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Next-Generation Wound Care: Aptamer-Conjugated
Polydiacetylene/Polyurethane Nanofibrous Biosensors for
Selective In Situ Colorimetric Detection of Pseudomonas

Sarah Currie, Alan Jesus Cortes de la Torre, Ayush Kumar, Sarvesh Logsetty, and Song Liu*

Biosensors for wound dressings can enable point-of-care monitoring

of wound bed health by exhibiting a color change visible to the naked

eye, to alert healthcare providers of the presence of pathogenic bacteria. Here,
a polydiacetylene-based electrospun nanofibrous wound dressing for the
detection of Pseudomonas aeruginosa is reported. Using conventional blend
electrospinning, two diacetylene monomers—10,12-pentacosadiynoic acid
(PCDA) and 10,12-tricosadiynoic acid (TCDA)—are separately electrospun
alongside polyurethane as a supporting matrix polymer. The differences

in side-chain length impact the sensitivity of the nanofibers in detecting

P. aeruginosa. Furthermore, two DNA aptamers are conjugated to the
polydiacetylenes to achieve targeted detection of P. aeruginosa. The aptamer-
modified dressings show improved sensitivity of detection toward eight strains
of P. aeruginosa compared to the unmodified membranes. Furthermore,

the aptamer-modified membranes do not respond to non-target bacteria
methicillin-resistant Staphylococcus aureus (MRSA), Staphylococcus aureus,
and Escherichia coli within 3 h of direct contact. Reducing the chain-length

of the diacetylene monomer by substituting PCDA with TCDA boosts the
colorimetric response by a factor of >2x compared to the aptamer-modified
PCDA membranes, at the cost of reduced specificity. The aptamer-conjugated

in chronic and burn wounds.'™* P. aerug-
inosa infection in burn wound patients
results in up to 80% mortality.>! Further-
more, the emergence of antibiotic-resistant
strains of bacteria due to antibiotic use is a
major issue facing wound care. Multidrug-
resistant strains of P. aeruginosa have be-
come increasingly prevalent in clinical set-
tings, displaying resistance to a wide range
of antibiotic classes including beta-lactams,
aminoglycosides and fluoroquinolones.”]
Early diagnosis of bacterial infection is
crucial for curbing the emergence of
antibiotic-resistant strains. This is partic-
ularly true for infections caused by highly
adaptable pathogens like P. aeruginosa.
Prompt and accurate diagnosis empowers
healthcare providers to implement effec-
tive treatment strategies with appropriate
antibiotics. This targeted approach mini-
mizes the indiscriminate use of antibiotics,
thereby significantly reducing the selective
pressure that drives the development of

polydiacetylene membranes show promise for application in point-of-care
wound dressings for improved specificity of detection of bacterial infections.

1. Introduction

Pseudomonas aeruginosa is a major opportunistic wound
pathogen, and is one of the most commonly isolated bacteria

resistance.l®l The development of a rapid
point-of-care test for P. aeruginosa wound
infection would be a valuable tool for health-
care providers. Such a test would enable
timely and effective treatment, ultimately
improving patient outcomes and reducing the risk of evolved an-
tibiotic resistance.

Diagnostic wound dressings can be designed to meet these
needs for rapid and accurate in situ monitoring of wound bed
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health in clinical settings. Current advancements have focused
on developing sensors that detect various stimuli associated with
wound infection. These include bacterial toxins, enzymes, pig-
ments (such as P. aeruginosa’s pyocyanin), metabolites (urate),
lipopolysaccharide, and host immune response markers such
as neutrophils enzymes (elastase and cathepsin G) and elevated
wound pH.’° This progress has undoubtedly improved wound
management. However, a significant gap exists in our ability to
identify specific bacterial species within infected wounds at the
point of care. Common detection signals such as pH may not
always be a reliable indicator of infection, since pH levels can
fluctuate throughout wound healing in response to tissue dam-
age, inflammation, and the presence of medications. Herein lies
the impetus for our research. We aim to bridge this gap by devel-
oping a novel diagnostic approach that enables the in situ pin-
pointing of P. aeruginosa infection within the wound environ-
ment. By identifying the bacteria responsible for the infection, we
can tailor treatment strategies to ultimately promote faster heal-
ing and improved patient outcomes. Furthermore, the sensitiv-
ity of detection remains a barrier to the clinical implementation
of such dressings. Ideally, diagnostic dressings for wound infec-
tions should be capable of detecting bacterial concentrations at
the critical threshold defining the transition from wound “colo-
nization” to wound “infection”: 5 X 10* - 4.6 x 10° CFU/cm?.[20-22]
Our major advancement in these two key areas is based on two
unique strategies to tailor the dressing’s specificity and sensitiv-
ity. First, two aptamers were carefully selected to bind P. aerugi-
nosa to achieve enhanced specificity of detection. Second, polydi-
acetylene was used as the colorimetric element of the biosensor,
with a controlled selection of the diacetylene composition to boost
the sensitivity of detection.

Polydiacetylenes are polymers with a conjugated backbone
formed of alternating double and triple bonds resulting in a
characteristic deep blue absorbance at 640 nm, formed from
1,4-addition reaction between diacetylene monomers by UV
polymerization.!'823-3% A variety of stimuli (such as heat, pres-
sure and organic molecules) can induce a conformational change
in the backbone of the polymer resulting in a color change from
blue to red and a shift in characteristic absorbance from 640
to 540 nm.[?] Polydiacetylenes have been used to detect bac-
teria through the interaction of bacterial excretions with the
side chains of polydiacetylene and typically are implemented
as a detection element in vesicles or liposomes. In several
studies, polydiacetylenes have been successfully incorporated
into electrospun nanofibers for the detection of volatile organic
compounds!®! or E. coli.'8] Furthermore, the pendant side chains
of polydiacetylenes can be modified through the conjugation of
targeting molecules such as peptides, glycolipids, aptamers, an-
tibodies or small molecules to the pendant side chains to achieve
color changes in response to a desired stimulus.[23-262-31] Ap.
tamers are short single-stranded sequences of DNA or RNA ca-
pable of selectively binding targets such as small molecules, pro-
teins or whole cells; and are particularly appealing as targeting
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elements due to their high specificity and binding affinity for the
target substrate.[3?]

