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The goal is the rapid removal of a hydrophobic drug from the bloodstream in cases of 

overdose. This can be accomplished with molecularly imprinted polymer (MIP) nanoparticles 

(NPs). The nanoparticles are made from a mixture of vinyl monomers, solvent, a photoinitiator, 

surfactant, and drug. The reaction is carried out as a miniemulsion polymerization, under 

continuous stirring, and UVA illumination. The size of the nanoparticles are determined by 

Dynamic Light Scattering. Drug reuptake studies by UV spectroscopy are performed with a 

phosphate buffered saline (PBS) solution that mimics blood plasma and contains drug 

hydrochloride salt. The nanoparticles demonstrate high binding affinity for the drug that they 

were made with, as evidenced by significant loss of drug from the supernatant after pelletizing 

the nanoparticles by centrifugation. This gives high partition coefficient values, or Kp, in excess 

of 10,000 in some batches. 
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CHAPTER 1 
INTRODUCTION 

1.1 Background 

Drug overdoses occur intentionally or accidentally, even when the drug(s) is administered 

by medical personnel under controlled conditions. Administration of multiple drugs at one time 

can cause complex drug interactions to occur that can’t be fully anticipated beforehand. Certain 

drugs also have a narrow therapeutic index, (NTI), where the normal dose used is not that much 

less than a dose that can cause toxic symptoms. In Canada, a drug is defined as being an NTI 

drug if the ratio of toxic dose to useful dose is less than or equal to 2:1 (1). The tricyclic 

antidepressants (TCA) are a category of drug that in general is known to have a narrow 

therapeutic range. (2)  The narrow therapeutic range pharmaceuticals studied here are:                                                                                                     

                                                               

AMI: Amitriptyline, tricyclic antidepressant 

 

                                                               

BUPI: Bupivacaine, local anesthetic 

 
Figure 1-1. Drug structures in flat 2D, “bent 2D”, 3D, drug function, and drug properties. 
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The cause of death in cases of overdose with either drug is cardiac malfunction by 

disruption of the trans-membrane conduction of sodium ions. (3, 4) Molecularly imprinted 

polymer (MIP) nanoparticles (NPs) are a potential drug overdose treatment that works by virtue 

of selective re-absorption of the drug when used as an intravenous agent.  

The chemical properties listed in figure 1.1, along with the drug conformations, are from 

the DrugBank, and are worthy of some elaboration. The 3D models were rendered with 

QuteMol. Both drugs are basic, as indicated by their pKa’s, due to the presence of a tertiary alkyl 

amine group. The octanol-water partition coefficients show that the drugs are hydrophobic, due 

largely to the presence of an aromatic ring, or two, but partition coefficients are determined for 

the neutral form of the compound. The fore-mentioned basicity leads both drugs to being almost 

entirely protonated at the physiological pH of 7.4. The ionic forms of the compounds have 

greatly increased water solubilities.  

The mention of protein binding is to bring up the issue of one form of drug interaction 

where drug molecules compete with one another for protein binding. In common multidrug 

therapies this needs to be a consideration. Protein binding of drugs is often in excess of 90% of 

the amount given, so much larger doses of drugs are administered to allow enough of it to remain 

free to find its intended target. A drug that is a better competitor for protein binding can cause an 

overdose event of a weaker protein binding drug when co-administered with it. In the case of 

hydrophobic cations, the plasma protein to which they become most likely bound is Alpha-1-

Acid Glycoprotein, where the binding involves ion pairing among other intermolecular 

interactions as well. 
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1.2 Present Methods for Drug Detoxification 

Current methods to treat drug overdose focus on stabilizing the vital signs of the patient, 

often by administration of additional drugs. A better approach is to remove the particular drug or 

drugs that are causing the problem. Some current approaches to drug re-absorption include the 

use of soybean oil emulsions, in the form of a product called Intralipid, core-shell nanoparticles 

with an oil core and a silica shell, as well as liposomes. (5-16) The key advantage molecularly 

imprinted polymer nanoparticles have over these other methods of drug re-absorption is 

selectivity. 

1.3 Molecular Imprinting of Polymers 

The goal of molecular imprinting is to create a material composed of macromolecules 

that have specific sites where a smaller molecule sticks to it by as many as possible 

intermolecular interactions, a concept similar to enzymatic binding. (17) Imprinting refers to the 

fact that the larger molecule is made in the presence of the smaller molecule (the template), with 

the interactions in place, organizing the construction of the larger molecule. (18) Vinyl 

monomers are well suited as building blocks with which to perform accurate imprinting 

polymerizations. In essence, molecularly imprinted polymers are molds, cast around molecules. 

(19) The liquid monomer is cured with the molecule to be imprinted upon in solution. 

 The proper positioning and orientation of the monomers and their side chains, the 

“functional” part of the monomer, in the polymer network occurs because the template is present 

during polymerization. The intermolecular interactions that are present prior to polymerization 

ideally should cause the monomers to be in the right place at the right time when the 

polymerization reaction locks them into place in the polymer network. This is the definition of 

templating or imprinting, as the terms are used interchangeably.  
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The polymer formed retains a structure that, when the imprinting molecule is removed by 

solvent washes, a pore is left behind that has a specific steric and electrostatic surface which 

selectively rebinds the template if the polymer is re-exposed to the template and it diffuses in. 

The polymer must be highly crosslinked to retain a rigid pore structure. When there is more than 

one functional group on the templating molecule with which to interact with functional 

monomers, a higher degree of reuptake binding strength and specificity can be created.  

                 

Figure 1-2. Amitriptyline in a Molecularly Imprinted Polymer (MIP) nanoparticle made with 
styrene and a carboxylate monomer. 

 

  

Figure 1-3. Reuptake equilibrium of a tridentate reuptake site (3 types of monomer). 
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1.4 Non Covalent Molecular Imprinting with Emulsion Polymerizations 

The sub-category of imprinting technique used here is the non covalent approach, which 

has more widespread applicability. (20, 21) In its case, the template induces some pre-

organization of monomer molecules by intermolecular interactions, rather than covalent bonds to 

monomer. If this organization remains intact through the polymerization step, a specific pore is 

created. Therefore, these interactions should be as strong as possible and the conditions of the 

polymerization should be as mild as possible, that is the lower the temperature the better. This 

requirement leads to the use of photo-initiation rather than thermal initiation of the 

polymerization reaction. (22, 23) Covalent molecular imprinting, while usually more precise, is 

limited to covalent bonds that can be cleaved without the use of forcing conditions, during the 

template washout procedure, to minimize the degradation of the polymer network. This bond 

type limitation greatly narrows down the types of monomers and template molecules that can be 

used. 

