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Polydiacetylene/copolymer sensors to detect lung
cancer breath volatile organic compoundsf

Angie Davina Tjandra 2 and Rona Chandrawati = *

Early lung cancer detection is imperative to increase the 5-year survival rate and reduce cancer mortality.
Existing diagnosis techniques involve costly, time-consuming, and often invasive tests. The emergence of
volatile organic compounds (VOCs) as a disease biomarker offers a non-invasive avenue for early detec-
tion of lung cancer through breath analysis. Recently, polydiacetylene (PDA)-based colorimetric sensors
have shown the potential to detect VOCs. In this work, we developed PDA/copolymer paper sensors to
detect 5 potential early lung cancer VOC biomarkers, including ethylbenzene, 2-butanone, hexanal,
2-ethylhexanol, and undecane. Polymethyl methacrylate (PMMA), polyvinylpyrrolidone (PVP), polystyrene
(PST), and polyethylene glycol (PEG) were selected as copolymers based on their chemical affinity and
solvating properties. Different copolymer molecular weights and PDA/copolymer mixing ratios were
investigated and their responses to standard breath temperature and relative humidity (35 °C, 60% RH and
90% RH) were evaluated. We then developed an array containing 11 PDA/copolymers and exposed them
to gaseous VOC biomarkers and common breath interferents (ethanol, acetone, and isoprene) in a
custom-built reactor. The colorimetric data were simultaneously analyzed using principal component
analysis and results showed highly discriminating properties. We demonstrated the detection of 2-buta-
none (LOD = 267 ppmv), ethylbenzene (LOD = 457 ppmv), and ethanol (LOD = 269 ppmv) within 15 min.
This study aims to establish a cost-effective, user-friendly, and non-invasive methodology for early detec-

rsc.li/rscapplpolym tion of lung cancer.

1. Introduction

Lung cancer (LC) is the second most common cancer world-
wide and is the leading cause of cancer-related deaths in both
men and women." In 2020, 18% of global cancer deaths
(1.8 million people) were from LC and this number is pro-
jected to reach 3.2 million in 2050.> The 5-year survival rate
of LC is exceedingly poor (7-25%) compared to other major
cancers.” It is well known that early diagnosis saves lives.
When diagnosed as early in stage I, LC patients’ 5-year survival
rate goes up to 90%.> Ironically, however, ~75% of LC cases
were discovered at an advanced stage (stage III/IV) when treat-
ment options are limited.’ In addition, the majority of cases are
often incidentally discovered from chest scans.*” Current LC
detection methods involve a multi-stage process, typically begin-
ning with a chest X-ray or computed tomography (CT) scan and
progressing to tissue biopsy, blood tests, bronchoscopy, and
staging scans (positron emission tomography (PET) or magnetic
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resonance imaging (MRI)).® Undeniably, these techniques are
valuable and powerful to screen and diagnose LC. However,
their complexity, cost, and invasiveness hinder their widespread
use and accessibility to low- and middle-income countries
where cancer mortality rate is the highest.”’° Thus, there is a
pressing need for alternative technologies to equalize global
healthcare access for early LC diagnosis.

Breath tests emerged as a predictive tool for pathological
conditions following Linus Pauling’s discovery in the 1970s,
which established an association between human metabolism
and breath composition."*™* Building on this, approximately
four decades ago, Michael Phillips pioneered the detection of
volatile organic compounds (VOCs) from breath for cancer
diagnosis, particularly focusing on lung and breast
cancers.”*"” VOCs are ubiquitous small organic compounds
with high vapor pressure at ambient conditions. At the onset
of a disease, VOC profiles change due to the altered hormones
and metabolic processes to cope with pathogens. VOC identifi-
cation from the breath, urine, feces, and sweat paves the way
to monitor health conditions or diagnose a disease in a mini-
mally or non-invasive manner.'®?° In particular, breath
sampling is attractive as it is easily accessible, non-invasive,
and does not need extensive sample pre-treatment when com-
pared to blood samples. Breath is faster to collect and has
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minimal environmental influence when compared to sweat
and has the benefit of cleaner handling when compared to
urine and feces specimens. The natural presence of VOCs in
the breath is attributed to the metabolic processes occurring
during the blood-gas exchange in the alveolar space, sub-
sequently providing a snapshot of human health.>*>?

The current gold standard for breath VOC detection is gas
chromatography with mass spectrometry (GC-MS).>* However,
it is time-consuming (>1 hour per sample), unsuitable for real-
time analysis, and requires specialized skills to operate.”>>°
Other analytical techniques, such as Selected Ion Flow Tube
Mass Spectrometry (SIFT-MS), Proton Transfer Reaction Mass
Spectrometry (PTR-MS), and Laser Absorption Spectroscopy
(LAS) have been used to enable real-time testing.>’>° Despite
the improvement in the analysis duration, all these techno-
logies are bulky, expensive, and difficult to operate. Sensor
technologies,  including  electrochemical®*»**3! and
colorimetric**?** have become increasingly vital in medical
diagnostics as they are generally low-cost, easy-to-use, portable,
rapid, and disposable. Generally, electrochemical sensors have
the merits of greater sensitivity and longer lifetimes when
compared to colorimetric sensors. However, color-changing
sensors are cheaper, easier to interpret, simpler to produce,
and more suited for disposable tests. They are commonly syn-
thesized as an array of chemoresponsive dyes, such as porphyr-
ins,>* pH indicators,®® natural pigments,*® and conjugated
polymers.>” The color differences before and after analyte
exposure were analyzed with statistical methods for results
interpretation.>*® Automated results generation is possible
via a smartphone application.>®