In this study, we present aptamer-conjugated polydiacety-
lene nanofibers capable of responding with high specificity
and sensitivity to a chosen specific strain of P. aeruginosa.
Two different diacetylene monomers, 10,12-pentacosadiynoic
acid (PCDA), and 10,12-tricosadiynoic acid (TCDA), were com-
bined with polyurethane (PU) as a supporting matrix to cre-
ate nanofibers with controlled sensitivity. Furthermore, aptamers
targeting P. aeruginosa were conjugated to the polydiacetylenes
to improve the sensitivity and specificity of the fibers. Two ap-
tamers were chosen for conjugation to the polydiacetylene mem-
branes — aptamer F,;** and St21Lp17.034 The aptamer-modified
biosensing nanofibers demonstrated higher sensitivity toward
eight P. aeruginosa strains compared to the unmodified mem-
branes (ATCC 27853, PA0O1, PA0200, PA0238, PA0325, PA0386,
PA01172, and 73104). Furthermore, boosted sensitivity of de-
tection was achieved by replacing the PCDA monomer in the
membrane with a shorter chain-length monomer, TCDA. The
aptamer-modified membranes did not respond non-specifically
to non-target bacteria lawns of Escherichia coli or methicillin-
resistant Staphylococcus aureus (MRSA), which confirms the fea-
sibility of aptamer-based targeting for bacteria detection. The
strategy of aptamer-modification of polydiacetylene nanofibers
for detection of wound infections shows promise for the develop-
ment of a point-of-care in situ wound biosensor with improved
specificity of detection.

2. Results and Discussion

2.1. Characterization

Polydiacetylene nanofibers are commonly fabricated by blend
electrospinning diacetylene monomers with a supporting ma-
trix polymer such as poly(ethylene oxide), PU, poly(methyl
methacrylate) or polystyrene.['8] Self-assembly of the diacetylene
monomers occurs during electrospinning, which facilitates UV-
polymerization of the monomers after electrospinning via a 1,4-
addition reaction. In this study, PU was selected as a matrix
polymer to facilitate the electrospinning of two different diacety-
lene monomers (PCDA or TCDA). Nanofiber morphology was
assessed using scanning electron microscopy (SEM) (Figure 1).
The fibers had smooth surface morphology and continuous fiber
structure without evidence of beading. The average fiber diam-
eters of the as-spun unmodified membranes were 120 + 53 nm
and 117 + 39 nm for P and T respectively. Small fiber diameter is
desirable for application as a diagnostic biosensor, since higher
specific surface area increases the probability for interactions be-
tween the bacteria and fiber surface. It is well recognized that
the high surface-to-volume ratio of nanofibers is key for biosen-
sor sensitivity, by giving increased surface area for interaction
with analytes as well as more area for conjugation of targeting
moieties.[3¢37] After the wet post-spinning modification of the
N-hydroxysuccinimide (NHS)-activated PCDA groups with ap-
tamers F,; or St21Lp17, the aptamer-modified membranes had
larger fiber diameter compared to the as-spun membranes, rang-
ing from 164-225 nm. Evidently, the wet-modification process for
aptamer conjugation resulted in swelling of the PU fiber matrix
and larger fiber diameter.
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Figure 1. SEM images of electrospun nanofibers before and after aptamer conjugation. Different letters (A, B, C,D) indicate significant differences by

ANOVA with Tukey correction, n = 100 (p < 0.05).

The electrospun membranes were analyzed with attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) to confirm the successful incorporation of each of the con-
stituent components (Figure 2). First, the monomer and poly-
mer starting materials were characterized with ATR-FTIR prior
to electrospinning to identify the characteristic absorption bands,
which were observed as follows (Figure 2A): PU IR v, (cm™!):
3319 (N—H stretch), 2854-2918 (C—H stretch), 1688 (C=0
stretch). PCDA IR v, (cm™!): 2847-2921 (C—H stretch), 1693
(C=0 stretch), 1466 (C—H bend). PCDA-NHS IR v, . (cm™):
2922-2851 (C—H stretch), 1818 (C=O stretch, NHS ester), 1787
(symmetric C=0 stretch, NHS imidyl C=0), 1742 (asymmet-
ric C=0 stretch, NHS imidyl C=0), 1466 (C—H bend). No-
tably, the carbonyl C=0 stretching band shifted from 1693 cm™!
in unmodified PCDA to 1818 cm™! in PCDA-NHS, with NHS
imidyl C=0 stretching bands observable at 1787 cm™ (symmet-
ric) and 1742 cm™! (antisymmetric), confirming successful for-
mation of the ester resulting from NHS modification (Figure 2A).
After electrospinning, the membranes containing NHS-activated
monomers were analyzed with ATR-FTIR to confirm that the ac-
tivated monomers remained conjugated with NHS and survived
the electrospinning process (Figure 2B). The characteristic peaks

