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Abstract

A colorimetric assay based on polydiacetylenes (PDA) nano-liposomes is reported for facile and sensitive detection of alka-
line phosphatase (ALP) activity. The critical basis of this method is that the interaction of pyridoxal phosphate (PLP) with
nitrogenous group functionalized PDA nano-liposomes induces distinct blue-to-red color changes of PDA nano-liposomes.
In the presence of ALP, as a nature substrate, PLP is enzymatically hydrolyzed to form pyridoxal, which cannot interact
with PDA nano-liposomes. As a result, the concentration of PLP is reduced and the color change of PDA nano-liposomes is
retarded, which is associated with ALP level. Under optimal conditions, the proposed method showed good linear relation-
ship with ALP activity in the range 10-200 U/L with a limit of detection of 2.8 U/L. The detection process could be vividly
observed with the naked eye. Additional attempts by using the method for the evaluation of inhibitor efficiency were also
achieved with satisfying results. The method was further challenged with real human serum samples, showing consistent
results when compared with a commercial standard assay kit. Such simple and easy-to-use approach may provide a new
alternative for clinical and biological detection of ALP.

Keywords Colorimetric assay - Nano-liposomes - Conjugated polymer - Polydiacetylene - Alkaline phosphatase - Pyridoxal
phosphate

Introduction

Alkaline phosphatase (ALP) is an important biological
enzyme that is widely distributed in variety of organisms,
playing a vital role in the phosphorous metabolism by cata-
lyzing the dephosphorylation process on substrates contain-
ing monophosphate esters [1]. In humans, ALP is actively
involved in various important biological processes such as
molecule transportation, intracellular regulation, and bone
mineralization [2]. It has been shown that the abnormal of
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ALP activity is associated with a number of diseases, such
as hepatobiliary diseases, bone-related diseases, cancers,
and diabetes [3]. As such, ALP is one of the widely used
clinical bio-markers for diagnosis and monitoring of various
diseases [4]. It is therefore in great demand methods that
can facilely, sensitively, and selectively assay ALP activity.

Currently, the most widely used method for detection of
ALP activity in clinical practice and biological studies is
based on classical chromogenic reaction, of which color-
less p-nitrophenyl phosphate (p-NPP) is used as the enzyme
substrate and could be enzymatically hydrolyzed to yellow
p-nitrophenol (p-NP) by ALP [5]. Although this method
can assay ALP activity with the superiority of short react-
ing time and mature automatable procedure, the instabil-
ity of p-NPP to light and non-specific hydrolysis make this
approach uncertain which may produce false positive results
[6]. To avoid the limitation and improve detection, diversi-
fied methods have been developed for ALP activity based
on colorimetry [6, 7], fluorometry [8, 9], electrochemistry
[10, 11], and surface-enhanced Raman scattering (SERS)
[12, 13]. Among them, colorimetric assay remains to be one
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of the most popular manners for ALP detection owing to its
simplicity, unique visual output, and low cost [14, 15]. In the
overall view, most of the sensing principles are running with
the assistance of the products generated from ALP-mediated
dephosphorylation. These products, such as ascorbic acid
(AA) hydrolyzed from ascorbic acid 2-phosphate (AAP),
typically have strong reducibility that could further regulate
the colorimetric responses of the designed probes [6]. Quite
a lot of elegant methods have been designed for assaying
ALP based on this strategy by using different nanomate-
rial-based sensing components [16—19]. However, due to
the complicacy of biological samples, some reductive mol-
ecules, such as cysteine, glutathione, and dopamine, may
coexist in real samples. These substances could disturb the
AA-based detection process, thereby producing certain
effects on the selectivity and reliability of these methods for
ALP activity in clinical practices [6, 20]. Accordingly, the
exploration and development of novel colorimetric methods
with new sensing principles and strategies for ALP activity
still remain attractive and challenging.

