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Abstract

Serotonin-based nanoparticles represent a class of previously unexplored multifunctional 

nanoplatforms with potential biomedical applications. Serotonin, under basic conditions, self-

assembles into monodisperse nanoparticles via autoxidation of serotonin monomers. To 

demonstrate potential applications of polyserotonin nanoparticles for cancer therapeutics, we show 

that these particles are biocompatible, exhibit photothermal effects when exposed to near-infrared 

radiation, and load the chemotherapeutic drug doxorubicin releasing it contextually and 

responsively in specific microenvironments. Quantum mechanical and molecular dynamics 
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simulations were performed to interrogate the interactions between surface-adsorbed drug 

molecules and polyserotonin nanoparticles. To investigate the potential of polyserotonin 

nanoparticles for in vivo targeting, we explored their nano-bio interfaces by conducting protein 

corona experiments. Polyserotonin nanoparticles had reduced surface-protein interactions under 

biological conditions compared to polydopamine nanoparticles, a similar polymer material widely 

investigated for related applications. These findings suggest that serotonin-based nanoparticles 

have advantages as drug-delivery platforms for synergistic chemo- and photothermal therapy 

associated with limited nonspecific interactions.

Table of Contents/Abstract Graphic:

Keywords

serotonin; polydopamine; protein corona; drug delivery; nano-bio interface; mass spectrometry; 
quantum mechanics; molecular dynamics

Challenges associated with implementing the use of nanoparticles in vivo arise from poor 

understanding and control of surface interactions at the nano-bio interface.1 Immediately 

following dispersion in physiological fluids, nanoparticles are coated with proteins to form a 

protein corona,2–4 which then determines particle physicochemical properties.5–8 The 

corona defines the biological identity of nanoparticles, which directly manifests in 

interactions with cells and thus, influences critical parameters including cytotoxicity9,10 and 

endocytosis into specific cell types.11–14 Therefore, the protein corona of nanoparticles must 

be optimized prior to implementation for specific biomedical applications.15–17

Polydopamine (PDA) nanoparticles18 have been proposed for use in a variety of biomedical 

applications in drug delivery,19–21 cancer therapeutics,22–24 antimicrobial applications,25,26 

bone and tissue engineering,27–30 and cell adhesion and patterning.31,32 Despite these in 
vitro demonstrations, most have failed to be translated successfully in vivo.33 This challenge 

may arise from the protein corona surrounding PDA nanoparticles, which has not been 

thoroughly characterized, and results in nanoparticle-protein interactions with undesired 
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effects. The highly adhesive properties of PDA may accelerate coating,34 leading to 

promiscuous protein coatings that result in delivery and uptake issues depending on specific 

targets. While drug-delivery capabilities of PDA-based nanoparticles have been shown,
19,20,23,35,36 the structure of PDA and the mechanism of polymerization have not yet been 

elucidated and thus, surface interactions between adsorbed drug molecules and nanoparticle 

surfaces remain to be investigated.37

Inspired by PDA nanoparticles, we designed and developed nanoparticles based on the 

autoxidation of serotonin (5-hydroxytryptamine). We discovered that under basic pH 

conditions, serotonin self-assembles into nanoparticles. In addition to facile synthesis, 

oxidized serotonin showed reduced adhesive properties compared to PDA. We compared the 

protein corona that adheres to the surface of polyserotonin vs. PDA nanoparticles to 

investigate how different protein-nanoparticle interactions may lead to potential in vivo 
applications. We explored the potential of polyserotonin nanoparticles as multifunctional 

nanomaterials for use in cancer therapeutics by testing photothermal properties, drug loading 

and release, and biocompatibility. To understand molecular interactions at the relevant nano-

bio interfaces, we employed quantum mechanics computations and molecular dynamics 

simulations to model the loading of a chemotherapeutic drug, doxorubicin (DOX). This 

work suggests that serotonin-based nanoplatforms can serve as versatile scaffolds for 

combined, synergistic chemo- and photothermal cancer therapeutics, while exhibiting 

reduced nonspecific adhesion of proteins encountered in vivo.

RESULTS AND DISCUSSION

Synthesis and Characterization of Serotonin Nanoparticles.

We incubated serotonin monomers under alkaline conditions (2 mg/mL in phosphate buffer, 

pH 9.5) to form serotonin nanoparticles (Figure 1a). While this synthesis method did not 

require a catalyst, the kinetics of polyserotonin nanoparticle formation were substantially 

slower than dopamine polymerization, which has been reported to be on the order of 

minutes.38 Conventionally, polydopamine (PDA) nanoparticles are synthesized by the 

oxidation and self-polymerization of dopamine in mixtures containing water, ethanol, and 

ammonia at room temperature.22 As with PDA formation,39 the oxidation process of 

serotonin can be monitored via the appearance of a UV absorption peak with time, coupled 

with a color change of the solution from colorless to dark brown (Figure 1b). Serotonin 

incubated under mildly acidic conditions (pH 6) did not show additional absorption peaks or 

a solution color change even after five days.

Polyserotonin nanoparticles were visualized by scanning electron microscopy (SEM) 

(Figure 1c). The average particle size was ~440 nm after five days of incubation determined 

by dynamic light scattering (DLS) measurements (Figure 1d). A polydispersity index of 0.06 

indicated single size modes with minimal aggregates.40 We carried out DLS measurements 

for particles synthesized over 10 days (Figure S1). We found that the size distributions of 

polyserotonin nanoparticles broaden considerably after seven days with polydispersity 

indices exceeding 0.5 indicating aggregation.
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The zeta potential of serotonin nanoparticles showed a sharp peak at approximately -45 mV, 

indicative of an overall negative surface charge (Figure 1e). Serotonin monomers have two 

protonation sites, an aliphatic amino group and an aromatic hydroxyl moiety with pKa 

values of 9.97 and 10.73, respectively.41,42 Since serotonin nanoparticles were synthesized at 

pH 9.5, which is close to the pKa of the amino group of serotonin, we expected these 

particles to be composed of a mixture of cationic (protonated amino group) and neutral 

(deprotonated amino group) serotonin. Nonetheless, we observed a negative surface charge 

for the serotonin nanoparticles.

