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Abstract

The development of a microneedle-based biosensor array for multiplexed in situ detection of
exercise-induced metabolic acidosis, tumor microenvironment, and other variations in tissue
chemistry is described. Simultaneous and selective amperometric detection of pH, glucose, and
lactate over a range of physiologically-relevant concentrations in complex media is demonstrated.
Furthermore, materials modified with a cell-resistant (Lipidure®) coating were shown to inhibit
macrophage adhesion; no signs of coating delamination were noted over a 48-hour period.
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Pathologic conditions and exercise are associated with alterations in the chemical
environment. For example, vigorous exercise can result in metabolic acidosis [1]. In addition
to increased fluid pressure and decreased oxygen concentration, alterations in the tissue
microenvironment are noted with many tumors [2]. The hypoxic environment of cancer cells
along with the Warburg effect (aerobic glycolysis and lactate production by cancer cells)
create a microenvironment that is characterized by low glucose concentrations, high lactate
concentrations, and low pH levels [3, 4]. Although low pH values are a well-established
characteristic of tumor microenvironments [4, 5], the basis of extracellular acidosis is not
completely understood. Lactate production is considered to be a main contributor; however,
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CO,, production [6], bicarbonate depletion, ATP hydrolysis, and glutaminolysis may also be
contributing factors [7, 8, 9]. In addition, the dynamic nature of cancer cells leads to
alterations in metabolism such that cancer cells may rapidly cycle between lactate-producing
and lactate-consuming states [10]. While this complex relationship between neoplastic cell
proliferation, metabolism, and tumor microenvironment is not entirely understood, this
association is observed at the earliest stages of tumor progression [11]. Several areas of
study, including genomics, proteomics and metabolomics, can provide insight into signaling
pathways and metabolic control of proliferating cancer cells. Furthermore, sensors that
enable real time simultaneous detection of multiple biomarkers within the tumor
microenvironment may provide additional insight into metabolic acidosis associated with
cancer. Novel bioanalytical tools for simultaneous detection of multiple biomarkers may be
useful for addressing issues regarding tumor microenvironment and other medically-relevant
conditions.

We report the first demonstration of microneedle arrays that have individually addressable
sensing microneedles for simultaneous detection of pH, glucose, and lactate. Microneedles
offer a novel approach for minimally invasive detection of physiologically-relevant analytes.
Initially developed for painless transdermal delivery of pharmacologic agents and vaccines,
recent work has shown that hollow microneedle arrays may be used to house
microelectrodes for highly sensitive and selective electrochemical detection of
physiologically-relevant analytes [12-18]. For example, previous studies have involved the
use of hollow microneedle-based devices for electrochemical detection of individual
analytes such as ascorbic acid, hydrogen peroxide, lactate, and glucose [12-14]. Owing to
the arrayed nature of these microneedle structures, specific target analytes can be detected
by each constituent of the array and multiplexed sensing operations can be realized. The
multiplexed addressable microneedle array technology that is reported in the present work
could lead to a new generation of diagnostic tools for simultaneous detection of a variety of
physiologically-relevant analytes.

