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This work describes a general methodology of enhanced enzyme-
linked immunosorbent assay (ELISA) that integrates enzyme-
coated microparticle probes for robust yet highly efficient signal
amplification and a handheld pH meter for simple, portable,
quantitative readout. Its utility is well demonstrated with
detection of target protein with a 14-fold enhancement of
sensitivity in comparison with conventional optical ELISA.

Robust, sensitive identification and quantification of protein
targets of interest is a crucial need for research, forensic, and
clinical applications. For instance, the sensitive detection of
low abundance clinically relevant protein biomarkers in
biological samples such as serum from patients could
substantially improve disease diagnostics.l'8 The enzyme-
linked immunosorbent assay (ELISA), which has origins in
19705,9'10is the most widely used and reliable clinical routine
method for the detection of important protein markers.'* 3
This fundamental technique can produce satisfactory analytical
specificity and sensitivity because it combines the specificity of
antibodies with high-turnover catalysis by enzymes.”‘15

Most ELISAs today are carried out in microtitter plates
consisting of multiple, small-volume-capacity wells made of
plastic such as polystyrene.n’m'17 In a typical microtitter plate-
based sandwich ELISA (as depicted in Fig. 1A), an antigen
analyte is sandwiched between a primary antibody absorbed
on the microtitter well and a biotinylated second antibody that
further binds a streptavidin-conjugated enzyme via a biotin-
streptavidin linkage. A substrate is then added to chemically
amplify the colorimetric or fluorometric output signal of the
enzyme reporter that can be detected by using a benchtop
spectrophotometer as plate reader.”® The use of microtitter
plates is advantageous in that it not only allows users a facile
separation of the antigen-antibody and biotin-streptavidin
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complexes from interferences in complex matric and unbound
reagents, respectively, by washing the well surface, but also
allows them to simultaneously process many samples.m’11 As a
consequence, the format of microtitter plate-based ELISAs has
not changed significantly since its advent in the early 80s. M8
Despite its popularity, however, the routine optical ELISA
has rarely been applied to practical analyses outside of big
Iaboratories,19 as it requires an expensive, bulky plate reader
(spectrophotometer) and well-trained users. In an attempt to
meet a growing demand of affordable, user-friendly, portable
ELISAs for use in resource-limited settings in both developed
and developing countries (e.g., remote regions, small
laboratories, or private clinics, etc.), a series of creative
modified ELISAs have been reported in recent years, mainly
including plasmonic ELISAs by the naked eye,”’20 paper-based
ELISAs with a digital camera or a colour densitometer for
quantitative readout,ZI’22 and plastic microchip-based ELISAs
using a cell phone or a charge-coupled device as a portable
quantitative reader.”>?* Nevertheless, these methods still
suffer from a few drawbacks. For example, the plasmonic
colorimetric ELISAs only offer qualitative or semi-quantitative
analysis. The paper- or plastic microchip-based ELISAs have
lower detection sensitivity than the traditional optical ones. In
this regard, developing a general ELISA that is sensitive, cost-
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Fig. 1 Schematic illustration of (A) the conventional optical ELISA with a
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benchtop spectrophotometer and (B) the handheld pH meter-based
portable ELISA that uses microparticles functionalized with glucose
oxidase (GOx) and streptavidin as signal amplification probes.
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efficient, portable for use in these resource-poor settings,
operable by minimally-trained users, and applicable to existing
commercially-available ELISA setup, could be of high interest.
Herein, we describe a proof-of-concept of a complementary
ELISA that has many of these merits, by using microparticles
functionalized with glucose oxidase (GOx) and streptavidin for
robust yet highly efficient signal amplification and a handheld
pH meter as a cheap, portable quantitative reader (as depicted
in Fig. 1B). A target antigen is captured with its specific primary
antibody on the well surface. After a biotinylated second
antibody binds the analyte, a microparticle probe coated with
a large number of GOx and a streptavidin is subsequently used
to rapidly recognize the biotin molecule via gravity effect. The
GOx tags covalently conjugated on the microparticle maintain
highly efficient catalytic activity for specific glucose oxidation
to generate a great amount of gluconic acid and hydrogen
peroxide (H,0O,) (Fig. S1 in ESI’r).27 The enzymatic reaction-
induced change in hydrogen ion (H') level is then determined
using a handheld pH meter. The pH change positively depends
on the analyte concentration in the sample. This concept was
demonstrated by quantifying the level of a model analyte,
human oncogenic protein (HOP, BCR-ABL p190), a biomarker
associated with acute lymphoblastic leukaemia.”>*® The
detailed procedures of this new ELISA were shown in ESIT.
Battery-powered handheld pH meters are one family of
portable quantitative devices among the most successful
2829 These devices have many attractive
features that make them being routinely used for a wide range

sensors in the world.

