1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

j ACS Nano. Author manuscript; available in PMC 2023 January 25.

Published in final edited form as:
ACS Nano. 2022 January 25; 16(1): 683-693. doi:10.1021/acsnano.1c08178.

Enhanced Photoacoustic Detection of Heparin in Whole Blood
via Melanin Nanocapsules Carrying Molecular Agents

Wonjun Yim,
Materials Science and Engineering Program, University of California San Diego, La Jolla,
California 92093, United States

Kathryn Takemura,
ENSCO, Inc., Melbourne, Florida 32940, United States

Jiajing Zhou,
Department of Nanoengineering, University of California San Diego, La Jolla, California 92093,
United States

Jingcheng Zhou,
Department of Nanoengineering, University of California San Diego, La Jolla, California 92093,
United States

Zhicheng Jin,
Department of Nanoengineering, University of California San Diego, La Jolla, California 92093,
United States

Raina M. Borum,
Department of Nanoengineering, University of California San Diego, La Jolla, California 92093,
United States

Ming Xu,
Department of Nanoengineering, University of California San Diego, La Jolla, California 92093,
United States

Corresponding Author: Jesse V. Joker st — Materials Science and Engineering Program, Department of Nanoengineering, and
Department of Radiology, University of California San Diego, La Jolla, California 92093, United States, jjokerst@eng.ucsd.edu.
Author Contributions

W.Y. and J.V.J. conceived the idea and designed experiments. W.Y. conducted the major material synthesis and general measurements.
K.T. and B.M. conducted the MD simulation. J.Z., Z.J, M.X., Y.C., and T.H. helped with general characterization and photoacoustic
experiments. W.Y., J.Z., R.M.B., and J.V.J. drafted the manuscript. All authors discussed the results and commented on the
manuscript.

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acsnano.1c08178.

Materials and methods, TEM image of PBDT-TA core nanoparticles, UV-vis—NIR spectra of PBDT-TA and PBDT-TA@PDA, TEM
image with different PDA thicknesses, schematic describing Michael addition and Schiff base reaction, colloidal stability of PNC,
fluorescence of dye-loaded PNC, images and size distribution of PBDT-TA, PBDT-TA@PDA, and PNC collected by NTA, loading
capacity of PNC, PA signal of PNC only, surface charge-dependent PA signal, PA spectra of PNC@NB, concentration-dependent
PA signal, photograph of PNC@NB-heparin interaction, PA signal stability of PNC@NB, PA response of PNC@ NB with/without
protamine, linear correlation between ACT and cumulative heparin, colloidal stability of PNC@NB, hemolysis of PNC@NB,
photograph of proposed functional optic fiber, computational images of PNC@NB-heparin aggregation (PDF)

PDA-heparin interactions with NB dye (MOV)

PDA-heparin interactions without NB dye (MOV)

Complete contact information is available at: https://pubs.acs.org/10.1021/acsnano.1c08178
The authors declare no competing financial interest.


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c08178/suppl_file/nn1c08178_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c08178/suppl_file/nn1c08178_si_002.mov
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c08178/suppl_file/nn1c08178_si_003.mov

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yimetal. Page 2

Yong Cheng,
Department of Nanoengineering, University of California San Diego, La Jolla, California 92093,

United States

Tengyu He,
Materials Science and Engineering Program, University of California San Diego, La Jolla,
California 92093, United States

William Penny,
Division of Cardiology, VA San Diego Healthcare System, University of California San Diego, La
Jolla, California 92093, United States

Bill R. Miller 111,
Department of Chemistry, Truman State University, Kirkville, Missouri 63501, United States

Jesse V. Jokerst
Materials Science and Engineering Program, Department of Nanoengineering, and Department
of Radiology, University of California San Diego, La Jolla, California 92093, United States

Abstract

Photoacoustic (PA) imaging has proved versatile for many biomedical applications from drug
delivery tracking to disease diagnostics and postoperative surveillance. It recently emerged

as a tool for accurate and real-time heparin monitoring to avoid bleeding complications
associated with anticoagulant therapy. However, molecular-dye-based application is limited by
high concentration requirements, photostability, and a strong background hemoglobin signal.
We developed polydopamine nanocapsules (PNCs) via supramolecular templates and loaded
them with molecular dyes for enhanced PA-mediated heparin detection. Depending on surface
charge, the dye-loaded PNCs undergo disassembly or aggregation upon heparin recognition:
both experiments and simulation have revealed that the increased PA signal mainly results from
dye-loaded PNC-heparin aggregation. Importantly, Nile blue (NB)-loaded PNCs generated a
10-fold higher PA signal than free NB dye, and such PNC enabled the direct detection of heparin
in a clinically relevant therapeutic window (0—4 U/mL) in whole human blood (/2 = 0.91).
Furthermore, the PA signal of PNC@NB obtained from 17 patients linearly correlated with ACT
values (R2 = 0.73) and cumulative heparin (A2 = 0.83). This PNC-based strategy for functional
nanocapsules offers a versatile engineering platform for robust biomedical contrast agents and
nanocarriers.