Polydiacetylene (PDA) is a class of color-responsive poly-
mers that have been widely explored as colorimetric sensors
owing to their distinct optical properties and facile yet high
purity fabrication process. PDAs are prepared by photopoly-
merizing (254 nm UV) the self-assembling and highly aligned
diacetylene (DA) monomers with specific packing geometry.*
The self-assembly of DA monomers is driven by three dominat-
ing interactions along the neighboring side chains, which are
hydrogen bonding along the head group, n-n stacking along
the conjugated backbone, and dispersion forces between the
alkyl tails. The efficient overlap of the p-orbital along the back-
bone results in a non-fluorescent blue PDA with a character-
istic absorption peak of ~640 nm. Exposure to stimuli, such as
VOC, shifts PDA to a fluorescent red phase and reduces the
absorption peak to ~540 nm. Most notably, PDA is attractive
as on-site colorimetric sensors because the blue-to-red color
change is visible via the naked eye. Whilst it is also possible to
analyze its fluorescent intensity as it transitions from the non-
fluorescent blue phase to the fluorescent red phase, this is less
explored as it requires an additional read-out device. PDA
photopolymerization process requires no initiator or catalyst
which enables the production of PDAs with high purity and
uniformity.>”*' PDA is versatile as it can be synthesized in
various configurations (i.e.: mono- or multi-layer film, flat or
tubular form, single or multilayer vesicles, or micelles) and
phases (i.e.: solid, gel, or liquid).**
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The first work on PDA for gaseous VOC detection was in the
early 2000s, when PDA films were fabricated to detect and dis-
tinguish saturated chloroform, tetrahydrofuran, ethyl acetate,
and hexane by the patterns generated in the 4 films.** Since
then, other studies have synthesized PDA as paper
sensors,”** films,*>*® and in aerogels’’*® to detect VOCs."!
PDA sensitivity and selectivity can be tuned by various
methods as detailed in our previous review.’® The three most
common ways are to change its alkyl chain length,*®>° modify
the head group,’>*! and embed support matrix.*””>> The last
avenue is an effective yet least laborious method to tune PDA’s
response. It is done by incorporating PDA in matrix polymers
that have different solubility in the target VOCs.**"?
Consequent to this solubility or “VOC capture” difference, PDA
responses are varied. In this work, we synthesized initiator-free
PDA/copolymer composites as color-changing sensors to
detect breath biomarkers indicative of early lung cancer. We
custom-built a reactor for the gaseous VOC sensor testing. The
five VOC biomarker compounds, each from a different chemi-
cal class, are ethylbenzene,>**® 2-ethyl-1-hexanol,>®™>®
2-butanone,””*** hexanal,>>*”**®* and undecane.'®**"*’
Sensor responses against three common breath interferents,
including acetone, ethanol, and isoprene® were also
evaluated.

2. Experimental section
2.1 Materials

10,12-Pentacosadiynoic ~ acid  (PCDA;  >97%),  10,12-
Tricosadiynoic acid (TCDA; >98%), polymethyl methacrylate
M,, 15000 (PMMA15K), polyvinylpyrrolidone M, 10000
(PVP10K) and M, 40000 (PVP40K), polystyrene M, 35000
(PST35K), reagent grade absolute acetone, isoprene, ethylben-
zene, 2-butanone, 2-ethyl-1-hexanol, undecane, and hexanal
were obtained from Sigma Aldrich. Polyethylene glycol (PEG)
with various molecular weights, including 4000 (PEG4K), 1500
(PEG1.5K), 1000 (PEG1K), 400 (PEG400), and 200 (PEG200)
were also purchased from Sigma Aldrich. The chemical struc-
ture of each polymer is shown in Fig. S1 (ESIf). Whatman®
Grade 1 filter paper (nominal thickness, 180 um; typical par-
ticle retention, 11 pm; material, cellulose) was purchased from
GE Healthcare Life Sciences. Ultrapure water (18.2 MQ cm™"
resistance) was provided by arium® pro Ultrapure Water
Systems (Sartorius). Absolute ethanol and chloroform were
procured from ChemSupply. Chemicals were used as received
without further purification.

2.2 Fabrication of PDA/copolymer paper sensors

Depending on the solubility of the copolymer, PCDA or TCDA
monomers were dissolved in ethanol or chloroform at a con-
centration of 20 mg mL™". For mixtures containing PMMA15K,
PEG4K, PEG1.5K, and PST35K, chloroform was used. The
remaining copolymers such as PVP10K, PVP40K, PEGI1K,
PEG400, and PEG 200 were dissolved in ethanol. DA solution
was sonicated for 1 min and filtered with a 0.45 pm

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polytetrafluoroethylene (PTFE) filter to remove large aggre-
gates. Stock DA solution was mixed with copolymer solution
and topped up with the same solvent to make a 200 mg mL™"
(20 w/v%) total solids solution. 3 pL was dropcasted onto a
filter paper and air-dried for 10 min. The paper sensor was
photopolymerized with UV (254 nm, UV lamp 420 pW cm >, 6
W, Analtech®Adta) to generate blue PDA. The distance
between the paper and the UV source was 5 cm. For control
PDA (PCDA and TCDA only), 20 mM DA monomers were used,
and similar synthesis methods were followed.

2.3 Performance screening (resistance to humidity)

It is imperative for PDA to be resistant to humid conditions as
human breath is humid (40-90% relative humidity (%RH)).*®
As an initial screening, all sensors were evaluated at 60% RH
and 90% RH at typical breath temperature of 35 °C, and the
sensor is unsuitable if a red PDA is formed. Paper sensors
were incubated in the dark for 30 min (Thermoline TCU-4-
THR).

2.4 VOC testing

2.4.1 VOC dosing (saturated condition). For saturated con-
dition testing, sensor was incubated in a 250-mL Schott bottle.
The bottles were pre-conditioned to a set temperature and rela-
tive humidity (Thermoline TCU-4-THR) for 15 min and sealed.
Then, a pre-determined amount of solvent was injected. The
PDA/copolymer paper sensors were exposed to gaseous VOCs
for 30 min (Ratek OM11). After that, the paper sensor was
scanned on a flatbed scanner (Epson Perfection V39). For
dosing, the ideal gas equation (eqn (1)) and Antoine’s semi-
empirical equation (eqn (2)) were used. Antoine’s equation can
be used to correlate test temperature and absolute vapor
pressure of pure substances and model the saturation press-
ures of liquids.