A monomer PCDA-NHS E
monomer PCDA  § = \

ag
)

polymer PU

—2021

—

—2918
—2854

associated with the NHS-activated monomer at 1815 and 1780
cm™! were observed in the ATR-FTIR spectrum of the mem-
branes post-electrospinning, which confirms that the NHS-ester
was preserved throughout the electrospinning process. By sub-
tracting PU from the ATR-FTIR spectrum of the “P-NHS” mem-
brane, the NHS-ester peaks can clearly be observed: the carbonyl
C=O0 stretch due to NHS ester formation was observed with the
expected shift to 1815 cm™! (compared to 1690 cm™! in umod-
ified PCDA), with NHS imidyl C=O0 stretch at 1780 and 1739
cm™~!, which confirms that the NHS-ester was preserved through-
out the electrospinning process. Furthermore, an additional car-
bonyl peak appeared at 1689 cm™ in the spectra of the P-NHS
nanofibers, located at lower wavenumber due to hydrogen bond-
ing between unmodified PCDA monomers. The incorporation
of unmodified PCDA in the 5:1 PCDA:PCDA-NHS blend was
necessary to encourage self-alignment of the monomers dur-
ing the electrospinning process via hydrogen bonding between
the carboxylic acid groups in the unmodified monomers. Poly-
merization of diacetylene monomers requires topochemical re-
action conditions in which the monomers should be separated
by a distance of <3.8 A with a translational repeat spacing of
<4.9 A as well as have a 45° orientation to the crystal axis in
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Figure 2. ATR-FTIR spectra of A) PU, PCDA, and PCDA-NHS prior to electrospinning, and B) electrospun diacetylene membranes. P and P-NHS.
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Table 1. Efficiency of aptamer conjugation to electrospun polydiacetylene membranes.

Sample Conjugation Efficiency (%) Aptamer Conjugation [nmol g~]

0.1 um 0.5 um 0.1 um 0.5 um
P-Fy3 0.046 + 0.001 0.187 + 0.009 41+1 165+ 8
P-St21Lp17 0.045 + 0.009 0.220 + 0.004 39+38 195 +3
T-Fy3 0.033 + 0.003 0.180 + 0.005 31+3 169 +5
T-St21Lp17 0.041 + 0.003 0.238 +0.001 38+3 223 1

order for the 1,4-addition reaction to occur.*®! In our prelimi-
nary experiments using PCDA-NHS alone for the nanofiber di-
acetylene compositon, UV-polymerization of the nanofibers post-
electrospinning was unsuccessful since the self-alignment of the
monomers during electrospinning was insufficient due to re-
duced hydrogen bonding in the NHS-modified monomers. By
reducing the PCDA-NHS content to a 5:1 PCDA:PCDA-NHS ra-
tio, the monomer alignment was sufficient for successful UV-
photopolymerization which resulted in a color change from white
to deep blue.

To achieve targeted detection of P. aeruginosa, the polydiacety-
lene nanofibers were modified with two aptamers, namely F,,
and St21Lp17, which were chosen for this proof-of-concept study
based on their high binding affinity for P. aeruginosa.l**34 The
amine-terminated aptamers F,; and St21Lp17 were conjugated to
the NHS-activated diacetylene monomers post-electrospinning
by immersing the membranes in a solution containing the ap-
tamers at 0.1 or 0.5 uM concentration. The aptamer conjuga-
tion efficiency was dependent on the concentration of aptamer
in the reaction liquor, with better efficiency at 0.5 um compared
to 0.1 pm. The loadings achieved at 0.5 pm aptamer concentra-
tion range from 165-223 nmol g~!, whereas loadings at 0.1 pm
were notably lower, ranging from 31-41 nmol g~! (Table 1). Over-
all, the conjugation of the aptamer St21Lp17 yielded higher con-
centrations of aptamer on the membranes compared to aptamer
F);. At a 0.5 um aptamer liquor concentration, the quantity of
grafted aptamer St21Lp17 exceeded the amount of grafted F,; by
18% for P membranes and 32% for T membranes. This boosted
grafting efficiency for the St21Lp17 aptamer can be attributed to
the structural differences between the aptamers. The aptamer
St21Lp17 has a shorter overall strand length compared to ap-
tamer F,;, with 38 bases for St21Lp17 compared to 60 for F,;.
The longer strand length of F,; bears a larger number of neg-
atively charged phosphate groups in the single-stranded DNA
backbone, which could result in negative-charge repulsion and
limit the grafting efficiency. Other authors have similarly noted
the limited surface-grafting efficiency of DNA due to negative
charge repulsion effects.??) Steric hindrance due to the larger
size of F,; compared to St21Lp17 could also play a role in limiting
the modification efficiency. F,; also has a bulkier overall structure
featuring a large central loop with one branching stem-loop,**!
whereas St21Lp17 has a single stem-loop structure.** Overall,
the efficiency of conjugation was low compared to the available
number of sites for reaction with the amine-terminated aptamers
based on the loaded amount of PCDA-NHS or TCDA-NHS: in all
cases, the conjugation efficiency was <0.24%. Aside from the pre-
viously mentioned factors such as repulsion between the nega-
tively charged aptamers during grafting and steric hindrance due
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to the bulky secondary structure of the aptamers, the major fac-
tor limiting the conjugation efficiency is likely the hydrophobicity
of the PU fiber surface. Additionally, blend electrospinning car-
ries the obvious limitation that only the accessible PCDA-NHS
or TCDA-NHS groups at the fiber surface are available for sur-
face modification, whereas the majority of the loaded PCDA-
NHS and TCDA-NHS remain trapped within the fiber bulk
material.

The aptamer-conjugated membranes were UV polymerized
with 40 000 pJ cm™ of 254 nm UV light per side (after aptamer
conjugation), which was sufficient to induce a color change from
white (unpolymerized) to deep blue (polymerized). The poly-
merized membranes showed a characteristic reflectance mini-
mum at 640 nm with high reflectance in the blue visible light
region (<450 nm). The characteristic visible light reflectance of
the blue-phase polydiacetylene membranes was unchanged af-
ter the conjugation of aptamers St21Lp17 and F23 (Figure 3).
It is well known that UV exposure can induce the formation of
photodimers in DNA sequences which alter their structure. Al-
though UV polymerization prior to aptamer conjugation may be

