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ABSTRACT 

I examined the facile fabrication and utilization of porous poly(acrylamide-co-acrylic acid) 

(p(AAm-co-AA)) hydrogel microspheres as a platform for the electrostatic adsorption and pH-

responsive release of proteins. Hydrogel microspheres are ideal for various biological 

applications due to their non-fouling, biologically inert, and solution-like kinetic properties. 

Micromolding-based fabrication of microspheres is a simple, robust, and inexpensive method 

that offers several advantages over emulsion or microfluidic schemes. Monodisperse 

microspheres are fabricated via surface tension-induced droplet formation and photoinduced 

radial polymerization in poly(dimethylsulfoxide) (PDMS) molds. In this study, bovine serum 

albumin (BSA) (M.W. 66.5 kDa) is enlisted as a model protein to examine the electrostatic 

binding and pH responsiveness of the p(AA-co-AAm) microspheres using Coomassie Brilliant 

Blue G-250 dye as an indicator. I found that the adsorption of proteins occurs when the pH of 

solution remains between the isoelectric point (pI) of the protein and the pKa of the carboxylic 

acid sites in the microspheres. Similarly, I applied the same method to characterize the 

adsorption, release, stability, and activity of organophosphorus hydrolase (OPH, M.W. 72 kDa), 

an important enzyme for the degradation of toxic organophosphorus compounds in pesticides 

and chemical warfare agents. Additionally, via EDC/NHS (1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide(NHS)) chemistry, I 

compared the results of the electrostatically bound OPH to the results of covalently conjugated 

OPH. These results demonstrate a pH-responsive system for a large range of application areas 

including hazardous waste and environmental remediation.  
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INTRODUCTION 

Organophosphorus (OP) compounds have been used in pesticides, plasticizers, and chemical 

warfare nerve agents. Notably, the Tokyo subway sarin attack in 1995 was perpetrated with the 

OP sarin, and resulted in the death of 12 people, and about 1000 injuries.
1
 More commonly, the 

United States used approximately 33 million kilograms of OP pesticides in 2001, with children 

and pregnant family members of farm workers displaying higher than average urinary dialkyl 

phosphate levels, a metabolite present in urine after exposure to OP compounds.2,3 Many OP 

compounds have very low LD50 values (<100 mg min
-1

 m
-3

 breathing) and half-lives of up to a 

few years in soil.
4
 The degradation of OP compounds is very important for hazardous waste 

management and environmental remediation efforts. Organophosphorus hydrolase (OPH, 72 kDa) 

is an effective enzyme at breaking down OP compounds by hydrolyzing various phosphorus-

ester bonds.
5
 Unfortunately, OPH is also very unstable, and its dimeric structure easily unfolds, 

denaturing the enzyme so that it is no longer active. Nevertheless, recent studies have shown that 

interactions between OPH with an amphiphilic polymer increase both the stability and activity of 

the enzyme.
6
 

Numerous approaches have been taken to address the loading of proteins within or onto a 

polymer matrix. Traditional 3-D structures such as polymer brushes or hydrogel microspheres 

have been developed to enhance biomolecular conjugation;
7
 however numerous challenges still 

remain in their fabrication. Hydrogel microparticles that are created in batch emulsion or 

dispersion polymerization schemes are polydisperse and have very large size distributions. Other 

fabrication approaches such as microfluidic devices are able to generate uniform microspheres 

with complex 3-D structures.
8
 Nevertheless, these techniques require complex devices and setups, 

and lack ease of scalability. Recently, a batch micromolding-based fabrication method has been 
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shown to be capable of fabricating highly monodisperse microspheres by cross-linking surface 

tension induced droplets, allowing precise control over particle size and composition simply by 

changing the microwell size and prepolymer composition without the need for complex devices 

or exact sensitive controls.
9
 

Currently, hydrogel microparticles generally rely on covalent conjugation as a means of loading 

proteins and other large biomacromolecules onto the hydrogel matrix. However, due to the 

charges present on many of the functional groups required to perform these conjugation 

chemistries, the conjugation reactions can be very inefficient.
10,11

 A more favorable option is the 

adsorption of proteins onto hydrogel microspheres.
12

 The main advantage presented by this 

method is that it does not require the added step of chemical conjugation that may require harsh 

reaction conditions which can degrade or denature sensitive biomolecular species.
13