The zeta potential of PDA films has been shown to be -40 mV, similar to polyserotonin 

nanoparticles.43 Dopamine has three pKa values—two phenolic hydroxyl groups with pKa 

values of 9.44 and 12.8 and a primary amine with pKa = 10.75.44 While the precise 

mechanism of dopamine polymerization remains incompletely determined, it has been 

hypothesized that polymerization involves the oxidation of dopamine catechol groups to 

quinones in a pathway reminiscent of melanin formation.18 The melanin biosynthetic 

pathway involves hydroxylation of the amino acid tyrosine to 3,4-dihydroxyphenylalanine 

(L-DOPA), which is then oxidized to o-dopaquinone followed by polymerization to form 

melanin.45 The negative zeta potential for PDA films is predicted to originate from 

deprotonation of quinone oxygen atoms (pKa = 6.3) at a pH of 8.5. Consequently, we 

hypothesized that serotonin, an indole neurotransmitter, undergoes similar oxidation, 

polymerization, and deprotonation to rationalize the resulting negative surface charge.

X-ray photoelectron spectroscopy was performed to identify the composition and chemical 

bonding of polyserotonin nanoparticles. Serotonin hydrochloride incubated in mildly acidic 

phosphate buffer (pH 6.5) to inhibit polymerization was used to investigate differences in the 

chemical bonding characteristics of monomeric serotonin vs. oxidized serotonin that forms 

nanoparticles. The lack of serotonin nanoparticle formation at a mildly acidic pH, even after 

five days, was confirmed via SEM.

The elements present in monomeric serotonin (i.e., carbon, oxygen, and nitrogen), appear in 

the respective spectra for the base-treated nanoparticles (Figure 2a,b). The C 1s regions for 

the serotonin monomers and nanoparticles can be fit with four peaks corresponding to C–

H/C–NH2 (285 eV), C–O/C–N (286 eV), C=O/C=N (288 eV), and π → π* (291 eV) 

species.38,46 While the basic peak shapes for both spectra are similar, the peak intensities 

corresponding to oxygen functional groups are more dominant in the nanoparticle case, 

suggesting that serotonin was indeed oxidized. The O 1s regions for both samples can be fit 

with two peaks corresponding to O=C (531 eV) and O–C (533 eV) species.38,46 It should be 

noted that the additional peak at 535 eV, seen in Figure 2e, results from overlap with the Na 

KLL Auger peak.46 While the N 1s regions for the serotonin monomers and nanoparticles 

have peaks corresponding to R–NH2 (402 eV) and R–NH–R (400 eV), there are additional 

peaks corresponding to =N–R (399 eV) and oxidized nitrogen functionalities (403 eV) for 

the polyserotonin nanoparticles.47,48,46–48 Together, these additional peaks indicate that 

oxidized serotonin likely polymerizes to form nanoparticles.

We investigated polyserotonin nanoparticles using peak-force atomic force microscopy (PF-

AFM), an intermittent contact mode used to measure the topography and nanomechanical 
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properties of materials. The AFM topography map in Figure 2c shows polyserotonin 

nanoparticles having diameters of approximately 500 nm. Diameters measured by AFM are 

consistent with those determined via SEM and DLS.

We used PF-AFM to measure the adhesion force, the force required to retract an AFM tip 

from a surface, of the polyserotonin nanoparticles in comparison to PDA nanoparticles. As 

shown in the adhesion maps and corresponding line sections for polyserotonin (Figure 2c; 

Figure S2a) vs. PDA (Figure S2b,c), differences in adhesion between these nanoparticles 

and Au substrates was almost four times greater for PDA (~23 nN) compared to 

polyserotonin (~6 nN). Thus, PDA is significantly more adhesive than polyserotonin. We 

note that PDA promotes biological adhesion under native conditions in mussels.18,49

Protein Corona.

One of the main criteria in selecting nanoparticles for biomedical applications is their level 

of interaction with proteins in biological environments. Interfacial interactions of 

nanoparticles with various blood proteins alters therapeutic functionality in an unpredictable 

manner.50 In 2007, the term “protein corona” emerged to describe the spontaneous self-

assembly and layering of proteins onto nanoparticle surfaces.2,4 Despite nanoparticle surface 

functionalization strategies aimed at reducing protein adsorption, there is currently no 

strategy to eliminate protein corona formation fully.51 We hypothesized that the reduced 

adhesive properties of polyserotonin vs. PDA nanoparticles would decrease protein corona 

formation on the surfaces of the former.

To assess differences in adhesive properties between polyserotonin and PDA nanoparticles 

and to investigate whether surface adhesion influences protein adsorption directly, we 

analyzed the adsorption of >100 proteins using liquid-chromatography mass-spectrometry 

(LC-MS) (Figure 3a).52 Depending on the nature of each protein and the nanoparticle 

surfaces, some proteins associated weakly and quickly dissociated (soft corona), while 

others bound strongly and irreversibly (hard corona).2,53 Polyserotonin nanoparticles 

adsorbed 35% fewer identified plasma proteins compared to PDA nanoparticles, possibly 

due to the lower surface adhesion as determined by PF-AFM (Figures 2c and S2).

Fibrinogen, a coagulation protein, was found to be the major plasma protein in the hard 

corona for polyserotonin- and PDA-based nanoparticles (Figure 3b). High adsorption levels 

of fibrinogen have been reported for hydrophilic nanoparticle surfaces and amine-modified 

quantum dots,54 with adsorption occurring at significantly higher levels than for other 

adhesion proteins.55 Fibrinogen surface adhesion is problematic for in vivo delivery because 

it triggers activation of the immune system via hemostasis and leukocyte activation.56,57

Serum albumin was the protein with the second highest surface adsorption abundance for 

polyserotonin and PDA nanoparticles. Bovine serum albumin has been used to coat the 

surfaces of drug delivery carriers to form “stealth” nanoparticles with prolonged blood 

circulation times.58 Preformed albumin coronas have also been shown to be a strategic way 

to decrease nonspecific adsorption of other immune-triggering proteins and to decrease the 

clearance rates of nanoparticles.59–61 Thus, having a high surface coverage of serum 

albumin may, in fact, be advantageous for the nanoparticles investigated here. The 
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complement system is the first line of defense against foreign materials that cause 

inflammation and damage to the host.62,63 Relatively low levels of complement proteins 

were found on the surfaces of polyserotonin and PDA nanoparticles, which may result in 

longer blood circulation times for these nanoparticles.64

Coating nanoparticles with the hydrophilic polymer, polyethylene glycol (PEG), has been 

shown to impart steric stabilization and to reduce surface adhesion of blood proteins, thereby 

prolonging circulation half-lives in vivo.65 To this end, we coated polyserotonin and PDA 

nanoparticles with PEG via incubation of nanoparticles with PEG-SH at basic pH (~8.5) for 