As a representative class of conjugated polymers, polydia-
cetylenes (PDAs) remain as one of the attractive smart mate-
rials for sensing applications owing to their unique optical
and structural features [21]. The optical features stem from
the special alternating ene-yne conjugated polymer chains
of PDAs, which are formed through UV light-induced
1,4-addition reaction of the well-aligned diacetylene mono-
mers. The initially formed conjugated backbone of PDAs is
typically in a metastable state with the color of PDAs blue.
Under proper external stimulates, the conformation of the
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conjugated backbone could change into a more stable state,
thus inducing a clear color change of PDAs from blue to red
[22]. Additionally, due to the amphipathic nature of most
diacetylene monomers, PDAs can be easily self-assembled
into films, nanowires, micelles, and nano-liposomes, facili-
tating their usage in aqueous mediums [23]. These unique
properties make PDAs particularly useful in exploitation of
colorimetric chemo- and bio-sensors [24, 25]. Despite many
PDA sensing system developed for given chemical agents
[26], ions [27], nucleic acids [28], proteins [29], and viruses
[30], few reports concern on the development of PDA-based
colorimetric assays for enzyme activity, possibly due to the
lack of effective recognition strategies.

To this end, we provide herein a new sensing strategy
for colorimetric assaying of ALP activity with high selec-
tivity and sensitivity based on the specific response of
functional PDA nano-liposomes for pyridoxal phosphate
(PLP). As illustrated in Scheme 1, two kinds of functional
nitrogenous groups of ethylenediamine and imidazolium
are incorporated into self-assembly PDA liposome system.
The as-prepared PDA nano-liposomes display rapid and
distinct blue-to-red color changes in response to PLP due
to the strong electrostatic interaction between the positively
charged nitrogenous groups of PDA nano-liposomes and the
negatively charged phosphate groups of PLP. As a natural
substrate of ALP, PLP could be enzymatically hydrolyzed
by ALP to generate pyridoxal (PL), which cannot interact
with PDA nano-liposomes. It means that the color transition
of PDA nano-liposomes for PLP can be impeded and regu-
lated by ALP activity. Thus, a simple PDA-liposome based
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assay can be established for ALP detection. In addition,
when the inhibitor of ALP is introduced into this system,
the hydrolysis of ALP for PLP will be inhibited, thereby
restoring the color changes of PDA nano-liposomes. Based
on these processes, our proposed approach is capable of
monitoring of ALP activity and evaluating of inhibitor effi-
ciency in a facile and effective manner, especially avoiding
the interferences of reductive species in complex biological
samples.

Experimental
Reagents and apparatus

Alkaline phosphatase (ALP) was purchased from Sigma-
Aldrich (Saint Louis, MO, USA). 1-(3-Aminopropyl)imi-
dazole, iodomethane, and pyridoxal phosphate (PLP) were
purchased from Aladdin (Shanghai, China). N-hydroxysuc-
cinimide (NHS) and 1-(3-dimethylaminopropyl)-3-ethylcar-
bodiimide hydrochloride (EDC-HCI) were purchased from
TCI (Shanghai, China). 2-[4-(2-Hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid (HEPES) was purchased from
Solarbio (Beijing, China). p-NPP-based assay kit for ALP
was obtained from Beyotime Biotechnology (Shanghai,
China). Other reagents and solvents were supplied by local
commercial suppliers. All reagents were of analytical grade
and used as received. All the solutions were prepared with
ultrapure water (resistivity > 18.2 MQ-cm) obtained from a
Thermo Scientific water purification system (Waltham, MA,
USA).

All the absorption spectra were obtained with a Hitachi
U3310 spectrometer (Tokyo, Japan). The chemical struc-
tures of the synthesized compounds were characterized
by 'H and !*C nuclear magnetic resonance (NMR) spectra
using a Bruker Avance 400 MHz/100 MHz spectrometer.
Scanning electron microscopy (SEM) was performed on a
FEI Verios G4 electron microscope (Hillsboro, OR, USA).
Raman spectra were recorded on a Finder One Raman
microscope (Zolix, Beijing, China). The Malvern Zetasizer
Nano-ZS (Malvern Instruments Co., UK) equipped with a
He—Ne laser was used to analyze the size distribution and
zeta potential.