Graphical Abstract

ACS Nano. Author manuscript; available in PMC 2023 January 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yimetal. Page 3

680 nm laser

Dye loaded- ;o
" aﬁocapsules Heparin interaction Aggregation-induced
PA signal

0, 0105 1 2
Heparin (U/mL)

Keywords

polydopamine; phenolic materials; small molecular dyes; photoacoustic imaging; heparin;
biosensing

INTRODUCTION

Heparin-based anticoagulant drugs—including unfractionated heparin, low molecular weight
heparin, and synthetic heparin—are key elements of surgical and cardiovascular medicine

to prevent blood clots, but bleeding risks associated with anticoagulants require close
monitoring to prevent heparin overdose.1=> Infants are particularly susceptible to heparin
overdoses due to their small weight and the possibility of miscalculation of dosage level.5-8
Thousands of children have suffered from hemorrhages or emboli, and infant deaths have
been attributed to heparin errors.”-? The conventional toolkit for monitoring heparin activity
uses activated coagulation-time assays, e.g., activated partial thromboplastin time (aPTT),
anti-Xa analysis, and activated clotting time (ACT).10 aPTT has been widely used to monitor
heparin; however, it suffers from long turnaround times and can be impacted by variations
(e.g., sample volume, diurnal changes, fibrinogen).1! While the anti-Xa test is not impacted
by collection tubes or fibrinogen, it is costly and requires extensive sample processing (~1
h).12 Lastly, all these tools are limited by the low frequency of sampling, which means they
are limited to periodic determination.1314 Thus, a variety of methods have been proposed to
provide real-time information on heparin anticoagulation therapy.

Photoacoustic (PA) imaging has advantages versus other alternatives for monitoring heparin
(Table S1). For example, fluorescence-based methods are sensitive but can be difficult to
use in biological conditions, e.g., serum and whole blood.15-1° Fluorescence is also difficult
to use in biological tissues due to light scattering, while the PA signal can propagate

through the tissue and monitor specific biological events.29 Colorimetric methods are simple
but are limited to color changes in whole human blood.21-23 Heparin detection in whole
human blood is valuable because it can avoid drawing blood and does not require blood
fractionation to collect plasma. It can expedite the sensing process, thus closely monitoring
heparin in real time. Electrochemical methods allow for heparin sensing in whole blood,

but they still require elaborate pretreatments: blood samples were diluted 100-fold with
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PBS and 5 mM of potassium ferrocyanide.24-26 All these methods also have yet to be
broadly studied for clinical care (Table S1). In contrast, PA imaging is real-time and
noninvasive and can directly monitor heparin without any pretreatments even in whole
human blood. Therefore, PA imaging is proposed here to improve the standard of care in
monitoring heparin.2’-30 PA imaging uses a light in—sound out approach, where the light
excites target materials to generate acoustic waves detected by ultrasonic transducers.31 A
previous study demonstrated that PA imaging can monitor heparin in whole human blood
via methylene blue (MB) dye. An increased PA signal of MB dye was a function of heparin
concentration due to strong MB-heparin association that improves heat transfer.2” However,
the use of free molecular dyes to monitor heparin suffers from several drawbacks such as
high concentration requirements (e.g., 1 mM of free MB dye), photostability, and broadly
interfering background signal from hemoglobin.27:32-34 Incorporating these molecular dyes
into a rigid nanostructure is an effective method to overcome the above limitations by
modulating the PA-related processes (e.g., optical absorbance, fluorescence quenching,
photoprotection, heat confinement, and heat transfer).35-39 For example, indocyanine green
(ICG)-loaded mesoporous silicon nanoparticle (MSN) showed higher PA performance than
free ICG dye due to low thermal conductivity of MSN.37 However, synthesizing porous
nanostructures often requires strong acidic solvents (e.g., hydrofluoric acid) for template
removal and tedious shell fabrication (e.g., layer-by-layer).37:4041