24 h. As shown in Figure 3b, PEGylation of polyserotonin and PDA nanoparticles reduced 

total protein adsorption levels by ~70%. Post-PEGylation, total adsorbed proteins were 

comparable for polyserotonin and PDA nanoparticles despite differences in adhesion 

characteristics prior to PEGylation. That the PEGylation of nanoparticles reduces protein 

corona formation to comparable values for the two types of nanoparticles supports our 

hypothesis that surface adhesive properties significantly influence protein adsorption. For 

both nanoparticles, post-PEGylation, fibrinogen adhesion was reduced by ~85%, which 

suggests that these PEGylated nanoparticles may evoke reduced immunological responses 

when exposed to in vivo environments.

Clusterin, a lipoprotein, was found to be the major protein in the hard corona of PEGylated 

polyserotonin and PDA nanoparticles. High levels of clusterin adsorption were previously 

reported for other PEGylated,66,67 silica-68 and lipid-based69 nanoparticles. It has been 

hypothesized that clusterin adhesion on the surfaces of PEGylated nanoparticles induces a 

stealth effect and inhibits nanoparticle uptake by phagocytes.70 Thus, immunotoxicity can be 

mitigated or augmented depending on the types of nanoparticles and adsorbed plasma 

proteins.71 Here, analyzing the protein corona of four different nanoparticle compositions 

demonstrated the importance of investigating nano-bio interfaces at nanoparticle surfaces, 

which will enable choices of delivery vehicles depending on the targeting application and 

experimental design.

Cell Viability.

Human-derived stem cells were incubated with polyserotonin nanoparticles at different 

concentrations ranging from 1 to 400 μg/mL to assess cytotoxicity. A standard 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to quantify 

cell viability at two different time points. As shown in Figure 4, even after 72 h in culture, 

>90% cell viability was observed at lower concentrations (1–25 μg/mL) of polyserotonin 

nanoparticles. At elevated concentrations (>25 μg/mL), reduced viability was observed only 

after 72 h for gingival-derived mesenchymal stem cells (GMSCs), while decreases in 

viability for human dental pulp stem cells (DPSCs) or human bone-marrow mesenchymal 

stem cells, (hBMMSCs) were not statistically significant. Furthermore, after 72 h exposures, 

polyserotonin nanoparticles were associated with lower cytotoxicity than PDA counterparts 

(Figure S3). Upon incubation with 100 μg/mL PDA nanoparticles, statistically significant 

reductions in cell viability (P<0.01) were observed in all three stem cell lines.
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Photothermal Therapy and In Vitro Drug Release.

Mild photothermal heating (~45 °C) has been shown to improve cancer treatment efficacy by 

enhancing cellular uptake of chemotherapeutics or triggering intracellular drug release from 

nanocarriers without causing cell necrosis.72,73 Near-infrared (NIR)-triggered nano-drug 

carriers have been explored for combination cancer therapy.74,75 It has been reported that 

PDA-based nanoparticles can kill cancerous cells and suppress tumor growth via 
photothermal effects induced by NIR irradiation.22 We investigated whether polyserotonin 

nanoparticles display similar properties.

Figure 5a shows the change in temperature of Dulbecco’s Modified Eagle Medium (DMEM) 

media over time during laser irradiation of different polyserotonin nanoparticle 

concentrations. The maximum temperature change for media alone was <5°C. Samples with 

polyserotonin nanoparticles (>100 μg/mL) showed temperature increases greater than 20 °C 

after NIR irradiation, as shown in Figure 5b. We observed that at 200 μg/mL nanoparticles, 

the temperature increase was higher for PDA compared to polyserotonin (P<0.05; Figure 

S4).

In addition to targeted heat therapy, we explored drug loading (Figure 5c) and delivery 

capabilities (Figure 5d) of polyserotonin nanoparticles. Doxorubicin (DOX) is an anticancer 

chemotherapeutic, which is used extensively in the treatment of solid tumors and acute 

leukemias.76 Akin to PDA nanoparticles, we hypothesized that polyserotonin nanoparticles 

could be used for DOX loading by means of surface adsorption via π-π stacking and 

hydrophobic interactions.24,77,36

Comparative studies of the loading efficiencies of polyserotonin vs. PDA nanoparticles are 

shown in Figure S5. The PDA nanoparticles showed greater loading efficiencies at various 

DOX:nanoparticle ratios. This may be due to differences in surface-exposed functional 

groups available post-polymerization, which alter the extent of interfacial intermolecular 

interactions between nanoparticle surfaces and DOX. This phenomenon illustrates the 

importance of interrogating molecular-level interactions at interfaces to improve the design 

of drug delivery vectors for specific applications.

The in vitro drug release profiles of DOX-loaded polyserotonin nanoparticles in PBS (37 °C) 

at different pH values are shown in Figure 5d. At pH 7.4, polyserotonin nanoparticles 

exhibited slow DOX release over 100 h. However, at pH 6.5 (mimicking tumor 

microenvironments) and pH 5.5 (mimicking intracellular endosomal environments), 

polyserotonin nanoparticles showed significantly faster release profiles compared to release 

at pH 7.4. Nanoparticle drug release in endosomal compartments is important because 

nanoparticles enter cells via endocytosis into endosomes. Here, drug release prior to 

lysosomal secretion is advantageous. These results are promising for localized cancer 

therapy delivery where the loaded drug would not be fully released from the surface of 

polyserotonin nanoparticles while in circulation, but could be liberated upon reaching acidic 

tumor microenvironments.

