes. Further,
pH adjustment is a highly nonlinear process and pH can
change drastically after the equivalence point.15 It is also
difficult to determine when the end point is reached, leading to
overtitrating and passing the end point. Commercial
titrators16−18 are not suitable for this, since they are designed

to work with larger sample volumes and at high titrating flows
(>100 μL/min) for batch titrations.
For titration of small sample volumes (<500 μL), several

methods have been developed for in situ measurement
applications, e.g., buret-based systems using fused silica
capillaries and spectrophotometric end point detection
systems. These can reduce sample volume down to below
250 μL.19,20 A spectroscopic method was introduced by
optically monitoring the indicator color change of acid−base
end point titrations.21 Van der Schoot et al.22 further reported
on automated colorimetric titration systems, which are
advantageous due to the high reproducibility and accuracy of
diffusion driven microtitrators. For point-of-care electro-
chemical sensors, the relative pH change is monitored to
accurately determine the end point of titration reactions. The
pH can easily be measured in situ with potentiometric
microelectrodes. For example, Steinsberger et al.23 demon-
strated a RuO2 electrode for pH measurements, while Chen et
al.24 reported an IrOx electrode. Nevertheless, many point-of-

Received: April 19, 2022
Revised: June 28, 2022
Accepted: June 29, 2022
Published: July 14, 2022

Articlepubs.acs.org/measureau

© 2022 The Authors. Published by
American Chemical Society

430
https://doi.org/10.1021/acsmeasuresciau.2c00021

ACS Meas. Sci. Au 2022, 2, 430−438

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhizhen+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abid+Rehman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhehao+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ian+Papautsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmeasuresciau.2c00021&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00021?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00021?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00021?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00021?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amachv/2/5?ref=pdf
https://pubs.acs.org/toc/amachv/2/5?ref=pdf
https://pubs.acs.org/toc/amachv/2/5?ref=pdf
https://pubs.acs.org/toc/amachv/2/5?ref=pdf
pubs.acs.org/measureau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.2c00021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/measureau?ref=pdf
https://pubs.acs.org/measureau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


care systems work with miniscule sample volumes, such as
drops of blood. While measurement of pH is such small
volumes can be done with the aforementioned probes,
adjustment of pH in these microvolume samples remains
challenging. Hence, an automated titration method capable of
working with minimal sample volumes is very desirable.
In this work, we report on a simple approach for automatic

pH titration in microvolume samples. The system relies on a
microscale pH probe for feedback and end point measurement.
Feedback is used to adjust titration flow, with a fuzzy logic
controller used to make these adjustments. The approach was
validated and applied to electrochemical determination of Mn
in human blood. A blood digestion protocol is necessary to
fully decomplex Mn bound to protein, which yields samples at
pH < −1 due to acidification with nitric acid. Since cathodic
stripping voltammetry (CSV) for Mn determination is
performed at pH 5.0, an adjustment with minimal dilution is
necessary. Herein, we demonstrate that the developed pH
microtitrator is capable of rapid and autonomous titration of
these samples.

2. EXPERIMENTAL SECTION

2.1. Reagents
Nitric acid (67%, TraceMetal grade) and sodium hydroxide
monohydrate (TraceSELECT grade) were purchased from Fisher
Scientific. Hydrogen peroxide (30%) for ultratrace analysis was
purchased from Sigma-Aldrich. A 5.0 M sodium hydroxide solution
was prepared by dissolving 2.9 g of sodium hydroxide in 10 mL of
deionized (DI) water. A 0.1 M sodium acetate buffer was prepared by
dilution from a stock solution of 3.0 M, pH 5.2 ± 0.1 sodium acetate
(Sigma-Aldrich). Mn solutions of desired concentrations were
prepared from atomic absorption standard solution of 1000 mg L−1