Functional PDA liposome preparation

The functionalized diacetylene monomers PCDA-EA
and PCDA-AID were synthesized based on previous
reported methods [26, 27]. The detailed synthetic routes
and NMR spectra can be found in the “Supplementary
information.”

Nitrogenous ligand functionalized PDA nano-liposomes
were prepared based on a probe sonication method

according to the previous studies [29]. Typically, a mix-
ture of PCDA-EA and PCDA-AID with a molar ratio of
1:1 was dissolved in chloroform (1 mL) in a round-bot-
tom flask. Solvent was thoroughly removed by evapora-
tion under vacuum, and then ultrapure water (10 mL) was
added to yield a lipid concentration of 1 mM. The result-
ing suspension was probe sonicated (Scientz92-1I, Scientz,
Ningbo, China) for 20 min at 80 °C to afford a translucent
solution. This solution was allowed to store at 4 °C for
12 h. After being brought to room temperature, the solu-
tion was exposed to a hand-held 254-nm UV lamp (1 mW
cm™2) for 2 min. The obtained PDA liposome solution
with deep blue color was either used freshly as prepared
or stored at 4 °C until use.

Colorimetric response of PDA nano-liposomes
for PLP

To investigate the colorimetric responses of PDA
nano-liposomes for PLP and other anions, various ani-
ons (1 mM) were injected into HEPES buffer (10 mM,
pH=7.4) containing PDA nano-liposomes (100 pM),
respectively. The resulting mixtures were equilibrated at
room temperature for 20 min. Their UV-Vis absorption
spectra were then recorded. For concentration-depend-
ent responses of PDA nano-liposomes towards PLP,
different concentrations of PLP were added into buffer
solution (HEPES, 10 mM, pH=7.4) containing PDA
nano-liposomes (100 pM), respectively. Their absorp-
tion spectra were acquired after equilibrium at room
temperature for 20 min. To quantify the color change of
PDA nano-liposomes, colorimetric response value (CR%)
was calculated by the following formula: CR =[P, — P,]/
Py x 100%, where P =1Ig,o/[1540+ Is40l. Ig4o and I, are the
absorption of PDA nano-liposomes at 640 nm and 540 nm,
respectively. P, and P, are the values before and after the
color change.

Detection of ALP activity

For assaying ALP activity, 40 pL of PLP solution (10 mM)
and 30 pL of ALP with varying concentrations ranging
from 0.01 to 2 U/mL were sequentially added into 830 pL
of HEPES buffer (10 mM, pH=7.4). The resulting samples
were incubated at 37 °C for 30 min, 60 min, or 90 min before
100 pL of PDA liposome solution (1 mM) was respectively
added into these samples. After equilibrating at room tem-
perature for 20 min, the UV—Vis absorption spectrum of
each of the mixtures was recorded. The limit of detection
(LOD) was estimated using the 306/m criterion, where o is
the standard deviation of the blank or standard deviation of
the intercept and m is the slope of the calibration plot [31].
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Inhibitor efficiency evaluation

In order to investigate the inhibition effect of EDTA toward
ALP, different concentrations of EDTA and ALP (0.3 U/mL)
were mixed in HEPES buffer (10 mM, pH="7.4) at 37 °C for
20 min. Afterwards, PLP (400 pM) was added into the above
solutions and resulting samples were incubated at 37 °C for
60 min. The inhibition efficiency (IE) was calculated using
a method described previously [31].