PV = nRT (1)

where P is pressure (kPa), V is volume occupied by gas (L), n is
the amount of gas in moles (mol), T is temperature (K), and R
is the gas constant (8.314 kPa L K" mol ™).

B

Log;(Psat) = A — TrC

(2)
where Py, is saturation pressure (mmHg), T is temperature
(°C) and A, B, C are constant values from Lange’s Handbook of
Chemistry®” or NIST Chemistry Webbook.®® Eight VOCs includ-
ing ethylbenzene, 2-ethyl-1-hexanol, 2-butanone, hexanal,
undecane, acetone, ethanol, and isoprene were evaluated.

2.4.2 Sensitivity testing. Sensors that turned red under
saturated conditions were further tested to determine their
limit of detection (LOD). The experimental setup is shown in
Fig. S2 (ESI}). A custom-built reactor was first pre-conditioned
to 35 °C and 60% RH. Water dosing was done by injecting
water from the bottom inlet and a heat plate was used to
monitor the temperature. Once the desired temperature and
RH were read from the portable probe (Testo 440 Humidity
kit), gaseous VOCs were dosed from 25 to 2500 parts per
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million by volume (ppmv) using a bubbler filled with the VOC
of interest. Depending on the VOC of interest, the bubbler may
be heated to volatilize the solvent. Nitrogen (N,) was used as a
carrier gas. The dosing was done by monitoring the reading on
the portable photoionization (PID) detector (MiniRAE 3000),
adjusting the VOC inlet and N, gas inlet. All sensors were incu-
bated for 15 min, and the temperature, RH and VOC concen-
tration were kept consistent throughout. Paper sensors were
suspended near the VOC detector and temperature and RH
probe to ensure accurate conditions on the paper. Pressure
monitoring was done using Digitron 2000P.

2.5 Colorimetric analysis

2.5.1 Colorimetric data collection and processing. Digital
colorimetric analysis using different color spaces, including
RGB (red, green, blue), HSV (hue, saturation, value), or CIE
LAB (lightness, red/green, blue/yellow) were used in different
stages in this study to leverage the benefits of each space. RGB
color space is widely used as it is simple, widely supported
and easy to extract from software such as Image] and Adobe
Mlustrator/Photoshop.?”*"*® However, when comparing hue
changes, RGB is not suitable because it is nonlinear and has a
discontinuous space. In this case, the hue factor in the HSV
color space is more suitable.”’ PDA color transitions from blue
to purple then red. As such, hue changes before and after
analyte exposure were done using HSV in this study. H values
of 180-240 is blue, 240-300 is purple, and 300-360 is red. The
third color space, LAB, is beneficial in color analysis as its
space is perceptually uniform.”" LAB was used to compute the
Euclidian distance (AE),”> which measures how perceptually
different PDA’s color change is before and after analyte
exposure. AE was calculated using eqn (3), where L,, a,, b, are
the LAB values after analyte exposure, and Ly, a;, b, are the
LAB values before exposure. To determine PDA’s blue intensity
after photopolymerization, the initial LAB values are from a
white filter paper. A greater AE value means the more visible
the color difference is. Each person has a different color per-
ception ability. However, the minimum AE value that can be
perceived through detailed observation is 1-2, whereas AE >
10 is perceptive to most observers.

(3)

Paper sensor was scanned on a flatbed scanner and Trigit, a
rapid colorimetric sensor reader web app that we developed,”®
was used to extract the colorimetric data.

2.5.2 Principal component analysis (PCA). Principal com-
ponent analysis (PCA) was used to evaluate the PDA/copolymer
array’s ability to differentiate VOCs. PCA was selected due to its
ability to reduce the dimensionality of a highly complex dataset
without eliminating the crucial patterns and data variability.”*”*
A single PDA/copolymer sensor has 3 colorimetric data (R, G,
and B values). The distinguishing capability was done by simul-
taneously evaluating the 9 PDA/copolymer and 2 PDA sensors (3
color values x 11 PDAs x 3 repeats) across 8 different VOCs. PCA
was run in BioVinci (by Bio Turing).

AE = \/(LZ - L1)2 + (a, — a1)2 + (b, — bl)z
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3. Results and discussion