Mn2+ in 2−5% HNO3 (Acros Organics).
2.2. System Components
The system consisted of a syringe pump used to dispense sodium
hydroxide for pH adjustment and a miniature pH probe for feedback.
Figure 1a illustrates the setup. The 5 mL syringes (AL5, Norm-Ject)
were purchased from Air-Tite Products Co. The syringe was
connected to 0.02″ id/0.04″ od (0.5 mm id/1 mm od) Tygon
tubing purchased from Cole-Parmer. The connections were made
with luer lock adapters (P-618, P-620) purchased form IDEX Health
& Science. All of the fluidic components of the system were acid
washed in 10% nitric acid by overnight soaking and rinsed thoroughly
in DI water. Once clean, components were assembled and 5 M NaOH
was loaded in the syringe. A syringe pump (1000X, New Era) was
used to house and drive the syringe. A miniature pH probe (MI-410,
Microelectrodes Inc.) was connected to pH meter (Denver
Instruments, model 225) to provide feedback.
Both the syringe pump and the pH meter were controlled using

LabView software (NI, v2015). A fuzzy logic controller was
implemented to dynamically control the dispense rate and make
adjustments based on pH sensor readouts. For pH adjustment,
samples were pipetted into wells of 24-, 48-, or 96-well microplates,
depending on sample size. The microplate was positioned on a
stirring plate, and micro stir bars were used for agitation. Sample
volume was inputted into the control software via user interface. The
interface window displays the dynamic plot of pH vs time, the real-
time pH value, the status of the syringe pump (stop, infuse, withdraw,
pause), the flow rate of the syringe pump, and the total infused
volume. These data are recorded and stored at a rate of 1 Hz.

2.3. Controller Structure
The implemented fuzzy logic controller (FLC) consisted of three
major steps: fuzzification, fuzzy inference system, and defuzzification.
During fuzzification, the process variable (PV), which is the “crisp”
input, was decomposed as a linear combination of input sets by using

membership functions (MF) (Figure 2a). Each membership function
can take either a Gaussian, triangular, trapezoidal, sigmoid, or
piecewise linear shape. Both the shape and boundaries of each
membership function can be determined either heuristically or
algorithmically via tools such as genetic algorithms. The fuzzy
inference system is the process by which the “fuzzy” inputs are turned
into “fuzzy” outputs. Using a rules base, as shown in Figure 2b, each
fuzzy input was mapped to a corresponding fuzzy output.
Defuzzification is the step in which “fuzzy” outputs are converted
into a “crisp” output using output membership functions (Figure 2a).
Similar to input membership functions, output membership functions
can have a variety of both shapes and boundaries. Once more, these
shapes and boundaries can be determined either heuristically or via
algorithmic tuning methods. Through these steps, human thinking is
mimicked.25 As such, the input variables for the FLC should reflect
the variables an expert operator will consider when titrating. A typical
human operator will likely account for both the pH of the system, as
well as the initial volume of the sample when titrating. Therefore,
these input variables were used in the titration process. Figure 2c
shows the resultant fuzzy logic output space with the given input
variables. The variable, “difference,” represents the pH difference
between the real-time pH value and the preset end point. The variable
“volume,” represents the initial volume of the sample, and the output
variable, “rate”, represents the flow rate. However, the initial volume
of the sample typically only has a significant effect on the early stages
of the titration. Thus, our inference system can be simplified such that
the initial volume of the sample only affects the flow rate when the pH
is low (<0).
2.4. Titration Experiments
Titration experiments were carried out with digested blood samples
we use for electrochemical determination of Mn. The procedure for