Detection of ALP activity in human serum samples

For ALP detection in serum samples, a standard addition test
was first performed in HEPES buffer (10 mM, pH="7.4) con-
taining 1% fetal bovine serum. Spiked samples with different
ALP concentrations (0.01, 0.05, 0.10, 0.15, 0.20 U/mL) were
prepared and assayed with this approach. To further verify
the potential application of the method for ALP in real sam-
ples, five human serum samples obtained from volunteers
in our lab were divided into two parts. One was analyzed
with a standard p-NPP based colorimetric assay, and the
other was tested by our proposed method. Specifically, 20
UL of each of the serum samples was added into 160 uL.
of HEPES buffer (10 mM, pH=7.4) containing 400 uM of
PLP in a 96-well plate. The resulting mixtures were incu-
bated at 37 °C for 60 min. Subsequently, 20 uL. of PDA
nano-liposomes (final concentration of 100 uM) was added
into each sample. After equilibrium at room temperature for
20 min, the absorption at 640 nm and 540 nm was recorded
using a microplate reader (Synergy HT, BioTek, USA). CR
values were then calculated using abovementioned formula
and the ALP levels in unknown serum samples were then
estimated using the standard curve method. All tests were
repeated three times. All date are shown as mean + standard
deviation (SD).

Results and discussion

Colorimetric responses of PDA nano-liposomes
for PLP

It is reported in previous studies that PDA nano-liposomes
bearing quaternary ammonium and amino groups show clear
color changes towards ATP and pyrophosphate (PPi) due
to the strong electrostatic interaction between quaternary
ammonium and phosphate groups [27, 32]. This finding
inspired us to synthesize two kinds of diacetylene mono-
mers, PCDA-EA and PCDA-AID, in which 10,12-pentaco-
sadiynoic acids (PCDA) were respectively modified with
ethanediamine and imidazolium (Scheme 1). PDA nano-
liposomes were then prepared by incorporating these two
monomers into PDA supermolecules via self-assembly
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and photo-induced polymerization. We speculated that the
functional cationic head groups could strongly interact with
phosphates which may ultimately lead to the color changes
of PDA nano-liposomes. To verify this hypothesis, colori-
metric responses of the as-prepared PDA nano-liposomes
for several phosphates and other anions were first investi-
gated. As shown in Fig. 1a, PDA nano-liposomes displayed
noticeable color changes from blue to violet or red in the
presence of PPi or pyridoxal phosphate (PLP) that could
be observed with the naked eye. While other anions includ-
ing H,PO,™ and HPO,*~ almost could not induce any color
changes. From absorption spectra, it was observed that the
addition of PLP caused the most obvious spectral changes
of PDA nano-liposomes, in which the absorption band at
640 nm distinctly decreased accompanied by the occur-
rence and dramatic increase of a new absorption band at
540 nm (Fig. 1b). Further quantitative analysis by CR value
showed that PLP induced colorimetric response was as high
as 67.4%. A much lower CR values of 30.8% was observed
for PPi, while less than 10% of CR values were obtained for
other anions (Fig. 1c). These results strongly confirm our
conjecture, revealing that our nitrogenous ligand-functional-
ized PDA nano-liposomes could selectively respond to PLP
and PPi (particularly PLP) with colorimetric signals.

The concentration-dependent response of PDA nano-
liposomes for PLP was subsequently studied to determine
the minimum amount of PLP required to induce clear blue-
to-red color transition. Before that, detection parameters
of pH and the concentration of PDA nano-liposomes were
first optimized. As shown in Fig. S2, PDA nano-liposomes
showed strong colorimetric responses for PLP in acidic con-
dition. When the pH was high than 8.0, slight color change
was observed with the CR value of ~20%. Considering acid
medium may decrease the activity of ALP [1, 3], a slight
basic pH of 7.4 was chosen for further studies. In addi-
tion, when the concentration of PDA nano-liposomes was
above 30 uM, similar colorimetric responses were obtained
(Fig. S2c and 2d). We then fixed the amount of PDA nano-
liposome to be 100 uM as the color change of PDA nano-
liposomes could be easily identified at this concentration.
As the amount of PLP increases, clear color changes from
blue to violet and finally to red were vividly observed with
the naked eye. At least 400 uM of PLP was needed to induce
the distinct color transition (Fig. le, inset). This observation
could be further confirmed by absorption spectra and CR
values (Fig. 1d and e). The absorption shifts from 640 to
540 nm were rapidly occurred when the concentration of
PLP in the range of 10 — 400 uM with a maximal CR value
of ~68.1%. Slow spectral changes with slight increase in CR
values were observed when the amount of PLP was over
400 uM. Moreover, the addition of PLP resulted in a rapid
response of PDA nano-liposomes whose CR values reached
to plateau within 20 min (Fig. S3). For clear visual detection,
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the concentration of PLP was thus fixed at 400 uM in the
follow-up studies.

