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a b s t r a c t

There is a critical need to diagnose and monitor the progression of Alzheimer’s disease (AD) using blood-

based biomarkers. At present, it is believed that tau biomarkers can be utilized to reliably detect AD.

Multimodal techniques are highly sought after for AD diagnosis and progression monitoring. For this pur-

pose, we developed a fluorescent peptide nanoparticles (f-PNPs) arrays that is capable of detecting multi-

ple signals simultaneously. The concentration, aggregation stages, and Young’s modulus of tau biomarkers

could be analyzed by monitoring the changes of multimodal fluorescence intensity, nano-morphological,

and nano-mechanical properties of the f-PNPs arrays. Experimental results indicated that, compared to

healthy human, the concentration, Young’s modulus, and aggregation levels of tau proteins in blood sam-

ples of clinically diagnosed AD patients increased continuously with the increase of disease severity. The

minimally invasive and multimodal characterization techniques showed high signal-to-noise ratio for AD

diagnosis.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Despite the increasing prevalence of Alzheimer’s disease (AD)

and the significant efforts towards developing novel diagnostics,

sensitivity and specificity of current AD detection approaches are

still far less reliable [1–3]. Given the absence of effective diagnostic

approaches, significant concerns have been raised regarding cur-

rent treatment trials and management strategies. Blood-based AD

diagnosis has been eagerly pursued for AD detection owing to the

ease and low cost of acquisition, a large number of analytes con-

tained within it, and its suitability for the preclinical population-

based screening of patients over the age of 50 years [4–6]. Al-

though the diagnosis of AD using blood-based biomarkers would

be significant, no reliable blood-based test is available now [7,8].

The disease is difficult to diagnose, as deteriorating cognitive abil-

ities are often detected once it is too late.

The rapid development of new blood-based diagnostic proce-

dures and recent advances in protein chip technologies are driving

the development of AD diagnosis [9,10]. However, the complexity

of these chips also raises many challenges along with a high cost to

manufacture [11–13]. For example, enzyme-linked immunosorbent

assays (ELISA) applied to analyze the concentration of biomark-

ers inside human blood can only use the monoclonal antibody as

matched pairs, which are costly and difficult to find [14,15]. In ad-

dition, negative controls may indicate positive results if the block-
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ing solution is ineffective. Recent AD diagnostics, like magnetic

resonance imaging and positron emission tomography, are either

expensive or lack sufficient accuracy to tease apart AD pathology

from changes associated with normal aging [16–18]. Moreover, it is

difficult to distinguish AD from other dementias and monitor the

progression of AD.

Lab-on-a-chip technology provides an advantage to improve di-

agnosis efficiency [19]. Chip-based technologies have several ad-

vantages over conventional bio-analysis systems, such as rapid

analysis of a large number of samples in a single experiment,

reagent economy, and the signal-to-noise ratio exhibited by the

chips is much better than that observed for conventional assays

[20]. Furthermore, lab-on-a-chip technology has significant advan-

tages in regulating microenvironments and integrating with au-

tomation systems that are critically needed for controlling peptide

self-assembly to achieve specific sequences and nanostructures. On

the other hand, the use of peptides for constructing selective func-

tional nanostructures has many applications as functional compo-

nents for lab-on-a-chip devices towards specific demands. Peptides

have demonstrated their exceptional benefits in developing self-

assembled nanostructures and devices with expected functionali-

ties [21–24]. The diversity of the amino acids for peptide sequence

design allows feasibility for developing multi-functional nanoma-

terials [25–28]. Recently, we made many progresses on fabricat-

ing fluorescent dipeptide nanoparticles for detecting specific AD

protein biomarkers [29–32]. Different from the conventional array-
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Fig. 1. Self-assembly of anti tau f-PNPs arrays on glass substrate through on-chip

self-assembly to detect tau biomarkers from human blood.