With regard to lysosomal environments, we investigated the stability of polyserotonin 

nanoparticles (preformed at pH 9.5 for five days) under acidic drug-release conditions (pH 
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5.5). Polyserotonin nanoparticles immediately began aggregating under acidic conditions 

with polydispersity indices exceeding 0.5. After 24 h, particle sizes measured by DLS were 

>2000nm. This aggregation may increase photothermal effects in acidic tumor 

microenvironments and enhance therapeutic efficacy.78

Polyserotonin nanoparticles thus have the potential to be used as combination cancer 

therapeutic agents via photothermal effects, as well as efficient loading and release of the 

anticancer drug DOX. A critical requirement for an improved cancer therapeutic is the 

ability to maximize lethal effects at tumor cell sites. We examined the toxicity of unloaded 

vs. DOX-loaded polyserotonin nanoparticles with and without laser irradiation. Similar to 

cell viability results previously performed with stem-cell lines (Figure 4), polyserotonin 

nanoparticles alone were not cytotoxic to HeLa cells, even at high concentrations (200 μg/

mL). By contrast, DOX-loaded polyserotonin nanoparticles reduced HeLa cell viability 

significantly in a concentration-dependent manner (P<0.001 at concentrations >25μg/mL; 

P<0.01 at 25μg/mL; and P<0.05 for 10μg/mL; Figure 5e). Viability of HeLa cells in the 

presence of DOX-loaded polyserotonin nanoparticles was comparable to DOX alone, 

indicating that DOX loaded on polyserotonin nanoparticles is released efficiently and retains 

cytotoxicity.

Laser irradiation of PDA-coated nanoparticles has been shown to ablate tumors via localized 

increases in temperature.79 Similar to PDA, upon irradiation with NIR energy, the death 

rates of cancer cells were significantly increased and dependent on polyserotonin 

nanoparticle concentrations (Figure 5e). Effects were more pronounced at higher 

polyserotonin nanoparticle concentrations (P<0.001 at concentrations >25μg/mL; P<0.05 at 

25μg/mL; and ns for lower concentrations) and were more notable for DOX-loaded 

polyserotonin nanoparticles, which showed ~80% cytotoxicity at a concentration of 

50μg/mL. Figure 5f shows the estimated half maximal inhibitory concentrations (IC50) for 

polyserotonin-based nanotherapeutics. While polyserotonin nanoparticles alone were 

nontoxic, the synergistic cytotoxic effect of DOX-loaded nanoparticles post-laser exposure 

reduced the required doses of this nanotherapeutic by 40% and 100% compared to DOX or 

laser treatment alone, respectively.

We further investigated the toxicity of DOX and laser irradiation therapy on non-cancerous 

cells. Compared to HeLa cell viability, we observed that hBMMSC viability is significantly 

greater, especially at higher concentrations of polyserotonin nanoparticles loaded with DOX 

(Figure S6; P<0.001 at 200μg/mL; P<0.01 for 50–100μg/mL; P<0.05 for 25 μg/mL; and ns 
for lower concentrations). The increased viability of stem cells suggests that DOX-loaded 

polyserotonin nanoparticles have reduced toxicity in non-cancerous cells. For the combined 

DOX and laser irradiation treatment, we observed that at high nanoparticle concentrations 

(200μg/mL), stem cell lines were ablated to a similar extent as HeLa cells. However, at 

lower concentrations of polyserotonin nanoparticles, stem cell viability was significantly 

higher even after combined DOX and laser treatment (P<0.01 for 25–100 μg/mL; ns for 

lower concentrations), suggesting that this combination therapy has the potential of targeting 

cancerous cells with reduced toxicity to surrounding cells.
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Modeling Polyserotonin-Doxorubicin Interactions.

To obtain electronic- and atomic-level information on specific interactions between DOX 

and serotonin-based nanostructures, quantum mechanical (QM) computations and all-atom 

molecular dynamics (MD) simulations were performed. Figure 6a depicts geometry-

optimized DOX-serotonin clusters extracted from density functional theory (DFT) 

computations at the M06–2X/6–311G(d,p) levels. From these lowest energy geometries, it is 

evident that different DOX functional groups, including hydroxyl (-OH), carbonyl (-C=O), 

and amino (-NH2) groups, are involved in intermolecular hydrogen-bonding interactions 

with the hydroxyl and primary amino groups of serotonin. This theoretical outcome suggests 

a central role for hydrogen-bonding in DOX adhesion to serotonin nanoparticle surfaces. 

Furthermore, in one of the hybrid clusters, the aromatic backbone of serotonin is aligned 

with a parallel orientation relative to the aromatic heterocycles of DOX, indicating the 

possibility of π-π interactions between DOX and serotonin.

The DOX-serotonin binding affinity (ΔEbinding) was calculated as follows: ΔEbinding = 
Ecluster – (EDOX + Eserotonin). In this expression, Ecluster is the potential energy of the 

optimized DOX-serotonin clusters, and EDOX and Eserotonin represent the potential energies 

of the isolated DOX and serotonin molecules, respectively. The computed ΔEbinding for all 

hybrid clusters determined from two different levels of M06–2X/6–311G(d,p) and 

B3LYP/6–311(d,p) calculations are presented in Figure 6a. All ΔEbinding energies were 

negative, which quantitatively validates DOX-serotonin interactions. Note that the higher 

binding energy values derived from DFT calculations with the M06–2X exchange-

correlation functional compared to those with B3LYP are due to the ability of the former to 

capture the contributions of weakly bonded complexes and noncovalent interactions.80,81

Atomistic MD simulations were performed to investigate dynamic interactions between 

DOX and serotonin clusters. Prior to analysis, the equilibria of the simulation cells were 

verified by monitoring the thermodynamic potential energies and temperature parameters 

(Figure S7). Both the potential energy and temperature of all simulated cells stabilized with 

negligible fluctuations, indicating that equilibria had been reached.82–84 The final structures 

of DOX on the surfaces of serotonin and its dimers and tetramers are shown in Figure 6b, 

which were obtained from the last step of the MD simulations. When these snapshots were 

compared with the corresponding initial cells (Figure S8), we found that DOX distances 

relative to all serotonin substrates were significantly reduced, which suggests the tendency 

of DOX molecules to adsorb on all investigated surfaces. When the MD simulations were 

continued for longer times, the relative positions of surface-bound DOX did not change, 

indicating stabilized interfacial adhesion.