Quantitative assay of ALP activity

As we described in Scheme 1, ALP could readily catalyze
the hydrolysis of PLP to form pyridoxal (PL) and orthophos-
phate (Pi), thereby removing the effect of PLP to PDA nano-
liposomes. Reverse colorimetric response that relies on ALP
activity should be observed when ALP is introduced into the
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sensing system. To evaluate the feasibility of this designed
strategy, absorption spectra of PDA nano-liposomes at dif-
ferent conditions were recorded. As shown in Fig. S4, in the
presence of PLP, clear band shift from 640 to 540 nm was
observed (curve b). However, when PLP was first incubated
with ALP and then interacted with PDA nano-liposomes,
similar absorption spectrum (curve c) as that of pure
PDA nano-liposomes (curve a) was obtained. In addition,
there was no noticeable absorption change of PDA nano-
liposomes when ALP was added (curve d), revealing the
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negligible effect of ALP on PDA nano-liposomes. These
observations thus indicate our approach is highly feasible
for the detection of ALP activity.

Further studies were then performed to investigate the
analytical performance of this assay for ALP activity. To
achieve optimal detection, the effects of pH and temperature
on ALP activity were first optimized. It was found that the
highest enzyme activity was obtained in HEPES buffer with
pH of 7.4 at 37 °C (Fig. S5) in our sensing system. In the
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Fig.2 a and ¢ UV-Vis absorption spectra of the PDA liposome—
based sensing system versus different activities of ALP at the incuba-
tion time of 30 min and 60 min, respectively. b and d Plot of [1-CR]
(%) values of the PDA liposome-based sensing system versus various
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presence of ALP, PLP is enzymatically hydrolyzed to pro-
duce PL, which then removes the colorimetric response of
PLP to PDA nano-liposomes. Therefore, the optical changes
of PDA nano-liposomes are highly dependent on the incu-
bation time of PLP with ALP. We set the incubation time
of PLP with ALP at 30, 60, and 90 min. The colorimetric
responses of PDA nano-liposomes at these three points in
time were respectively recorded. As shown in Figs. 2a, c,
and S4, with the increasing of ALP activity, the absorption
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at 640 nm increased accompanied by the decrease of the
absorption at 540 nm at all three time points. Quantified
analysis by [1-CR] values showed that the colorimetric
response of PDA nano-liposomes had good correlation
with ALP activity. Good linear relationships were obtained
with the ALP concentration in the range of 0.10-0.40 U/mL
(R*=0.9943), 0.01-0.30 U/mL (R*>=0.9821), and 0.01-0.20
U/mL (R2=0.9243) at the incubation time of 30, 60, and
90 min, respectively (Figs. 2b, d and S6). The limit of detec-
tion (LOD) for ALP (based on 36/m criterion) was deter-
mined as 0.0092 U/mL, 0.0042 U/mL, and 0.0028 U/mL
for the incubation time at 30, 60, and 90 min, respectively.
The LOD of the proposed method is comparable with some
other colorimetric and fluorometric methods (Table 1). More
importantly, as the ALP activity in healthy adults is about
0.04-0.19 U/mL, this method holds great potential to assay
ALP activity with high accuracy in real samples. Apart from
its high sensitivity, this method can also realize the detec-
tion through the naked eye by vivid color change from red
to blue (Fig. 2e), which may be particularly useful for rapid
and on-site analysis of ALP activity.