In this work, we report polydopamine nanocapsules (PNCs) loaded with small molecular
dyes to monitor heparin via PA imaging (Scheme 1a). Instead of other templates (e.g.,
polymer, silica, and metal nanoparticles), we used a simple supramolecular template

which is size-tunable (e.g., 50-650 nm) and highly stable in various aqueous conditions
(e.g., acidic and alkaline environments) but can readily disassemble in organic solvents
(e.g., dimethylformamide (DMF)).#1:42 Using supramolecular networks, we successfully
developed a synthetic hollow melanin that has superior loading capacity over a compact
polydopamine (PDA) nanoparticle. Furthermore, various molecular dyes can be easily
loaded into the nanocapsule due to the desirably adhesive nature of PDA originated

from catechol groups.#344 We empirically demonstrated multiple noncovalent interactions
(e.g., electrostatic, 7— stacking, hydrophobic interactions) that are involved in dye—-PNC
assemblies and validated them with molecular dynamic (MD) simulations. These dye-loaded
PNCs showed exceptional PA enhancement compared to the free molecular dyes due to

the lower thermal conductivity of PDA, fluorescence quenching, local concentration of free
dyes, and photoprotection. Specifically, dye-loaded PNC generated 10-fold PA enhancement
over free dye at the same dye concentration. Our results also revealed two phenomena: (1)
surface charge-dependent disassembly (7.e., release) of dyes from PNC and (2) aggregation
of dye-loaded PNC during heparin interaction (Scheme 1b). Intriguingly, heparin-mediated
aggregation of dye-loaded PNC led to a decreased optical absorbance with a concurrent
increase in PA signal. The increased PA signal is likely due to the reduced degrees of
freedom of particles that induced poor heat transfer and increased the thermal gradient
between aggregates and solvent.*> This PDA-enabled strategy highlights the approach of
designing functionalized nanocapsules for enhanced PA imaging with increased insight into
the PA mechanism occurred in nanoparticles.
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RESULTS AND DISCUSSION
Synthesis of Dye-Loaded PNC.

Six mg of natural polyphenol (e.g., tannic acid, TA) and 3 mg of aromatic dithiol (e.g.,
benzene-1,4-dithiol, BDT) precursors are used to make polymerized BDT nanoparticles
(referred as PBDT-TA) that serve as simple sacrificial templates.*2 First, we synthesized
monodispersed PBDT-TA nanoparticles, where the size was easily tunable from 70 to
120 nm by increasing the concentration of BDT from 0.5 to 1.25 mg mL ™! at a fixed
concentration of TA at 0.5 mg mL~1 (Figure S1). PDA was then coated on the PBDT-TA
forming a highly uniform core—shell nanoparticle (PBDT-TA@PDA) as clearly observed
by transmission electron microscopy (TEM) (Figure 1a, Figure S2, and Figure S3). The
removal of the PBDT-TA templates with DMF led to monodisperse PNCs that were 30
nm thick (Figure 1b and Figure S4). The rugged surface morphology of the PNC is
shown in scanning electron microscopy (SEM) images (Figure 1c). Energy-dispersive X-ray
spectroscopy (EDX) revealed that PNC was composed of C, N, and O. The low signal of
S in EDX indicated that PBDT-TA templates were successfully removed. The voids were
observed in the high-angle annular dark-field-scanning transmission electron microscopy
(HAADF-STEM) images (Figure 1d).

We then loaded diverse dyes into the nanocapsules. The preliminary results showed that
adding positively charged dyes directly into the negatively charged PNC causes particle
aggregation due to strong electrostatic attraction (data not shown). To prevent particle
aggregation and improve colloidal stability, we used HS-mPEG (M,, 5k Da) to interact
with catechol functional groups in PDA viaa Michael reaction (Figure S5). Notably, the
PEGylated PNCs showed great loading capacity with higher colloidal stability than sodium
dodecyl sulfated (SDS)-modified PNCs (Figure S6). Four representative molecular dyes
(e.g., MB, Nile Blue (NB), Azure A (AA), and Neutral Red (NR)) were chosen for heparin
sensing and successfully loaded in PEGylated PNC (referred as PNC@XX, XX = MB,
AA, NB, and NR). Against PNC that features a broadband absorbance, dye-loaded PNC
showed distinct absorption spectra relative to the cargo’s absorption: PNC@MB, PNC@AA,
PNC@NR, and PNC@NB showed maximum absorption wavelengths at 666, 614, 482,
and 620 nm, respectively (Figure 1e). Likewise, dye-loaded PNC emitted dye-specific
fluorescence behaviors while PNC alone showed no inherent fluorescence (Figure S7).

The color of the solution changed from brown (PNC) to dark green (PNC@MB), red
(PNC@NR), or blue (PNC@NB and PNC@AA) after dye encapsulation (Figure 1f).

The negatively charged surface of PNC (-27.7 £ 0.1 mV) increased to —21.8 £ 0.2 mV
(PNC@AA), - 16.7 £ 1.0 mV (PNC@NR), -16.0 + 0.6 mV (PNC@MB), and —5.3 + 0.6
mV (PNC@NB) because of the loaded positively charged dyes (Figure 1g). Dynamic light
scattering (DLS) data showed that PNC, PNC@MB, PNC@AA, PNC@NR, and PNC@NB
had narrow size distributions (polydispersity index (PDI) < 0.1). The hydrodynamic
diameter of the PNC increased (~55 nm) due to the loaded dyes (Figure 1h). Monodispersed
PBDT-TA@PDA and PNC were observed using nanoparticle tracking analysis (NTA) that
further verified the size distribution of nanoparticles from DLS data (Figure 1i and Figure
S8).
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Multiple Interactions in the Dye—PNC Assemblies.