 

In this thesis, I examined a robust and facile micromolding-based fabrication scheme for 

monodisperse hydrogel microspheres with tunable compositions. For this, I enlisted an 

acrylamide (AAm) and acrylic acid (AA) system p(AAm-co-AA) which was crosslinked with 

N,N’-methylenebisacrylamide (MBAm) as well as a micromolding based fabrication method that 

utilized Laplace pressure induced droplet formation to form microspheres. The aforementioned 

monomers are mixed in varying ratios as a prepolymer solution that is then loaded into cross 

shaped microwells on a polydimethylsiloxane (PDMS) micromold. As shown in Figure 1, after 

the addition of a hydrophobic wetting fluid (99 v/v % n-hexadecane, 1 v/v % photoinitiaotor 

(PI)), the prepolymer solution readily forms spherical droplets because its surface tension. The 

droplets are then polymerized by exposure to UV light to cross-link the hydrogel via 

photoinduced free radical polymerization. This fabrication method results in highly 
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monodisperse microspheres with an easily tunable polymer composition, simply by varying the 

prepolymer monomer ratios.  

 

 

Figure 1. Surface tension induced droplet formation of prepolymer solution in cross-shaped 

micromolds 

 

The results show that the microspheres are a good platform for the electrostatic binding of 

proteins. I enlisted bovine serum albumin (BSA, 66.5 kDa, isoelectric point (pI) 4.7) as a model 

protein to examine the electrostatic binding and pH-responsiveness of the p(AAm-co-AA) 

microspheres. The presence of protein on the microspheres is easily visualized using a Bradford 

assay-based scheme with Coomassie blue dye, where the dye deprotonates when adsorbed on to 

the aromatic and basic side chains of proteins and turns from brown to blue with significant 

increase in the absorbance at 595 nm.
14

 I show that the electrostatic adsorption and desorption of 

BSA is heavily pH-dependent and occurs within a pH range between the pKa of the acrylic acid 

carboxylate groups (pKa 4.3) and the pI of the BSA. Next, I demonstrate that OPH (pI 7.6) 

behaves similarly in the p(AAm-co-AA) microspheres based on the same adsorption and 

desorption principals established for BSA. Finally, I examine the activity of the OPH 
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electrostatically adsorbed to the microspheres and compare it to the activity of free OPH in 

solution as well as to OPH that is covalently conjugated to the microspheres via EDC/NHS 

chemistry. The OPH activity is characterized by an absorbance based assay measuring hydrolysis 

of paraoxon to p-nitrophenol, shown in Reaction 1.  

 

 

Reaction 1. Hydrolysis of paraoxon by OPH to form p-nitrophenol and diethyl phosphate. 

 

p-nitrophenol has a peak absorbance at 400 nm, and can be used to indirectly determine the rate 

of paraoxon degradation via the Beer-Lambert law, Equation (1). 

𝐴 = 𝜀𝑏𝑐            (1) 

Where A is the absorbance measured at a particular wavelength, 𝜀 [L mol
-1

 cm
-1

] is the molar 

extinction coefficient, b [cm] is the path length of the cuvette through which the light beam 

passes through, and c [mol L
-1

] is the concentration of the species of interest. Finally, Equation 

(2) uses the change in absorbance over time to characterize the activity of OPH. 

𝜈 =

𝑑𝐴
𝑑𝑡
𝜀𝑏

             (2) 
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Where 
𝑑𝐴

𝑑𝑡
 is the change in absorbance over time, and 𝜈 is the enzyme activity [mol min

-1
]. I show 

that the current results are inconclusive, and neither the electrostatically adsorbed nor the 

covalently conjugated OPH showed detectable activity.  