Similar to the QM calculations, binding energies for this system were quantified as follows: 

ΔEbinding = Esurface/DOX – (Esurface + EDOX) (Figure 6b).85,83,86 Here, Esurface/DOX, Esurface, 

and EDOX are, respectively, the potential energies of an entire cell (i.e., DOX adsorbed on a 

serotonin surface), an isolated serotonin-based surface, and an isolated DOX molecule. The 

ΔEbinding values were calculated to be negative in all cases, indicating adhesion between 

DOX and the serotonin structures, with the strongest adhesion occurring between DOX and 

the serotonin monomer (-90kcal/mol). Strong monomer binding to DOX suggests the 

importance of the accessibility of the hydroxyl and amine moieties of serotonin, as well as 
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conformational freedom for formation of hydrogen bonds. Nonetheless, DOX adsorbed to all 

modeled structures, including serotonin dimers and tetramers, which supports the 

experimental findings that DOX is loaded onto polyserotonin nanoparticle surfaces (Figure 

5c). Further examination of DOX interfacial interactions via simulation snapshots (Figure 

6b) suggests that, in agreement with the QM results, hydrogen-bonding interactions play key 

roles in the adsorption of DOX onto serotonin and polyserotonin surfaces.

Radial distribution functions (RDFs, also called paired correlation functions, g(r)) were 

analyzed84 to elucidate DOX interactions with polyserotonin nanoparticle surfaces further. 

The RDF analysis was carried out for the oxygen atoms in DOX with regard to oxygen and 

nitrogen heteroatoms in serotonin monomers, dimers, and tetramers (Figure 6c,d). As shown 

in Figure 6c, the RDFs for DOX oxygen atoms with respect to serotonin monomer, dimer, 

and tetramer oxygen atoms showed heightened first peaks, particularly for serotonin and 

dimer-1 at 2.62–2.97Å. These peak positions are within the distances required for hydrogen-

bonding interactions84 between oxygenated sites in DOX and serotonin species.

For serotonin monomers, the alignment of oxygen atoms at optimal hydrogen bonding 

distances from DOX is likely due to the smaller size and spatial freedom of a single 

serotonin molecule. For dimer-1 (Scheme 1), the coupling via the amine of one monomer to 

the hydroxyl of the second monomer renders the sterically hindered indole groups at a 

maximum distance apart. In contrast, the coupling scheme for dimer-2 results in the indole 

groups side-by-side and separated by a single carbon-carbon bond, which may lead to 

difficulties in aligning the molecules in close proximity to DOX in the correct orientation for 

hydrogen bonding. For dimer-2, increased π-π stacking of aromatic moieties may 

compensate for reduced hydrogen bonding, which may result in comparable binding 

energies (-70 kcal/mol) seen in MD simulations (Figure 6b).

Similarly, the DOX oxygen-atom RDFs relative to the nitrogen atoms of serotonin, and its 

dimers and tetramers possessed high peaks that were of lower intensities at larger distances. 

These findings suggest that the oxygenated DOX fragments are also involved in interfacial 

hydrogen bonds with the nitrogenous groups of serotonin-based species. These RDF results 

are in agreement with the geometry-optimized DOX-serotonin clusters derived from QM 

computations. Visualized MD snapshots further suggest DOX loading on serotonin 

nanoparticle surfaces largely through hydrogen-bonding interactions.

Together, the theoretical computations underscore hydrogen-bonding as a primary 

mechanism of DOX-polyserotonin nanoparticle loading and rationalize differences in the 

rates of DOX release from the polyserotonin nanoparticles at lower pH values. Lower pH 

results in protonation of amine groups on DOX preventing nitrogen hydrogen bonding with 

hydroxyl groups and disrupting intermolecular forces that anchor DOX to polyserotonin 

nanoparticles, causing faster drug release. Further, protonation leads to increased 

hydrophilicity and solubility of DOX in aqueous solutions, which may also contribute to 

faster release, which could be advantageous for targeted delivery of DOX to acidic 

environments.87 Investigating molecular interactions between available surface functional 

groups of polyserotonin nanoparticles and drug molecules will help to determine which 

drugs can be loaded onto nanoparticle surfaces for targeted drug-delivery applications.
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CONCLUSIONS AND PROSPECTS

We report the synthesis, characterization, and multifunctional application of serotonin-based 

nanoparticles, a previously unexplored nanomaterial. While polyserotonin nanoparticles 

showed somewhat decreased photothermal and drug loading capabilities compared to 

polydopamine nanoparticles, a widely investigated vehicle for cancer therapeutics, 

polyserotonin nanoparticles showed significantly reduced surface adhesion properties. The 

latter may be associated with the reduction in protein adsorption on polyserotonin compared 

to polydopamine nanoparticles. Coating polyserotonin nanoparticles with polyethylene 

glycol further reduced total protein adsorption when compared to uncoated nanoparticles 

and notably, decreased the adhesion of fibrinogen, an immune triggering protein by 85%.

Compared to polydopamine, polyserotonin nanoparticles showed improved biocompatibility 

with stem-cell lines, even at high concentrations (>100 μg/mL) over longer time periods (72 

h). Polyserotonin nanoparticles loaded with the cancer therapeutic doxorubicin and 

irradiated with near-infrared energy showed photothermal/chemotherapeutic effects that 

decreased cell viability by almost 100%. Polyserotonin nanoparticles are promising 

chemotherapeutic candidates due to their inherent biocompatibility in the presence of 

healthy cells coupled to the capacity to be activated in specific environments to kill 

cancerous cells. Laser irradiation enables controlled cell death at precise times and locations. 

Polyserotonin nanoparticles also released the anti-cancer drug doxorubicin in a pH-

dependent manner to targer tumor microenvironments and enabling synergistic killing of 

cancer cells.

We conducted quantum mechanical computations and molecular dynamics simulations to 

investigate interfaces between polymerized serotonin structures and the chemotherapeutic 

doxorubicin. Our results suggest that hydrogen-bonding plays a critical role in the 

adsorption of doxorubicin onto serotonin surfaces. These results will guide future studies on 

the loading efficiencies of different classes of drugs based on intermolecular interactions at 

interfaces with nanoparticle surfaces. The investigation of molecular interactions of 

polyserotonin surfaces with drug molecules and serum proteins, in addition to 

characterizations of cancer therapeutic properties, together demonstrate that polyserotonin 

nanoparticles are a nanomaterial with potential for future clinical applications.

MATERIALS AND METHODS

Materials.

Gold films (100 nm) overlaying titanium (10 nm) on Si substrates (Au/Si) were purchased 

from Platypus Technologies (Madison, WI). Serotonin hydrochloride, dopamine (3,4-

dihydroxyphenylalanine) hydrochloride, doxorubicin hydrochloride, Tris-HCl, and KH2PO4 

and K2HPO4 (phosphate buffer components) were purchased from Sigma-Aldrich (St. 