PDA is composed of abundant amine and catechol groups, and thus, it can accommodate
multiple noncovalent interactions (e.g., hydrogen bonding, electrostatic, —r stacking,
hydrophobic interactions) that enable it to efficiently load a variety of small molecular
dyes.*6:47 More free dye was loaded in the PNC where the surface of PNC was less
PEGylated as confirmed by DLS and absorbance (Figure 2a and Figure S9). This is because
PEG neutralizes the surface charge and the steric bulk of PEG reduces dye-PDA interactions
(Figure S$10).48 However, the PEGylated PNC enabled a 3-fold increase in dye loading
efficacy in a basic solvent (pH 8.5) over water due to PDA deprotonation (Figure S11).
Furthermore, the PEGylated PNCs showed higher loading efficiency of MB (81%), AA
(80%), and NB (73%) dyes compared to PDA nanoparticles: MB (72%), AA (71%), and
NB (60%) (Figure 2b). Correspondingly, the dye-loaded PNC featured a 1.3-fold higher
absorption peak than the dye-loaded solid PDA nanoparticles, indicating that hollow PDA
nanostructure can load more dyes due to the 1.73-fold increased surface area (Figure $12).40

MB, AA, and NB dyes are positively charged, and heterocyclic aromatic molecules that
contain p-orbital electrons. These dyes can potentially interact with PDA through a variety
or combination of noncovalent interactions such as hydrophobic, =, and electrostatic
interactions.*® To corroborate which interactions govern the stability of different dye—PDA
assemblies, PNC@MB, PNC@AA, and PNC@NB were all incubated in 10 mM of NaCl,
HCI, NaOH, urea, Triton X-100, DMSO, DMF, and SDS (Figure 2c,d). First, DMSO

and DMF are organic solvents that can break 7z—r interactions:59 PNC released the

loaded MB, AA, and NB dyes under the organic solvents as a result of 7z— interactions
being interrupted. Second, SDS or TritonX-100 are surfactants that can destroy ionic or
nonionic interactions.>! Likewise, PNC released the loaded dyes under the ionic or nonionic
surfactants due to the disassembly of weak ionic or hydrophabic interactions. Lastly, PNCs
also released the loaded dyes in acidic condition (pH » 2), but there was no release of

the loaded dye in 10 mM of NaOH (pH ~ 12), NaCl, and urea that can destroy hydrogen
bonding. Thus, we conclude that electrostatic, hydrophobic, and - interactions were
involved in the formation of PNC@MB, PNC@AA, and PNC@NB.

Molecular dynamics (MD) simulations were also conducted to further validate the forces
contributing to the interaction of PDA, dyes (e.g., MB and NB), and heparin (Figure 2e).
Decomposition analysis through the Molecular Mechanics Poisson—Boltzmann Surface Area
(MMPBSA) approach yielded the magnitude and sign of the forces associated with the
interaction of the dye, heparin, and PDA. Electrostatic and Van der Waals (VDW) energetic
contributions dramatically stabilized the interaction of heparin, dyes, and PDA (Figure 2e).
The electrostatic portion is associated with the interaction of the positively charged dye
and the negatively charged sulfate groups on heparin. The VDW fraction is clearly mostly
associated with the PDA. Nonpolar solvation is correlated with the change in surface area
and entropic contributions when aggregates of PDA form. While the energetic contribution
of nonpolar solvation is comparatively very small, it is a slightly stabilizing force, as is
shown in the small negative value. Finally, polar solvation, which describes the process

of solvating a moiety, was found as destabilizing force with respect to the interaction of
PDA, heparin, and the dyes. Collectively, it is clear that the energetics of the dye—which is
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dominated by electrostatic interactions with heparin but also has contributions from VDW
interactions with PDA-is necessary to facilitate the interaction between PDA and heparin.

Release of the Loaded Dye in Negatively Charged PNC.

We previously showed that free dyes can interact with heparin for increased PA signal 2’
To identify the dyes’ roles in this study, PNC@MB, PNC@AA, and PNC@NB were
centrifuged four times to completely remove free dyes in the solution (Figure S13). Then,
PNCs loaded with 50 @M of MB, AA, or NB dye were incubated with heparin from 0

to 5 U/mL, which led to optical and PA changes. During this interaction, the color of the
solution rapidly changed within 1 min (Figure 3a). Consequently, the absorbance peak of
each nanocapsule (MB, AA, and NB) decreased and blue-shifted; the fluorescence largely
attenuated (Figure 3b and Figure S14).