Figure 1. Photographs of the automatic pH adjustment system. (a)
Microtitrator system during pH adjustment in a 24-well microplate,
with the LabView fuzzy controller visible in the background. (b)
Close-up photograph of a microvolume sample during pH adjustment
in a 24-well microplate (12 mm well diameter). (c) Close-up
photograph of a microvolume sample during pH adjustment in a 96
well microplate (5 mm well diameter).
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these experiments was similar to our previous work.26 Sample
preparation included microwave digestion of whole blood, which was
performed using the Discover SP-D Clinical microwave digestion
system (CEM Inc.). For this, a 0.25 mL whole blood sample was
pipetted into a 10 mL quartz digestion vial, followed by addition of
0.5 mL of HNO3 and 0.25 mL of H2O2. The sample solution was
mixed in the vial by gentle agitation. The vial was sealed with a PTFE
cap and digested at 200 °C with 7 min ramp up, 3 min hold time, and
300 psi maximum pressure. The digested blood sample was then
pipetted into wells on the microplates.
To test the pH adjustment capability of the system, different

volumes (100, 150, 250, 500, and 1000 μL) of digested blood were
used. A 96-well microplate was used for 100 μL samples, 48-well
microplate for 150 and 250 μL samples, and 24-well microplate for
500 and 1000 μL samples. The microplate with the blood sample was
placed on a stirring plate, and a micro-stir bar was used at 800 rpm to
ensure quick mixture of the blood sample and the titrated NaOH. The
pH microprobe and the tip of the Tygon tubing were then immersed
into the digested blood sample. A 5 min rest time was used for the pH
microprobe to stabilize. The pH adjustment process was then initiated
using “start” button on the software user interface. NaOH was
continuously titrated into the digested blood sample until the pH
value reached the preset end point.
After obtaining the pH adjusted sample, electrochemical measure-

ments of manganese (Mn) in the blood sample using our previously
reported method were performed.26 ITO was used as the working

electrode, while Ag/AgCl and carbon paste were used as the reference
electrode and auxiliary electrode, respectively. Square wave cathodic
stripping voltammetry (CSV) was used for Mn determination to
achieve low limits of detection. During measurement, the working
electrode was biased at a positive potential of 1.2 V to deposit
insoluble MnO2 on the electrode surface by oxidizing Mn2+ for 15
min. When the preconcentration step was complete, the electrode
potential was swept negatively from 1.2 to 0 V to reduce insoluble
MnO2 back to Mn2+ and strip it off the surface, with the waveform
parameters of 70 ms period, 5 mV increment, and 25 mV amplitude.
The cathodic current was measured and correlated to the
concentration of Mn2+ in the solution. A standard addition method
was used to minimize impact of sample matrix of the blood sample.
For validation, Mn measurements were also performed in the same
digested blood samples but with manually adjusted pH. For the
manual pH adjustment, 5 M NaOH was carefully pipetted into the
digested blood with a pipet and metal-free pipet tips (Cole-Palmer)
until pH reached 5. The results of the manually adjusted and auto-
adjusted blood samples were compared using a t test (p < 0.05).

3. RESULTS AND DISCUSSION

3.1. System Design and Operation

Our microtitrator system is composed of a syringe pump used
to dispense the titrant (in our case, 5 M NaOH) solution for
pH adjustment and a miniature pH probe for feedback and end
point determination. Figure 1a illustrates the setup. We
selected 5 mL Norm-Ject syringes (Air-Tite Products Co.)
for this work as they are manufactured from laboratory grade
polypropylene and contain no rubber, latex, silicone oil, or
styrene. These syringes are a good choice for applications
needing an inert, nonreactive syringe. Polypropylene is
resistant to nitric acid and thus can be acid-washed for trace
metal applications. The low cost and disposable nature of the
syringes make them a convenient choice for this application.
Small-bore Tygon tubing is used to dispense the titrant directly
into the sample microwell of a microplate. While a variety of
metal and plastic tips with a Luer lock interface could be used
for the dispensing end, we opted for the simplest solution of
using tubing only. This approach also prevents any metal
contamination for trace analysis and allows all of the fluidic
components to be acid-washed.
While a wide range of commercially available micro-