 The reason for doing the polymerization reaction as an oil-in-water emulsion 

polymerization is to create a water dispersible, submicron colloid suspension, or latex, from the 

outset, i.e.: nanoparticles. (24, 25) Bulk polymerizations require wasteful grinding and sifting 

steps, resulting in irregularly shaped particles that are often >10 um in diameter. (26, 27) Other 

methods of making molecularly imprinted polymer particles, which are usually microparticles, 

include dispersion, precipitation, and suspension polymerizations. (28, 29) This has been tried 

using perfluorocarbons as the dispersing phase instead of water so as not to compete with 

hydrogen bonding interactions. (30, 31) The presence of water also obligates the polymerization 

mechanism to be by radicals, rather than ionic polymerizations of the vinyl groups, but this is 

standard for most MIP research. The goal of this study is to optimize the reaction mixture and 
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reaction conditions for the production of the most effective drug scavenging nanoparticles made 

by emulsion polymerizations with the noncovalent templating approach. 

1.5 Prior Work of Dr. Thomas Joncheray 

 This project was originally developed by UF Alumni Dr. Thomas Joncheray  

(grad Dec ’06) with support from the NSF ERC for Particle Science and Engineering,  

the NSF REU program, and the DOE-BES. Only the parameters that were significantly  

changed are mentioned here. The polymerization mixture originally utilized  

methacrylic acid in a 4:1 molar ratio with the drug template. The surfactant used was 

dodecyltrimethylammonium bromide. The porogenic solvent was ethyl butyrate and AIBN was 

the free radical thermal initiator. The reaction was done at 80 ºC for 20 hrs. The drug template 

removal step was done by multiple washes with THF. The highest partition coefficient (Kp) 

values obtained during reuptake experiments was 2700 for amitriptyline and 190 for 

bupivacaine. (32) The following section illustrates changes to the experimental protocol 

developed by Dr. Thomas Joncheray that were made in an attempt to increase the ability of the 

nanoparticles to more tightly (higher Kp) and selectively bind the pharmaceutical compounds 

from a saline drug solution.  
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CHAPTER 2 
MOLECULARLY IMPRINTED POLYMER NANOPARTICLE SYNTHESIS 

2.1 Reaction Mixture Components  

2.1.1 Vinyl Monomer Mixture 
 

 

 

Figure 2-1. Ethylene Glycol Dimethacrylate 

2.1.1.1  Ethylene Glycol Dimethacrylate as Crosslinking Agent 

The polymer network is still mostly composed of ethylene glycol dimethacrylate 

(EGDMA) as crosslinker, This commonly used monomer fulfills the properties required of 

molecular imprinting of typical pharmaceutical compounds in terms of size, polarity, stiffness, 

reactivity, biocompatibility, etc. (33) It doesn’t interact with template molecules in any specific 

way, but merely forms the bulk of the polymer network, “a 3D fishnet”. 

2.1.1.2 Carboxylic Acid Methacrylates for Ion Pairing with Drug Cation 

 

 

 
 

Figure 2-2. Ion Pair 

 This category of co-monomer is chosen from one of seven products donated by Esstech 

Inc., from their dental adhesive monomer line of products. Methacrylic acid (MAA) is a widely 

used monomer in MIP studies for ion pairing with a template molecule that is cationic. (34, 35) 

Ion pairing is among the strongest intermolecular interactions, but weakened by the presence of 

water, from which it is hard to completely desolvate from, as ions tend to carry some waters of 

hydration even after diffusing into nonpolar environments. A 25% molar excess is used. 
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The reason for replacing methacrylic acid with a higher molecular weight monomer in 

the reaction mixture is due to its high water solubility. This creates a deficit of methacrylic acid 

within the monomer droplet. Water in an emulsion polymerization is not only the dispersing 

phase but also a competing solvent phase that here makes up about 75% wt. of the reaction 

mixture (~25% solids loading). Staying within the methacrylate family of monomers helps to 

ensure a random copolymerization that is necessary in order for polymerization kinetics not to 

override the effects of the templating interactions between drug and monomer. (17) Methacylates 

yield amorphous polymers, another necessity for imprinting, as crystallization of the polymer 

would disrupt the intermolecular templating interactions. 

 The monomer at the bottom of the page has shown good performance, but its anionic site 

may be located too far from the polymer backbone, and so overly flexible, giving imprecise 

reuptake specificity. In addition to ion pairing, a cation-Pi interaction is likely the reason why the 

monomer on the next page works especially well for amitriptyline. The di-anionic nature of 

PMGDM requires two positively charged counterions to yield a neutral complex, so it is used 

with two molar equivalents of amitriptyline. A possible synergistic effect of simultaneous ion 

pairing and cation-Pi stacking is shown in Figure 2-5. The strength of a cation-Pi interaction is  

 

 

 

 

 

 
Figure 2-3. GDMA/Succ: Glycerol Dimethacrylate Succinate adduct. 
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Figure 2-4. PMGDM: Pyromellitic Acid bis-(Glycerol Dimethacrylate) adduct. 

                                           

 
Figure 2-5. Two cation-Pi interactions (PMGDM with sodium and amitriptyline). 

inversely proportional to cation  size  (36-39), so bupivacaine’s bulky alkyl ammonium cation 

may be better ion paired by the previously mentioned monomer, the flexible, mono-anionic 

GDMA/Succ. 

2.1.1.3  Aromatic Monomer for Pi Stacking Interactions with Drug   

Most drugs also contain at least one aromatic ring that can be exploited for Pi stacking 

interactions with aromatic monomers. The presence of both polar functionalities and nonpolar 

functionalities in a drug molecule generates some amphiphilic properties that enhance diffusion 

rates throughout the body, a concept best addressed by Lipinski’s Rule of Five. (40, 41) The use 

of two types of templating interactions results in a bidentate reuptake site. Pi stacking 
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                     T Stacking: Edge to face                   Face to face with offset                              

                  

Figure 2-6. Pi stacking of Bisphenol-A Dimethacrylate and Amitriptyline. 

interactions in molecular imprinting studies have been done by others. (42-45) The strength of 

the interaction is the equivalent of a weak hydrogen bond. (46) The interaction also has some 

qualities associated with hydrogen bonds due to the higher electronegativity of the sp2 carbons of 

an aromatic ring. As a non polar interaction it is not weakened by the presence of water, but 

perhaps even strengthened by the hydrophobic effect. 