We suspect that the loaded dye could be competitively extracted from the PNC due

to strong local electrostatic attractions between the dye and heparin.*® To verify this,
PNC@MBs were spun down to collect the supernatant after they were incubated with
heparin. The absorbance obtained from the supernatant was consistent with the absorbance
of free MB dye-heparin interactions, indicating release of the loaded MB dyes (Figure

3c and Figure S15). Moreover, there was a slight decrease in hydrodynamic diameter of
PNC@MB, PNC@AA, and PNC@NB upon incubation with heparin while maintaining its
hollow structure without shrinking or disassembly of the PDA shell during the interactions
(Figure 3d,e). It is noteworthy that PNC alone did not undergo any change in absorbance,
fluorescence, hydrodynamic diameter, or PA intensity after interaction with heparin (Figure
S16). However, the release of the loaded dyes from the PNC led to a decrease in PA
intensity (Figure 3f). We hypothesized that incorporating the free dyes into PNC greatly
enhances PA performance of the free dyes due to four reasons: (1) PDA’s 4-fold lower
thermal conductivity of PDA (kppa = 0.13) than water (Kyater ® 0.59), (2) fluorescence
quenching of free dyes, (3) local concentration of loaded dyes as opposed to free state, and
(4) the ability to protect the dyes from thermal degradation; the disassembly of dye-PNC
assemblies would therefore expose free dyes, resulting in decreased PA signal.37-38

To verify this mechanism, we compared PA signal of dye-loaded PNCs and free dyes with
different concentrations from 10 to 1000 £M. Notably, background-corrected PNC@MB,
PNC@AA, and PNC@NB showed 10-fold higher PA signal compared to the free MB,

AA, and NB dyes at the same concentration (50 M) (Figure 3g). We also confirmed that
dye-loaded PNCs showed 90% fluorescence quenching of free dyes and generated higher PA
signal than free dye—heparin interactions (Figure 3h and Figure S17). These results indicate
that the release of the loaded dye from PNC decreases PA signal due to decreased local
concentration of the loaded dyes in PNC and relatively lower PA signal generated from the
released dye—heparin interactions.

PA Enhancement of Positively Charged PNC.

The surface charge of dye-loaded PNCs is dependent on the amount of the loaded dye,
while the colloidal stability relies on the net surface charge after conjugation with heparin.
Encouraged by our results, another routine for sensing heparin was developed (Figure
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4a). After loading a higher amount of NB dye (~80 £M) into PNC, PNC@NB showed a
positively charged surface (+8.5 mV). However, PNC@MB and PNC@ AA still showed

a negatively charged surface at the same loading concentration (Figure S18). Intriguingly,
there was an increase in PA intensity when positively charged PNC@NB interacted with
heparin either in water (A2 ~ 0.82) or whole human blood (&2 ~ 0.91), while negatively
charged PNC@NB (-7.0 mV) inversely showed a decrease in PA signal (Figure 4b, Figure
S18, and Figure S19). The limit of detection of PNC@NB was 0.063 U/mL in water and
0.14 U/mL in whole human blood. A sample of 8 x10° particles/mL is required to induce
PNC@NB-heparin aggregation (Figure S20). Furthermore, positively charged PNC@NBs
loaded with 80 1M dye showed higher PA signal over free NB dye of 5 mM when they
interacted with heparin in whole human blood (Figure S21).

PNC@NB showed particle aggregation as a function of heparin concentration that increased
the PA signal, as confirmed by size, surface charge, photograph, and decreased absorbance
in water (Figure 4c, Figure S22, and Figure S23). This finding is significant because the
mechanism of PA signal generation has been understood by the conventional thermoelastic
expansion model where the optical absorption of the nanoparticle is proportional to PA
signal generation.2% We believe that the PNC@NB-heparin aggregation may enhance
thermal conductivity and could improve heat transfer or the fluorescence that quenched
during the aggregation can contribute to heat generation (Figure $23).38 This aggregation-
induced PA enhancement showed a stable PA signal for 15 min, and the induced PA signal
was reversible when protamine (known heparin antagonist)®2 was added to the interaction
(Figure S24 and Figure S25).

Importantly, we tested PNC@NB with clinical specimens collected from 17 patients
undergoing a cardiac procedure that required a high dose of heparin infusion. This work
shows that our approach is not measuring just heparin concentration but also clotting time:>3
The PA signal of PNC@NB was linearly increased as a function of cumulative heparin (~2
=0.83) and ACT values (/2 = 0.73) (Figure 4d). In addition, ACT values were linearly
correlated with cumulative heparin (/2 = 0.91) (Figure $26). Collectively, this prototype of
heparin sensing system can linearly generate the PA signal in whole human blood as well

as clinical specimens, demonstrating great promise for medical applications. Furthermore,
PNC@NB showed high colloidal stability in different media (e.g., DMEM, plasma, 2.5 or
5% of human serum) (Figure S27).