In this study, microneedle sensors were comprised of a hollow microneedle array that was
aligned with strategically placed wells on a commercially-obtained flexible flat cable. Each
well had been filled with carbon paste material that was tailored to detect pH, glucose, or
lactate (see supplemental information for details). Microneedle arrays were fabricated with a
dynamic light micro-stereolithography system using an approach that has been previously
described; the microarray design was defined using commercially-obtained computer-aided
design software (Figure 1 A) [12]. CO, laser ablation was used to create openings in the top
insulation layer of the flexible flat cable, exposing the underlying conductors. A layer of
single-sided polyester tape was also laser ablated with well patterns that corresponded to the
flexible flat cable openings; this structure was aligned and adhered to the flexible flat cable.
These wells were subsequently filled with carbon paste (Figure 1 B). This method allowed
for each electrode to be addressed by one conductor of the flexible flat cable, which readily
interfaced with a circuit board through a low-insertion force connector. A second layer of
laser-ablated, double-sided, adhesive-coated tape was used to attach the microneedle array to
the flexible flat cable; this structure also served as a fluidic microchannel for the sample.
Use of rhodium-modified carbon pastes for detection of glucose and lactate has previously
been described [13, 14, 19]. Microneedle paste electrodes for detection of pH were created
by chemically depositing Fast Blue RR diazonium salt; the electrodes were subsequently
washed with deionized water [20]. Calibration of chemically modified carbon pastes for
detecting alterations in pH was performed in 0.1 M phosphate buffer over a 5.0-8.0 pH
range at intervals of 0.5 pH units. Cyclic voltammetric scans were performed from -0.7 V to
0.8 V at 100 mV/s against external Ag/AgCl reference and Pt counter electrodes. The pH
response was measured by evaluating the shift of the anodic peak potential position of the
quinone moiety on the immobilized Fast Blue RR salt. Figure 2 shows the calibration curve
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for chemically modified carbon paste strips. Increasing buffer acidity caused a negative shift
in the anodic peak potential; a highly linear relationship over the entire tested pH region
(R2=99%) demonstrated that the sensors within the integrated carbon paste microneedle
platform were capable of pH monitoring.

The responses for individual wells tailored for glucose and lactate detection were assessed in
0.1 M phosphate buffer. Testing for pH values of 5, 6, 7, and 7.5 against an outside Ag/AgCI
reference and Pt counter electrode was performed. This pH range included normal
physiological levels for interstitial fluid [11]; pathologic (increased acidity) levels were also
evaluated. The chronoamperometric detection potentials for glucose and lactate sensing
were selected because they were previously shown to catalytically reduce enzymatically-
produced peroxide while minimizing responses of common interfering electroactive species
such as ascorbic acid, uric acid, and acetaminophen [19]. For glucose, a fixed detection
potential of -0.05 V was used. Figure 3 shows calibration curves generated from
chronoamperometric scans for each of the pH regions. The responses were linear from 2
mM to 12 mM for each buffer pH; the magnitude of the current response could readily be
distinguished, indicating fingerprint detection of glucose is possible for specific pH values.
Lactate analysis was performed using a detection potential of -0.15 V. Linear responses
were noted over physiologically-relevant concentration values; responses characteristic of
each of the pH values were observed (Figure 4).

Multiplexed real time detection mandates investigation into whether simultaneous analysis
of several markers can be performed with a high degree of accuracy and with minimal cross-
talk. We performed analysis of mixtures containing glucose and lactate at a fixed pH value
with the integrated carbon paste microneedle platforms. Figure 5 shows the response from
the lactate microneedle portion of the array before and after addition of glucose (as indicated
by green and red curves, respectively). The addition of 4 mM glucose had no effect on the
response of the lactate oxidase-modified paste. Subsequent addition of 4 mM lactate
produced a current response of ~38 nA, which is consistent with the expected value for a
solution with a pH of 7 (based on Figure 4). The pH value was simultaneously confirmed
from the on-array response of the Fast Blue RR-modified microneedle (inset).

In this same solution, the glucose oxidase-modified microneedle was tested from its fixed
potential chronoamperometric response (Figure 6). After stabilizing to a steady state current,
the addition of 4 mM lactate resulted in no response on the electrode. Subsequently, a 4 mM
addition of glucose created an increase in reduction current (~10 nA), which corresponded to
the expected value for the glucose concentration based on Figure 3. This data confirmed that
each of the electrodes in the array is capable of performing analyte-specific detection in a
complex environment.