centrifuge tubes can be used to contain the samples, in our
experience microplates are the most convenient as they can be
used for single or batch sample titrations. Microplates are
readily available in a wide range of sizes and materials,
including polypropylene, and thus can be acid-washed for trace
metal analysis. Selection of the microplate is dependent on the
sample volume and the expected dilution during the titration
process, with the largest 6-well microplates accommodating up
to 5 mL of liquid and the smallest 384-well microplates
accommodating up to 100 μL of liquid. In this work, we used
the 24-well microplates for 0.5−1 mL samples (Figure 1b), the
48-well microplates for 150−250 μL samples, and the 96-well
microplates for 100 μL samples (Figure 1c). The 5 mm well
diameter of the 96-well microplate was the smallest practical
size that could accommodate the tubing, pH probe, and micro-
stir bar.
Accurate measurement of sample pH is especially critical in

our system, since it controls the dispensing rate of the titrant
and determines the process end point. Sample pH can be
accurately measured in small volumes by integrating metal
oxide electrodes in microfluidic channels. For example,
Steinsberger et al. demonstrated a RuO2 electrode for pH

Figure 2. A fuzzy logic controller implemented to control titrant
dispense rate during pH adjustment. (a) Structure of the fuzzy logic
controller, (b) rules base of the fuzzy logic controller, and (c)
resultant fuzzy logic output space with the given input variables.
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measurements,23 while Chen et al. reported an IrOx
electrode.24 However, while we have used a similar approach
in the past with ion selective electrodes,27 adopting this
approach herein would necessitate the use of custom
microfluidic cells and would make the instrument setup
more complex. The titration process end point determination
can be also done spectrometrically using a combination of an
LED and a photodiode.20,28,29 This approach, however, also
requires the development of custom flow cell setups and
integration with optical devices. Thus, we selected a micro-
electrode-type probe for measurement of pH instead, as it
allowed for not only determination of the end point of the
titration but also monitoring of the process and providing
feedback to the software controller. In addition, the small size
of the probe (tip outer diameter ∼ 1.25 mm) permitted
measurements in sample microvolumes inside the 5 mm
diameter wells of a 96-well microplate.
Generating a homogeneous mixture of the sample solution

and titrant is critically important to ensuring accurate pH
measurements. The reaction kinetics are often impacted by
mass transport, which is a combination of both diffusion and
advection processes. The latter arises from flow, while the
former is driven by concentration gradients and generally is the
slower of the two. The most prevalent advection-generating
system for microplates is an orbital shaker, as they are easy to
use and require little supervision. However, shaker-induced
advection relies on sloshing of the liquid, which can translate
into nonuniform kinetics and thus inconstant results, as
recently discussed by Pereiro et al.30 Our own work with
agitation of samples for point-of-care electrochemical measure-
ments shows that while measurements can be performed in
acquiescent microvolumes, agitating them with vibration can
substantially decrease equilibration (mixing) time and improve
signal.8,31,32 Yet vibration stages can introduce mechanical
noise that manifests in noisy voltammograms and thus greater
measurement variability. Thus, we opted to use a magnetic
micro-stir bar inside the microplate wells to provide
continuous agitation and to ensure accurate pH measurements
during the entire titration process. This was especially
important when working with microvolume samples, as rapid
and accurate pH readings help prevent overshooting of the end
point.
A photograph of the representative user interface of the

fuzzy control system during measurement is illustrated in
Figure 3. The interface provides user feedback on the real-time
pH value, the real time titrant flow rate, the pH vs time plot,
the total volume of titrant dispensed, and the syringe
(dispensing) status. These data can then be saved for
documentation or further analysis, as we show below.
We used digested blood samples to demonstrate system

operation during pH adjustment. Due to addition of nitric acid
during the digestion process, pH of the digested blood samples
is typically negative, pH < −1. However, the electrochemical
measurements generally need an optimal pH value for the best
performance,8,26,31,33 which makes pH adjustment necessary.
In our previous work on manganese determination in blood by
cathodic stripping voltammetry,26 we tested samples with pH
in the 3.0 to 7.0 range. Solutions with acidic pH prevented
Mn2+ oxidation, while solutions with higher pH yielded
formation of insoluble manganese hydroxides that precipitated,
also deterring oxidation of Mn2+. The optimization results
showed that a weakly acidic solutions at pH 5.0−6.0 yielded
the highest stripping signal. Here, a 2 mL digested blood