To further investigate the specificity of the aggregation-induced PA signal, PNC@NBs
were incubated with other complex sample matrices such as bovine serum albumin (BSA),
hemoglobin (Hgb), human-pooled plasma, thrombin, Dulbecco’s modified Eagle Medium
(DMEM), poly(sodium-4-strynesulfornate) (PSS), relevant ions (e.g., CI~, Ca2*), heparin
analogue (e.g., chondroitin sulfate (Chs)),1° and heparin at the same mass concentration

(2 tg/mL), respectively. Although it is generally accepted that electrostatic-mediated
particle interaction has poor specificity, there was a significant increase in PA signal

when PNC@NB interacted with heparin due to induced PNC@NB-heparin aggregation
(Figure 4e). Our previous study showed that free NB dye can interact with heparin,
causing aggregation that increased the PA signal.32 Likewise, the increased PA signal of
PNC@NB was due to the induced PNC@NB-heparin aggregation, which corresponds to the
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increased size of PNC@NB (PDI > 0.5 in heparin) (Figure 4f). Notably, PNC@NB in other
biomolecular conditions (e.g., BSA, plasma, and thrombin) showed small polydispersity
(PDI £ 0.2) and hydrodynamic diameter compared to PNC@NB in heparin (Figure 4f). The
induced PNC@NB aggregation during heparin sensing was also clearly observed by TEM
images (Figure 4g). The PA signal of PNC@NB is proportional to particle concentration,
and PNC@NB showed no hemolysis (Figure S20 and Figure S28). The PA response from
PNC@NB had a linear correlation with aPTT values at a heparin concentration of 0.2-1
U/mL (Figure S29). Taking advantage of the adhesive nature of PDA, small molecule dyes
could be coated on inert materials (Figure S30), suggesting the potential use of this dye-PNC
scaffold for functionalizing catheters to monitor heparin.

Lastly, MD simulations were used to further investigate the interactions of heparin with
the PNC@NB. The aggregation of PDA began quickly (~2 ns) along with the formation of
the PDA@NB (Figure 4h and Movie S1). Negatively charged heparin interacted strongly
with the positively charged NB dyes, which resulted in the formation of the PNC@NB-
heparin complex (Figure S31) to subsequently crosslink the PNC and induce aggregation.
However, there was no observed aggregation between heparin and PDA alone (Figure

S32 and Movie S2). To quantitatively evaluate PNC@NB-heparin interactions, all possible
distances were measured between all possible combinations of all PDA molecules with
each heparin monosaccharide in the simulation. This distance data was then analyzed to
elucidate the number of “individual interactions”, 7.e., interactions between PDA and a
monosaccharide unit that was not present within the past 10 frames of the simulation

to avoid double counting the same interaction. Over 130 ns of unrestrained simulation,

the simulation with NB dye present had 645 individual interactions between heparin and
PDA. This stands in stark comparison to the simulation with no dye present and had

only 90 individual interactions between heparin and PDA (Figure 4i). This explains the
experimentally observed dye-loaded PNC-heparin aggregation; there was no interaction
between PNC alone and heparin (Figure 4c and Figure S16).

CONCLUSIONS

We developed small molecular dye—-PNC nanosystems as a viable heparin-sensitive platform
for PA imaging due to the adhesive nature, fluorescence quenching, and low thermal
conductivity of PDA. These dye-PDA assemblies allow quantitative heparin monitoring
via enhanced PA signal generation. We validate mechanisms that were present in the
significant PA enhancement of dye-loaded PNC compared to the free dyes. Comprehensive
insights of charge-dependent aggregation of dyes—PNC versus disassembly of dyes—PNC
were highlighted to better understand the on/off PA amplification. Encouraged by this
results, future work includes the development of advanced heparin sensing platform (e.g.,
functionalizing catheter) for /n Vivo PA imaging and the use of other molecular agents to
increase sensitivity for the heparin detection.>*-56 This PDA-enabled strategy for designing
functionalized nanocapsules will provide better pathway for tailoring diverse molecular
contrast agents and expand approach of eliciting PA signal for biomedical applications.
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Experimental Section.

Synthesis of PBDT-TA Nanoparticles.—For synthesis of PBDT-TA nanoparticles with
a diameter of 80 nm, 375 L of TA solution (16 mg mL™1 in water) was added to 12 mL

of bicine buffer (pH 8.5, 10 mM) under vigorous stirring at 1200 rpm.*2 Then, 1.44 mL of
BDT solution (4 mg mL~! in DMF) was added and stirred for 12 h. The size of PBDT-TA
nanoparticles was tunable by adding more BDT solution at the fixed TA concentration. The
resulting PBDT-TA nanoparticles were purified by centrifugation (9000g for 10 min) twice
to remove the excess complexes. The pellet was resuspended in water for future use.