Combined, these results demonstrate the controlled fabrication of novel hydrogel microspheres 

and a simple pH-responsive protein loading approach that is easily visualized.  
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RESULTS AND DISCUSSION 

1. Fabrication of Tunable p(AAm-co-AA) Microspheres 

In Figure 2, I demonstrate a robust and facile micromolding-based fabrication scheme for 

monodisperse hydrogel microspheres with tunable composition. The schematic diagram in 

Figure 2a shows the fabrication scheme beginning with a prepolymer solution consisting of 

varying aqueous mixtures of acrylamide (AAm), acrylic acid (AA), and N,N’-

methylenebisacrylamide (MBAm). The PDMS molds are filled with a prepolymer solution and 

then covered by a wetting fluid containing n-hexadecane with 1 v/v % photoinitiator (PI). The 

surface tension induced pressure between the hydrophobic wetting fluid and the aqueous 

prepolymer solution pushes the prepolymer solution out of the wells forming spherical droplets 

anchored at the vertices of each microwell. The droplets are then polymerized for 20 minutes 

under a hand held UV lamp (365 nm, 8 W) via UV-induced free radical polymerization to form 

crosslinked hydrogels. This fabrication method results in highly monodisperse microspheres as 

shown in Figure 2b by the bright-field micrograph and particle size distribution across a number 

of representative batches (i.e. coefficient of variation, CV ~3.3% for n=90). 
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Figure 2. Micromolding-based fabrication of p(AAm-co-AA) microspheres. (a) Schematic 

diagram for procedure of microsphere fabrication scheme and chemical structures of acrylamide, 

acrylic acid, and N,N’-methylenebisacrylamide monomers. (b) Bright field micrograph of 

p(AAm-co-AA) microspheres stored in aqueous solution and their representative size 
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distribution. Scale bar is 500 μm. (c) Micrographs of p(AAm-co-AA) microspheres prepared 

with varying prepolymer compositions and monomer ratios (AAm:AA:MBAm). Scale bars are 

100 μm. 

 

In this study, I examined a range of microsphere compositions based on the monomer ratios of 

the prepolymer solution. Each new batch was prepared as described by the fabrication scheme in 

Figure 2a. The compositions were varied by changing the monomer concentrations in g/100mL 

total volume. Specifically, the w/v % AAm, w/v % AA, and w/v% MBAm denoted as a ratio of 

AAm:AA:MBAm, where the sum of the ratio also describes the total w/v% polymer. Not 

examined in this report are the effects of MBAm cross-linker concentrations on the mesh size of 

the final hydrogel. As shown by the micrographs in Figure 2c, for a prepolymer concentration of 

20 w/v% total polymer the p(AAm-co-AA) microspheres are easily fabricated throughout the 

whole range in a controlled, uniform, and replicable manner. However, at high acrylic acid 

concentrations greater than 5 w/v % acrylic acid the microspheres appear cracked or discolored. 

This is due to the relatively brittle nature of acrylic acid, generating a relatively mechanically 

unstable microsphere.
15-17

 For the conditions examined later in this study, it was not required to 

exceed 5 w/v % acrylic acid. Nevertheless, this also demonstrates the gentle nature of this 

particular fabrication scheme, which is able to fabricate delicate microspheres without damaging 

them before use.  

Combined, the results in Figure 2 show that the micromolding-based fabrication techniques 

presented are able to consistently fabricate monodisperse p(AAm-co-AA) hydrogel microspheres 

over a wide range of prepolymer compositions in a simple and easily tunable approach. 
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1. Electrostatic Adsorption of BSA on to p(AAm-co-AA) Microspheres 

As shown in Figure 3, I next examined protein adsorption onto the p(AAm-co-AA) microspheres 

via electrostatic interaction using BSA (M.W. 66.5 kDa, pI 4.7) as a model protein. I show that 

the adsorption of proteins onto the microspheres is dependent on the pH of the system during the 

adsorption step. Based on the schematic in Figure 3a, I demonstrate a simple one-pot reaction 

scheme for protein adsorption onto the p(AAm-co-AA) hydrogel microspheres. The ideal 

binding of BSA was found to occur at a pH between the window formed by the pKa of the 

acrylic acid carboxylate groups (pKa 4.3) and the pI of the BSA (pI 4.7). Above this window, the 

carboxylate groups and the protein will both deprotonate and bear negative charges, preventing 

binding. Alternatively, below this window the carboxylate groups and protein protonate and 

binding is prevented again. However, within a range of approximately pH 4.3 to pH 4.7, the 

carboxylate groups are deprotonated bearing a net negative charge and the BSA remains 

protonated bearing a net positive charge and electrostatic binding can occur. For this, I incubated 

varying concentrations of BSA with 18:1:1 microspheres under varying pH conditions (i.e. pH 

3.6 MES, pH 6.5 water, and pH 7.6 PBS) for two hours. Specifically, after the microspheres 

were fabricated they were placed in a solution containing the protein that was diluted from a 

stock mixture using either water or buffer as a diluent. After two hours, the BSA-adsorbed 

microspheres were then incubated with Coomassie blue dye to visualize the protein adsorption. 