sample was titrated with 5 M NaOH to the end point of pH =
5. During the titration process, sample pH, titrant flow rate,
and total volume of infused titrant were recorded at the rate of
1 Hz. The results in Figure 4a show that the pH of the digested
blood sample continuously increased from −1.2 to the preset
end point of 5 over the course of approximately 75 min. The
titrant flow rate data in Figure 4b show that the flow rate
begins at the preset starting value of 100 μL/min and gradually
decreases as the process proceeds and sample pH approaches
the end point. The flow rate ends at 0.5 μL/min when the
titration reaches the target pH value. Presenting flow rate data
as a function of pH in Figure 4c further illustrates how
feedback data from the pH probe is used to continuously
adjust the flow rate down as not to overshoot the target value.
As pH is the negative decadic logarithm of the molar hydrogen
ion concentration, the pH change with the NaOH volume is
extremely nonlinear. Plotting the pH change with the volume
of titrated NaOH in Figure 4d illustrates the abrupt change
from pH = 0 to pH = 5 with only 300 μL of NaOH, while ∼3.1
mL of NaOH is needed to shift the pH up from −1 to 0. These
results clearly illustrate the need to carefully control the
amount of titrant when approaching the end point in order to
avoid overtitration, as well as the benefit of using a feedback
control.
3.2. Software Controller
A variety of factors contribute to pH of real-world biological
samples, and these factors are not universal across all samples,
making the system rife with unknown processes.34 With such
complex samples, using a model-predictive controller would be
challenging as many of the underlying parameters are not
measured. Thus, a model-free controller is more suitable.
Among model-free controllers, several potential candidates
include an artificial neural network (ANN), a proportional
integral derivative controller (PID), and a fuzzy logic controller
(FLC). These control system types are compared in Table 1.
Since the pH adjustment process can be highly nonlinear,

PID, which is an inherently linear controller, is less suitable to
control pH titration due to the nonlinearity and uncertainty
within the system. While various tuning methods for PID
controllers exist, they increase computational cost, hence
making the controller too sluggish to handle fast changes.
Thus, an inherently nonlinear control system would likely
remain preferable to an auto tuned PID.25,36 Furthermore,

Figure 3. Photograph of the representative user interface of the fuzzy
control system during measurement. The interface provides user
feedback on the real-time pH value, the real time titrant flow rate, the
pH vs time plot, the total volume of titrant dispensed, and the syringe
(dispensing) status.
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overshoot is a significant concern in the operation of a pH
titration system, and PID control systems have been found to
exhibit more overshoot and perform worse than a fuzzy
system.36−38 A likely reason for this phenomenon is that while
a linear controller, such as a PID controller, can update itself to
change the nonlinearities, the fuzzy logic control system has
the features as a core aspect.25 In addition, implementation of a
PID would require more detailed system knowledge of the
system, as opposed to the black box modeling controllers such
as an ANN and FLC.
ANN has gain popularity in recent years and has been widely

applied to various nonlinear systems.25,39−43 ANNs can
significantly reduce the computing need and allow the use of
more accurate high-order system models due to the simple
mathematical expression.43 Despite their incredible predictive

power, ANNs require a vast amount of training data to find a
suitable ANN fit from process behavior records.25,40,41 This
can be a significant challenge for biomedical applications due
to the scarcity and high cost of the biological samples.
FLC, on the other hand, requires little data for the training

phase and can be a good fit for the biomedical applications.
The FLCs offer a means by which human reasoning could
capture uncertainties and nonlinearities.39 Their strengths lie
in the ability to apply an expert’s experience to a nonlinear
process that is difficult to model mathematically.37,44 With the
concept of fuzzy first proposed by Zadeh45 in the 1960s and
rapid development afterward, control systems that use fuzzy
logic continued to be utilized in chemical processing, which is
full of nonlinearities.25 Indeed, FLCs have been established as
viable controllers in both pH neutralization44 and automa-
tion.46