Louis, MO). Dulbecco’s Modified Eagle Medium (DMEM) and Pierce bicinchoninic acid 

(BCA) Protein Assay Kits were purchased from Thermo Fisher Scientific Inc. (Canoga Park, 

CA). The mPEG-SH, MW 5kDa, was from Creative PEGWorks (Durham County, NC). 

Deionized water (~18 MΩ) was obtained from a Millipore water purifier (Billerica, MA).
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Young (18–25-year-old) healthy male subjects undergoing third molar extractions were 

selected for extraction of gingival and dental pulp tissues. All procedures involving human 

subjects were pre-approved by the UCLA Institutional Review Boards, Human Research 

Protection Program (IRB #BUA6510). Gingival mesenchymal stem cells and dental pulp 

stem cells were isolated and cultured according to published protocols.88,89 Human bone 

marrow mesenchymal stem cells were purchased from Lonza Inc. (Walkersville, MD). Flow 

cytometry (BD Biosciences, San Jose, CA) was used to determine the stem-cell surface 

markers STRO-1 and CD146. Cells from passage four were used in all experiments.

Nanoparticle Synthesis.

Serotonin hydrochloride (2 mg/mL) was incubated in phosphate buffer (0.70 mM KH2PO4, 

500 mM K2HPO4, pH 9.5) for 1–10 days to produce polyserotonin nanoparticles. For most 

experiments, polyserotonin nanoparticles were grown for five days. Polydopamine 

nanoparticles were synthesized via an oxidation and self-polymerization dispersion 

procedure.20,24,36 Briefly, dopamine hydrochloride was dissolved in Tris-HCl (10 mM, pH 

8.5) and the mixture was stirred in the dark for 16 h to polymerize dopamine at room 

temperature.

Characterization.

Absorbance measurements were performed using an Evolution 600 spectrophotometer 

(Thermo Fisher Scientific Inc.). Dynamic light scattering and zeta potential measurements 

were performed at pH 7.4 using a Zetasizer 3000HS (Malvern Instruments Ltd., 

Worcestershire, UK). Measurements were conducted in backscattering mode at an angle of 

173° for dilute polyserotonin nanoparticle suspensions in water at 37 °C.

Polyserotonin nanoparticles were centrifuged and washed three times in deionized water, 

drop-cast onto Au/Si substrates, and incubated overnight. Substrates were rinsed with 

deionized water and blown dry with nitrogen gas prior to imaging with a JSM-6700F field-

emission scanning electron microscope (JEOL USA Inc., Huntington Beach, CA) using a 3-

kV accelerating potential.

Particles were also imaged by atomic force microscopy using a Dimension Icon scanning 

probe microscope (Bruker, Billerica, MA). Nanoparticle topographies and mechanical 

properties simultaneously measured using the PeakForce Quantitative Nanomechanical 

Property Mapping (PeakForce QNM) mode. ScanAsyst-Air cantilevers (Bruker, spring 

constant = 0.4 ± 0.1 N/m) were used for all measurements. The peak-force set-point was 

chosen and adjusted automatically through the ScanAsyst® imaging mode.

An AXIS Ultra DLD X-ray photoelectron spectrometer (Kratos Analytical Inc., Chestnut 

Ridge, NY) was used for elemental surface analysis. This spectrometer uses a 

monochromatic Al Kr X-ray source with a 200-μm circular spot size and ultrahigh vacuum 

(10−9 Torr). Spectra were acquired at a pass energy of 160 eV for survey spectra and 20 eV 

for high-resolution spectra of C 1s, O 1s, and N 1s, regions using a 300-ms dwell time. For 

both scan types, 15 kV was applied with an emission of 10 mA. Three scans were performed 

for survey spectra and 10 scans for each of the high-resolution spectra.
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Protein Corona Characterization.

Protein corona experiments were performed as reported previously.90,67 Briefly, venous 

blood was obtained from ten healthy donors via the UCLA/CFA Virology Core Laboratory. 

Plasma was separated, and protein aggregates were removed by ultracentrifugation. 

Nanoparticles were incubated with human plasma under gentle shaking for 3 h, separated 

using ultracentrifugation at 20,000 g for 1 h, and then washed three times. Proteins were 

then eluted after dissolving nanoparticles by reducing the pH to 3.0 and shaking the solution 

for 30 min. Protein concentrations were assessed via micro-BCA protein assays.

Afterwards, proteins were digested following reported protocols.68 Quantitative analyses of 

protein samples were performed by LC-MS. A LTQ Orbitrap XL Mass Spectrometer 

(Thermo Fisher Scientific Inc.) coupled with an Eksigent NanoLC-2D high-performance 

liquid chromatograph and autosampler were used after 10-fold dilution of digested protein 

samples in 0.1% formic acid. The experimental details were as reported by Schöttler et al.67 

Mass spectra were collected over a m/z range of 300–2000 Da. All samples were analyzed in 

triplicate to quantify the amounts of each protein adsorbed on nanoparticle surfaces.

Cell Viability.

Standard MTT colorimetric assays were conducted using hBMMSCs, GMSCs, DPSCs, and 

a cervical cancer cell line, HeLa cells, to examine nanoparticle-induced cytotoxicity. To 

determine cell viability, cells were plated at densities of 10,000 cells per well in 96-well 

plates and incubated overnight at 37 °C in an incubator maintained at 5% CO2. Cells were 

then incubated with nanoparticles over a concentration range of 1–400 μg/mL. The culture 

medium was discarded after 24 or 72 h and cells were washed with PBS (pH 7.4) followed 

by incubation for 2 h with 100 μL of MTT solution in DMEM (500 μg/mL in phosphate 

buffer pH 7.4). The medium containing MTT was replaced with 150 μL of dimethyl 

sulphoxide in each well.

After shaking the plates for 10 min, the absorbance values of the wells were recorded with a 

microplate reader (Bio-Tek Synergy HT, Winooski, VT) at a wavelength of 570 nm. The 

control culture medium contained no nanoparticles. All measurements were performed at 

room temperature. The spectrophotometer was calibrated to zero absorbance using control 

culture medium containing no cells. The relative cell viability (%) related to the control 

wells was calculated as:

( A test / A control)  ×  100

where [A]test is the absorbance of the test sample and [A]control is the absorbance of the 

control sample.

In Vitro Drug Release.