3.1 PDA/copolymer synthesis and optimization

PMMA, PVP, PST, and PEG were selected as copolymers for
PDA sensors based on how close their Hildebrand solubility
parameters () are to the target VOCs (Table S1 ESIf), where
the smaller the difference, the more soluble the polymer is in
the VOC. We first investigated the feasibility of fabricating
PDA/copolymer sensors by varying the PDA-to-copolymer
weight ratios (w/w) and evaluating the formation of blue PDA
in the composites upon polymerization. The aim of this step is
to determine the UV-polymerization time. The cut-off UV time
was selected based on the AE value before and after UV
exposure. A AE value of >10 indicates that the blue intensity is
not pale and can be perceived via the naked eye. Three PDA-to-
copolymer weight ratios were synthesized (1:25, 1:50, 1:100)
and UV-polymerized up to 20 s (5 s interval). Two DA mono-
mers, including PCDA (C25) and TCDA (C23) were used. Nine
copolymers, including PMMA15K, PVP40K, PVP10K, PST35K,
PEG4K, PEG1.5K, PEG1K, PEG400, and PEG200 were investi-
gated. The total solids content is set at 200 mg mL™" (20 w/v%)
to mimic the composition of commercial inks for printing.”>”®
Fig. S3 (ESIY) depicts the blue intensity of the PDA/copoly-
mers and the corresponding AE values. More PDA/copolymer
composites were formed using the longer chain PCDA (C25) (8
out of 9 copolymers tested) as opposed to TCDA (C23) (5 out of
9 copolymers tested) (Fig. S3a and b ESI{). For PCDA mixtures
(Fig. S3a ESI{), blue PDA/PMMA15K was formed at
PCDA : PMMA15K ratio of 1:25 w/w, however the color is pale
(AE < 10) with noticeable coffee-ring effects. Blue PDA/PVP40K
and PDA/PVP10K could be formed at ratios of 1:25 w/w and
1:50 w/w. At high copolymer content (1:100 w/w), no blue
PDA was formed in both PVP40K and PVP10K, indicating that
the intercalation of concentrated PVP chains inhibited the
rearrangement of DA molecules for efficient photo-
polymerization. The hindered segmental movement of DA in
the presence of PVP has previously been reported.”” PDA/PEG
could be formed using both PCDA or TCDA monomers. In
fact, when TCDA was used as a monomer (Fig. S3b ESI{), only
PEG-containing PDA could be polymerized. Increasing PEG
molecular weight in the mixtures produced higher AE values
when polymerized for the same time (Fig. S3¢ and d ESIt).
PDA/PST films have been successfully synthesized in pre-
vious studies.”®”® However, blue PDA did not form in any of
the evaluated PST composites across all tested concentrations.
This is due to the combined effects of both the bulky PST
benzene ring and the high PST concentration that interfered
with the rearrangement of DA monomers for effective
polymerization.®>®! In prior work, the DA concentration was 8
to 15 times higher compared to PST. In contrast, the DA-to-PST
weight ratio in this study ranged from 1:25 to 1:100 w/w.
PDA’s polymerization ability is governed by its packing
efficiency. Photopolymerization of DA is only possible when
the distance between the two adjacent monomers is 4.7-5.2 A
and when the angle of the monomer and the stacking axis is
about 45°.%%%% pure PCDA or TCDA is polymerizable, however,
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upon the addition of copolymers, the shorter chain TCDA
lacks amphiphilicity that is essential to promote self-assembly
due to the denser amount of copolymers in the surrounding.
Overall, 5-second photopolymerization is sufficient for most
mixtures (AE > 10), and some require 10 seconds of UV
exposure. The selected PDA/copolymer formulations and
photopolymerization times to be used for the subsequent tests
are marked with red borders in Fig. S3a and b (ESIY).

3.2 Screening tests

Following the optimization above, PDA/copolymers were sub-
jected to standard breath temperature and RH (35 °C and 60%
RH or 90% RH) in the absence of VOCs to determine their suit-
ability as breath sensors. To be fit for breath sensors, PDA
color after standard breath temperature and RH exposure must
remain blue (H value between 180-240), and no significant
change in its blue shade should be immediately perceivable
(AE < 10) in both conditions. In its pure form (without copoly-
mer), PDA made from both PCDA and TCDA are resistant to
standard breath temperature and RH conditions (Fig. S4a
ESI}). However, when PEG was introduced, exposure to humid-
ity increased the AE value (Fig. S4b-e ESI}). Sensitivity to
moisture was greater in longer chain PEG and higher copoly-
mer contents. This is because PEG is a water soluble and
hydrophilic molecule, and its hydrophilicity increases with
higher MW.#* Moisture sensitivity due to PEG addition is par-
ticularly evident in shorter chain monomer (TCDA), and a
higher copolymer weight ratio (>1 : 25 w/w) yielded a more per-
ceivable color change. The molecular structural integrity con-
tributing to the blue-PDA is dependent on the balance of three
dominating forces, including hydrogen bonding on the -COOH
head group, dispersion force along the alkyl tail, and n—= stack-
ing along the conjugated backbone. PCDA and TCDA have the
same carboxylic head chain length, but TCDA has a shorter
alkyl tail and hence, weaker dispersion interactions. This
caused PDA to shift from its trans (blue) to cis (purple/red)
conformation. Overall, PDA/copolymer sensors that satisfied
the criteria are marked with red borders (Fig. S4b and c¢ ESIf)
and selected for the VOC exposure testing.

3.3 Responses to VOC biomarkers

Based on the screening tests mentioned above, the selected 9
PDA/copolymer combinations with its photopolymerization
time are PCDA/PVP40K (1:50, 5 s), PCDA/PVP10K (1:50, 10 s),
PCDA/PEG1.5K (1:25, 5 s), PCDA/PEG1K (1:25, 5s), PCDA/
PEG400 (1:25, 5 s), PCDA/PEG200 (1:50, 5 s), TCDA/PEG1K
(1:25, 5s), TCDA/PEG400 (1:25, 5 s), and TCDA/PEG200
(1:25, 5 s). These 9 PDA/copolymers were incubated with the
target VOCs (ethylbenzene, 2-ethylhexanol, hexanal, 2-butanone,
and undecane) and breath interferents (ethanol, acetone, and
isoprene) in the standard breath temperature and relative
humidity conditions for 30 min. PDAs made from pure PCDA
and TCDA were also tested as controls. Fig. 1a shows that the 11
PDAs generated distinctive patterns that could distinguish the
VOCs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) Unique color responses of PDA and PDA/copolymer paper sensors when individually exposed to 8 different VOCs (saturated) under stan-

dard breath temperature and relative humidity (35 °C and 60% RH or 90% RH). PCA score plots of the RGB values of the PDA sensor array after
exposure to gaseous VOCs at (b) 60% RH and (c) 90% RH. 792 color values (8 VOCs x 11 PDAs x 3 color values X 3 replicates) from each relative
humidity were simultaneously analyzed to evaluate the VOC distinguishing ability of the PDA arrays.