Selectivity studies were further performed by testing the
colorimetric responses of PDA nano-liposomes towards
other proteins, metal ions as well as amino acids. As shown
in Fig. 3, all these interferents almost had no influence on
PDA nano-liposomes with the CR values below 6% (Fig. 3a
and b). When they were incubated with PLP instead of
ALP, obvious absorption changes with CR values around
60% were recorded, revealing that they had no effects on
the colorimetric response of PDA nano-liposomes for PLP
(Fig. 3c and d). These results thus indicate that our approach
is highly selective for ALP.

Mechanism of detection for PLP and ALP

We attributed the excellent selectivity of this method for
ALP to the two key features of the detection system: (i)
strong and specific interactions of PDA nano-liposomes
with PLP, which could eventually induce the distinct

color changes, and (ii) the enzymatic hydrolysis of PLP by
ALP, which could remove the effect of PLP on PDA nano-
liposomes. To verify the detection mechanism described
above, the electrostatic interactions of PDA nano-liposomes
at different conditions were first investigated through zeta
potential measurement. As shown in Fig. S7, blank PDA
nano-liposomes displayed a zeta potential of 29.27 mV. It is
worth noting that the zeta potential of PDA nano-liposomes
could keep constant around 30 mV along with the storage
time, revealing the high stability of PDA nano-liposomes
(Fig. S8). In the presence of PLP, the value sharply
decreased to 5.71 mV, clearly indicating an electrostatic
interaction between PLP and PDA nano-liposomes. How-
ever, when PLP was hydrolyzed under the catalysis of ALP,
the zeta potential of PDA nano-liposomes slightly decreased
from 29.27 to 23.83 mV, similar to the value when ALP
was added into PDA nano-liposomes. The decreased zeta
potential can be ascribed to the weak electrostatic interac-
tions between PDA nano-liposomes and ALP, as negative
charged nature of most proteins in physiological condition.
In addition, other analytes, such as GSH, K*, and Phe, had
little effects on zeta potentials of PDA nano-liposomes. It
was worth noting that the addition of H,PO,~ and THR
could also induce noticeable decreases of zeta potential to
20.13 mV and 15.0 mV, respectively. These phenomena
suggest that PDA nano-liposomes used in this study could
also produce electrostatic interactions with other negative
charged substances. Nevertheless, the optical properties
of PDA nano-liposomes were not altered, as confirmed in
Fig. 3a.

To gain insight into structural origins of the observed zeta
potential changes, the size distributions and morphologies
of PDA nano-liposomes in different conditions were char-
acterized with DLS and SEM. As shown in Fig. 4 and S9,
the as-prepared PDA nano-liposomes possess a spherical
structure (Fig. 4b) with the size around 61.95 nm (Fig. 4a).
The size of PDA nano-liposomes dramatically increased to
1112.25 nm with massive aggregations observed on SEM
images in the presence of PLP (Fig. 4c). However, with

Table 1 Comparison of the

. Sensing system
sensitivity of the current work

with some reported methods for

ALP detection AuNPs

Lanthanide Phosphate Nanoparticle

Ag,S quantum dots
DNA/AgNCs

AuNP/ATP

Cu-MOFs
Cu(II)-phenanthroline complex
ICP nanoparticles

PDA liposomes

CuAAC and DNA-templated CuNPs

Method Linear range (U/L) LOD (U/L) Ref
Fluorescence 100-1600 50 33
Colorimetry 31.6—-100,000 32 34
Fluorescence 0.25-250 0.18 35
Fluorescence 2-100 1.3 36
Fluorescence 30-240 5 37
Colorimetry 100-600 10 38
Colorimetry 1-34 0.19 39
Colorimetry 0-200 1.3 15
Fluorescence 2.5-200 10 40
Colorimetry 10-200 2.8 This work
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Fig.3 a UV-vis absorption spectra and b CR (%) values of PDA
nano-liposomes in the presence of various species. ¢ UV—-vis absorp-
tion spectra and d CR (%) values of PDA nano-liposomes in response
to PLP solutions in which they are pre-incubated with various spe-