Although an FLC requires more manual tuning rules than an
ANN39,40 and is limited in the number of input variables it can
process relative to an ANN,40 this is not a significant concern
in our case. We use only two input variables (initial sample
volume and the real-time pH value measured by the pH probe)
and one output variable (the flow rate of the titrant), allowing
for a relatively simple rule base. Another potential concern of
FLCs is controller stability.39,47 Certain mathematical meas-
ures have been proposed to counterbalance and quantify

Figure 4. Representative results of automated titration. (a) pH change of the blood sample during the titration process. (b) Dispensing flow rate of
NaOH titrant solution with time. (c) Dispensing flow rate of NaOH titrant solution as a function of blood sample pH. (d) pH change of the blood
sample as a function of the dispensed NaOH titrant volume.

Table 1. Comparison of Key Features of the Model-Free
Controllers

control
system

suitable for
nonlinear systems

needs precise system
knowledge

training data
requirements

FLC yes25,38−40,44 no25,44 little/limited data
set44,37

ANN yes25,39,40 no35,40,41 extensive data
set25,35,40,41,49

PID no25,37,38 yes37,50 no25,37
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instability,39 including integration with a PID controller.47

However, the steady state response is not a significant concern
of our system since the experimental setup has only one inlet,
which pumps directly into a continuously stirred beaker
containing the titrant. We are not concerned with a steady-
state response since the blood samples simply need to be
titrated to an end point for later trace-level analysis. Ultimately,
based on the advantages of the FLC and the characteristics of
our system, FLC was selected as the most suitable controller of
our pH adjustment system.
3.3. pH Adjustment in Microvolume Samples

To demonstrate the capability of the system to work with small
volumes of blood samples, we performed pH adjustments of
digested blood samples in the 100 μL to 1 mL range. As Figure
5a illustrates, the microtitrator successfully adjusted the pH of
all blood samples to pH = 5, including samples as low as 100
μL. The time needed for the titration process ranged from
approximately 6 min for the 100 μL sample to approximately
40 min for the 1 mL sample. The majority of the time, and
thus titrant volume, is spent to bring sample to pH = 0. Indeed,
examining the flow rate data as a function of titration time
(Figure 5b) shows that the larger the initial sample volume the
longer time is spent at the higher flow rate. In these
experiments, the initial flow rates were preset at 20 μL/min

for samples < 250 μL and at 50 μL/min for the 1 mL sample.
For the smallest 100 μL sample, the flow rate is downregulated
in the initial 2 min, since the total titrant volume is
approximately 100 μL. For the larger 1 mL sample, the
titration flow rate remains at the initial preset value for nearly
10 min before being adjusted down to 20 μL/min over the
course of the following 10 min. Presetting the initial flow rate
to a higher value could yield a faster titration process, although
care must be taken with <250 μL samples where the initial flow
rate is downregulated rapidly in order to avoid end point
errors.
Plotting flow rate data as a function of sample pH (Figure

5c) illustrates that regardless of the preset initial flow rate, once
pH = 0 is reached the flow rate is stabilized at 10 μL/min until
pH = 3, at which point it begin to precipitously drop until the
end point is reached. This is consistent with the progression of
the sample pH as a function of titrant volume (Figure 5d). As
with the larger 2 mL sample discussed previously, pH values of
the smaller blood samples also change abruptly with the
infused NaOH for pH > 0.
3.4. Electrochemical Trace-Level Measurements in Blood
Samples

Next, we applied our microtitration approach to electro-
chemical determination of Mn in human blood. We used the