The schematic diagram in Figure 3b demonstrates the process in which the Coomassie dye 

deprotonates in the presence of proteins adsorbed to the microspheres and changes color from 

brown-red (cationic) to blue (anionic, protein-dye complex).  This method allows for a simple 

visualization of protein adsorption, which yields a blue microsphere if proteins are adsorbed, and 

no change in microsphere appearance if proteins are not present. 
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Figure 3. Electrostatic adsorption of BSA onto p(AAm-co-AA) microspheres. (a) Schematic 

diagram for one pot protein adsorption showing possible results for varying pH conditions. (b) 

Schematic diagram describing Bradford assay-based method for visualizing protein adsorption. 

(c) Bright field micrographs of (18:1:1) p(AAm-co-AA) microspheres for protein adsorption 

under varying pH conditions with negative control after staining with Coomassie blue dye. (d) 

Micrographs of p(AAm-co-AA) microspheres after protein adsorption prepared with varying 

BSA loading concentration after staining with Coomassie blue dye. All scale bars represent 200 

μm. 

 

As shown in Figure 3c, I examine a number of different pH conditions and visualize the protein 

adsorption with Coomassie blue dye. It was found that using a diluent of MES at pH 3.6 to dilute 

the BSA prior to adsorption provided the best electrostatic adsorption onto the microspheres 

even though the pH of the diluent was below the ideal pH range for adsorption. It should be 

noted that the pH of the BSA solution is estimated based on the pH of the diluent used to dilute 

the concentrated BSA stock solution rather than the final pH. It is likely that the final pH is 

higher due to the slightly acidic nature of the BSA solution
18

 and therefore near the ideal pH 

range, however it was difficult to determine the final pH of solutions at such small volumes. It 

should also be noted that a small amount of binding does occur outside of this window, as shown 

by the spheres soaked in BSA diluted in water, however it is less efficient than when the pH 

remains within the ideal range.
19

 This agrees with the literature that protein adsorption can occur 

slightly outside the ideal pH range, but that it is significantly less efficient than when adsorption 

occurs within the ideal pH range.
20,21

 Finally, the microspheres were soaked in a BSA solution 

with PBS (0.01 M, pH 7.6) as the diluent and found that no electrostatic binding had occurred 
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outside of the ideal pH range. Negative control solutions at 0 μg/ml BSA were tested at each pH 

as well to demonstrate that the blue color shown on the spheres is a result of the protein-dye 

complex formed after the electrostatic binding of BSA to the microspheres. Overall, these results 

indicate that the adsorption of BSA is pH-dependent and that the Bradford-based assay is an 

effective method of visualizing the adsorption of proteins on the p(AAm-co-AA) microspheres. 

Finally, I sought to examine the adsorption density of BSA onto the p(AAm-co-AA) 

microspheres by varying the concentration of BSA during the adsorption step. Figure 3d shows 

that the microspheres in the 25 μg/ml, 125 μg/ml, and 250 μg/ml BSA solution adsorb BSA 

efficiently compared to the spheres adsorbed in 500 μg/ml and 1000 μg/ml BSA, as indicated by 

the intensity of Coomassie blue dye. Due to the slightly acidic nature of the BSA, the more 

concentrated solutions of BSA are unable to remain within the pH range required for efficient 

adsorption.  However, the range of 0 to 250 μg/ml BSA for adsorption is more than adequate for 

enzyme and protein studies, and furthermore the binding pH range from pH 4.3 to 4.7 is 

considerably smaller than the pH range of many other proteins.
22

 Nevertheless, this shows that 

the electrostatic adsorption of BSA is effective for a large range of concentrations despite the 

relatively small pH range for adsorption.  

In short summary, the results in Figure 3 show that through a simple two-step process, BSA can 

be efficiently adsorbed to the surface of p(AAm-co-AA) microspheres by constraining pH and 

the presence of protein can be easily detected by a dramatic change in color of the microspheres 

by using Coomassie blue dye in a Bradford-based assay. 

