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Abstract: 

Background: With recent findings revealing significant micro and nanoplastic (MNPL) concentrations in human blood samples, MNPLs have 

emerged as a topic of pertinence due to their cytotoxicity. In various gastrointestinal and pulmonary cells, polystyrene microbeads have been 

evidenced to prompt membrane depolarization and trigger cellular apoptosis, with adversariality varying by MNPL concentration, size of 

plastic, and presence of surface modifications. Surface modifications in particular, such as amination (R-NH2), have been qualitatively observed 

to enhance cellular uptake and thereby toxicity in gastrointestinal cells, while modifications such as carboxylation (R-COOH) impede uptake. 

However, few computational models address the effects on uptake and likelihood of surface modifications in different plastics.  

Objective: This paper utilizes Frontier Molecular Orbital Theory to predict likely reactions between plastic types and common reagents. 

Examining HOMO-LUMO gaps can help ascertain polymer reactivity and thereby provide insights into polymer potency.  

Methods: The Gaussian software with the B3LYP functional was used to make HOMO-LUMO approximations with a 6-31G(d) basis set. 

Next, the IBM RXN for Chemistry tool was employed to sequence plausible reaction pathways for organic synthesis. Finally, a NetLogo 

Henderson-Hasselbach transmembrane migration model was used to confirm the effects of carboxylation and amination on membrane 

penetration of nanopolymers. pKa values for drug migration were modeled in Gaussian using the M06 suite of functionals with a more accurate 

6-311+G(2d,p) basis set solvated in water. 

Results: Among 9 plastic types, ethylene propylene diene and polypropylene polymers were the most reactive and likely to acquire surface 

modifications. Next, to examine reaction plausibility, retrosynthetic simulations with certain parameters revealed over 30 plausible sequences 

for each type of carboxyl and amine functionalization for polypropylene and only 1 plausible sequence for each modification of ethylene 

propylene diene. Finally, to validate the qualitative findings regarding uptake, transmembrane motion of polypropylene with different 

functionalizations was modeled using the computationally determined polypropylene pKa values–9.9 and 45.6 for carboxylated and aminated 

polypropylene, respectively–and the Henderson-Hasselbach drug migration model. This model confirmed that carboxylation impedes cellular 

uptake while amination enhances uptake in various gastrointestinal environments, ranging in pH from 5.7 to 7.4.  
 
Keywords: Frontier Molecular Orbital Theory; Nanoplastics and cellular uptake; Plastics and surface modifications;  Computational Chemistry. 
 

1. INTRODUCTION 

Overview of Plastic Production and Prevalence 

Plastics are long polymer chains derived from hydrocarbon 

mixtures such as crude oil (1). These mixtures are separated 

into their components via fractional distillation, with plastic 

progenitors like ethane and propane possessing lower boiling 

points of -89 °C and -42 °C respectively (2). The 

aforementioned components then undergo cracking to form 

plastic monomers like ethylene and propylene, which are 

conjoined via processes like addition polymerization or 

condensation polymerization to long-chain polymers (3). 

These synthetic chains are later combined with various 

additives like phthalates, flame retardants, and BPA to 

enhance favorable characteristics like flexibility, resistance to 

combustion, and durability (3). Plastics have a high strength-

to-weight ratio, making them useful across industries: as 
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drippers and nozzles in irrigation systems, packaging for 

consumer and edible goods, piping and insulation in buildings, 

single-use medical packaging, and in automotives to make cars 

lighter (4). To allow for such versatility in utilization, multiple 

plastic types exist for different purposes, such as Polyethylene 

(PE), Polyethylene Terephthalate (PET), Polyvinyl Chloride 

(PVC), Polypropylene (PP), and Polystyrene (PS) to name a 

few. With a global market size of over $624.16 billion (as 

estimated in 2023), plastics are particularly prevalent in 

modern society with an established niche encompassing 

industries (4). However, with this utility comes a physiological 

cost. Recently published medical literature highlights the 

potential drawbacks that accompany widespread adoption of 

plastics; the primary issue presents in smaller plastics referred 

to as micro or nanoplastics that are proliferating into human 

systems.  