the introduction of ALP, the size of PDA nano-liposomes
slightly increased to 130.89 nm, and no obvious aggregation
was observed (Fig. S10). These changes were quite simi-
lar to that of PDA nano-liposomes containing ALP alone.
Interestingly, other substances including H,PO,~, GSH, K™,
Phe, and THR all caused slight increases in size distribu-
tion around 90 nm (Fig. S10). PDA nano-liposomes were all
well-dispersed without any aggregation, although some of
the analytes (such as H,PO,~ and THR) could also produce
certain degree of electrostatic interaction with PDA nano-
liposomes (Fig. S11).

It is well known that the color transition of PDA nano-
liposomes is due to conformational changes of conjugated
backbone [21, 24]. During polymerization, the formation of
intramolecular hydrogen bonding or van der Waals interac-
tions between side chains imposes a mechanical strain on
the conjugated backbone. Specific and strong interactions
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with side chains could lead to the interfacial perturbations
and thus release the strain on the backbone, thereby inducing
the color change of PDA nano-liposomes [29]. In our sys-
tem, we found that PLP could strongly bind with PDA nano-
liposomes through electrostatic interaction and eventually
induce the aggregation of PDA nano-liposomes. These intra-
and inter-molecular interactions were believed to produce
interfacial disruption and subsequently caused the conforma-
tional change of the conjugated backbone. While the pres-
ence of ALP could directly remove the effects of PLP, which
could be proven from the zeta potential, size, and morpho-
logical changes of PDA nano-liposomes as described above.
Although some other negative charged ions or proteins could
also interact with PDA nano-liposomes, the interactions
were much weak as no aggregation could be observed. It
means that they may not produce sufficient perturbations to
trigger the structural change of the conjugated backbone.
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This inference could be further confirmed by Raman spec-
tra analysis. As shown in Fig. 4d, the pure PDA nano-
liposomes showed strong peaks at the frequencies of 1451,
1513, 2083, and 2119 cm™!, in which peaks at 1451 and
1513 cm™! belong to — C=C —stretching and peaks at 2083
and 2119 cm™! belong to — C=C — stretching. In general, the
stretching frequencies of the conjugated backbone in blue
phase are at lower frequencies (1451 and 2083 cm™"). When
exposure of the blue PDA to external stimulus, the stretching

(C=C]
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[C=C] |
2083 |

H

[C=C]
. 1513

i c=Cl
: {2119
WIS RS fwwﬂw

Intensity (a. u.)
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Raman Shift (cm-)

PDA nano-liposomes (cyan line), PDA nano-liposomes in response
to PLP (magenta line), PDA nano-liposomes in response to ALP pre-
treated PLP (orange line) and PDA nano-liposomes in response to
H,PO, (violet line)

could shift to higher frequencies (1513 and 2119 cm™") due
to the relaxation of PDA conjugated backbones [26]. In our
cases, the two stretching states were co-existed in blue PDA
nano-liposomes, possibly due to the more volatile backbone
of PDA nano-liposomes in this metastable state. However, in
the presence of PLP, similar frequency shifts were observed
as the peaks at 1451 and 2083 cm™' disappeared (Fig. 4d,
magenta line). Of note, when ALP was introduced into
the system, similar Raman spectrum as that of blank PDA
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nano-liposomes was observed (Fig. 4d, orange line). Moreo-
ver, other species including H,PO,~ (Fig. 4d, violet line),
K*, GSH, and THR showed no effects on Raman spectra
of PDA nano-liposomes (Fig. S12). These results suggest
that conformational alteration of PDA conjugated backbone
occurs only when PLP is presented, while this effect can be
suppressed when ALP is introduced. Taken together, one
can concluded that the strong interactions of PLP with PDA
nano-liposomes induced the clear blue-to-red color change
and achieved the selective detection for ALP since it can
specially and efficiently catalyze the hydrolysis of PLP.