 

 

 



14 
 

3. Desorption of Electrostatically Adsorbed BSA from p(AAm-co-AA) Microspheres 

I demonstrate that the desorption of electrostatically adsorbed BSA on p(AAm-co-AA) 

microspheres is easily achieved by increasing the pH of the buffer media above the pI of the 

BSA. The schematic diagram in Figure 4a demonstrates that the electrostatically adsorbed BSA 

is easily desorbed simply by increasing the pH of the solution above the isoelectric point of the 

BSA. This was achieved by rinsing the microspheres in a PBS (0.01 M, pH 7.6) buffer to 

exchange the soaking solution, and then letting the microspheres soak for one day. This simple 

one step method is sufficient for desorbing a qualitatively large amount of protein off of the 

microspheres.  

In Figure 4b, micrographs show that the spheres are stable in MES (0.02 M, pH 3.6) near the 

ideal pH range for electrostatic adsorption while increasing the pH well above the pI of BSA 

results in rapid desorption. After fabricating and adsorbing the BSA (25 μg/ml) to the 

microspheres, the microspheres were subsequently exposed to varying pH conditions (i.e. MES 

(0.02 M, pH 3.6), PBS (0.01 M, pH 7.6), and NaOH (pH 13)) to test long term stability and 

desorption. In MES, the BSA remains stably electrostatically bound to the microspheres, even 

while soaking for two days. Next, the adsorbed BSA is shown to be easily desorbed by 

increasing the pH of the soaking solution with PBS. After soaking for one day, the desorption of 

BSA is easily visualized by a decrease in intensity of the Coomassie blue dye. Finally, a stronger 

base was used to further examine desorption of the BSA from the microspheres. A NaOH 

solution (pH 13.0) was used, and the particles were imaged in water after a single rinse with 

NaOH. Even though the BSA desorbed rapidly compared to the relatively mild conditions of the 

PBS buffer, the strong NaOH solution began to degrade the hydrogel network and caused the 

microspheres to begin to swell. Due to the caustic nature of NaOH it also readily degrades BSA 
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and OPH, and was therefore not used for the remainder of this study. Overall, these results 

demonstrate that BSA electrostatically adsorbed to the p(AAm-co-AA) microspheres is stably 

incorporated at the pH range at which protein adsorption occurs, and the controlled pH-

dependent release of protein can be easily achieved by increasing the pH above the isoelectric 

point of the protein. 
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Figure 4. Controlled pH-responsive desorption of electrostatically adsorbed BSA from p(AAm-

co-AA) microspheres. (a) Schematic diagram showing the desorption of BSA by increasing the 

pH of the solution to above the pI of the protein.  (b) Bright field micrographs of desorption of 

BSA over time in varying pH conditions and visualized with Coomassie blue dye. (c) 

Micrographs of desorption of BSA in PBS at greater acrylic acid concentration (14:5:1). Scale 

bars represent 200 μm. 

 

Finally, Figure 4c shows that increasing the acrylic acid concentration from 1 wt. % (18:1:1) to 5 

wt. % (14:5:1) of the prepolymer solution had no visible effect on the adsorption and subsequent 

desorption of BSA. After fabrication, (14:5:1) microspheres were similarly adsorbed at a 

concentration of 25 μg/ml BSA with a negative control of 0 μg/ml BSA. Compared to the results 

in Figure 4b for (18:1:1) microspheres at the same adsorption and desorption conditions, the 

higher concentration acrylic acid microspheres did not appear to have a greater concentration of 

adsorbed protein on to the microspheres, which would be expected with an increase in number of 

available electrostatic binding sites. This result sheds light onto the issue of polymerization 

efficiency in the p(AAm-co-AA) hydrogel system. It is likely that due to low polymerization 

efficiency, acrylic acid does not incorporate itself into the hydrogel network at a ratio equal to 

that of the prepolymer solution.
23

 At the greater acrylic acid concentration, the polymerization 

efficiency is a limiting step preventing a significant increase in the acrylic acid incorporated into 

the hydrogel matrix. Nevertheless, 3c also shows that the (14:5:1) microspheres swell 

significantly more than their (18:1:1) equivalents after soaking in PBS for one day, 

demonstrating that the higher concentration of acrylic acid leads to the fabrication of less 

mechanically stable microspheres. Although the increase in acrylic acid concentration was not 
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enough to lead to a change in the amount of protein adsorbed, there is a non-trivial increase in 

the total concentration of acrylic acid in the final (14:5:1) microspheres compared to the (18:1:1) 

microspheres to the point that the mechanical characteristics of the particle are compromised. 