100
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Figure 3. UV-vis reflectance spectra of 3:1 PU:PCDA membranes before
and after conjugation of aptamers Fy; and St21Lp17. “As-spun”: the re-
flectance of membrane P (3:1 PU:PCDA) prior immediately after electro-
spinning, prior to UV polymerization. “UV-polymerized”: reflectance of
membrane P (3:1 PU:PCDA) after polymerization with UV light (40 000
y cm~2 UV light per side, 254 nm). “Aptamer F-23": reflectance of the P-
NHS membrane after conjugation of aptamer F-23 and UV-polymerization
(40 000 pj cm~2 UV light per side, 254 nm). “Aptamer St21Lp17”: re-
flectance of the P-NHS membrane after conjugation of aptamer St21Lp17
and UV-polymerization (40 000 ) cm~2 UV light per side, 254 nm).
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Strain 27853 PA01172 PAO01 PA0386 PA0200 PA0238 73104 PA0325
Conc. Initial 1.5+05 39+£07 16+03 98+09 1.7+0.8 3.6+0.8 1.1+£02 55+09
(CFU/cm?) (t=0) x 10° x 10° x 10" x 10° x 10° % 10 % 10'° x 10°

Figure 4. Blue to red color change in response to exposure to various strains of P. aeruginosa for 3 h, lawn concentration ranged from ~10°-10'°

CFU/cm? (high concentration).

desirable to prevent UV-induced damage to the structure of the
DNA aptamers, our experiments showed that UV polymeriza-
tion prior to aptamer conjugation was not feasible due to the
blue-to-red color-changing induced by the reaction of the amine-
terminated aptamers with NHS-activated diacetylene monomers.
The exposure time and energy levels were deliberately kept low
to minimize potential damage to the DNA aptamers’ structure.

2.2. Colorimetric Response to Bacteria

The aptamer-modified polydiacetylene nanofibrous membranes
were tested in direct contact with P. aeruginosa ATCC 27853 lawns
to analyze the rate and magnitude of color changing in response
to the aptamer bacterial target (Figures 4 and 5). Reflectance spec-
tra of the membranes were measured by GretagMacbeth Color-
Eye 2180UV before and after exposure to P. aeruginosa to quan-
tify the color change response of the nanofibers in direct con-
tact with bacteria (Figure 6). The membrane containing unmod-
ified PCDA did not exhibit a substantial change in reflectance
over 5 h contact with P. aeruginosa ATCC 27853. In contrast, the
aptamer-modified P-F,; and P-St21Lp17 both exhibited a grad-
ual increase in reflectance at 640 nm (red) and a decrease in
reflectance from 360-540 nm (blue) associated with blue to red

Adv. Funct. Mater. 2024, 2403440 2403440 (5 of 12)

color changing over the course of 1-5 h contact. The core mech-
anism of polydiacetylene color changing is well-understood and
involves a conformational change to the polymer backbone trig-
gered by the interaction of various stimuli. These interactions dis-
rupt the conjugated backbone of the polymer, typically by caus-
ing rotation of the polymer backbone from planar to non-planar
conformation. This rotation alleviates strain on the planar conju-
gated ene-yne backbone through segmental rearrangement.[*041]
As the conjugated system shortens due to backbone rotation, the
HOMO-LUMO bandgap widens. Consequently, the polymer ab-
sorbs light at a higher energy (shorter wavelength), leading to the
observed blue-to-red color shift. Aptamer conjugation to the pen-
dant side-chains introduces a new dimension to the color change
mechanism. When aptamers bind to their target bacteria, the
bulky aptamer-bacteria complex creates steric hindrance, disrupt-
ing the packing of the polydiacetylene side chains.[*?! This addi-
tional bacteria-specific disruption amplifies the backbone torsion
and color change, explaining the sensitivity and specificity ob-
served with aptamer-modified PCDA membranes.[*?!

For membranes containing the TCDA monomer, rapid non-
specific color changing was achieved upon contact with the tar-
get strain, with blue-to-red color changing achieved after 2 h con-
tact. The non-modified TCDA membranes responded to the tar-
get strain of P. aeruginosa without aptamer modification. TCDA
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Figure 5. Blue to red color change in response to exposure to various strains of P. aeruginosa for 3 h, lawn concentration ranged from ~107-108 CFU/cm?

(low concentration).

has a shorter side chain length relative to PCDA, which reduces
the strength of dispersion interactions between the tails. As a re-
sult, the energy barrier to induce backbone torsion and the en-
suing blue to red color change is lower for TCDA-based poly-
diacetylenes. For the case of the TCDA-based membranes, ap-
tamer conjugation did not result in an improved sensitivity of
color changing.

Colorimetric response (CR%) was calculated to represent the
extent of blue to red color changing (Figure 7).'3] CR% was
calculated as follows: CR% = [(PB, — PB)/PB,]x100 where PB is
the initial “percent blue” and PB is the “percent blue” after ex-
posure to the stimulus: PB = Ay, 1/ (Asionm + Agsonm)- The
colorimetric response was greatest for the non-aptamer modi-
fied TCDA membranes— 11.6 + 0.2% after 2 h, reaching 16.5
+ 0.2% after 5 h. Interestingly, the magnitude of color chang-
ing for the aptamer modified TCDA membranes T-F,; and T-
St21Lp17 was lower relative to unmodified TCDA (CR% of 7.5
+ 0.5% and 7.1 + 0.8% respectively). The reduced sensitivity af-
ter aptamer conjugation may indicate that the steric bulk added
by aptamer conjugation reduces the mobility of the polydiacety-
lene, which would outweigh the inherent benefit of using the
shorter chain length monomer to reduce the dispersion forces be-
tween the side-chains and hence create better mobility of the poly-
mer backbone to create the torsion responsible for the blue-to-

Adv. Funct. Mater. 2024, 2403440 2403440 (6 of 12)

red color change. The colorimetric response of the PCDA-based
membranes highlighted the benefit of aptamer conjugation for
improving the sensitivity of color changing in a specific manner.
The PCDA membrane alone displayed negligible color change
over the course of the 5 h contact period, with a net CR% of 0.3 +
0.2% after 5 h. The conjugation of the aptamer F,; or St21Lp17
was highly effective to boost the CR%, and the membranes P-
F,; and P-St21Lp17 achieved a CR% of 5.44 + 0.04% and 4.41 +
0.08% respectively after 5 h. Both of the aptamers used in the
study had a Kd reported in the low nM range (Kd = 17.27 +
5.00 nM for F,; and 13.5 + 2 nm St21Lp17 respectively).?*** De-
spite aptamer St21Lp17 having a higher reported binding affinity
(lower Kd) and higher grafted efficiency of 195 + 3 nmol g~! com-
pared to 165 + 8 nmol g~! for aptamer F,;, the aptamer St21Lp17
did not exhibit a boosted CR% relative to P-F,;.