 

 

 

 

                  BADMA: Bisphenol-A Dimethacrylate                         PFS: Pentafluorostyrene 

Figure 2-7. Structures of Pi stacking monomers. 

Amitriptyline is currently re-absorbed best by nanoparticles made with bisphenol-A 

dimethacrylate, a monomer that shares in common with the drug the benzhydryl motif of two 

aromatic rings separated by a single linking carbon. Bupivacaine is re-absorbed best by 

nanoparticles made with pentafluorostyrene, where the five fluorine substituents reverse the 

partial charges of the carbons and peripheral atoms of the aromatic ring, yielding a stronger Pi 

stacking interaction. (47) Pentafluorostyrene has been shown to undergo nearly ideal random 

copolymerization with methyl methacrylate. (48-51).  
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2.1.1.4  Hydrogen Bonding Monomer for Bupivacaine     

Bupivacaine has not shown the same degree of reuptake as amitriptyline. This is partially 

due to the lower hydrophobicity of  bupivacaine relative to amitriptyline, on account of the 

former having only one aromatic ring instead of two, and also possessing a hydrophilic 

secondary amide linkage. Maximum reuptake is achieved by using the most intermolecular 

interactions possible between the drug and the polymer network, so every functional group of a 

template molecule should be considered. (52-59)  

The secondary amide linkage of bupivacaine can function as hydrogen bond donor and 

acceptor. The EGDMA polymer network can function as a hydrogen bond acceptor. A resonance 

assisted, double hydrogen bond interaction can occur between two secondary amides when both 

are in the higher energy cis conformation, giving a virtual eight membered ring. A N-alkyl 

substituted methacrylamide can be used, but the enthalpic penalty for adopting the cis 

conformation is about equivalent to the gain from forming a single hydrogen bond, so two cis-

secondary amides bonded together by two hydrogen bonds could be nearly a zero sum game. 

(60-64). There exists a possible intramolecular interaction of protonated bupivacaine that can 

only occur when its amide linkage is in the cis conformation, and it is a cation-Pi interaction. An 

alcohol containing methacrylate could be used as well. Single hydrogen bonds are capable of 

being formed with the lower energy trans conformation of bupivacaine and doubling the 

concentration of the monomer could create a second hydrogen bond to bupivacaine. 

Alternative monomers could include secondary amides that are ring fused in the cis 

conformation, such as ones based on caprolactam or pyrrolidone, or the use of carbamates 

(urethanes), which have nearly equal preference for cis or trans conformations. (65-68). 

Hydrogen bonding is weakened by the presence of water, but including this interaction may 
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        NOMA: N-Octyl Methacrylamide         Resonance Assisted H Bonds in Cis Amide Dimer            

 
 
 
 
 
 
 
          GDMA: Glycerol Dimethacrylate                 Alcohol-Cis Amide H Bond Complex        
 
Figure 2-8. Hydrogen bonding. 

 
provide more of an advantage in terms of reuptake selectivity rather than reuptake binding 

strength. 

2.1.2 Nonionic Surfactant Mixture 

The surfactant added to form the emulsion should ideally be of the nonionic variety. If it 

is ionic it may form competing ion pairs with either the monomer or the template. The Tween 

family of surfactants are made from the sugar-like molecule sorbitan that is ether linked to four 

polyethylene glycol chains, one of which is esterfied at the opposite end to a fatty acid. This 

structure yields a bulky hydrophilic headgroup which helps to give a high positive spontaneous 

curvature at the oil/water interface. This phenomenon makes a nanoparticle with a small 

diameter and hence a high surface area to mass ratio. Tween 80 has an unsaturated oleic acid 

(lipophilic) chain that is fluid at low temperature and may be polymerized into place in the 

nanoparticle by linking to monomer or by forming dimers.  
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Also included is a member of the Pluronic family of surfactants (BASF) to provide 

additional steric interference against coalescence of the reaction mix droplets during 

polymerization, which in early batches yielded a single “macroparticle” (failed reaction).  

Emulsion stability is especially important when using crosslinking monomers. Nonionic 

surfactants do not provide a Stern layer that gives an electrostatic repulsion like ionic surfactants, 

so steric interference is the key. The steric interference provided by the Pluronics is due to the 

long hydrophilic PEG tails that give what is similar to a glycocalyx coating to the nanoparticles. 

This “hairy” outer layer should remain after the solvent washing process that is used to remove 

the drug from the nanoparticle prior to the reuptake process. This coating could also reduce 

nonspecific protein absorption to the nanoparticle surface when used intravenously, and also 

attenuate a possible immune response to the nanoparticles to some degree. 

                                                                                                 

         Tween 80                                           Pluronic F127 at oil/water interface. 

             (total PEG repeat units = 20)          [(PEG)100-(PPG)100-(PEG)100, triblock copolymer]  
 
Figure 2-9. Structures of non ionic surfactants. 

2.1.3 Drug, Porogen Mixture, and Polymerization Initiator 

The templating drug is used in its freebase form, which then becomes protonated by the 

carboxylic acid monomer, thus generating the ion pair interaction between monomer and drug.  

 The purpose of porogen is to make the polymer network porous on a multi-nanometer scale, sort 

of like Swiss cheese. This allows the drug molecules to readily pass in and out of the network, 

speeding reuptake kinetics. The porogen mixture should have minimal effects on the templating 
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interactions, so as not to interfere or compete with them, while providing good solvation to the 

crosslinking monomer, which needs to move about freely during polymerization, so solvents of 

low polarity are used. (69, 70) When ion pairing is one of the templating interactions, a solvent 

with a low dielectric constant is required, to maximize the ion-ion attractive force. 

The reaction mixture is presumed to be homogenous prior to polymerization, and 

develops a heterogeneous quality as the reaction proceeds, making the reaction to some degree a 

precipitation polymerization. This requires diffusional motion of the reaction components that 

could disrupt some templating interactions. Some porogen is retained in the final polymer 

network on the sub-nanometer scale making for a looser polymer network, another smaller scale 

form of porosity. The porogen should be made up of small molecules that don’t induce 

templating effects of their own for steric bulk reasons. Chloroform as well as other small 

halocarbons are commonly used. Other MIP research has used toluene or tetrahydrofuran, both 

of which are unsuitable in the case here. 