based detection, this study presents fluorescent peptide nanopar-

ticles (f-PNPs) arrayed microfluidic chips that allow multimodal

detection. As hallmarks of AD development, tau proteins are one

of the most commonly assayed AD protein biomarkers to clini-

cally diagnosis and monitor the progression of AD as their con-

centration, Young’s modulus, and morphological aggregation lev-

els are closely related to the disease progression [33–36]. In this

study, tau proteins from human serum have been detected and an-

alyzed as a proof-of-concept in the aspects of multimodal fluores-

cent, nano-morphological, and nano-mechanical changes under the

same tightly controlled microenvironment, in terms of sample con-

trol, data acquisition, and analysis. To correlate these biomarkers

in a more comparable manner for AD diagnosis, the fluorescence

intensity, Young’s modulus, and morphological aggregation levels

of the f-PNPs array upon targeted binding with biomarkers were

measured to quantitatively diagnose and monitor the progression

of AD.

Detailed experiment procedures are shown in supporting in-

formation. The normal role of the tau protein is to keep the cy-

toskeleton well organized in the axonal process. However, in AD it

is ineffective because this protein loses its capacity to bind to mi-

crotubules. This abnormal behavior is promoted by conformational

changes and misfolding in the normal structure of tau that leads

to its aberrant aggregation into fibrillar structures inside the neu-

rons of demented individuals. Thus, as one of the principal hall-

marks of AD, tau is also viewed as a good diagnostic and predic-

tive biomarker. In this study, synthetic tau protein aggregates with

concentrations of 10 and 100 ng/mL were prepared and utilized.

The anti tau f-PNPs self-assembled with anti-tau antibody at the

surface of the nanoparticles (Fig. 1). There were peaks of fluores-

cence emission at around 420 nm from the anti tau f-PNPs arrays

(Fig. 2A). It was observed from the peptide self-assemblies that

there were single layer spherical nanoparticles with a diameter of

approximately 10 nm. Based on the DHM (Digital holographic mi-

croscopy) image (Fig. 2C) of anti tau f-PNPs arrays, it can be seen

that no obvious aggregates were observed, and the height of ar-

rays was low. DHM is a potent tool to perform three-dimensional

imaging and tracking for nanostructures. The Young’s modulus of

anti tau f-PNPs was around 200 MPa. Afterwards, tau proteins

with concentrations of 10 and 100 ng/mL were controlled to flow

through anti tau f-PNPs arrays and dried at room temperature. We

hypothesize that, due to the anti tau antibody at the surface of

f-PNPs, functional anti tau f-PNPs would recognize and bind with

tau proteins. Consequently, fluorescence intensity, Young’s modu-

lus, and morphological aggregation levels of anti tau f-PNPs could

be characterized based on interacting with different concentration

of tau proteins to validate the blood-based AD diagnosis and pro-

gression monitoring.