of applications such as laboratory measurements and field
environmental analysis.29 Key among these features includes
low price, ease of use, portability, and accurate, sensitive pH
detection.” Moreover, the advantage of using microparticles
as detection probes is that each microparticle carries with it a
large number of GOx tags per HOP binding event, therefore
resulting in robust yet highly efficient signal amplification. The
results show that the proposed handheld pH meter-based
ELISA enables portable, rapid, sensitive, selective detection of
the HOP target in buffer and human serum samples at fg mL?!
levels. Since such an ELISA design does not modify significantly
the basic workflow and detection reagent kit of conventional
ELISA (Fig. 1), it thus holds great potential to be applicable to
most of existing commercially-available ELISA setup. To the
best of our knowledge, this is the first report of using handheld
pH meters as quantitative readers to develop affordable, user-
friendly, and portable ELISAs for resource-poor settings.

The key concept of our method focuses on converting the
HOP detection into the detection of pH of gluconic acid and
H,0, generated from the GOx-catalyzed oxidation of glucose
using the handheld pH meter. Thus, in order to successfully
carry out this new ELISA, the first challenge is to realize
sensitive, accurate, precise detection of pH change that is
positively associated with the level of H ionized from the
enzymatic products such as gluconic acid. In general, a buffer
with a pH range of 5-7 is beneficial to the GOx-catalyzed
oxidation of glucose. However, due to the buffering action of
10 mM phosphate-buffered saline (PBS, pH 5.8) solution, the
addition of gluconic acid in a concentration rang of 0.62 pg
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Fig. 2 (A) Comparison of the pHs of gluconic acid solutions of different
levels in 10 mM PBS (pH 5.8) or 2.5 mM KCI in ultrapure water. (B) pHs
obtained from the 2.5 mM KCI solution (background) and the assays of
a blank sample (PBS without HOP) and 27 pg mL*HOP samples with
(HOP-Y) or without (HOP-N) using the functionalized microparticle
probes. The error bars reflect the standard deviations from three
repetitive experiments of each solution or sample.

mL™ - 1.96 mg mL™ caused no obvious changes in the pHs of
final mixture solutions (Fig. 2A, black dots). In this regard, to
maximize the pH change originated from the generation of
gluconic acid (and H,0,), the glucose solution was prepared
with ultrapure water (with a 18.2 MQ-cm resistivity) for
enzymatic reaction. Nevertheless, the ultrapure water with
low conductivity did not allow for rapid and robust pH
measurement because of lack of adequate electrolytes (Fig. S2
in ESIT). Potassium chloride (KCI) is a commonly used neutral
salt additive to improve solution conductivity. It was found
that precise pH measurement could be achieved using a 2.5
mM KCI aqueous solution (Fig. S2 in ESIt). As a result, clearly
distinguishing pH signals were observed from these gluconic
acid solutions in this optimized electrolyte solution (i.e., 2.5
mM KCl in water) (Fig. 2A, red dots). The pH responses
negatively relied on the gluconic acid levels. Moreover, the
presence of glucose of different levels in a gluconic acid
solution had no effect on its pH measurement (Fig. S3 in ESIT).
Additionally, since the used pH meter has a built-in function of
temperature compensation, it enabled accurate pH detection
of low or high abundance gluconic acid solutions in a broad
temperatures range of 4 — 45 °C (Fig. S4 in ESIT).