One potential drawback of the choice of any porogenic solvent is its ability to outcompete 

the templating interactions on an enthalpic basis. There exists the possibility of chloroform 

interfering with Pi stacking interactions due to the acidic hydrogen of chloroform binding to the 

Pi electron rich face of aromatic rings. This led to choosing trichloroethylene and 

perchloroethylene as substitutes. These solvents have weaker hydrogen bonding acid/base 

characteristics than chloroform, according to the Minnesota Solvent Descriptor Database, while 

also possessing high Kauri Butanol values that are indicative of good solvating power.  

The free radical initiator, chosen for its hydrophobicity is ABCN, or 

1,1'azobis(cyclohexanecarbonitrile). It is most commonly used to initiate the polymerization of 
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Figure 2-10. Structure of ABCN (1,1’-azobis(cyclohexanecarbonitrile)) 

vinyl monomers by thermal means, usually at > 80 ºC. It shows a broad absorption curve 

between 300-400 nm. Upon irradiation with long wave UV light, ABCN fragments in the same 

way it does during thermal initiation, so it is also an effective photoinitiator. By using 

photoinitiation instead of thermal initiation, the temperature of the reaction is given a degree of 

experimental freedom, but the lower the better for the noncovalent imprinting technique. 

2.1.4 Control Mixtures 

The most widely used form of control experiment in molecular imprinting is to simply 

formulate a mix that contains all the same ingredients except for the template molecule. This is 

referred to as “non-imprinted polymer” and is probably a close mimic to an actual templated mix 

when the quantity of template used is low and there is no interface of two phases. In the case 

here, however, the drug makes up about 10% wt. of the polymerization mix and being ionic, it is 

likely to be present to a significant extent at the oil water interface and thereby affecting the 

nanoparticle’s surface. 

A better form of control is to use a technique similar to what is called “dummy 

templating”, where a close surrogate to the template is used, and normally this phrase refers to a 

molecule very similar to the template. This is done because solvent washing out the template is 

never complete, and sensitive experiments will detect some release of remaining template. (71) 

The technique here is to use a mix of smaller molecules that as a whole mimic the drug, 

as if the drug were fragmented. A control for amitriptyline consists of two molar equivalents of 
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toluene or xylene and one equivalent of tributylamine. A good control for bupivacaine would 

consist of an equivalent of  2’,6’-dimethylacetanilide and an equivalent of tributylamine. Ideally, 

the aromatic and amide portions of bupivacaine would be separated also, but the relatively high 

water solubility of a good surrogate secondary amide, such as N-methylacetamide, precludes 

this, though higher molecular weight N-alkyl amides could be considered. Similarly, the amine 

surrogate needs to be of sufficient molecular weight to be hydrophobic, so trihexylamine could 

be considered also. A quaternary ammonium ion could be used, such as an N-tetralkyl 

substituted one, but this could have a steric bulk that interferes with ion pairing. 

Controls have not been included in every batch of six mixtures that can be made at one 

time with the current apparatus and only amitriptyline has been mimicked this way. The controls 

showed as good a performance for reuptake in terms of binding strength as mixes that actually 

included amitriptyline. Reuptake selectivity is likely to be the better test of controls. This is an 

endeavor to determine if true molecular imprinting is at work rather than the mere creation of a 

generic solid phase extraction (SPE) medium. Amitriptyline is so hydrophobic that it is well 

absorbed by most batches of nanoparticles, so bupivacaine absorption may be a better test. 

2.2 Reaction Mixture Emulsification with Ultrasound and Helium Sparging 

The goal is making the nanoparticles as small as possible. This maximizes surface area 

and allows the most rapid reuptake kinetics. The application of the nanoparticles as a drug 

overdose treatment requires them to re-absorb the drug within a few minutes time. A thorough 

analysis of re-uptake kinetics was not possible with the equipment available. A crude “ballpark” 

method was devised by only allowing the re-uptake process to occur in a few minutes time by 

mixing the nanoparticles with drug solution via vortexing for five seconds, then immediately 

placing the suspension in the centrifuge to pelletize the nanoparticles within five minutes. These 



 

27 

tests showed the same degree of absorption as the standard, longer duration protocol, which is 

geared towards the reaching of a true equilibrium of drug absorption and re-release. 

Minimal reaction mixture droplet size is achieved in an emulsion polymerization in water 

with the use of a large amount of surfactant, vigorous stirring, and treatment with ultrasound. In 

order to remove dissolved oxygen that could impede polymerization, helium sparging with 

sonication is used. The appearance of the emulsion changes to a brighter white shade within the 

first few seconds of ultrasound treatment as monomer droplet size is reduced to submicron 

diameters. The brighter white shade change is also shown to occur when the mix is cooled below 

room temperature. This effect is due to an increase in the polarity of water at lower temperatures. 

This increases the size of the solvation shell around the hydrophilic portions of the nonionic 

surfactants and causes an increase in the degree of spontaneous curvature of the oil-water 

interface. It is well known that nonionic surfactants function better in cold water than hot water.  

2.3 Low Temperature, Ultraviolet (UV) Photoinitiated Emulsion Polymerization with  
ABCN (1,1’-azobis(cyclohexanecarbonitrile))  

In order to maximize the ability of the templating drug molecule to bind to interacting 

monomers, thermal vibrations and diffusional motion should be minimized. The temperature 

should be as low as possible, making the reaction also to some degree a solid state 

polymerization. This is most important when using the noncolvalent approach where monomer 

and drug are not held together by covalent bonds during the course of polymerization. A 

temperature of 2 ºC for an emulsion polymerization in water is a good reaction condition to 

satisfy this requirement. (22, 23)  Addition of various antifreezes, such as salts and nonionic 

compounds, has been tried for emulsion polymerizations carried out below 0 ºC, but this has 

proven to be counterproductive for bupivacaine templated nanoparticles.  
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Since this is a two phase synthesis procedure, each ingredient in the organic phase, the 

monomer mix, should have a high value of octanol-water partition coefficient. The table  below

 lists the ingredients of the organic phase and the values of partition coefficients as generated

by two computational chemistry software packages, and they do not agree very well on these

values. It is apparent that the ionic forms of the drugs and carboxylic acid monomers have

significantly higher water solubilities than the neutral forms of these compounds, except for 

GDMA/Succ, according to ChemBioDraw, which is an anomaly, and this program did not return 

a value for protonated bupivacaine. In order to retain these ions in the organic phase, no highly 

hydrophilic possible counterions should be present, such as sodium or chloride, which could 

form a more overall hydrophilic ion pair with either drug or monomer than the ion pair of the 

latter two alone, although some beneficial salting out phenomenon would simultaneously be at 

work also.