Application for ALP inhibitor screening

Since inhibitor screening of an enzyme is of great impor-
tance in drug design, we then extended the applicability of
this method in evaluation of ALP inhibitor efficiency. To this
end, EDTA, an irreversible and noncompetitive inhibitor of
ALP, was tested. From Fig. 5, it can be seen that the absorp-
tion band at 640 nm gradually decreased with the increas-
ing of EDTA concentration, along with significant increases
in absorption band at 540 nm (Fig. 5a). This observation
clearly indicates that ALP activity is inhibited by EDTA,
resulting in decreased hydrolysis rate of PLP. By plotting the

inhibition efficiency as a function of EDTA concentration,
the ICy, was calculated to be 3.63 uM at given ALP con-
centration of 0.3 U/mL (Fig. 5b). In addition, the inhibitor
assay process could also be reflected through color changes
(Fig. 5¢). Noticeable changes from blue to red could be
observed with the increasing of EDTA. These results dem-
onstrate that the colorimetric assay developed in this study
could also be used to screen the inhibitor of ALP in a facile
and visual manner.

Detection of ALP activity in serum samples

As the high sensitivity and selectivity of this method for
ALP activity, we further examined the accuracy of the
method for detection of ALP in spiked serum samples and
real human serum samples. Standard final concentrations
of ALP ranging from 0.01 to 0.20 U/mL were added into
HEPES buffer containing 1% fetal bovine serum to prepare
spiked serum samples. As shown in Table S1, the level of
ALP in unspiked sample was not detected. Based on the
standard curve, all the spiked samples were detected with
the recoveries of ALP in the range of 97.97-103.01%. The
method was further challenged with real human serum sam-
ples. Five unrelated human serum samples were analyzed
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Fig.5 a UV-vis absorption spectra of the PDA nano-liposomes after
incubation with EDTA-treated ALP (0.3 U/mL). b The inhibition effi-
ciency as a function of the EDTA’s concentration. ¢ Photograph of
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both with a standard p-NPP-based method and our proposed
approach. As shown in Fig. 6, the ALP activities detected by
this method were well consistent with the values obtained
from the p-NPP based method. The results thus indicate that
our proposed colorimetric method could be used for analysis
of ALP in biological samples with acceptable accuracy, and
may provide a simpler alternative for assaying of ALP activ-
ity in clinical applications or biological studies.

Conclusions

We reported a new PDA liposome-based colorimetric assay
for ALP activity with the assistant of PLP. This approach
is on the basis of the pioneering findings that PDA nano-
liposomes bearing quaternary ammonium or amino groups
could produce optical response to specific phosphates. Two
diacetylene monomers modified with ethylenediamine and
imidazolium were synthesized and self-assembled into
PDA nano-liposomes at a 1:1 ratio. It was found that the
as-prepared PDA nano-liposomes show selective and clear
chromatic responses to PLP. In the presence of ALP, PLP
was hydrolyzed to form PL, which retarded the colorimet-
ric response of PDA nano-liposomes. Because the reduced
concentration of PLP is highly rely on the ALP levels, the
faded color processes can thus be used to detect the activ-
ity of ALP. Under optimal sensing conditions, the proposed
method can be facilely used to assay ALP activity with high
sensitivity and selectivity. Evaluation of the inhibitor effi-
ciency could also be achieved with this approach. Besides,
a satisfying accuracy was obtained when the method was
applied for the detection of ALP in human serum samples,
suggesting its potential use in real clinic samples. As PDA

300
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I 1 This method
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Fig.6 Assay of ALP activity in five human serum samples with a
standard p-NPP based method and our proposed method

materials are temperature sensitive, the disadvantage of the
assay may come from the differences in ambient temperature
which may produce certain errors in the analysis results.
Considering the facile preparation, easy-to-use assaying pro-
cess and visual detection nature of PDA nano-liposomes, we
believe that this work may not only provide a new approach
for ALP activity but also offer a new avenue for the design
and development of PDA nanomaterial-based sensing sys-
tem towards other enzymes with similar strategies.
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