Synthesis of PBDT-TA@PDA Core—Shell Nanoparticles.—The concentrated PBDT-
TA nanoparticles were first dispersed in 8 mL of bicine buffer (10 mM, pH 8.5) followed

by the addition of 1 mL of dopamine solution (4 mg mL™1 in water) under vigorous

stirring at 1200 rpm for 12 h. The color of the solution changed from white to dark brown

as polydopamine was coated on the PBDT-TA nanoparticles. The resulting product was
purified by centrifugation (9000g for 10 min) twice. The thickness of the PDA coating is
tunable from 25 to 100 nm by adjusting the amount of dopamine solution from 1.0 to 6.0 mg
mL~1 while fixing the concentration of PBDT-TA nanoparticles. The pellet was resuspended
in water for future use.

Synthesis of PEGylated PNCs.—To obtain PNC, the core PBDT-TA nanoparticles were
dissolved by DMF. Briefly, 100 L of the PBDT-TA@PDA nanoparticles was incubated

in 1.5 mL of DMF solvent at 60 °C and then shaken at 700 rpm for 12 h to completely
disassemble the PBDT-TA complex. For the washing process, the resulting product was spun
down by centrifugation (9000g for 10 min), and the supernatant was removed. The pellet
was resuspended in water for future use.

For PEGylation, the obtained 1 mL of PNC was first dispersed in 1 mL of bicine buffer (pH
8.5, 10 mM) under generous stirring. Then 100 L of the SH-mPEG (5 mg mL™1 in water)
was added and gently stirred for 12 h. The resulting product was purified by centrifugation,
and the pellet was resuspended in water for future use.

Synthesis of Dye-Loaded PNCs.—The PEGylated PNCs were first dispersed in 2 mL
of bicine buffer (pH 8.5, 10 mM) for 30 min while 15 mM dyes (e.g., MB, AA, NR, or

NB) were freshly prepared. We chose MB, AA, NR, and NB dyes, which are approved

by US Food & Drug Administration (FDA) and can interact with heparin, changing their
absorbance and fluorescence. A 10-25 i portion of the prepared dyes was added to the
solution under generous stirring at 7000 rpm for 12 h. For the washing process, the resulting
product was purified by quadruple centrifugation (500 g for 10 min), and the supernatants
were used to calculate the loading efficiency. The pellet was resuspended in water for future
use.

Stability Test of Dye-Loaded PNCs.—In brief, 200 zL of dye-loaded PNCs was
incubated in 1 mL of 10 mM SDS, 10 mM Triton X-100, 10 mM NacCl, 10 mM urea,
10 mM HCI (pH =~ 2), 10 mM NaOH (pH ~ 12), DMSO, and DMF. The solution was mixed
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using a vortex mixer for 5 s and then incubated for 1 h. Then the samples were spun down
by centrifugation (12000g for 10 min), and the supernatant was used to calculate the amount
of the disassembled dyes in different conditions.

Computational Section.

Computational Methodology.—The molecular structure of heparin was constructed via
GLYCAM carbohydrate builder software.>” Specifically, the four monosaccharide units that
were used in this study were YZB, WY'S, YuA, and QYS. This pattern was repeated

six times to construct the heparin polysaccharide. Dopamine-based tetramers and trimers
were used for constructing the PDA molecular structure.58 Each monosaccharide, PDA
tetramer, PDA trimer, and dye was parametrized using Gaussian HF/6-31G* through the
WebMO interface.>9:60 All systems employed explicit solvent, which models each water
molecule. TIP3P solvent parameters were used exclusively. The generated systems were
minimized in seven restrained steps to eliminate bad contacts, heated in one step to 300

K, and equilibrated in seven steps, with each step reducing the imposed restraints on the
systems. These preparatory operations and the unrestrained simulations were all completed
using AMBER 16 with the ff14SB and GAFF force fields while also utilizing additional
parameters provided by GLYCAM.61-63 Al unrestrained simulations were run for 130 ns,
with a time step of 2 fs, and at constant temperature and pressure of 300 K and 1 atm,
respectively. Visualization and distance analyses were completed using visual molecular
dynamic (VMD) and the coptraj module of Amber, respectively.8465 Distance analysis was
performed to calculate the number of interactions between PNC@NB and heparin. An
“interaction” was defined as a measured distance between centers of mass of two moieties
that was less than 6.0 A.