Figure 2-11. Partition coefficient of monomer mixture constituents.  



 

29 

 

An apparatus was devised to subject the emulsions to simultaneous continuous low power 

sonication, rapid stirring, UVA exposure, and cooling. The apparatus has been nicknamed the 

“Ultra Reactor”, due to its ability to apply ultrasound and ultraviolet light. The rational for 

continuous sonication and stirring is to provide a large amount of homogenizing energy which 

yields the smallest final nanoparticle size. The ultrasonic transducer ultimately failed after 

numerous batches and it was determined in the following batches that continuous sonication was 

unnecessary, only an initial exposure to reduce monomer droplet size before curing the polymer. 

High power sonication can be used as an initiation means itself, but this risks unwanted 

cavitation induced reactions. (72-74) Some early batches of nanoparticles were made with 

continuous high power sonication and they developed a beige color within 24 hrs, which in most 

organic synthesis procedures is indicative of something less than ideal.  

The reaction is photoinitiated by constant illumination with long wave UV from a 

compact fluorescent blacklight. Two different brands of blacklight were tried, both 13 watts. One 

blacklight (Feit Electric) had some output in the 330-350 nm range and produced a small degree 

of yellowing of the naoparticles within the 48 hour reaction period. The other brand (Spencer 

Gifts) had almost no output below 350 nm and did not discolor the nanoparticles, so it was used 

from then on. There are also UV LEDs available that could be used as well, but at least 50 of 

them would need to be used due to their low power output.  

2.4 Drug Template Removal with Multiple Solvent Washes and Vacuum Drying 

Upon completion of the polymerization the drug template is removed from the 

nanoparticles by multiple solvent washes. The solvent must separate the template drug from the 

imprinted polymer network, so must have high elution strength to interrupt the intermolecular 
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interactions that were purposely maximized during the polymerization reaction that created the 

nanoparticles.  

Since the intermolecular interactions include ion pairing, a high dielectric constant 

solvent should be used. To accomplish this, the wash solution contains water. Some mobile 

alternative counterions from sodium chloride are used as a substitute ion source for ion pairing. 

Interference of the Pi stacking interactions is done with acetonitrile. The Pi electrons present in 

the nitrile group interact with the aromatic rings of both drug and polymer. The remainder of the 

wash solution is isopropyl alcohol which functions as a general solvent that chaperones the 

hydrophobic portions of the drug molecule. A large volume of wash solution is used relative to 

nanoparticle weight and done repeatedly. The final wash solution shows only minimal to no trace 

of drug by UV absorption spectroscopy. Lastly, a heated vacuum drying step gives a fine powder 

that should have an indefinitely long shelf life. 
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CHAPTER 3 
ANALYSIS OF THE NANOPARTICLES 

3.1 Dynamic Light Scattering for Size Distribution 

 Dynamic Light Scattering (DLS) usually shows a monodisperse, particle size that can 

range anywhere from 100-1000 nm depending on the specific formulation used. The submicron 

size allows the particles to be classified as nanoparticles. In the intended application as an 

intravenous drug scavenging agent, the nanoparticles need simply be smaller than red blood cells 

(5 um diameter) in order to pass through the smallest capillaries without clogging them. A 

maximum acceptable size of 2000 nm would give a safety margin if two nanoparticles were to 

pass side by side through the capillaries. The graph below is typical of most batches of 

nanoparticles where the size range is between 300-900 nm.   

                    

Figure 3-1. Typical dynamic light scattering result. 

3.2 Single Drug Reuptake Equilibrium with UV Absorption Spectroscopy 

3.2.1 Stirring Nanoparticles with Buffered Saline Solution of Drug 

 The vacuum dried nanoparticles are added to deionized water to make a suspension. This 

suspension is adjusted to neutral pH and stored at 5 ºC to minimize ester hydrolysis. After a 

month stored in these conditions the nanoparticles have proven to work just as well as freshly 

suspended. The nanoparticle suspension is added in portions to a drug saline solution that is a 

blood plasma mimic, and placed in a heated shaker for the drug re-absorption process to reach 

equilibrium.  
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3.2.2 Centrifugation and UV Absorption Studies of the Supernatant 

 The equilibrated solution is centrifuged to pelletize the nanoparticles. The supernatant is 

clear to the eye and shows minimal colloids left in suspension as determined by DLS. The 

quantity of drug remaining in the supernatant is studied by UV absorption spectroscopy. The 

reduction of drug in the supernatant is presumed to have wound up in the nanoparticles. A graph 

of the amount of added nanoparticles by weight (the x axis) vs. drug concentration in the 

supernatant (the y axis) is generated. From this data, one performance metric obtained is Kp, a 

partition coefficient, and is defined as:  

            Kp =  moles drug absorbed/gram of nanoparticles  
                        moles drug in left in solution/gram of water 

Figure 3-2. Partition coefficient formula. 

3.2.3 Results of UV Absorption Studies 

Two functional groups present on a vast majority of pharmaceutical molecules are alkyl 

amine groups and aromatic rings. A mix of monomers to interact with these two structural 

features of pharmaceutical molecules would include an anionic monomer for ion pairing and an 

aromatic monomer for Pi stacking. The resulting reuptake sites in the polymer network could be 

called bidentate. An initial experiment used styrene and a variety of anionic monomers with 

amitriptyline. One other parameter was also varied, using two versions of the makeup of the 

porogenic solvent mixture: v1 or v2. Reuptake was from a 250uM solution  of amitriptyline in 

phosphate buffered saline (PBS). This concentration gives reliable results with the instrument 

used. Lower initial drug concentrations of 25 uM has been shown to work, with numerically 

superior results, but this is near the limits of detection for the instrument at the end of the re-

uptake process. 
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Figure 3-3. Variation of anionic monomer and styrene for Pi stacking. 