 

Emergence of Micro and Nanoplastics (MNPLs) in the 

Environment 

Nanoplastics are defined as plastic particles ranging from 1 

nanometer (nm) in diameter to 100 nm (5). Their larger 

counterparts, microplastics, are not rigidly defined in terms of 

diameter, but it is generally accepted that microplastics are 

plastic particles with diameters ranging from 1 micrometer to 

5 millimeters (5). Primary micro and nanoplastics (MNPLs) 

are those produced for intentional use, typically in cosmetic 

exfoliants, nurdles that are manufactured into larger products 

at facilities, microfibers in clothes, and drug delivery systems 

(6). However, as revealed by an examination of water bodies 

surrounding Europe, intentionally produced MNPLs comprise 

a minority of those polluting aquatic systems (7). The majority 

at hand here are secondary MNPLs–unintentionally produced 

micro or nanoplastics that are the result of plastic degradation 

(7). Larger plastics exposed to physical wear and tear, wind 

erosion, extended periods of UV radiation, certain 

microorganisms, or oxidative chemicals can all contribute to 

the production of secondary MNPLs (6).  

 

MNPL Exposure in Humans 

Recent findings reveal that not only are these MNPLs polluting 

ecosystems but significant micro and nanoplastic 

concentrations have been detected in human blood–a study on 

blood donors estimates this figure as between 1.84-4.65 

micrograms of plastic/mL of blood collected (6). The most 

common types of plastics found in this study were 

polyethylene (32% of plastic in a given blood sample), 

ethylene propylene diene (14%), and ethylene vinyl acetate 

(12%) (6). However, qualitative findings regarding MNPLs 

have only focused on polystyrene (micro)beads functionalized 

with various groups, even though polystyrene proliferation is 

only one of the problematic polymer types. Though difficult to 

accurately determine, data has been collected to estimate the 

sources from which humans are ingesting microplastics. The 

following image is taken from one such study coalescing 

reliable data to make novel predictions:  

MNPLs and Cellular Toxicity 

Such data reveals that significant MNPL exposure is a 

byproduct of excessive plastic use and disposal, and, so, the 

adversariality of MNPL exposure to human health has 

emerged as a pertinent issue to address. Reviews authored by 

Dr. Banerjee and Dr. Shelver examine the mechanisms of 

cytotoxicity elicited by microplastics along with other factors 

that either exacerbate toxicity or impede MNPL associated 

damages.  

(5) p/g represents particles per gram.  

 

As expected, the dosage required for cytotoxic effects to 

manifest depends significantly on factors like the type of cell 

examined, size of plastics, presence of surface modifications, 

exposure time, with cytotoxic thresholds varying from a few 

micrograms of plastic/mL of blood to a few hundred 

micrograms/mL for polystyrene microbeads. The mechanism 

of cytotoxicity, prompted by membrane disruption caused by 

polystyrene exposure and eventually leading to the activation 

of a caspase transduction pathway for cellular apoptosis, is 

best illustrated by the following graphic and description from 

the Banerjee and Shelver review.  

 

(8) 
 

Research Questions and Study Objectives 

 One persistent theme throughout current experimentally 

derived literature is that certain surface modifications, such as 

carboxyl (COOH) or amine (NH2) functionalizations, 

significantly affect uptake of microplastics into cell 

membranes, as observed qualitatively in gastrointestinal 

environments (ranging in pH from 5.7 to 7.4–see Materials 

and Methods) (8). However, there are few computational 

models to describe the characteristics of reactions involving 

microplastics, product stabilities, and cellular uptake. The 

following research questions highlight the objectives of the 

paper: Which plastic types are the most reactive and likely to 

acquire surface modifications? What are the mechanisms of 

these "most likely” reactions, and are they plausible in real 

conditions with restricted compound availability and 
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environmental conditions? How do these surface 

modifications affect cellular uptake in gastrointestinal 

environments as modeled computationally? 

 The approach presented in this paper involves the utilization 

of computational chemistry tools such as Gaussian to employ 

Frontier Orbital Molecular Orbital Theory (FMOT) and 

predict likely reactions between plastics and various functional 

group containing molecules. FMOT focuses particularly on 

HOMO-LUMO interactions between and within molecules. In 

this context, HOMO and LUMO are acronyms for “Highest 

Occupied Molecular Orbital” and “Lowest Occupied 

Molecular Orbital” respectively.  A smaller gap in the energy 

of electrons in the HOMO of one molecule and electrons in the 

LUMO of another indicates higher reaction favorability (9). 

Additionally, a smaller gap in the energy of electrons in the 

HOMO and LUMO of the same molecule indicates lower 

stability and higher reactivity (9).  

 
(10) 
The project also addressed practical plausibility of 

microplastic functionalization through AI aided simulations 

taking certain constraints into account. Finally, the Henderson-

Hasselbach equation was used to model transmembrane 

movement of functionalized microplastics in different 

gastrointestinal environments.  