PCA was applied to achieve a more visualized comprehen-
sive result of the cross-responsive detection. 792 colorimetric
data were simultaneously analyzed using PCA (8 VOCs x 11
PDAs x 3 color values x 3 repeats), which is a statistical tech-
nique that can be used to linearly reduce highly dimensional
data by generating a new coordinate based on the original
dataset. The new coordinate axes are the principal component
(PC) scores. The importance of a PC score in explaining the
original data set’s variance reduces with an increasing PC
number. For example, the first PC (PC1) explains the
maximum variance of the data, followed by PC2, and so on.
Linear dimensionality reduction was done using Singular
Value Decomposition (SVD). Fig. 1b and ¢ demonstrates that
the 11-array PDA sensors yielded separate clusters which indi-
cate that they could differentiate the 8 VOCs. Examining the
PCA plot, the first two principal components (PC1 and PC2
scores) of the array when tested at 60% RH account for 54.96%
and 13.35% of the variance, respectively (Fig. 1b). At 90% RH,
PC1 is 56.81% and PC2 is 18.98% (Fig. 1c). Greater discrimi-

© 2024 The Author(s). Published by the Royal Society of Chemistry

nating capability is achieved in the 60% RH data as shown by
the segregated clusters when compared to the 90% RH clus-
ters. However, the two ketones (acetone and 2-butanone) clus-
ters were relatively close to each other when tested at 90% RH,
which means they may be slightly hard to distinguish.

LC breath VOCs are still in the discovery phase with limited
information on the confirmed biomarkers. VOCs exist in trace
amounts in breath and as there is no standardized breath
sampling method, the reported biomarkers in studies are
highly diverse. Thus, the 5 VOC biomarkers in this work were
selected by carefully evaluating prior studies that used analyti-
cal techniques (i.e.: GC, PTR, SIFT) to identify potential lung
cancer breath biomarkers. Only studies that used human
breath samples were evaluated as cancer cells cultured in vitro
and animal cells are not representative of human cancer
microenvironment, which consequently varies the amount and
type of VOCs generated. Furthermore, plastic culture vessels
emit alkanes and aromatics, and culture media release back-
ground VOCs, which may lead to erroneous conclusions if
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uncorrected.®*®* The 5 biomarkers selected in this study are
ethylbenzene, 2-butanone, 2-ethylhexanol, hexanal, and unde-
cane. Most of these VOCs were selected primarily due to their
correlation with smoking history, as cigarette smoking is a
well-known risk factor for developing LC and is estimated to
account for >70% of LC risk annually.®®

Ethylbenzene is important as its elevated levels in LC
patients, particularly among smokers, have been consistently
reported.’”**#7%% For example, ethylbenzene concentrations
are 88% higher in lung cancer patients compared to healthy
non-smokers.®® Ethylbenzene can also distinguish non-small
cell lung cancer (NSCLC) and chronic obstructive pulmonary
disease (COPD) patients and non-smokers.** Hexanal is absent
in healthy populations,®® but is 3-4 times higher in smokers
or ex-smokers. Hexanal also has a high sensitivity
(74-100%)'**® and specificity (72-100%)'**° to LC.
2-Ethylhexanol is also a prominent LC biomarker, with elev-
ated levels in smokers.**™® In contrast, 2-butanone is not
present in healthy passive smokers,*® but can identify benign
nodules and differentiate stage I to stage II-IV NSCLC.>”>?7%
Finally, undecane is 80-100% sensitive and 81% specific to
LC, although it may coexist with the other two common
cancers among smokers which are pharyngeal and oral
cancers.'®*>>*” Detailed VOC concentrations for healthy indi-
viduals and LC patients, along with sensitivity and specificity,
are provided in Table S3 (ESIf).

Fig. 2 plots the AE and hue values of each PDA and PDA/
copolymer in Fig. 1a when exposed to different saturated VOCs
at 60% RH and 90% RH. The cut-off AE value, which deter-
mines when color change can be perceived by the naked eye, is
marked by the magenta dashed line. The blue, purple, and red
regions indicate the hue values where PDA is of that color. For
ease of comparison, the direction of AE’s change (increase or
decrease) of PDA before copolymer addition is presented as
categorical data in Table S4 (ESIf). The reference values used
are those of Fig. 2. For example, PCDA/PVP10K showed higher
AE compared to PCDA alone after 2-butanone exposure at 60%
RH and is thus marked *.

Table S4 (ESIt) showed that in most cases, the copolymer
addition increased PDA’s VOC sensitivity. The change in copo-
lymer type and MW influenced the intercalation process with
PDA layers, which altered its chromic responses. PDA’s blue-
to-red color change mechanism is highly debated. However,
the most cited cause is the twisting of the conjugated back-
bone, which disrupts the p-orbital alignment along the mole-
cule.* In its blue phase, PDA is planar in shape and its p-orbi-
tals efficiently overlap. The supramolecular structure is held
together by three interactions, including hydrogen bonding
along the -COOH head group, the n-n interaction within the
conjugated backbone, and the dispersion forces along the
alkyl tail.*® PDA is amphiphilic and contains both polar and
non-polar properties in opposite ends. When an analyte is
introduced and causes an imbalance among the 3 forces, the
highly ordered structure collapses and the p-orbital overlap is
disrupted, causing a shift in light absorbance. Consequently,
blue PDA turns into a red PDA.
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As previously mentioned in the introduction, incorporating
support matrix into PDA is one way to tune its sensitivity and
selectivity.*”**> Fig. 2 shows that higher MW PEG copolymer
yielded a stronger response, whilst the reverse was observed
when PVP was added. This is due to the more efficient PEG
arrangement into the PDA structure that resulted in greater
PDA accessibility to react with the VOCs. Although both PEG
and PVP are amphiphilic which enable them to form com-
plexes with PDA via hydrogen bonding, their structural differ-
ence (Fig. S1f) alters the location for hydrogen bonding. For
example, hydrogen bonding in PEG monomer occurs along its
hydroxyl (-OH) group ends, whereas in PVP, hydrogen bonding
is through the lone-pair electrons from the nitrogen atom
within its repeating N-vinylpyrrolidone units. Additionally, the
formation of a thicker PVP layer with increasing MW has pre-
viously been reported.’>*" The lower packing efficiency of PVP
with PDA and the increasing layer thickness when MW is
higher lead to the isolation of the PDAs from the analyte
VOCs. Consequently, PDA/PVP reactivity is lower compared to
PDA/PEG combinations.