 The graph above shows a distinct advantage with the monomer PMGDM and porogen 

mixture version 1 (mix 1, dark blue line: PMGDM, v1). This was the first evidence suggesting 

the combination of ion pairing and cation-Pi interactions between amitriptyline and PMGDM as 

mentioned previously in section 2.1.a.2 

There is an asymptotic response, where additional nanoparticles do not appreciably 

reduce the concentration of the drug left in the supernatant. This occurs partially for entropic 

reasons because at low drug concentrations, additional nanoparticles offer diminishing returns 

with respect to further drug absorption from solution, but mostly because at low drug 

concentrations, drug previously absorbed can be released. This drug concentration equilibrium 

makes MIPs promising as controlled drug delivery agents. (28) 

Another performance metric to measure nanoparticle performance is reuptake efficiency. 

It is calculated as the weight of drug absorbed as a percentage of the original weight of drug used 

in the formulation of the nanoparticles. It indicates what percentage of reuptake sites have been 
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refilled with drug molecules. The higher the percentage, the higher the binding strength. 

Amitriptyline shows some supersaturated reuptake with initial high drug concentrations and this 

is not an impossibility. The extra amitriptyline can occupy spaces left behind by the porogenic 

solvent mix. This may be a phenomenon that any highly hydrophobic drug would display. 

                       

Figure 3-4. Drug reuptake efficiency. 

 A second set of experiments used a variety of aromatic monomers while the anionic 

monomer was held constant. The superior performance of amitriptyline templated nanoparticles 

made with bisphenol-A dimethacrylate (BADMA) is evident (mix 3). Two control mixes, 5 and 

6, were included that were made with triethylamine or tributylamine and xylene instead of 

amitriptyline. This is a form of “dummy templating”, and is the standard control protocol used 

here. These nanoparticles proved to work nearly as well as nanoparticles actually made with 

amitriptyline.  

Styrene proved to be the least effective monomer for Pi stacking. This is understandable 

from a purely intermolecular interactions perspective, even though twice as much of it was used 

on a molar basis compared to the other anionic monomers to Pi stack with both aromatic rings of 

amitriptyline. 
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Figure 3-5. Variation of aromatic monomer and GDMA/Succ for ion pairing. 

 In the case of imprinting with bupivacaine, a modest gain in the reuptake performance of 

the nanoparticles was found with the addition of hydrogen bond forming monomers. Two 

monomers that have an alcohol functional group include hydroxybutyl methacrylate, HBMA, 

and glycerol dimethacrylate, GDMA. 

                       

.          HBMA: hydroxybutyl methacrylate                   GDMA: glycerol dimethacrylate 

 
Figure 3-6. Hydrogen bonding monomers for bupivacaine. 

The top performer on a weight basis, given by highest Kp, is mix 5, made with PFS and 

HBMA. In actuality the nanoparticles with the strongest binding are from mix 6, made with PFS 

and GDMA. Since GDMA has a higher molecular weight than HBMA, reuptake efficiency is a 

better metric of performance on a per molar basis. 



 

36 

                

Figure 3-7. Bidentate and tridentate reuptake of bupivacaine. 

 

                   
 
Figure 3-8. Bidentate and tridentate reuptake efficiency. 

Numerous parameters regarding the ingredients of the reaction mix can be optimized. A 

large increase in nanoparticle performance was noted in the batch made on August 5th 2008. This 

batch contained no methanol, which was previously used as a solvent for the drugs in their 

freebase form. This batch was made with drug hydrochloride salts that were neutralized with a 
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molar equivalent of sodium hydroxide. The net result was that the aqueous phase was now about 

0.5% wt. NaCl. This was anticipated to have a slight salting out effect to help keep oil phase 

ingredients out of the aqueous phase, but may actually be detrimental in that now ion paring can 

draw drug or monomer into the aqueous phase. The greatest concern is that some bupivacaine in 

its cationic form will be lost from the oil phase.  

 
 
Figure 3-9. Bidentate reuptake, perchloroethylene or chloroform as porogens. 

                          

Figure 3-10. Drug reuptake efficiency. 
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The partition coefficient is indicative of the binding strength of the nanoparticles in their 

intended application. The maximum Kp value to date is 79,000 for amitriptyline templated 

nanoparticles (mix 1: PMGDM, BADMA, Perc) and 12,000 for bupivacaine templated 

nanoparticles (mix 5: PMGDM, PFS, Chlor).  

3.3 Multiple Drug Reuptake with High Performance Liquid Chromatography (HPLC) 

 The degree to which the nanoparticles demonstrate selectivity with respect to reuptake 

can be shown by doing the reuptake studies with a mixture of components. The mixture should 

include the original templating drug as well as challenger compounds that can substitute for the 

drug by providing the same types of intermolecular interactions between drug and polymer and 

also be of similar molecular weight and solubility parameters to the original templating drug. 

Reuptake studies have been done with a mixture of amitriptyline and bupivacaine. The reuptake 

experimental protocol is the same as with single drugs. 

A mixture of multiple aromatic compounds would result in overlapping peaks in UV 

absorption spectroscopy. To quantify the degree of reuptake from such a mixture, a 

chromatography step must be done beforehand. High Performance Liquid Chromatography 

(HPLC) has been used to resolve the components of the mixture in the time domain. (75, 76) The 

post column detection method is by variable wavelength UV absorption. Amitriptyline currently 

always outcompetes bupivacaine for reuptake. Shown below are stationary phases widely used in 

the HPLC analysis of pharmaceutical compounds. 

The graphs on the following page show evidence of a molecular imprinting effect at 

work. The first graph on the left is of the drug mixture used for multi-drug re-uptake and consists 

of 125 uM each of amitriptyline and bupivacaine. Amitriptyline, the second compound to elute, 

has about twice the specific absorption of bupivacaine, the first to elute, at the wavelength used, 

210 nm. This is largely due to amitriptyline having twice as many aromatic rings as bupivacaine. 
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Figure 3-11. Commonly used, somewhat polar stationary phases for cation retention. 

The middle graph is of the drug remaining after re-absorption with amitriptyline templated 

nanoparticles, while the graph on the right is post re-uptake with bupivacaine templated 

nanoparticles. The solvent peaks appear larger because the drug concentrations are now smaller. 

The remainder of the reaction mixtures used were identical, with GDMA/Succ and PFS as the 

functional monomers for the templating intermolecular interactions. 