Under the optimized conditions for enzymatic reactions and
pH measurement, the feasibility of pH meter-based ELISA was
first demonstrated. Assays of a blank sample (PBS buffer
without HOP) and a 27 pg mL HOP sample were carried out
according to the procedures schematically shown in Fig. 1B.
After the generation of gluconic acid and H,0,, the pH of final
reaction mixture for each sample was measured using the
handheld pH meter, comparing with the background pH of a
2.5 mM KCI solution. Fig. 2B displays that no obvious pH
changes are obtained between the blank sample and the
background solution. In contrast, the pH recorded from the
HOP sample is ca. 4.95, which is far lower than the background
pH (ca. 6.35). The dramatically reduced pH value observed in
the HOP assay reflects that after the target was captured with
its primary antibody on the well, it was further traced by a
microparticle probe coated with GOx tags that could still highly
efficient catalyse the oxidation of glucose in ultrapure water to
create a large amount of gluconic acid and H,0,. Moreover, a
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pH of ca. 6.05 was obtained using GOx-streptavidin conjugates
for the analysis of 27 pg mLT HOP. It is relatively lower than
the background pH from the 2.5 mM KClI, but is far higher than
that obtained from the microparticle probe-based assay of the
HOP sample at the same level. The data suggests that as each
microparticle probe carried with it a great number of GOx
labels per HOP binding event, the amount of gluconic acid and
H,0, produced in this case was far higher than that created in
the absence of such probes. In other words, in comparison

with the single-enzyme method used in conventional ELISA (Fig.

1A), the microparticle-based multi-enzyme design in the new
ELISA strategy (Fig. 1B) is able to significantly amplify the signal
of each antigen-antibody binding event. Thus, a considerably
improved assay sensitivity could be expected. The gravity
action of the microparticle probes additionally facilitated their
efficient mass transport from bulk solution to the well surface.
Their sedimentation was fast (within 5 min), thus leading to a
reduced total time (ca. 20 min) for the binding of biotinylated
second antibody-HOP complex with the streptavidin on their
surfaces. It typically takes a longer period of time (ca. 1 h) in
traditional ELISA to finish such reactions due to low mass
transport of streptavidin-conjugated enzyme tags via Brownian
movement, although these processes themselves are rapid.30

Next, after demonstrating the feasibility of the pH meter-
based ELISA and the signal amplification by means of GOx-
coated microparticles, its detection specificity was studied by
comparatively assaying a PBS sample with a final HOP level of
40 pg mL?, 40 ng mL™" bovine serum albumin (BSA), 40 ng mL*
human serum albumin (HSA), undiluted normal human serum
(NHS), and a NHS sample with a final HOP level of 40 pg mL™
The corresponding ApH results were shown in Fig. 3A. One can
clearly find from Fig. 3A that while a ApH as large as 1.5 is
obtained from the HOP sample, the ApHs from both BSA and
HSA are less than 0.1, although the levels of the two non-
specific proteins are 3 orders of magnitude higher than the
HOP level. The assay of the undiluted NHS also led to a small
pH change (ca. 0.07) that could be negligible. Moreover, the
interferences in the NHS caused no obvious effects on the ApH
signals of the HOP-spiked NHS and the HOP sample in buffer
that had the same analyte level. These results indicate that the
new ELISA inherits from conventional ELSIAs good specificity.
This is attributed to that the primary antibody and second
antibody kept their molecular recognition capacity for the
HOP.**™ In addition, the microtitter well-based washing steps
in each assay could minimize the effects of unbound reagents
or interferences in the complex serum matric.'%*

Then, a series of HOP samples in buffer with varying analyte
levels were assayed to prove sensitivity and robustness of this
new approach. The pH change signal for each sample was
defined as ApH = pH; — pH,, where pH;and pH, were the pH
values recorded by the pH meter for the HOP sample and a
PBS blank sample, respectively. The relationship between the
resultant ApHs and logarithm values of HOP concentrations
(LogChop) tested was illustrated in Fig. 3B (black dots). It is
found from Fig. 3B that as the HOP concentration increases,
the ApH increases, clearly displaying HOP level-controlled ApH
responses. This new ELISA is linearly sensitive to the analyte in
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Fig. 3 (A) pH changes (ApHs) obtained from the assays of 40 pg mL™
HOP, 40 ng mL™ BSA and HSA, undiluted NHS, and 40 pg mL" HOP in
NHS, respectively. (B) Exponential relationship between ApHs obtained
from different HOP samples and logarithm values of concentrations of
HOP (LogCwor). Both linear ranges of the final HOP levels in the buffer
and serum are from 620 fg mL™ to 40 pg mL™" with regression equations
of y = 0.7593x + 0.3093 (R = 0.9978) and y = 0.6718x + 0.2630 (R =
0.9961), respectively. The error bars reflect the standard deviations
from three repetitive experiments of each sample.