The limit of detection (LOD) toward a model strain of P. aerug-
inosa (ATCC 27853) was calculated as follows: LOD =y, +
3 SDy, Where yy,.i is the average signal intensity (CR%) of
the blank control and SD,,,, is the standard deviation of the
blank control (Figure S3, Supporting Information). The LOD for
the aptamer modified membranes P-F,; and P-St21Lpl17 were
1.42 X 10° CFU/cm? and 4.46 x 10° CFU/cm?, respectively. The
LOD for unmodified membrane “P” was not quantified since
the colorimetric response of the membranes did not exceed the
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Figure 6. Reflectance spectra of aptamer-conjugated membranes throughout 0-5 h of direct-contact with a P. aeruginosa lawn (ATCC 27 853) at concen-

tration of 4.8 + 2.1 x 107 CFU/cm? (target strain).

threshold defining the LOD at y,, + 3 SDy,1, since the mem-
branes did not exhibit a color change from blue to red at the
highest tested concentration of 2.14 x 108 CFU/cm? after 3 h
contact. This demonstrates the clear benefit of aptamer conju-
gation to improve the LOD toward the target bacteria. By re-
placing PCDA with the shorter chain-length monomer TCDA,
lower LODs were achieved at values of 4.7 x 10°, 5.9 x 10°, and
2.9 X 10° CFU/cm?. The LOD of the membranes approaches the
approximate concentration which is generally considered as the
threshold for colonization to infection at 5 x 10* — 4.6 x 10°
CFU/cm?.[20-221 Aptamer conjugation to the TCDA-based mem-
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branes did not significantly lower the LOD to the model strain of
P. aeruginosa compared to the membrane without aptamer modi-
fication. Ultimately, this method is promising for the detection of
Pseudomonas in the early stages of infection—further work may
focus on refining the specificity of the nanofibers at the already-
achieved detection levels at low bacteria concentrations.
Aptamer-conjugated membranes were tested in response to a
variety of strains of P. aeruginosa (ATCC 27853, PA0O1, PA0200,
PA0238, PA0325, PA0386, PA01172, and 73104) to determine
the specificity of the color-change response (Figure 4; Figure S4,
Supporting Information). The aptamer-modified PCDA-based
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Figure 7. Colorimetric response of aptamer-conjugated membranes throughout 0-5 h of direct-contact with a P. aeruginosa lawn (ATCC 27853) at

concentration of 4.8 + 2.1 x 107 CFU/cm? (target strain).
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membranes (P-F,; and P-St21Lp17) showed a vivid blue to red
or purple color change after 3 h contact with each of the eight
tested P. aeruginosa strains, compared to the unmodified PCDA
membrane “P”, which remained blue after 3 h contact at lawn
concentrations ranging from 10°~10'° CFU/cm?. This result con-
firms that aptamer conjugation boosts the sensitivity of polydi-
acetylene nanofibers for detecting the target bacterium, P. aerug-
inosa. At lower lawn concentrations of 10’-10* CFU/cm?, dif-
ferences in detection sensitivity at the strain-level became evi-
dent (Figure 5). The aptamer-conjugated membranes P-F,; and
P-St21Lp17 exhibited a clear blue-to-pink color transition after
3 h contact with ATCC 27853, whereas the membranes remained
blue in the presence of the other tested strains of P. aerugi-
nosa. The enhanced affinity of the aptamer-modified membranes
ATCC 27853 compared to the other tested strains of P. aerugi-
nosa may arise from differential expression of surface-associated
aptamer binding targets between the different bacterial strains.
Aptamers can bind various bacterial targets such as lipopolysac-
charides, outer membrane proteins, toxins and spores.[**! For
example, two of the tested strains in this study, P. aeruginosa
ATCC 27853 and PAO1, display different expression levels of
genes associated with the production of surface-associated pro-
teins and lipopolysaccharides.[**] These differences may serve as
potential ligands for aptamer binding. Compared to PAO1, P.
aeruginosa ATCC 27853 lacks the wbp genes encoding B-band
lipopolysaccharide O antigen (except wbpX). Relative to PAO1,
P. aeruginosa ATCC 27853 also displays higher relative expres-
sion levels of 137 genes including classes related to formation
of biofilms (exopolysaccharide production, type IV pili biogen-
esis gene cluster, twitching motility proteins, surface adhesion
(cupAl-A4), as well as type [, IIT and VI secretion systems) such as
pilQPONM, pilGHIJK-chpABCDE, pilABCDE, pilTU, pilSRyfiT-
fimTU-pilVWXY1Y2E, cupA1-A4.* However, the aptamer bind-
ing targets of aptamers F,; and St21Lp17 have not been identified
in prior work (by nature of the SELEX procedure for aptamer se-
lection, prior identification of the binding ligand is not required
to obtain high affinity to the target). Therefore, we cannot spec-
ulate regarding the reason for the boosted sensitivity toward the
ATCC 27853 P. aeruginosa strain which was observed here.