              

      125 uM each AMI, BUPI                  AMI templated NPs                    BUPI templated NPs 

Figure 3-12. HPLC results. 
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The amount of nanoparticles used would be sufficient to absorb most of the drugs 

present, while leaving enough left to show the relative amounts of each remaining. While the 

bupivacaine peaks seem about equal in area, showing a low degree of absorption, the 

amitriptyline peaks vary considerably, with the greater degree of re-uptake by the nanoparticles 

made with amitriptyline. This is the desired effect of re-uptake selectivity and indicates the 

phenomenon of molecular imprinting on the polymer network 

 
 



 

41 

CHAPTER 4 
FUTURE POSSIBILITIES 

4.1 Analytical Techniques to Elucidate the Nature of the Templating Interactions 

Perhaps Nuclear Magnetic Resonance (NMR), Fourier Transform Infra-Red (FTIR), 

Differential Scanning Calorimetry (DSC), or computational chemistry work could be done to 

elucidate more details on some of the intermolecular templating interactions. (35, 77). Red 

shifting in NMR or blue shifting in FTIR could be indicative of for hydrogen bonding 

interactions. 

4.2 Atomic Force Microscopy and Scanning Electron Microscopy 

 Microscopy techniques can be used to corroborate DLS data on nanoparticle size as well 

as show whether the nanoparticle shape deviates from the expected spherical by any significant 

degree. SEM could also indicate the morphology of the surface porosity of the nanoparticle. 

4.3 Refinements to Mixture, Reaction and Post Processing of Nanoparticles 

 

 

 

 

 
Figure 4-1. TRIM: Trimethylolpropane Trimethacrylate. 

Optimization of the identity and quantity of all of the reaction ingredients can be carried 

out, where nanoparticle reuptake performance dictates whether or not a given change 

was an improvement or not. Photoinitiation at cold temperatures should remain a constant with 

subzero emulsion polymerizations possible when antifreezes are added to the aqueous phase. 

Instead of EGDMA, a monomer called trimethylolpropane trimethacrylate (TRIM) can be used 

to increase the crosslink density of the polymer network in order to stiffen it, so as to better 
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maintain the proper orientation of the interacting functional groups of the monomers. (30, 31) 

Some additional monomers that are worthy of trying out are shown on the following page. These 

monomers are capable of making more than one type of intermolecular interaction with 

bupivacaine simultaneously.  

 

 

 

       BisGMA: Bisphenol-A Glycidyl Methacrylate              PFB: Pentafluorobenzyl Methacrylate                                                                     

                                                           

                    Bupivacaine with BisGMA                                Bupivacaine with PFB            

Figure 4-2. Alternative monomers for simultaneous Pi stacking and hydrogen bonding. 

A derivative of BADMA is shown on the left, bisphenol-A glycidyl methacrylate 

(BisGMA), and it has an alcohol functionality in addition to an aromatic ring. On the right is 

pentafluorobenzyl methacrylate (PFB) which can form a stronger Pi stacking interaction while 

also serving as hydrogen bond acceptor via its ester linkage. Though the hydrogenated aromatic 

ring of BisGMA is an inferior Pi stacker compared to a pentafluorinated aromatic, it has an 

entropic advantage due to being tethered at its para position by a mirror image molecular 

fragment. This will reduce the conformational possibilities of the molecule that the 
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pentafluorinated aromatics need to “give up” when binding to bupivacaine, thereby affecting the 

overall enthalpy of re-uptake. 

A custom made monomer that is suitable for cation-Pi interactions, which has a more 

electron rich aromatic ring than PMGDM, could be synthesized, so as to give a stronger 

interaction. If one of the lower energy conformations of bupivacaine is shown to have its 

aromatic ring to be stericly accessible from both sides, the synthesis of a “molecular tweezers” 

monomer that provides two cooperative Pi stacking interactions could be done. The concept has 

received some research attention recently. (47, 78, 79) 

In addition, after the washing step to remove the drug, a post treatment, or modification 

of the nanoparticles can be done. The nanoparticles could be saturated with a nonpolar oil such 

as mineral, silicone, polytetrahydrofuran, or polypropylene glycol, for the purpose of excluding 

water from the pores of the nanoparticles during reuptake studies. The intended effect is to 

strengthen the polar interactions between drug and polymer, such as ion pairing, that are 

weakened by the presence of water. (80) 
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CHAPTER 5 
CONCLUSIONS 

 The number of applications of nanotechnology to the field of medicine is currently 

growing at a rapid pace. The technique of molecular imprinting of polymers is maturing as well. 

The current state of the art is in the refinements of the manufacture of the nanoparticles with ever 

increasing performance in terms of reuptake binding strength and selectivity. Much work needs 

to be done even after these qualities are maximized. The fate of the nanoparticles once injected 

into a human body needs to be determined. The degree and rate at which the reabsorbed drug is 

released back out of the nanoparticles requires study. Any physiological complications that the 

nanoparticles could cause inside a human body needs to be determined as well. A reliable means 

of removing the nanoparticles from the bloodstream may need to be devised, such as magnetic 

separation. Only once a host of certain performance benchmarks of the nanoparticles in a 

laboratory setting are met, can then clinical trials with animal and ultimately human subjects be 

undertaken. The commercial application of such nanoparticles to save lives is many years away, 

but the groundwork is being laid now. The promise is there.   
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CHAPTER 6 
EXPERIMENTAL PART 

6.1 Nanoparticle Formulation 

 All chemicals used are as received, without further purification. Into a 1 dram (4 ml) 

borosilicate glass vial (Fisher) is placed a monomer mix consisting of: Ethylene Glycol 

Dimethacrylate (300mg, 1.5 mmol, Aldrich), an aromatic vinyl monomer (0.25 mmol, Aldrich) 

chosen from: Bisphenol-A dimethacrylate (83 mg) or Pentafluorostyrene (85 mg), and one 

carboxylic acid terminated methacrylate ester (Esstech), chosen from: Glycerol Dimethacrylate 

Succinate (0.25 mmol, 85 mg) or Pyromellitic Acid bis-(Glycerol Dimethacrylate) (0.125 mmol, 

85 mg). Then 0.2 mmol of the templating drug as hydrochloride salt (Sigma): Amitriptyline (63 

mg) or Bupivacaine (65 mg) is added, as well as a porogenic solvent of Chloroform, 

Trichloroethylene, or Tetrachloroethylene (400 mg, Fisher). To this is added a nonionic 

surfactant mix consisting of Tween 80 (Aldrich, 30 mg) and Pluronic F127 (BASF, 20 mg).  