Figure 5. Representative results for autotitration of microsamples in the 100−1000 μL volume range. (a) pH change of the blood microsamples
during the titration process. (b) Flow rate of the NaOH titrant solution during titration of each microvolume. (c) Flow rate of the NaOH solution
with sample pH for each microvolume. (d) pH change of the blood samples with the volume of the dispensed NaOH titrant solution.
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process reported by us recently,26 which involves microwave
digestion of a blood sample to breakdown protein to release
bound Mn and cathodic striping on ITO electrode. To
determine the unknown levels of Mn in blood, we used the
standard addition approach, in which the original blood sample
was spiked with 1 ppb, 2 and 3 ppb Mn. As we describe in our
previous publications,8,26,31,48 this approach allows us to
minimize matrix effects and permits accurate determination
of blood Mn levels.
Representative striping voltammograms and calibration

curves for the automatically and manually adjusted samples
are compared in Figure 6. In both cases, the Mn stripping
peaks appear at ∼700 mV, which is consistent with our
previous results,26 and exhibit similar shape and amplitude.
This suggests little difference between the two samples. We
measured area of the Mn peaks and did not consider
measuring peak height sufficiently accurate due to peak
shape. The resulting standard addition plot for the autotitrated
sample (Figure 6b) provides a correlation equation of Q(nC) =
25.3 [Mn(ppb)] + 26.9 with R2 = 0.9998. The standard
addition plot for the manually titrated sample (Figure 6d)
yields a correlation equation of Q(nC) = 23.8 [Mn(ppb)] +
25.0 with R2 = 0.9977. Using these equations, we calculate the
Mn concentration in the autoadjusted blood as 1.06 ppb and in
the manually adjusted blood as 1.05 ppb. The difference in Mn
concentration in the two pH-adjusted blood samples is only

0.01 ppb, which is not statically significant (Figure 7). From

the comparison, we can conclude that no Mn contamination is

introduced during the automated microtitration process and

Figure 6. Comparison of results for electrochemical determination of Mn in automatically and manually adjusted pH of blood samples. (a)
Representative voltammograms of the standard addition measurement for the automatically pH adjusted sample and (b) the resulting calibration
curve. (c) Representative voltammograms of the standard addition measurement for the manually pH adjusted sample and (d) the resulting
calibration curve.

Figure 7. No significant difference in the results of automatically pH
adjusted blood sample and the manually pH adjusted blood sample. A
two-sample t test yielded no significance (NS), with p > 0.05 (n = 3).
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that the use of the microtitrator is feasible for trace-level
detection.
One key benefit for using the microtitrator in these

measurements was the greatly reduced experiment time, in
addition to a substantially lower risk of overtitration. For the
Mn measurements reported above, <1 mL of the original
digested blood sample was needed and the entire process could
be accomplished in about 30 min. Conversely, the manual
titrating process takes as much as 2 h and requires multiple
pipet tips as titrant volume is progressively decreased, which
increases per-sample analysis costs. As the pH change is drastic
while reaching the end point, misjudgment of the titration
volume can easily lead to overshooting, requiring the entire
process to be repeated.

4. CONCLUSIONS
In the work, we describe an automatic microtitration system
for small volume samples that are common in point-of-care
and point-of-use biosample measurement applications. The
system simply consists of a syringe pump for dispensing titrant
and a pH microprobe for process monitoring. A fuzzy logic
controller implemented in LabView instantly adjusts the
dispensing flow rate of the titrant based on feedback from
the pH probe. Using digested blood as the model sample, the
system was successfully demonstrated to yield accurate and
efficient pH adjustment for samples as small as 100 μL. The
electrochemical measurement results of Mn show that there is
no detectable contamination induced by the system. Further,
the modular components of the system make it compatible
with acid washing for trace metal detection or cleaning to
eliminate contamination. In addition, the system could also
potentially be parallelized or integrated with robotic pipets for
batch titrations. Ultimately, we show that the simple, accurate,
user-friendly automatic microtitration system can be used in
the pH adjustment of microvolume samples and can also easily
be adapted to other pH end point analysis.
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