An anomaly was present in the PCDA-containing mixtures
after hexanal exposure (Fig. 2a). Increased responses were
found when tested at 60% RH after copolymer incorporation.
However, the reverse occurred when tested at 90% RH because
the control PCDA itself was already red after hexanal exposure
(90% RH) and thus, further AE is likely not possible. Among
the 9 combinations produced, only TCDA/PEG1K and TCDA/
PEG200 (Fig. 2a) improved sensitivity to hexanal. The sup-
pressed response to hexanal after copolymer addition was not
predicted as hexanal’s terminal carbonyl group is usually
highly reactive. One possible explanation is that the copolymer
addition created a dense layer surrounding the PDA which
inhibited hexanal from reacting with the PDA to cause the con-
formational change along the backbone. When comparing the
VOC response of PDA/copolymer mixtures with the controls
(PCDA and TCDA only), the highest AE increase was observed
in the TCDA-containing mixtures. This indicates that TCDA
monomer chain lengths along its head group and alkyl tail are
favorable for the efficient intercalation of the PVP and PEG. A
similar pattern was observed when exposed to ethylbenzene
(Fig. 2b). Comparing PCDA-PEG1K and TCDA-PEG1K, TCDA
showed 2x higher AE compared to PCDA. Ethylbenzene is a
monocyclic aromatic hydrocarbon with an ethyl substituent.
This ethyl group imparts a small dipole moment which gives
ethylbenzene its slight polarity. Herein, the reaction between
PDA and ethylbenzene occurred as the ethyl group orients
itself into the PDA structure. Ethylbenzene’s reactivity with
PDA is driven by the van der Waals forces along the alkyl tail
and conjugated backbone of the PDA.?*> These interactions can
disrupt the balance of the three dominating forces within the
PDA, leading to a collapse of its structure and a consequent
blue-to-red color change.

Reduced sensitivity and selectivity in high humidity con-
ditions is a common problem in sensor technologies due to
the competitive binding or adsorption of the water molecules
to the binding sites.”>°* Hence, it is imperative to evaluate the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 AE and hue values of PDA and PDA/copolymers after 30 minutes of exposure to (a) hexanal, (b) ethylbenzene, (c) undecane, (d) isoprene, (e)
2-ethylhexanol, (f) acetone, (g) 2-butanone, and (h) ethanol at standard breath and relative humidity conditions (35 °C and 60% RH or 90% RH). The
blue, purple and red sections highlight the H value where PDA is of that color. The dashed magenta line at AE = 10 marks the value when color
change can be observed via the naked eye. n = 3, error bars represent standard deviation.
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effects of relative humidity on PDA’s responses. Fig. 2 shows
that the colorimetric responses of PDA/copolymers to ethyl-
benzene (Fig. 2b), undecane (Fig. 2c), and isoprene (Fig. 2d)
were not significantly impacted by humidity. On the other
hand, humidity-dependent responses were evident when
exposed to 2-ethylhexanol (Fig. 2e), acetone (Fig. 2f), and
2-butanone (Fig. 2g). Greater AE was found in 9 out of 11 PDAs
tested after acetone exposure at 90% RH compared to 60% RH
(Fig. 2f). From the same figure, PEG addition increased PCDA
and TCDA’s response to acetone by 2-9 times and >2 times
when tested at 90% RH, respectively. However, when tested at
60% RH, minimal responses were observed, except for when
PEG1K was incorporated into TCDA monomer. Increased
response to ketones in high humidity is due to the solubility
and increased hydrogen bonding with the hydrophilic head-
group of PDA.”® Fig. 2f also showed that the addition of PVP
approximately doubled PCDA’s acetone response, and that
greater increase was present in the shorter PVP chain
(PVP10K). Lower response in longer PVP chain is likely due to
the more rigid PVP crystals and thicker PVP layer which inhib-
ited VOC’s accessibility to react with PDA. Improved PDA per-
formance upon the incorporation of low MW PVP (MW =
10 000 Da) was previously reported by Kamphan et al.””

The highest colorimetric response was observed upon
ethanol exposure (Fig. 2h), where 9 out of 11 red PDAs were
generated. As the controls remained blue in both humidities,
the color change was therefore attributed to the addition of
the copolymers (PVP and PEG). In contrast, insignificant
responses were observed in all PDA composites upon exposure
to undecane and isoprene (Fig. 2c and d). The poor response
to non-polar and unreactive undecane is as expected as its
chain is saturated. No color change was observed when PDAs
were exposed to isoprene (Fig. 2d) as isoprene has poor solubi-
lity in both PVP and PEG as reflected in the difference in the
Hildebrand parameter values (Adhild). The Hildebrand para-
meter (Shild) of polymers and organic solvents (Table S1 ESIt)
estimates the degree of interaction by accounting the dis-
persion (6d), polar (6p), and hydrogen (sh) bonds in the mole-
cule.’® Materials with smaller Ashild indicate greater solubility
and miscibility. The Adhild of isoprene is among the highest
compared to the other VOC tested in this study (Table S2
ESIT). For undecane, the Adhild are 6.1 (PEG) and 7.6 (PVP).
On the other hand, isoprene Aghild are 5.6 (PEG) and 7.1
(PVP). It is worth noting that this poor response is beneficial
as isoprene is one of the major breath VOCs (ppmv range) and
is a breath interferent. Isoprene is not suitable as a breath bio-
marker as its concentration is highly dependent on physical
activity, age, sampling time, diet, etc.””'" Overall, the
impacted humidity response means that this must be
accounted for when testing in real breath samples. For
example, by integrating humidity sensor and cross-referencing
colorimetric responses based on the humidity readout.