In pursuit of detection sensitivity to lower bacterial concentra-
tions, the PCDA diacetylene monomer (12 carbon alkyl tail) was
replaced with a shorter chain-length monomer, TCDA (10 carbon
alkyl tail) for the formation of polydiacetylene in the nanofibers.
In contrast to the PCDA-based membranes, which showed im-
proved sensitivity of P. aeruginosa detection after aptamer modi-
fication, the TCDA-based membranes were highly responsive to-
ward all of the tested P. aeruginosa strains without aptamer modi-
fication. The unmodified “T” membranes exhibited a blue-to-red
color transition toward each of the tested strains at concentra-
tions of 10’-10%8 CFU/cm?. Despite having reduced sensitivity
compared to the TCDA-based membranes, the stabilization effect
arising from the longer side-chain of PCDA creates the benefit of
improved specificity through the controlled selection of aptamers
to boost the sensitivity of the PCDA-based nanofibers toward a
desired bacteria species.

The membranes were also tested in direct contact with non-
target bacteria species (MRSA, S. aureus and E. coli) to evalu-
ate the specificity of the conjugated aptamers to their targeted
species, P. aeruginosa (Figure 8 and S5, Supporting Informa-
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tion). The PCDA-based membranes remained in the blue phase
when contacting the non-target bacteria species throughout 3 h
of direct contact at lawn concentrations ranging from 107-10%°
CFU/cm?, with the exception of E. coli ATCC 25922 and K88
which exhibited a purple color after 3 h contact. As expected,
the TCDA-based membranes continued to show high sensitiv-
ity and non-specific color changing and exhibited a red color in
response to all of the tested strains after 3 h contact. It is worth
noting that the PCDA-based membranes did eventually exhibit
blue-to-red color changes in response to the non-target species
after extended incubation times greater than or equal to 4 h.
When the incubation time was extended to 4-5 h, the following
non-target species triggered a color change for the PCDA-based
membranes: CA MRSA 96606, S. aureus ATCC 25923, S. aureus
ATCC 29213, E. coli 25922, and E. coli K88. However, such high
concentrations of non-target bacteria are irrelevant in the end-
use scenario as a biosensor for in situ detection of wound infec-
tions, since such high bacteria concentrations would illicit clini-
cal symptoms which negate the need for color change to identify
the presence of infection. Interestingly, the PCDA membranes
P, P-F23 and P-St21Lp17 did not exhibit any color change in re-
sponse to E. coli Top 10 (1.8 + 0.3 x 10® CFU/cm?) and MRSA
33592 (5.9 + 0.2 X 10! CFU/cm?), even after a prolonged period
of 5 h of direct contact.

In summary, the results suggest that aptamer modification
is a promising strategy to achieve improved specificity of col-
orimetric detection of bacteria at the strain-level, as well as to
boost the color-changing sensitivity of polydiacetylenes. Further-
more, the side-chain architecture of the polydiacetylene can be
engineered to achieve boosted sensitivity or improve the polydi-
acetylene stability to prevent color changing to off-target strains
of bacteria, depending on the desired behavior of the sensor. The
targeted nature of the aptamer-modified membranes serves as
a proof-of-concept for achieving color-based detection of a de-
sired bacterial target, which could be generalized to other wound
pathogens. The resulting aptamer/polydiacetylene nanofiber sys-
tem is promising for application as a biosensor for wound infec-
tions.

3. Conclusion

In conclusion, the strategy of aptamer-modification of polydi-
acetylene electrospun nanofibers has shown promise for targeted
color-based detection of bacteria at the species level. Two ap-
tamers, F,; and St21Lp17, were conjugated to the diacetylenes in
a post-electrospinning modification step using NHS/EDC chem-
istry. Aptamer conjugation to the PCDA-based membranes im-
proved the sensitivity of blue-to-red color change toward eight
tested strains of P. aeruginosa, compared to the unmodified mem-
branes. Furthermore, the aptamer-modified PCDA membranes
responded strongly to low concentrations of the target strain P.
aeruginosa, ATCC 27853 (7.9 + 0.8 X 10’ CFU/cm?) after 3 h con-
tact, but did not exhibit a full color change within 3 h of direct
contact with non-target bacteria lawns of seven tested strains of
MRSA, S. aureus and E. coli. Membranes which incorporated a
shorter side-chain length monomer TCDA had a CR% which was
more than 2x higher compared to the aptamer-modified PCDA
membranes. However, the boosted sensitivity of the TCDA-based
membranes came with the drawback of reduced specificity, as
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Figure 8. Blue to red color change in response to exposure to non-target bacteria species (MRSA, S. aureus, and E. coli) for 3 h contact time.

aptamer modification did not improve the specificity of color
changing for TCDA-based membranes. Our findings demon-
strate that aptamer-modified polydiacetylene nanofibers offer a
promising and versatile platform for developing highly specific
bacterial biosensors. The inherent selectivity of aptamers allows
for the creation of sensors tailored to target a wide range of bac-
terial strains relevant to various fields. This approach has the po-
tential to revolutionize in situ bacterial detection in diverse appli-
cations, including clinical medicine and healthcare (e.g., rapid di-
agnosis of infections), food safety and quality control (e.g., identi-
fying foodborne pathogens), environmental monitoring (e.g., de-
tecting waterborne bacteria), water management (e.g., monitor-
ing drinking water quality), and biosecurity (e.g., early detection
of biothreat agents).

4. Experimental Section

Materials:  10,12-pentacosadiynoic acid (PCDA, >97.0%), 10,12-
tricosadiynoic acid (TCDA, >98.0%), N,N-dimethylformamide (DMF,
>99.8%), tetrahydrofuran (THF, >99.9%), ethanol (EtOH, >95.0%),
chloroform  (>99.8%), methylene chloride (DCM, >99.5%),

Adv. Funct. Mater. 2024, 2403440 2403440 (9 of 12)

N-hydroxysuccinimide  (NHS), and T-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide hydrochloride (EDC) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Tecophilic HP-60D-35 (hydrophilic aliphatic
polyurethane, PU) was purchased from Lubrizol Advanced Materials
(Cleveland, OH, USA). Integra Miltex Standard 4 mm biopsy punches,
LB agar (Lennox), and LB broth (Lennox) were purchased from Fisher
Scientific (Nepean, ON, Canada). P. aeruginosa aptamers F23 (5’- CCC
CCGTTGCTTTCGCTTTTCCTTTCG CTTTTG TTC GTT TCG TCC CTG
CTT CCT TTC TTG —3")[33] and St21Lp17 (5'- AAG CGT CGG TGT TCT
ATC GGT AGT TGA CAC CGA CGC CT —3/)[34] were custom synthesized
by Integrated DNA Technologies (IDT, Coralville, IA, USA).