After interacting with synthetic tau, the fluorescence intensity

of anti tau f-PNPs decreased as seen in the fluorescent spectrum

in Fig. 2A. Most importantly, the fluorescence intensity of anti tau

f-PNPs decreased more when binding with more synthetic tau pro-

teins. With increased concentration of synthetic tau proteins, there

is more decrease in fluorescence intensity. The interaction of f-

PNPs with tau protein could also alter fluorophores and quench

the fluorescence of f-PNPs. The decrease of fluorescence inten-

sity indicates interactions between anti tau f-PNPs and tau pro-

teins. The greater the concentration of tau proteins, the greater the

quenching as more proteins are present at the surface of f-PNPs. In

Fig. 2B, the f-PNPs treated with tau proteins of concentrations 10

and 100 ng/mL have similar values of around 60 MPa. The higher

Young’s modulus of the anti tau f-PNPs could be due to the peptide

sequences. The different Young’s modulus values between anti tau

f-PNPs and synthetic tau proteins could be utilized for the detect-

ing of tau proteins through the nano-mechanical characterizations

using the lab-on-a-chip devices. The nano-morphological results in

Fig. 2C also showed that, after interactions with different amounts

of synthetic tau proteins, the aggregation levels of anti tau f-PNPs

changed. The AFM and DHM images showed that aggregation lev-

els increased with increasing concentration of synthetic tau pro-

teins. These results are consistent with the fluorescent results in

Fig. 2A. With an increase in synthetic tau protein aggregates, there

could be more chances to bind at the surface of anti tau f-PNPs,

thereby inducing more tau aggregation and fluorescent intensity

decrease. The fluorescence intensity and aggregation levels (Fig. 3)

of f-PNPs arrays without any recognition sites after binding with

synthetic tau proteins aggregates showed no significant difference,

which indicated the specific binding between anti tau f-PNPs and

tau proteins. This study proved the detecting capacities of the anti

tau f-PNPs chips for tau proteins. Through detecting tau proteins

in human blood samples, these chips could be further utilized to

diagnose and monitor the progression of AD.

The deposition of aggregated tau proteins into neurofibrillary

tangles and neurotic tau pathology is one of the hallmarks in AD.

Alterations in the amount or the structure of tau proteins can af-

fect the stabilization of microtubules and other processes related to

AD [37]. Therefore, anti tau f-PNPs arrays had blood samples from

AD patients and healthy human controlled to flow through them

and dried at room temperature in order to verify blood-based di-

agnosing and monitoring the progression of AD. The serum was

obtained from a total of 32 human subjects, ranging from 54 to 83

years of age (n = 8, healthy; n = 8, mild AD; n = 8, moderate AD;

n = 8, severe AD; all based on clinical diagnosed information). All

the research related to human subjects was received and approved

by the Medical Ethics Committee of Northwestern Polytechnical

University (2019–05). All volunteers were noticed and agreed for

the participation. The detail of the gender and age of the subjects

are listed in Table S1 (Supporting information). The resulted fluo-

rescence, nano-morphological, and nano-mechanical properties of

the f-PNPs arrays should be different upon binding with tau pro-

tein aggregates in serum samples. As shown in Fig. 4A, anti tau

f-PNPs arrays treated with serum from healthy human had obvi-

ous intensity drops. In addition, the massive conjugation between

f-PNPs and tau protein aggregates in serum led to more loss of

fluorescence signal from f-PNPs arrays treated with serum from

AD patients. Among the AD patients, the fluorescence intensity de-

creased more and more with an increase in disease severity from

mild to moderate to severe AD cases. Combined with the results

in synthetic tau proteins, the higher amount of intensity decrease

could be due to the increased amount of tau protein aggregates de-

tected in serum samples. Therefore, the results confirmed that, as

the disease severity increases from healthy to severe AD patients,

the concentration of tau proteins aggregates in serum increases.

The nano-mechanical characterization data in Fig. 4B showed

that, as disease severity ranges from healthy human to AD pa-

tients in different stages, the Young’s modulus of tau protein ag-

gregates in serum is different. Compared to patients with AD, the
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Fig. 2. Multimodal fluorescence intensity, nano-morphological, and nano-mechanical changes of anti tau f-PNPs array treated with different concentrations of synthetic tau

proteins. (A) Solid state fluorescence emission spectra of anti tau f-PNPs array before and after binding with 10 and 100 ng/mL synthetic tau proteins. (B) The Young’s

modulus of anti tau f-PNPs array before and after binding with 10 and 100 ng/mL synthetic tau proteins. (C) AFM and DHM images of anti tau f-PNPs array treated with

synthetic tau proteins.