Decomposition Analysis of Gibbs Free Energy.—Free energy analysis was
performed on each simulation using the MMPBSA.py module of AMBER. This yielded the
contributions of van der Waals, electrostatic, polar, and nonpolar solvation to the energetics
of a heparin/PDA interaction. In this context, a destabilizing force is one that inhibits the
interaction and is shown as a positive value. A stabilizing force is shown as a negative value
and supports the interaction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Dye-PNC assemblies. (a) Loading capacity and hydrodynamic diameter of PNC@MB,

where the surface of PNC was modified with different concentrations of HS-mPEG.

(b) Loading capacity comparison between PDA nanocapsule and PDA nanoparticle. (c)
Photograph of the released dyes in different media (from left to right: before centrifugation,
water, HCI, NaOH, NaCl, urea, TritonX-100, DMSO, DMF, and SDS). (d) Quantification

of data in panel c: Release of the loaded dye in PNC in different media. Blue area

indicates where the loaded dyes were released. () Decomposition analysis of the normalized
Gibbs free energy of PDA, NB, MB, and heparin using MD simulation. Van der Waals,
electrostatic, and polar/nonpolar solvation were investigated for the analysis. The error bars
represent the standard deviation of three separate measurements.
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Figure 3.

Disassembly of the loaded dyes in negatively charged PNC. (a) Schematic of releasing
loaded dyes in negatively charged PNC during heparin interaction. Photograph shows color
change of PNC@MB, PNC@AA, and PNC@NB after heparin interaction. (b) Absorbance
change of dye-loaded PNC after heparin interaction. The error bars represent the standard
deviation of three separate measurements. (c) PNC@MBs were centrifuged down to collect
the supernatant after heparin interaction. UV-vis—NIR spectra shows that the absorbance
obtained from the collected supernatant was matched with free MB dye—heparin interaction.
(d) Hydrodynamic diameter of PNC@MB, PNC@AA, PNC@NB, and PNC after heparin

interaction. () TEM images of PNC@MB after heparin interaction. The scale bars represent

200 nm. (f) Decrease in PA signal after releasing the loaded dyes in PNC during heparin
interaction. The error bars represent the standard deviation of five regions of interest. (g)
PA signal comparison between free dyes and dye-loaded PNC that loaded 50 £/M dye.
Purple bars represent PA signal of PNC alone. The inset image represents the PA image of

PNC@MB compared to free MB dye. The error bars represent the standard deviation of five

regions of interest. (h) Fluorescence of free MB, AA, and NB dyes compared to MB@PNC,

ACS Nano. Author manuscript; available in PMC 2023 January 25.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yim et al.

Page 19

AA@PNC, and NB@PNC that loaded 50 1M dye. The experiments in (f) and (g) were
repeated independently three times with similar results.
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Figure 4.
Aggregation-induced PA enhancement of positively charged PNC. (a) Schematic of induced

PNC@NB-heparin aggregation. Photograph indicates outstanding PA performance of
PNC@NB over free NB dye (100 xM) for monitoring heparin. (b) PA signal comparison
between PNC@NB and free NB dye at the same dye concentration in either water (R2 =
0.82) or whole human blood (/A2 = 0.91). The error bars represent the standard deviation of
five regions of interest. (c) DLS data and the surface charge of PNC@NB after heparin
interaction in water. The error bars represent the standard deviation of three separate
measurements. (d) PA signal of PNC@NB tested with clinical samples. The PA signal

was linearly increased as a function of cumulative heparin (/2 = 0.83) and ACT values (R2
=0.73). Clinical samples were collected from 17 patients undergoing cardiac procedures.
Blue and red regions indicate before (blue) and after (red) heparin infusion. The error

bars represent the standard deviation of five regions of interest. (e) PA intensity and (f)
corresponding size when PNC@NB interacted with other complex sample matrices. The
error bars represent the standard deviation of three separate measurements. (g) TEM images
of aggregated PNC@NB during heparin interaction. The scale bars represent 200 nm. (h)
Evolution profiles of the size of the complex, comprised of PDA (brown), heparin (red/
white), and free NB dye, showing the aggregation in explicit water. Magnified interface
section shows that NB dye bridged interaction between PDA and heparin. (i) Number
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of interactions between heparin and PDA for both PDA+heparin+NB and PDA+heparin
systems. The experiments in (b), (d), and (e) were repeated independently three times with
similar results.
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Scheme 1. Synthetic Pathway and Charge-Dependent Behaviors of Functionalized PNC
(a) Schematic of simple synthesis of dye-loaded PNCs. PNC was synthesized using a

supramolecular template (PBDT-TA). By virtue of glue-like nature of PDA, PNC was loaded
with small molecular dyes (e.g., NB, AA, and MB) via multiple interactions. (b) During
heparin interactions, negatively charged PNCs released the loaded dyes in PNCs, while
positively charged PNCs showed particle aggregation that increased PA signal.
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