Synthesis of NHS Activated PCDA and TCDA Monomers: PCDA and
TCDA monomers were activated with NHS/EDC to form a reactive in-
termediate to enable crosslinking between the monomer carboxylic acid
and the primary amine group of C6-amino modified aptamers. PCDA
and TCDA were activated with NHS according to well-documented pro-
cedure reported elsewhere.[?’] To activate PCDA or TCDA with NHS,
1.035 g (5.41 mmol) EDC and 0.62 g (5.41 mmol) NHS were added to
1.35 g (3.6 mmol) PCDA or 1.25 g (3.6 mmol) TCDA in 10.0 mL DCM
and stirred for 2.0 h in the dark. DCM was removed by vacuum. The
NHS-activated products were purified by extraction with ethyl acetate
and dried in vacuo. The final product, 10-12 pentacosadiynoic acid-N-
hydroxysuccimide (PCDA-NHS) was obtained as a white solid with yield
of 78.95%. 10-12 tricosadiynoic acid-N-hydroxysuccimide (TCDA-NHS)

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAE8.D 8|qel(dde aupy Aq pausenob a1e ssppie YO ‘8sN JO S9|nJ Joj Areiq) 8UlUO A1 UO (SUO N PUOD-PUR-SLUB)AL0D A8 |1 AfeIq 1[eul|uo//SdnL) SUORIPUOD Pue Swis 1 8y} 89S *[202/80/8T] U0 Akeid18ulluO A8]IM ‘0E0rZ0Z WiPe/Z00T OT/I0p/W0d A8 | IM AeIq Ul uo//Sdny Wolj pepeoiumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

Table 2. Electrospinning parameters for membrane fabrication.

www.afm-journal.de

Sample Diacetylene Ratio Composition
PU [w/v %] PCDA [w/v %] TCDA [w/v%)] PCDA-NHS [w/v %] TCDA-NHS [w/v%)]
P PCDA 6.0 2.0
T TCDA 6.0 2.0
P-NHS 5:1 PCDA:PCDA-NHS 6.0 0.33 1.67
T-NHS 5:1 TCDA:TCDA-NHS 6.0 1.67 - 0.33

“all membranes contain diacetylene monomers at a ratio of 3:1 PU:diacetylene. Monomer composition varies as described.

was obtained as a white solid with yield of 92.1%. PCDA-NHS and TCDA-
NHS were stored in the dark at —20°C. Structures of the NHS-activated
monomers were confirmed with "H-nuclear magnetic resonance ('H-
NMR, Ascend 400, Bruker, Karlsruhe, Germany): "H-NMR of PCDA-NHS
(400 MHz, CDCl3): 6 0.891 (t, 3H), 1.214-1.461 (m, 28H), 1.523 (p, 4H),
1.751 (p, 2H), 2.251 (t, 4H), 2.609 (t, 2H), 2.847 (m, 4H) (Figure ST, Sup-
porting Information). "H-NMR of TCDA-NHS (400 MHz, CDCl;): § 0.895
(t, 3H), 1.225-1.467 (m, 24H), 1.528 (p, 4H), 1.756 (p, 2H), 2.256 (t, 4H),
2.614 (t, 2H), 2.852 (m, 4H) (Figure S2, Supporting Information).

Electrospinning:  PCDA or TCDA monomers were incorporated into the
shell of electrospun nanofibers with medical grade PU as a matrix polymer
to increase the viscosity of the solution for electrospinning. The influence
of PCDA or TCDA monomer composition on the sensitivity of the mem-
branes was explored since the monomer side-chain length has previously
been reported to influence the responsiveness of polydiacetylenes.[**]
TCDA has shorter side-chain length compared to PCDA, so the dispersion
forces between the TCDA side chains were lower relative to PCDA, allow-
ing TCDA membranes to respond more easily to stimulus resulting in a
lower threshold of bacteria detection. PCDA or TCDA were incorporated
into nanofibers at a 3:1 ratio of polyurethane to diacetylene (3:1 PU:PCDA
(membrane “P”) or 3:1 PU:TCDA (membrane “T").

Aptamers were conjugated to the surface of the nanofiber membranes
to achieve targeted bacterial detection of P. aeruginosa ATCC 27853. To
allow for aptamer conjugation, 3:1 PU:PCDA or 3:1 PU:TCDA membranes
were electrospun with NHS-activated PCDA or TCDA monomers at ratios
of 5:1 PCDA:PCDA-NHS (membrane “P-NHS") or 5:1 TCDA:TCDA-NHS
(“membrane T-NHS"). Compositional information and abbreviations for
the various nanofiber formulations are summarized in Table 2.

For electrospinning, PU and diacetylene were dissolved at the desired
ratio in 1:1 DMF:THF. The solutions were stirred overnight at room tem-
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perature to ensure homogeneity. The composition of the solutions for
electrospinning is described in Table 2. Solutions were sonicated imme-
diately prior to electrospinning to improve homogeneity. Solutions were
electrospun with a flow rate of 1.4 mL h™', voltage of 24.1 kV and needle-
collector distance of 22.8 cm onto an aluminum foil-covered collector us-
ing an NE300 electrospinner (Inovenso, Turkey) at a temperature of 21 °C
and RH of 25%. The unpolymerized membranes were stored in the dark
to protect the light-sensitive monomers.