(11) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Henderson-Hasselbach equation relates the pH of an 

environment to the pKa (-log base 10 of the acid dissociation 

constant of a given species) of the primary reacting species, 

taking into consideration the concentrations of the protonated 

and deprotonated forms of the species present.  

 

2.  METHODS 

HOMO and LUMO energies of respective molecules and 

electrostatic potential maps displaying regional electron 

densities were obtained using the Gaussian tool for chemistry, 

which makes use of Gaussian functions to make 

approximations including energy of electron correlation, 

kinetic energy, and potential energy. For this part of the 

project, the B3LYP functional was used to make the 

aforementioned approximations with a 6-31G(d) basis set (6: 

six Gaussian functions to describe the core (inner) electrons. 

3: three Gaussian functions to describe the inner part of the 

valence electrons. 1: one Gaussian function to describe the 

outer part of the valence electrons). These settings were used 

to make calculations relating to Molecular Orbitals and 

balance computational efficiency and accuracy. HOMO-

LUMO approximations in hartrees (au) were performed for the 

following problematic plastic types and common 

functionalization species (with common species and their 

structures obtained from various papers and manually modeled 

in Gaussian): Styrene (monomer), Ethylene (monomer), 

Propylene (monomer) Polystyrene (3 units), Polyethylene (3 

units), Polypropylene (3 units), Ethylene propylene diene (3 

units), Ethylene vinyl acetate (3 units), Polyethylene 

terephthalate (3 units), Sodium Lauryl Sulfate, Vitamin E 

(TPGS), 4-(N-methyltetrahydropyrimidine)benzyl alcohol 

(amidine containing), N- (Bromomethyl)phthalimide (amine 

containing), Acrylic acid (carboxyl containing), Succinic acid 

(carboxyl containing), Amidine, Amine, Carboxyl, and 

Hydroxyl (13,14,15,16,17,18). Polymer lengths were limited 

to 3 subunits in order to preserve computational efficiency.  
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Next, to algorithmically sort inter and intramolecular HOMO-

LUMO gaps (HOMO energy - LUMO energy), Mathematica 

was used to organize and sort the data into a table following a 

recursive sorting algorithm that determined the likelihood of 

every reaction possible with the aforementioned molecules for 

which the HOMO-LUMO energies (in hartrees) were 

obtained.  

 
Once the most reactive polymers, ethylene propylene diene 

and polypropylene, were determined the IBM RXN for 

Chemistry tool was utilized to develop retrosynthetic routes 

for the production of functionalized MNPLs. Computational 

efficiency was compromised to produce an exhaustive list of 

retrosynthetic pathways, including those constrained to 

starting with common reagents like acrylic acid and succinic 

acid for carboxylation, N-(Bromomethyl)phthalimide for 

amination, and 4-(N-methyltetrahydropyrimidine) benzyl 

alcohol for amidine functionalization. Additional constraints 

like temperature limits of 350 Kelvin and synthesis of 

significant amounts of the target molecule were also employed 

(minimum of 500 milligrams). Due to the reduced 

computational efficiency, only the two most problematic 

plastic polymers were analyzed for these routes.  

Finally, to validate the claim of researchers regarding 

increased transmembrane migration of aminated MNPLs in 

gastrointestinal cells and reduced migration of carboxylated 

plastics, a NetLogo Drug Migration Model was used. The 

model relied on the Henderson-Hasselbach equation to make 

predictions regarding drug permeation.  

  The settings used in this context of gastrointestinal cells, 

included a surrounding pH of 6, 7.4, 5.7, and 6.7 to simulate 

the duodenum, terminal ileum, caecum, and rectum 

respectively and computational pKa determination of plastics 

from Gaussian using the change in Gibbs free energy of 

dissociation, which was done using the M06 suite of 

functionals with a more accurate 6-311+G(2d,p) basis set 

solvated in water to perform calculations involving vibrational 

frequencies (“Optimize + Vib Freq”) (19).  

Only the pH extrema were tested (pH = 5.7 and pH = 7.4) to 

derive conclusions for each type of functionalization on 

polypropylene (only one type of plastic tested to preserve 

efficiency in pKa determination). The fundamental equation of 

relevance used here was as follows: 

 

 

 

 

 

 

         (20) 
G = Gibbs free energy (joules) 

R = universal gas constant (8.314 joules * kelvins-1 * mol-1)  

T = temperature in Kelvin 

K = equilibrium constant for the given reaction.  