Fig. 3. Fluorescence intensity and nano-morphological changes of f-PNPs array treated with different concentrations of synthetic tau proteins and serum from healthy

human and severe AD patients. (A) Solid state fluorescence emission spectra of f-PNPs array before and after binding with 100 ng/mL synthetic tau proteins. (B) The Young’s

modulus of f-PNPs array before and after binding with serum from healthy human and severe AD patients. (C) AFM and DHM images of f-PNPs array treated with synthetic

tau proteins and serum from healthy human and severe AD patients.
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Fig. 4. Multimodal fluorescence intensity, nano-morphological, and nano-mechanical changes of anti tau f-PNPs array treated with serum from healthy human and AD

patients with different stages. (A) Solid state fluorescence emission spectra of anti tau f-PNPs array before and after binding with tau proteins in serum from healthy human

and AD patients. (B) The Young’s modulus of anti tau f-PNPs array before and after binding with tau proteins in serum from healthy human and AD patients. (C) AFM and

DHM images of anti tau f-PNPs array treated with tau proteins in serum from healthy human and AD patients.

lowest value of Young’s modulus, which is only around 14 MPa, oc-

curs in the healthy human. The Young’s modulus of f-PNPs conju-

gated tau protein aggregates increases as disease severity increases

from mild (38 MPa) to moderate (50 MPa) to severe AD (65 MPa)

patients. The increasing stiffness of the protein aggregates results

from an internal change that takes place in the structure of tau

proteins. During the progression of AD, the structure and density of

tau proteins are different. It is mostly accepted that abnormal post-

translational modifications, that is, hyperphosphorylation, acety-

lation, glycation, nitration, and truncation are responsible for al-

tered tau structures in AD. The detection capabilities of the Young’s

modulus of tau protein aggregates in human blood samples also

proved that the f-PNPs arrays could be used to diagnose and mon-

itor the progression of AD using nano-mechanical characterization.

The Young’s modulus of tau proteins in serum from healthy human

and AD patients with varying stages are different when compared

to those of synthetic tau protein aggregates at different concentra-

tions. However, each of these is able to induce and affect different

fluorescence intensity changes. These discoveries indicated that the

detection results could be affected by not only concentration, but

also by the aggregation levels or structures of the tau protein ag-

gregates. Therefore, the concentration and aggregation levels of tau

proteins in serum from healthy human and AD patients with differ-

ent stages could be used as the detecting standards for the diag-

nosis and progression monitoring of AD. The nano-morphological

property data in Fig. 4C showed that, after the interaction with

tau protein aggregates in serum from healthy human and AD pa-

tients with varying stages, the aggregation levels of anti tau f-PNPs

were different. Compared with healthy human, both AFM and DHM

images showed that AD patients had increased aggregation levels

of f-PNPs conjugated tau protein aggregates. Furthermore, with in-

creasing severity of patients from mild to moderate to severe cases,

the aggregation levels of tau proteins in serum also continuously

increased. These results are consistent with the above fluorescent

and nano-mechanical observations in that the structure or aggre-

gation levels of tau protein aggregates are different from healthy

human and AD patients with varying stages, which could be uti-

lized to diagnose and monitor the progression of AD.

In this study, a new type of f-PNPs arrays were designed and

fabricated for multimodal diagnosis and progression monitoring

of AD using serum from healthy human and AD patients. Mul-

timodal characterization techniques including fluorescent, nano-

morphological, and nano-mechanical properties were applied to do

the data extraction. Compared with healthy human, the concentra-

tion and aggregation levels of tau proteins in blood samples from

AD patients are higher, which induced higher fluorescence inten-

sity decreases through fluorescence quenching effects. In addition,

the decreased level of fluorescence intensity, Young’s modulus, and

aggregation levels of the f-PNPs arrays after interacting with tau

proteins in blood continuously increased with the increase of dis-

ease severity from mild to moderate to severe AD patients. The in-

crease of the Young’s modulus was due to the growth of complex

internal structure and density inside tau proteins in serum from

healthy human to AD patients with the increase of disease sever-
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ity. We believe that the simplicity, sensitivity, and selectivity of this

assay would make it potentially suitable for the clinical diagnosis

and progression monitoring of AD.
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