Aptamer Conjugation to NHS-Activated Polydiacetylene Membranes:
Two aptamers were chosen for conjugation to the NHS-activated polydi-
acetylene membranes — aptamer F,; (identified by Wang et al. via whole-
cell SELEX toward P. aeruginosa ATCC 27853[33]) and aptamer St21Lp17
(identified by Soundy and Day via whole-cell SELEX toward P. aeruginosa
PA692 biofilm[34l). The aptamers differ in structure and binding affinity
for P. aeruginosa. Aptamer F,; features a large central loop with a single
branching stem-loop and Kd of 17.27 + 5.00 nm, and aptamer St21Lp17
has a single stem-loop with Kd of 13.5 + 2 nm. The aptamers were cho-
sen for this study based on high binding affinity for the targeted bacteria,
P. aeruginosa (both aptamers had Kd in the low nanomolar range). Prior
to UV-polymerization, the as-spun membranes were immersed in 0.5 or
0.1 um solution of aptamer F,; or St21Lp17 at a liquor ratio of 2 mg mL~!
(membrane mass per buffer volume) in 0.01 m PBS, pH 7.0, and incubated
for 24 h with shaking at room temperature followed by rinsing with DI wa-
ter. The aptamers F,3; and St21Lp17 were conjugated to the membrane
based on NHS/EDC chemistry, where the amine-terminated aptamers re-
acted with NHS-activated PCDA and TCDA monomers to form an amide
bond (Scheme 1). Unreacted NHS-esters were quenched using 18.3 nm
ethanolamine in 0.01 m PBS, pH 7.0 for 1 h at room temperature fol-
lowed by rinsing with DI water. The membranes were dried in the dark
before UV-polymerization with 40 000 uj cm=2 UV light per side (254 nm).
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polyurethane nanofiber

Scheme 1. Conjugation of aptamers F,; and St21Lp17 to NHS-activated 3:1 PU:PCDA or 3:1 PU:TCDA membranes.
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UV-polymerization resulted in a color change from the white as-spun
membrane to dark blue. The absorbance of the supernatant aptamer so-
lution was analyzed by a microplate reader at 260 nm to determine the
aptamer conjugation efficiency.

Nanofiber Characterization: Nanofiber morphology was characterized
using SEM (FEI Nano Nova). Samples were sputter coated for 45 s with
gold-palladium (60:40) prior to imaging. SEM was conducted with an ac-
celerating voltage of 10.0 kV and fiber diameters were measured using Im-
age). Chemical structure of the membranes was confirmed by ATR-FTIR
(Thermo Scientific, Nicolet is10) and TH-NMR (Ascend 400, Bruker, Karl-
sruhe, Germany).

Bacterial Culture: To confirm the specificity of the color-changing re-
sponse to the targeted bacteria (P. aeruginosa), the aptamer-conjugated
membranes were tested in response to various strains of P. aeruginosa
ATCC 27853, PAOT, PA0200, PA0238, PA0325, PA0386, PA01172, and clin-
ical isolate 73104) (description of strains provided in Table S1, Support-
ing Information 44-49), as well as non-target bacteria species E. coli (ATCC
25922, Top 10, K88) S. aureus (ATCC 25923, ATCC 29213) and MRSA (ATCC
33592, CA 96606). The various bacteria strains of P. aeruginosa, E. coli, S.
aureus or MRSA were streaked on LB agar and incubated for 18 h at 37 °C.
For the preparation of overnight broth culture, P. aeruginosa, E. coli, S. au-
reus or MRSA colonies were suspended in 0.01 m PBS to a turbidity of 0.5
(MacFarland standard) and diluted by a factor of 100X in 0.01 m PBS, fol-
lowed by adding 15.0 L of the diluted suspension to 45.0 mL LB broth
in a 50 mL tube. The broth culture was incubated for 18 h at 37 °C with
shaking at 140 rpm.

Colorimetric Response to Bacteria: To prepare bacterial lawns,
overnight suspensions prepared as previously described were adjusted
to a turbidity of 0.5 (MacFarland standard), diluted by a factor of 100X,
and spread on LB agar (100 uL) followed by incubation at 37 °C for
various time intervals (5-10 h) to produce bacterial lawns in a range of
concentrations. After the incubation, 1 cm x 1 cm membrane samples
were placed directly onto the lawns and monitored by naked eye for a
color change for 3 h at 37°C.

The reflectance spectra of the membranes were measured by spec-
trophotometer (GretagMacbeth ColorEye 2180UV) with CIE llluminant
D65 and 10° observer with the membranes in situ in the Petri dish. Pho-
tos and spectrophotometer readings were taken hourly from 0-5 h, and
the bacterial lawn concentration in CFU/cm? was quantified at the initial
time period. Colorimetric response (% CR) was calculated as follows: %
CR=[(PBy — PB)/PBg) x 100, where PB is “percent blue"”: PB = Ay e / (Areq
+ Apjue)- Apiue is the absorbance at 640 nm and A4 is the absorbance at
540 nm.

To quantify the lawn concentration, cylindrical agar plugs were removed
from the lawns with a 4 mm Integra Miltex Standard Biopsy Punch and vor-
texed for 2 min in 1.0 mL PBS to detach the bacteria from the surface of
the agar. The concentrations of the bacterial suspensions were quantified
according to drop-plating procedure. Briefly, the suspensions were sub-
jected to serial 10-fold dilutions in PBS followed by plating 30.0 uL drops
of each dilution respectively, onto LB agar. Colonies were counted follow-
ing incubation at 37 °C for 18 h.

Statistical Analysis: Data are presented as mean + standard deviation
(SD). The number of replicates is indicated as the n-value. Fiber diameter
data were analyzed by one-way ANOVA with Tukey's correction (p < 0.05).
All statistical analyses were conducted using SAS software (Version 9.4,
SAS Institute, Cary NC).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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