In previous work, the E-shell 300 acrylate-based polymer used for microneedle fabrication
showed suitable cytotoxicity against both human epidermal keratinocytes and human dermal
fibroblasts [21]. Many implantable continuous monitoring systems succumb to biofouling,
which is associated with protein, macrophage, and fibroblast adhesion as well as tissue
encapsulation at the implantation site [22]. We investigated whether a passive coating could
limit adhesion of macrophages to the acrylate-based polymer used for microneedle
fabrication. Lipidure®, a copolymer of butyl methacrylate and 2-methacryloyloxyethyl
phosphorylcholine, was chosen as the coating material; this material has been previously
shown to reduce the adherence of fibroblasts on poly(ethylene telephthalate) in comparison
with uncoated material [23]. In previous work, Mang et al. and Ayaki et al. [24, 25] showed
using in vitro studies that Lipidure® materials provide good cytocompatibility. To determine
the effectiveness of Lipidure®-coated E-shell 300 materials in preventing macrophage
adhesion, we examined uncoated materials and coated materials (n=3) at 2 hours, 24 hours,
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and 48 hours (data not shown) after seeding. Following each time point, the materials were
imaged in growth medium with a fluorescent microscope. Figure 7 shows macrophage-
material interaction at 2 and 24 hours post seeding for both coated and uncoated materials.
Uniform macrophage coverage was noted on the uncoated materials; on the other hand, the
coated materials displayed little to no cell attachment. The few cells located on the coated
materials demonstrated bunched morphologies, indicating poor adhesion. This trend
continued through the subsequent time points; the uncoated material maintained a similar
number of adherent cells while the coated material contained little to no adherent cells. All
of the images showed that the coating did not delaminate from the E-shell 300 substrate for
each tested time point; adhesion is a critical factor that determines coating functionality.
These results indicate that the Lipidure® coating showed adhesion to E-shell 300 and
resistance to macrophage adhesion over the tested time period. Future studies need to be
performed to evaluate the relationship between coating thickness and cell attachment as well
as the relationship between skin insertion force and coating adhesion.

In conclusion, we have developed a microneedle-based sensor array that is capable of
simultaneously detecting multiple analytes in physiologically-relevant tissue environments.
The modified microneedles selectively detected changes in pH, lactate, and glucose,
indicating potential use for characterizing complex biological environments such as those
seen in vigorous exercise and tumor microenvironments. The devices showed suitable
performance when tested over physiologically-relevant concentration ranges for each
analyte; in addition, the devices showed no signs of adverse responses in complex solutions.
Furthermore, the acrylate-based polymer used for microneedle fabrication was coated with a
material that limited macrophage adhesion over a 48-hour period. We envision that this
sensor technology could be useful to both biomedical research and clinical medicine
communities [26].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

microneedle-biosensor assembly (B).
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Figure 2.

Calibration curves of a chemically modified carbon paste electrode in 0.1 M phosphate
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buffer (pH 5.0-8.0 at 0.5 intervals) against an outside Ag/AgCl and Pt reference and counter

electrode, respectively.

Talanta. Author manuscript; available in PMC 2013 January 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Miller et al.

Page 9

160

140

120

g 100 ¢
E - - 2 b
g R4 =0.988
5 60 C
(&) R?=0.989 d

40

R?=0.999
20
0 :
0 2 4 6 8 10 12 14

Glucose (mM)

Figure 3.

Calibration curves of carbon paste containing glucose oxidase in 0.1 M phosphate buffer
(pH 5.0, 6.0, 7.0 and 7.5 are indicated by a, b, c, and d, respectively) against an outside Ag/
AgCl and Pt reference and counter electrodes with a detection potential of -0.05 V. Data
were obtained from the current response after 5 seconds.
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Figure 4.

Calibration curves of carbon paste-containing lactate oxidase in 0.1 M phosphate buffer (pH
5.0, 6.0, 7.0 and 7.5 are indicated by a, b, ¢, and d, respectively) against an outside Ag/AgCI
and Pt reference and counter electrode with a detection potential of -0.15 V.
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Figure 5.

Selectivity of the lactate electrode. Figure shows three scans in the order of a blank solution,
4 mM glucose, and 4 mM lactate. Inset: Cyclic voltammogram of Fast Blue-modified carbon
paste microneedle.
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Figure 6.

Selectivity of the glucose electrode.
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Figure 7.

Fluorescent images of macrophage adhesion to uncoated and Lipidure®-coated E-shell 300
acrylate-based polymer at 2 and 24 hours post seeding (200 um scale bar).
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