the buffer samples in a level range of 620 fg mL'- 40 pg mL?
(Fig. 3B, black dots). The limit of detection (LOD) for HOP was
estimated to be ca. 570 fg mL™? (30). The comparison results of
the proposed ELISA and the conventional ELISA were shown in
Table S1 in ESIT. While the traditional ELISA was conducted by
well-trained users using an expensive (ca. $ 15700), benchtop
spectrometer, this new method required only a quite cheap
(ca. S 30), easy to use, handheld pH meter to offer portable
quantitative analysis of the HOP analyte. Furthermore, its LOD
(ca. 570 fg mL'l) is ca. 14 times lower than that of the former
(ca. 8 pg mL*! ), presumably due to the use of microparticle
amplification probes. The relative standard deviations (RSDs)
in three repetitive assays of 0.6, 1.3, 2.5, 5, 10, 20 and 40 pg
mL™* HOP were 3, 5.2, 6.2, 6, 7.7, 7.3 and 6.8%, respectively,
implying the acceptable reproducibility of the new ELISA.

Based on these good results in hand, in order to assess the
reliability of the developed portable ELISA system, assays of
HOP-spiked undiluted NHS samples was conducted according
to the same procedures. The resulting linear concentration
range and LOD for HOP was 620 fg mL* - 40 (o4 mL*? (Fig. 3B,
red dots) and 607 fg mL™? (30), respectively. The average RSD
of all the tests was ca. 7.2%. The same linear concentration
ranges and similar LODs for the buffer and NHS samples
therefore demonstrate the reliability of this new approach.
Moreover, recovery experiments of HOP in both buffer and
serum samples were also performed. The final HOP levels in
the PBS or NHS were in the linear detection ranges above. One
can find from Table S2 in ESIT that the obtained recovery
results range from 94.2 to 102.9% and the RSDs are in the
range of 1.1 — 8.5% (n = 6), thus validating the acceptable
recovery, accuracy and practicability of the new method for
quantifying the HOP in complex matrics such as body fluids.

In conclusion, we have developed successfully an enhanced
portable ELISA that integrates functionalized microparticles
and handheld pH meters. Each microparticle probe that carries
itself with a great number of enzyme tags can allow for highly
efficient signal amplification for each antigen-antibody specific
binding event. The cheap, widely accessible, battery-powered,
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handheld pH meter is well demonstrated to be easy-to-use
and sensitive for portable quantitative readout. This new ELISA
strategy inherits main advantages of conventional ELSIA such
as excellent specificity. More importantly, it offers improved
performance especially in terms of portability, sensitivity,
assay cost, and technical requirement. Moreover, it addresses
many shortcomings of these recently reported portable ELISAs,
mainly including lack of quantitative ability and unsatisfactory
detection sensitivity (Table S3 in ESIT).

In this initial proof-of-concept study, the HOP only served as
a model analyte. Because the developed handheld pH meter-
based portable ELISA system does not modify significantly the
basic workflow and detection reagent kit of traditional ELISA
(Fig. 1), it holds great potential to be generally applicable to
most of existing commercially-available ELISA setup for routine
quantification of analytes of interest in various resource-
limited settings in either developed or developing countries.

It should be noted that another type of ubiquitous, portable,
quantitative devices, namely personal glucose meters, have
attracted considerable interests for developing various cost-
efficient, user-friendly, and field bioassays in recent years.31'40
Nevertheless, glucose meters are primarily designed to detect
glucose in a concentration range of 198 ug mL'-5.99 mg mL?!
(Table S4 in ESIT). Interestingly, the initial studies of a pH
measurement-based glucose assay, in which the as-prepared
GOx-coated microparticles were used to catalyse the oxidation
of glucose to create gluconic acid and H,0, that was further
detected using a handheld pH meter, showed that it could
provide a ca. 227-fold enhancement of sensitivity for glucose
detection compared with the glucose meter technique (Fig. S5
and Table S4 in ESIT). Thus, the proposed handheld pH meter-
based assay platform offers new opportunities for the design
of simple, sensitive, and portable detection systems where the
glucose acts as a secondary analyte.
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