Into the vial is placed a custom made stir bar made from a rear earth mini disc magnet 

(Radio Shack) that is squeezed into the loop of a nylon zip tie and all wrapped in teflon tape. It is 

inserted zip tie first so the magnet is near the top of the vial. This stir bar ensures the mixing of 

the entire vertical contents of the vial. Then added is about 3 ml of water. The free radical 

initiator, ABCN (Sigma, 15 mg, 0.06 mmol) is added, and lastly, 40 mg of 10% wt. NaOH 

solution (0.2 mmol) to neutralize the hydrogen chloride of the drug salt, giving a final solution 

pH of about 6. The total ingredients above leave about ½ ml void volume in the reaction vial. 

6.2 Pre Processing 

 The vial is vortexed for 10 sec., stirred rapidly for 10 min., then sonicated at 42 kHz 

under helium sparging for 1 min. The vial is sealed and placed in an ultrasonic cleaner (Chicago 

Electric, 35W, Harbor Freight Tools) with power reduced by resistors (100 ohms) to prevent 
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cavitation. Continuous sonication was ultimately deemed unnecessary for minimum particle size 

and was discontinued. The ultrasonic cleaner’s 500 ml bath cavity is situated directly above the 

stir magnet, at minimum distance, on a Super-Nuova model electronically controlled stir plate 

(Barnstead/Thermolyne), whose heating element top plate had been removed. Six reaction vials 

are placed upside down in a plastic holding jig inside the ultrasonic cleaner. This avoids the 

shadow that the vial caps would cast on the reaction mixture. The bath cavity is insulated on the 

bottom by a thin sheet of foam rubber. 

6.3 Reaction  

 Along the inside perimeter of the bottom of the bath cavity are 3 loops of ¼” copper 

tubing attached to a refrigerating circulating bath set to a temperature of -2 ºC. This yields a 

reaction temp of  2 ºC. A layer of plastic film wrap is placed above the tank to insulate from 

above. The photo-initiation of ABCN is accomplished by continuous UVA exposure from a 15W 

compact fluorescent blacklight (Spencer Gifts), with a peak emission at 375 nm. Cooling and 

UVA illumination is constant throughout the 48 hr. reaction. Stirring is done at 500 r.p.m. (fixed 

by electronic feedback circuit). 

6.4 Post Processing 

 The reaction vials’ contents are placed into 15 ml plastic centrifuge tubes. The tubes are 

filled to 12 ml with a solution of 1% NaCl, 33% Water, 33% IPA, and 33% Acetonitrile, and a 

small stir bar is placed inside. The reaction mixture is shaken by hand, vortexed, sonicated (a few 

sec. each) and stirred for 15 min. A few drops of formic acid is added and shaken by hand to aid 

pelletization by neutralizing the Stern layer formed by the presence of anionic monomer on the 

nanoparticle surface, and then the tubes are centrifuged at 5200 r.p.m./ 4000 G (Hermle Z230) 

for 10 min and the supernatant decanted off. Fresh wash solution is added and the pellet is 

prodded with a stiff wire to free the stir magnet, then the mixing sequence is repeated. The wash 
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is done a total of 4 times. The last pellet is transferred with 3-4 ml of more wash solution into a 

new 1 ½ dram (5 ml) glass vial, vortexed, then centrifuged one last time and the supernatant 

discarded. The pellet is then vacuum dried at 70 ºC for 1 hour with the vial caps put on loosely 

and the vials laying on their sides to minimize bumping. This becomes the stored form of the 

nanoparticles. 

6.5 Dynamic Light Scattering 

 Nanoparticle size distribution was determined by analysis with a ZetaPALS Zeta 

Potential Analyzer (Brookhaven Instruments Corp., Holtsville, NY). The nanoparticles have a 

Gaussian size distribution, averaging 300-900 nm in diameter, depending on formulation.   

6.6 Single Drug Reuptake with UV Spectroscopy 

 A stock of blood plasma mimic is made and adjusted to pH 7.4. It is a PBS solution 

(Phosphate Buffer Saline, 0.8% NaCl). To this is added an amount of the drug hydrochloride salt 

to give a 250 uM solution. Into a 1 dram (4 ml) vial is placed a 3 ml volume of this solution. The 

vacuum dried nanoparticles are added to deionized water to make a 3% wt. suspension and 

adjusted to neutral pH. A weighed amount of the nanoparticle suspension is added to the drug 

solution and shaken by hand, vortexed, then sonicated for 5 seconds each, then placed in a heated 

shaker set to 37 ºC for 20 min. This is more than enough time for the re-absorption process to 

reach equilibrium. 

 The vial containing drug solution with nanoparticles is centrifuged for 10 min. About a ½ 

ml sample of the supernatant is removed and placed into a quartz cuvette. The UV absorption of 

the supernatant is analyzed by an Ocean Optics PC2000 UV/VIS spectrometer that contains 

grating #1. The light source is an Analytical Instrument Systems model DT 1000 containing a 

deuterium arc lamp, which delivers a continuous UV molecular emission spectrum. The light is 

attenuated by a pinhole iris in heavy duty aluminum foil. This gives an integration time of ~300 
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msec. and a high signal to noise ratio. The cuvette holder is directly attached to the light source 

and the light is passed to the detector by a collimating lens and a 25 cm fiber optic cable, part # 

P400-025-SR.  

The software used to interpret the spectra is Ocean Optics OOIBase32 program. The 

wavelength range observed is from 200-300 nm. The wavelengths chosen for greatest linear 

response over the normal range of drug concentrations studied is 250 nm for amitriptyline and 

220 nm for bupivacaine. Once a reading is taken, the sample of the supernatant is placed back in 

the vial it came from and some additional nanoparticle suspension is added and the cycle 

repeated until an asymptotic response is observed. Three reuptake experiments are done per 

batch and the results averaged. 

6.7 Multiple Drug Reuptake with High Performance Liquid Chromatography 

HPLC studies are done with a mobile phase consisting of 25% Acetonitrile in water and 

adjusted to pH 2 to prevent peak tailing by deprotonated silanols on the surface of the silica 

stationary phase. The column used is a Fluorophase PFP (Thermo Electron, 5 u, 50mm X 2.1 

mm) with a pentafluorophenyl stationary phase for Pi stacking as the means of cationic drug 

retention. The pump is a Beckman Model 110A set to a flow rate of 0.9 ml/min. The detector is a 

Waters Lambda Max Model 480 variable wavelength UV absorption detector set to 210 nm. The 

drug mixture solution used for reuptake is 125 uM each of amitriptyline and bupivacaine in PBS 

solution. The integrator used is the N2000 system (BaseLine Chromatech Research Center in 

Tianjin, China).  
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