To determine in vitro drug release profiles, lyophilized DOX-loaded polyserotonin 

nanoparticles (1 mg) were dispersed in 1 mL of PBS (pH 7.4). To investigate the loading 

efficiencies of DOX on the surfaces of polyserotonin nanoparticles, different w/w 
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concentrations of DOX were added to 1 mg/mL of nanoparticles. The solutions were placed 

in a 3500 Da MWCO dialysis cartridge (Thermo Scientific, Waltham, MA). Cartridges were 

then immersed in 1 L of PBS and gently shaken at 37 °C in a water bath. At predetermined 

intervals, buffered solutions were collected and replaced with equivalent volumes of fresh 

PBS. The DOX concentrations were measured by spectrophotometry at 430 nm.

Concentrations were evaluated over a linear concentration range. In this range, percent 

deviations from theoretical values were found to be less than 5% and coefficients of linearity 

were greater than 0.96 using DOX standards. The DOX concentrations were corrected for 

sampling effects according to the following equation:

Cn
1 = Cn[VT /(VT − VS)](Cn − 1

1/Cn − 1)

where Cn
l is the corrected concentration of the nth sample, Cn is the measured concentration 

of DOX in the nth sample, Cn-1 is the measured concentration of the (n-1)th sample, VT is the 

volume of receiver fluid, VS represents the volume of the sample drawn (1 mL), and Cn-1
l is 

the corrected concentration of the (n-1)th sample. Loading efficiencies of the nanoparticles 

were determined by applying the following equation:

DOX Loading efficiency = (DOX adsorbed to nanoparticles/initial amount of DOX) x 100%.

Photothermal Therapy.

A thermal imaging camera (FLIR Systems; Nashua, NH) was used to record near-infrared 

laser irradiation-induced increases in temperature (808 nm; 1.5 W·cm−2). For photothermal 

ablation of cancer cells, HeLa cells were seeded in tissue culture dishes at a density of 

40,000 cells/cm2 and were cultured for 24 h at 37 °C in an incubator maintained at 5% CO2 

until 80% cell confluence. Next, the medium was replaced with nanoparticle-containing 

medium (25–400 mg/ml). After incubation for 4 h, the cells were rinsed three times with 

PBS to remove free nanoparticles. Fresh medium was added and laser light at 808 nm, 1.5 

W·cm−2 with a 250-nm diameter spot-size was irradiated for 6 min. Cell viability was 

characterized using the MTT assay described above.

Statistics.

One-way analysis of variance followed by Tukey’s multiple group comparisons was used to 

compare the half maximal inhibitory concentrations for polyserotonin-based 

nanotherapeutics. Two-tailed unpaired Student’s t-tests were used to compare cell viabilities 

in the absence of polymeric nanoparticles vs. in the presence of maximum concentrations of 

nanoparticles. Statistics were computed using GraphPad Prism (GraphPad Software Inc., 

San Diego). All data are reported as means ± standard errors of the means with probabilities 

P<0.05 considered statistically significant.

Quantum Mechanics Computations.

To explore DOX affinity for polyserotonin nanoparticles, ab initio quantum mechanical 

computations employing density functional theorymethods were applied. The molecular 
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structures of DOX and serotonin are displayed in Scheme 1. As illustrated, a number of 

oxygenated and nitrogenous moieties are present in DOX and serotonin. Accordingly, to 

examine interactions between the functional groups of DOX and serotonin, five different 

starting DOX-serotonin clusters were constructed. These hybrid clusters were subjected to 

geometry optimizations based on DFT calculations. Within DFT computations, electronic 

exchange-correlation interactions were taken into account using two different levels of M06–

2X91 and B3LYP calculations, in conjunction with the 6–311G(d,p) basis function.92–94 

Lowest energy geometries were utilized to determine the partial atomic charges of DOX and 

serotonin, and their binding energies. The electrostatic potential (ESP) -based method, 

ChelpG, was adopted to analyze the partial charges of geometry-optimized DOX and 

serotonin for subsequent use in classical atomistic molecular dynamics simulations.95 All 

QM computations were carried out using the Gaussian 09 suite of programs.96

Construction of Serotonin Surfaces.

Besides first-principles QM computations, classical MD simulations were applied to 

examine DOX-polyserotonin affinities at larger scales. As the structure of polyserotonin is 

not known, in addition to serotonin, two different dimers (designated dimer-1 and dimer-2) 

and two different tetramers (tetramer-1 and tetramer-2), based on the serotonin structure 

were built to represent polyserotonin. The minimum energy structures of these dimers and 

tetramers resulting from DFT/B3LYP/6–311G(d,p) are shown in Scheme 1.

To construct surfaces of serotonin, serotonin dimers, and serotonin tetramers, their 

corresponding energy-minimized structures derived from QM calculations were utilized. 

First, a serotonin cell consisting of 100 serotonin molecules, two serotonin dimer cells each 

containing 50 dimers, and two amorphous cells for serotonin tetramers including 25 

serotonin tetramers were generated at a lower density of 0.5 g/cm3 using Materials Studio 

software.97 This lower initial density was used for cell construction to equilibrate the 

generated cells more efficiently. The energies of these five simulation cells were minimized 

using the Smart minimizer algorithm for 2000 steps and then subjected to NPT MD 

simulations performed for 250 ps at 1 atm and 300 K. Afterwards, a vacuum space of 

approximately 30 Å was placed above all equilibrated cells in a direction normal to the 

surface (defined as the z-axis).

Molecular Dynamics Simulations.