 

Obtained Gibbs free energy values from Gaussian: 

 

 
 
 Per the above data, the pKa’s (negative logarithm with base 

10 of the equilibrium constant above) of carboxylated and 

aminated polypropylene (3 units) were computationally 

calculated as 9.921 and 45.610 respectively. These 

calculations were made with respect to a human body 

temperature of 310.15 Kelvin, a conversion factor of 1 hartree 

to 4.35974 x 10-18 joules, and a water dissociation constant of 

2.24 x 10-14 at this temperature (21). 

3. RESULTS 

The Figures that follow display the results obtained using the 

methodology detailed above. The following results display the 

reaction likelihoods of plastics and different reagents via an 

FMOT analysis, the plausibility of the most reactive plastics 

acquiring modifications through the simulation of different 

organic syntheses, and finally the effect of carboxylation and 

amination on the most reactive and potent plastic found: 

polypropylene.  

 

 
 

Figure 1 - 40 plausible sequences for polypropylene 

amination, 30 for carboxylation, 1 plausible sequence for 

ethylene propylene diene (EPD) amination and carboxylation 

with constraints detailed in Materials and Methods. The IBM 

RXN for Chemistry tool interface was used to produce these 

results.  
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Figure 2 - Reaction likelihoods between common plastic types (monomer and polymer forms included) and common 

reagents/functional groups obtained from various papers (in Materials and Methods). The most likely reactions are at the top of the 

table with the smallest intermolecular HOMO-LUMO gaps (rightmost column), per data from Gaussian with parameters detailed 

in Materials and Methods. The data displayed in Mathematica represents some of  the most likely reactions from 301 simulated 

reactions between common plastics and reagents/functional groups.  
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Figure 3 - Example of high confidence polypropylene 

amination sequence (steps in reverse order). 

 

 
 
Figure 4 - Example of high confidence polypropylene 

carboxylation sequence (steps in reverse order). 
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Figure 5 - Low confidence ethylene propylene diene 

amination and carboxylation sequences. 

 

 
Figure 6 - Carboxylated polypropylene (pKa = 9.921, 

COOH–pKa determined computationally in Materials and 

Methods) does not permeate through the cell membrane in its 

ionized form at either gastrointestinal pH extrema (5.7 left 

and 7.4 right). Model only allows for pKa tuning by intervals 

of 0.4. Uses Henderson-Hasselbach equation. 

 

 
Figure 7 - Superior membrane permeation by aminated 

polypropylene (pKa = 45.610, NH2) at both gastrointestinal 

extrema (5.7 left and 7.4 right).  

 

4. DISCUSSION 

The data table displaying reaction likelihoods (Figure 2) per 

the principles of FMOT reveals that plastic polymers like 

ethylene propylene diene and polypropylene are particularly 

problematic in terms of their reactivity with common 

functionalization species and groups, followed by 

polyethylene terephthalate and ethylene vinyl acetate. 

Additionally, these two polymers (polypropylene and ethylene 

propylene diene) have small intramolecular HOMO-LUMO 

gaps, which is indicative of their increased reactivity (<1.30) 

(9). This finding is particularly concerning given the 

significant concentrations of ethylene propylene diene found 

in donor blood samples (see Introduction). Additionally, 

because both plastic monomers and their polymers exhibited 

similar relative trends, it may be assumed that the results 

shown in the data table relatively sorting reaction likelihoods 

can be used as valid relative approximations for larger plastic 

polymers (larger than 3 subunits).  

The simulated retrosynthetic routes (Figure 1) reveal the 

plausibility of MNPL functionalization. Each type of 

functionalization, carboxyl and amine, produced at least thirty 

retrosynthetic routes for polypropylene with the given 

constraints detailed in Materials and Methods, making the 

finding particularly problematic. However, the same 

functionalizations were more difficult to induce in ethylene 

propylene diene, with one plausible pathway for each type of 

functionalization. Yet, it is pertinent to note that even the 

intermediates within these reactions significantly alter the 

dipole moment of these plastics, thereby increasing the 

potential for membrane disruption; even if complete 

functionalization does not occur, any reactions can increase 

uptake and toxicity, therefore ethylene propylene diene 

proliferation is still a cause for concern. For instance, partially 

(positive) charged poles of plastics produced from these given 

“intermediary” reactions can better diffuse across a cellular 

membrane per the findings regarding charge uptake (8). This 
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behavior can be attributed to the partial negative charge of the 

outward facing phosphate head in the phospholipid membrane 

(cell membrane) attracting cationic particles and subsequently 

prompting membrane depolarization. For instance, the 

following figures display the predicted effect on charge based 

uptake with two modified plastic types, (ionized) aminated 

polypropylene and an arbitrarily selected second step 

intermediate within a high-confidence retrosynthetic pathway 

for amine functionalization of polypropylene (to preserve 

computational efficiency).  