3.4 VOC sensitivity test

For PDAs that turned fully red after VOC exposure in both rela-
tive humidities (Fig. 1), we tested their sensitivity to determine
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their detection limit. To do this testing, we developed a
custom-built reactor (Fig. S2 ESIT) to enable controlled dosing
of VOC while maintaining standard breath and relative humid-
ity conditions. Herein, PDA paper sensors were suspended
using a stainless-steel hook. Immediately adjacent is a temp-
erature and relative humidity probe to ensure that the exposed
conditions are consistent with the readout. This is imperative
because despite the reactor being a closed system, a tempera-
ture and relative humidity gradient inevitably occur in the
chamber. Pressure indicator was equipped to maintain atmos-
pheric conditions during dosing. The chamber is heated using
a hot plate at the base and water is dosed by injecting pure
water. A PID detector capable of quantifying VOCs was
included for accurate dosing and VOC was dosed by bubbling
liquid solvent with nitrogen. The bubbler may be immersed in
a heated water bath to assist VOC vaporization. Of note, no
commercial detectors to date can detect all 8 VOCs under stan-
dard breath relative humidity and temperature, and the PID
detector used in this study is one of the best currently avail-
able. Therefore, after accounting both the sensors’ responses
in saturated conditions and the PID’s capability, the 3 VOCs
further evaluated include ethylbenzene, 2-butanone, and
ethanol.

Referring to Fig. 1, the 6 PDAs that were tested against
ethylbenzene were TCDA/PEG1K, TCDA/PEG400, TCDA/
PEG200, PCDA/PEG1.5K, PCDA/PEG1K, and PCDA/PEG200.
For 2-butanone, 4 PDAs were evaluated including TCDA/
PEG1K, TCDA/PEG400, TCDA/PEG200, and PCDA/PEG1.5K. All
9 PDA/copolymer sensors, including TCDA/PEG1K, TCDA/
PEG400, TCDA/PEG200, PCDA/PEG1.5K, PCDA/PEG1K, PCDA/
PEG200, PCDA/PVP40K, and PCDA/PVP10K were responsive to
ethanol. All these sensors were tested from 25-2500 ppmv VOC
at 60% RH. Dosing at 90% RH was not done as significant con-
densation within the test chamber and severe concentration
fluctuations  occurred, rendering unreliable results.
Additionally, all PDAs were incubated for 15 minutes as our
end goal is to produce a rapid test, which is defined as tests
with an average turnaround time of 5 to 15 minutes.'®> Test
time was kept consistent as PDA’s response is concentration-
time-dependent to avoid false readout.*’

Results are shown in Fig. 3. In general, blue-to-red or
purple color change increased in a logarithmic trend upon
exposure to increasing VOC concentration. In all 3 VOCs
tested, the steepest increase occurred between 25-100 ppmv.
Among datasets with AE value of > 10 (i.e.: color change is
visible via the naked eye), a regression line was fitted on the
linear range as shown in Fig. 4. The linear range, regression
value from the line of best fit (R*), and limit of detection (LOD)
for all PDA/copolymer sensors are listed in Table 1. The LOD
was calculated with LOD = 3¢/S, where ¢ is the standard devi-
ation of the blank and S is the slope of the calibration curve.

From Table 1, the most suitable PDA/copolymer systems to
detect the VOCs without any specialized equipment (ie.:
changes are visible by the naked eye for on-site detection) are
PCDA/PEG200 (LOD = 457 ppmv) for ethylbenzene, TCDA/
PEG200 (LOD = 267 ppmv) for 2-butanone, and PCDA/PEG200

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Colorimetric response of PDA/copolymer sensors after 15 minutes of exposure to (a) ethylbenzene, (b) 2-butanone, and (c) ethanol at
various concentrations (25-2500 ppmv), and the corresponding AE values (d—f). All sensors were evaluated at 35 °C and 60% RH. n = 3, error bars

represent standard deviation.

(LOD = 269 ppmv) for ethanol. PDA/copolymer systems with
the widest linear range are PCDA/PEG200 for ethylbenzene
(75-2500 ppmv), TCDA/PEG400 (50-2000 ppmv) for butanone,
and TCDA/PEG200 for ethanol (100-2500 ppmv). Table 1
shows that when the DA monomer is the same, lower copoly-
mer MW resulted in lower LOD. This is in agreement with

© 2024 The Author(s). Published by the Royal Society of Chemistry

results from the previous section, where higher MW creates a
thicker layer which isolated PDA from the VOC analytes. The
formation of a thicker protective layer with increasing PEG
MW is well known and has previously been reported.'** >
Although greater copolymer MW yielded higher LOD, it
enabled a wider linear range. This is because color change is
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Fig. 4 Regression line fitted on the linear region of PDA/copolymer sensors’ colorimetric response after 15 minutes of exposure to (a) ethylben-
zene, (b) 2-butanone, and (c) ethanol. All sensors were evaluated at 35 °C and 60% RH. n = 3, error bars represent standard deviation. The linear

range and the LOD values are listed in Table 1.

more subtle (i.e.: change in AE between each data point is less
prominent) when a higher VOC concentration is dosed as
observed in Fig. 3.