To conduct MD simulations, the DFT-optimized DOX geometry was first placed over all five 

simulation cells at larger distances from each surface. The cells containing serotonin-based 

adsorbent and DOX adsorbate are depicted in Supplementary Figure S8. Before MD 

simulations, the potential energies of these cells were minimized by applying the Smart 

minimizer algorithm for 2000 steps using an accuracy level of “medium”, in which 

convergence criteria were 0.001 kcal/mol for energy, 0.5 kcal/mol-Å for force, and 0.015 Å 

for displacement. Subsequently, MD simulations were executed on optimized cells in the 

NVT ensemble, where N is the number of particles in the system, V is the system volume, 

and T is the absolute temperature, for 300 ps at room temperature. Periodic boundary 

conditions (PBCs) were used in all three dimensions of the simulation cells. Both 
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optimization and dynamics simulations were carried out using the Forcite module, as 

available in Materials Studio software.97

The potential energy parameters required for the calculations of bonded and non-bonded 

interactions of DOX and serotonin (i.e., monomer, dimers, and tetramers) were taken from 

the condensed-phase optimized molecular potentials for atomistic simulation studies 

(COMPASS) force field.98,99 The ab initio force field in COMPASS provides accurate 

predictions of gas-phase and condensed-phase properties of a range of molecules. This force 

field has been applied in previous theoretical investigations of organic and inorganic 

systems.100,86,99 To describe the electrostatic interactions between serotonin and DOX, their 

partial atomic charges were adopted from QM computations based on the ChelpG scheme 

and subsequently used in MD simulations. During MD simulations, both van der Waals and 

electrostatic interactions were modeled by the Ewald summation scheme. The velocity 

Verlet method with a time step of 1 fs was applied for the integration of Newton’s equation 

of motion.101 To control the operational temperature at the desired value of 298 K, the 

Andersen thermostat was applied. Note that during both static and dynamics steps (i.e., 

optimization and MD simulation), no constraints were applied to the positions of DOX- and 

serotonin-based surface atoms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Schematic illustration of the synthesis of polyserotonin nanoparticles (not to scale). (b) 

UV-vis absorption spectra for aqueous solutions of serotonin incubated at either pH 6 or pH 

9.5 over 5 days with a photograph of cuvettes containing samples at each time point under 

basic conditions. (c) Scanning electron microscope images of polyserotonin nanoparticles 

after 5 days. (d) Average sizes of polyserotonin nanoparticles determined to be 440 nm via 
dynamic light scattering with a polydispersity index of 0.06 after 5 days. (e) Zeta potential 

of polyserotonin nanoparticles.
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Figure 2. 
Characterization of polyserotonin nanoparticles. (a) XPS spectra for the C 1s, O 1s, and N 1s 

peaks for serotonin incubated at acidic pH to prevent nanoparticle formation. (b) XPS 

spectra for the C 1s, O 1s, and N 1s peaks for serotonin incubated at basic pH to induce 

polymerization and nanoparticle formation. Fitted curves are labeled with the corresponding 

species. The dashed lines in the spectra represent the global envelopes corresponding to the 

sum of the Gaussian-Lorentzian peaks used to fit the spectra. (c) Atomic force microscopy 

images of serotonin nanoparticles showing height, adhesion, and deformation.
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Figure 3. 
Protein corona measurements. (a) Schematic of presumptive interactions with plasma 

proteins and polyserotonin nanoparticles. (b) Heat map of the adsorbed proteins on 

polydopamine (PDA), polyserotonin (PST), PEGylated PDA, and PEGylated PST 

nanoparticles, evaluated by proteomic mass spectrometry and ordered based on abundances. 

Averages from triplicate measurements are reported in femtomoles. Percentages of identified 

proteins are grouped according to biological class.
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Figure 4. 
Viability of human dental pulp stem cells (DPSCs), gingival-derived mesenchymal stem 

cells (GMSCs), and human bone-marrow mesenchymal stem cells, (hBMMSCs) after 

incubation with different concentrations of polyserotonin nanoparticles for 24 h (left) or 72 h 

(right). Comparing the viability of stem cells alone with cells incubated with the highest 

concentration of polyserotonin nanoparticles (400 μg/mL) for 72 h, mean viability was 

statistically lower only for GMSCs [t(4)=4.074; P<0.05]. Changes in viability for the DPSCs 

and hBMMSCs were not statistically significant.
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Figure 5. 
(a) In vitro heat generation in Dulbecco’s Modified Eagle medium (DMEM) suspensions 

containing various concentrations of polyserotonin nanoparticles after NIR-irradiation (808 

nm laser; 3 W·cm−2; 10 min). (b) Temperature changes (ΔT) after 10 min for various 

concentrations of polyserotonin nanoparticles after NIR-irradiation. (c) Loading efficiencies 

of doxorubicin (DOX) on the surfaces of polyserotonin nanoparticles at different drug/

nanoparticle ratios relative to 1 mg/mL nanoparticle concentrations. (d) Cumulative in vitro 
release profiles of DOX from polyserotonin-based nanoparticles in PBS at different pH 

values mimicking tumor microenvironments (pH 6.5) and intracellular endosomal 

environments (pH 5.5). (e) 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) cell viability assay of HeLa cells after 24 h exposures to DOX-loaded (2:1 ratio) vs. 

unloaded polyserotonin nanoparticles as a function of particle concentration at 37 °C. HeLa 
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cell viability for free DOX is shown for reference (dashed line). The combined effects of 

laser exposure and DOX treatment (DOX-loaded nanoparticles + laser exposure) on the 

viability of HeLa cells are also shown. (f) Estimated half maximal inhibitory concentrations 

(IC50) for polyserotonin-based nanotherapeutics. Error bars are standard errors of the means 

(N=3). Group means were significantly different [F(2,6)=719; P<0.001]; ***P<0.001 vs. 

laser or DOX+laser treatment; †††P<0.001 vs. laser or DOX treatment.
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Figure 6. 
Investigation of molecular interactions between serotonin-based clusters and the drug 

molecule, doxorubicin (DOX). (a) The DFT M06–2X/6–311G(d,p) optimized geometries of 

different DOX-serotonin clusters. The hydrogen bonds are shown as green dashed lines and 

their lengths are in Ångstroms. The computed binding energies are in kcal/mol. The data in 

parentheses indicate the binding energies derived from the DFT/B3LYP/6–311G(d,p) theory 

level. (b) Side views of final snapshots of a DOX molecule on the surface of monomeric 

serotonin or two dimers or tetramers were obtained from molecular dynamics simulations. 

The DOX molecule is displayed in CPK style. The hydrogen-bonding interactions of 

surface-bound DOX with serotonin molecules are shown as green dashed lines. Radial 

distribution functions of oxygen atoms in DOX with (c) oxygen and (d) nitrogen atoms in 

monomeric, dimeric, or tetrameric serotonin.

Nakatsuka et al. Page 28

ACS Nano. Author manuscript; available in PMC 2018 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
The B3LYP/6–311G(d,p) optimized geometries of doxorubicin (DOX), serotonin, and the 

constructed serotonin dimers and tetramers selected for theoretical QM calculations and MD 

simulations. The atomic color code is: carbon gray, oxygen red, hydrogen white, and 

nitrogen blue.
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