 

 
 

 
Figure 8 - A phospholipid has a significant dipole moment 

(blue arrow), with the electron-rich phosphate head (region in 

red) facing out towards foreign substances entering the cell, 

such as MNPLs. 

 

 
Figure 9 - Polypropylene has almost no dipole moment (blue 

arrow length), electron distribution is even throughout the 

molecule–no particular sites of attraction or repulsion with a 

phospholipid molecule.  

 

 
Figure 10 - (+ Ionized) Aminated Polypropylene has a 

significant dipole moment. The electron poor amine groups 

(blue region) would be attracted to the phosphate head in the 

phospholipid, hence cationic charges, partial or complete, 

enhance cellular uptake and prompt membrane 

depolarization–a trend mentioned in the Banerjee and Shelver 

review.  

 

 
 

 
Figure 11 - Even an arbitrary second step intermediate in 

amine functionalization acquires a significant dipole moment 

with electron deficient regions that would aid in uptake.  
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 The images above reveal that the outward facing phosphate 

head of the phospholipid has a partial negative charge (long 

arrow and electron rich red zone) that would attract the 

electron deficient regions in molecules with partial or 

complete cationic charges, such as ionized aminated 

polypropylene. Any reactions that alter electron distribution 

and induce significant electron deficient regions (exemplified 

best with cationic molecules) within a plastic can thereby 

enhance charge-based uptake. Conversely, using the same 

reasoning, anionic molecules would impede charge-based 

uptake; for instance, (ionized) carboxylated polypropylene.  

 

 
Figure 12 - (-) Carboxylated polypropylene’s electron rich 

functional site would impede charge-based uptake. 

 

Finally, the findings from the NetLogo drug migration model 

(Figures 6 & 7) validate the qualitative observations made by 

the researchers in the Banerjee and Shelver review (8). Per the 

computationally calculated pKa of 9.921 for carboxylated 

polypropylene, the plastic in question did not permeate 

through the cell membrane in its ionized form within different 

gastrointestinal environments detailed in Materials and 

Methods (duodenum, terminal ileum, caecum, and rectum), 

thereby validating the researchers’ qualitative observations 

(8). Conversely, per the computationally calculated pKa of 

45.610 for aminated polypropylene, the modified plastics 

easily permeated through the cell in gastrointestinal 

environments as predicted.     

Certain alterations in the experiments mentioned above can 

make the findings more conclusive. Particularly, since MNPL 

polymers are molecules containing tens of thousands of 

monomer subunits, increasing the number of subunits (from 

the 3 unit structures used in this experiment) used in the pKa 

and HOMO-LUMO energy determinations would 

significantly improve the validity of the aforementioned 

procedures. Additionally, using a more accurate basis set with 

a more comprehensive set of theory functionals would also 

yield better results for the pKa and HOMO-LUMO energy 

values. For instance, though the pKa of ammonium is 9.25, the 

settings and calculations used in Materials and Methods 

approximate this value to be 36.26 (12). Though this is a 

significant difference, it is arduous to efficiently ascertain 

electron correlation energies in bigger molecules; however, 

this task can be hastened with increased computing power. 

Additionally, if an exhaustive list of chemicals that interact 

with the typical polypropylene/ethylene propylene diene 

molecule can be obtained, then instead of computing 

theoretical retrosynthetic routes, likely syntheses could be 

modeled using the same computing tool (IBM RXN for 

Chemistry).  

 

5. CONCLUSION 

Even though improvements can be made in the detailed 

procedure to assert conclusivity of functionalization 

plausibility and behaviors, the trends ascertained in this study–

for instance, the reactivity of ethylene propylene diene and 

polypropylene along with plausible functionalization for the 

latter–should be cause for concern as MNPLs continue 

proliferating through different natural and industrial 

environments and coming in contact with various chemicals in 

these spaces. Particularly, special attention should be given to 

highly reactive plastic types, which is currently not the case in 

literature that tends to focus on behaviors exhibited by 

polystyrene microbeads. This study has revealed how even 

intermediate chemical species in the numerous 

functionalization pathways can alter polymer dipoles to favor 

charge-based plastic uptake, along with validating qualitative 

observations regarding increased uptake of aminated plastics 

and decreased uptake of carboxylated plastics. It should also 

be noted that there are many more functionalizations that were 

not explored in this paper that could similarly enhance uptake 

and increase plastic toxicity.  
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