Of note, as these sensors are cross-responsive by nature, it
is not possible to quantify VOC concentration in samples con-
taining multiple VOCs without previously identifying them.
For example, although PCDA/PEG200 is the best system to
detect both ethanol and ethylbenzene, it is not possible to
know the exact concentration without first knowing which of
the two VOCs is present. Additionally, PCDA/PEG200 alone
cannot quantify the concentration if both ethanol and ethyl-
benzene are present in the same system. In such cases where
quantification is crucial, different PDA/copolymer systems
must be used. Additionally, it is worth noting that a direct
comparison of PDA sensor’s LOD is difficult because of the
inconsistent reported units between previous studies.*' Unit
conversion is not possible due to incomplete test methods and
because VOC gaseous concentration is temperature (T), relative

1052 | RSC Appl. Polym., 2024, 2,1043-1056

humidity (RH), volume and pressure dependent. The standard
unit as recommended by the EPA is parts-per-million by
volume (ppmv) or by atom (ppma).’®® Of all PDA studies in
our latest review,"" only one study reported concentration in
ppmv unit and these VOCs are none of those evaluated
herein.*"**® Table 2 compares the sensor’s performance from
this work to prior studies utilizing PDA for the same purpose.
No other studies have used PDA to detect ethylbenzene and
2-butanone. Thus, no comparison is possible.

In this study, PDA/copolymer paper sensors were success-
fully synthesized using PEG and PVP copolymers. To the best
of our knowledge, research on PDA/copolymers as paper
sensors for VOC detection is still limited, with the only other
notable work reported by Tu et al.** In their study, copolymers
included poly-4-vinylpyridine (P4VP, MW 60 kDa), polyacrylic
acid (PAA, MW 160 kDa), PVP (MW 40 kDa), and PEG (MW
8 kDa).** The best performance was observed with PVP and
PEG composites, attributed to the solubility of the VOCs in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The linear range and limit of detection (LOD) of each PDA/copolymer when exposed to ethylbenzene, 2-butanone, and ethanol for
15 minutes at 35 °C and 60% RH. Only datasets with AE value of >10 were fitted

Analyte PDA/copolymer R Linear range (ppmv) LOD (ppmv)
Ethylbenzene PCDA/PEG200 0.97 75-2500 457
PCDA/PEG1K 0.94 50-2500 683
TCDA/PEG200 0.93 100-2500 771
TCDA/PEG400 0.81 50-1500 812
2-Butanone TCDA/PEG200 0.86 50-500 267
PCDA/PEG1.5K 0.94 100-1000 320
TCDA/PEG400 0.89 50-2000 775
Ethanol PCDA/PEG200 0.95 50-1000 269
PCDA/PVP40K 0.87 0-750 333
PCDA/PVP10K 0.95 50-1500 354
TCDA/PEG200 0.97 100-2500 482
TCDA/PEG400 0.92 50-2000 644

Table 2 Performance comparison with previous studies that used PDA
to detect the same VOC. Only the best performing sensor in this work is
listed

vOC Ref. Assay time  LOD

Ethanol This work 15 min 269 ppmv
PDA/copolymer on paper 5 min 0.08% v/v (ref. 44)
PDA/clay 35 min 0.08% v/v (ref. 43)
PDA-coated electrodes 100 s 30 ppm (ref. 108)

these copolymers. PDA/copolymer composites as paper

sensors are rarely studied, as in most cases, polymer matrices
are used as inert scaffolds or supports to house PDA mole-
cules. Typically, the resultant sensors are transparent films
rather than in a paper format.*®'®” Furthermore, although the
selection of the copolymer should be driven by the solubility
of the target analyte in the copolymer as indicated by the
Hildebrand solubility parameters (5), our work shows that
PDA’s polymerizability and sensitivity vary depending on the
molecular weight of the copolymer. Therefore, it is essential to
evaluate different molecular weights when selecting a polymer
with a suitable 6 value.

Overall, although the sensitivity of our PDA/copolymer
systems needs further improvement before they could be used
as breath sensors (relevant application range is in Table S3
ESIT), our results suggest that PDA system can be tuned to
optimize its performance for gaseous VOC detection.
Furthermore, the proposed PDA/copolymer system is attractive
for VOC detection due to its simple synthesis, low cost, and
easy to handle paper material compared to existing techno-
logies such as electrochemical, optical assays, and chromato-
graphy. Recommendations for future studies include combin-
ing multiple copolymers with unmodified and chemically
modified PDA to improve its sensing performance.

4. Conclusions

We have developed colorimetric PDA/copolymer composite
paper sensors to detect and distinguish breath VOCs indicative
of early lung cancer, including ethylbenzene, 2-butanone,

© 2024 The Author(s). Published by the Royal Society of Chemistry

hexanal, 2-ethylhexanol, and undecane in standard breath
temperature and relative humidity (35 °C, 60% RH and 90%
RH). Performance against common breath interferents, such
as acetone, ethanol, and isoprene, was also evaluated.
Copolymers such as PMMA, PVP, PST, and PEG were incorpor-
ated with PDA to facilitate color change based on their chemi-
cal affinity and solvating ability. PDA/copolymer system was
synthesized by a simple drop-casting method, and a blue-to-
red color transition upon reactions with gaseous VOCs was
successfully shown. We found that the incorporation of PEG
yielded better responses compared to PVP owing to its more
efficient integration with PDA via terminal hydrogen bonding.
In addition, lower PVP molecular weight is desired to prevent
thick layer formation that inhibits PDA-to-VOC accessibility.
The colorimetric data (R, G, B values) of the 11 tested PDAs
and PDA/copolymers after saturated VOC exposure were simul-
taneously analyzed using PCA, demonstrating excellent discri-
minating capability. PDA/copolymers that generated red PDA
in saturated VOC conditions were further tested. Sensitivity
testing was conducted from 25 to 2500 ppmv VOC, and the
LODs for the PDA/copolymer sensors are 457 ppmv for ethyl-
benzene, 267 ppmv for 2-butanone, and 269 ppmv for ethanol.
We found that although higher copolymer molecular weight
resulted in higher LOD, it enabled a wider linear range for
detection. Thus, the selection of suitable PDA/copolymer
sensors should depend on its final application. Our work pre-
sents the first study showcasing PDA’s potential to detect
breath VOC biomarkers. More specifically, it is the first PDA-
based system to detect ethylbenzene and 2-butanone VOCs.
Further studies to improve sensitivity limits by incorporating
chemically modified PDAs and integrating these into different
copolymers are recommended.
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