Therefore, within the range of examined microsphere compositions, adsorption of BSA onto 

(18:1:1) microspheres provide adequate electrostatic binding sites without compromising the 

mechanical integrity of the microspheres. 

 

4. pH-Responsive Adsorption and Desorption of OPH 

I then show that BSA was an effective model protein for the adsorption and desorption of 

proteins on p(AAm-co-AA) microspheres by applying the same pH-responsive principals of 

adsorption and desorption of BSA to the adsorption and desorption of OPH. In Figure 5a, bright 

field micrographs demonstrate the effective adsorption of OPH (25 μg/ml) in water (pH 6.5) as 

well as with a negative control of 0 μg/ml OPH, visualized with Coomassie blue dye. Figure 5b 

shows microspheres desorbed under varying pH conditions, where the OPH remained stably 

adsorbed on the hydrogel microspheres after soaking in PBS (0.01 M, pH 7.6) for one day, which 

is still within the ideal pH range for OPH. The OPH was desorbed in a CHES buffer (250 mM, 

pH 9.0) after soaking for one day, again visualized by the lightening of the Coomassie blue dye. 

According to these results, like BSA the adsorption and desorption of OPH was shown to be a 

pH-dependent process. 

Additionally, other than the diluent used, the reaction conditions of the adsorption scheme for 

OPH was not changed from the procedure used for BSA, demonstrating the generality of my 

approach. Furthermore, the OPH remained adsorbed on the microspheres even after soaking in 

PBS (0.01 M, pH 7.6) for one day, which is still within the ideal pH range for OPH. Whereas 
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PBS (0.01 M, pH 7.6) allowed the BSA to desorb fairly rapidly from the same (18:1:1) 

microspheres. These results indicate the adsorption and desorption is fully pH dependent, and 

furthermore that it is not a result of the choice of buffer used. 

In summary, these results indicate that the adsorption and desorption of proteins from p(AAm-

co-AA) microspheres is fully pH-dependent, and that the methods developed in this study are 

general enough to apply to proteins with isoelectric points greater than the pKa of the 

carboxylate functional groups present in the microspheres. 

 

 

Figure 5. Electrostatic adsorption and pH-dependent desorption of OPH on p(AAm-co-AA) 

microspheres. (a) Micrograph demonstrating the successful electrostatic adsorption of OPH 

visualized with Coomassie blue dye. (b) Micrograph showing the desorption of OPH over time 

under varying pH conditions. Scale bars represent 200 μm. 
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5. Activity of Electrostatically Adsorbed OPH on p(AAm-co-AA) microspheres 

Next, I examined the enzymatic activity of the OPH electrostatically adsorbed on the p(AAm-co-

AA) microspheres . Figure 6a shows the change in absorbance at 400 nm of a paraoxon solution 

in the presence of free OPH without microspheres. The assay consisted of the following mixture 

of 10 v/v % enzyme sample, 10 v/v % 250mM CHES buffer, 20 v/v % 1mM paraoxon, and 60 

v/v % water. The enzyme sample can include microspheres, and control runs replaced the 

enzyme sample with water. Figure 6b shows the change in absorbance at 400 nm of the paraoxon 

solution over time in the presence of microspheres prepared under varying OPH concentrations 

(i.e. 0 μg/ml, 25 μg/ml, and 125 μg/ml). None of the microspheres led to an increase in the 

absorbance at 400 nm, indicating that the paraoxon was not degraded into p-nitrophenol. Figure 

6c shows the microspheres after recovering from the absorbance assay and staining with 

Coomassie blue dye. It was found that the control did not turn blue, while both the spheres with 

25 μg/ml OPH and 125 μg/ml OPH turned blue in the presence of the Bradford reagent, 

confirming the proteins were successfully. The lack of change in absorbance may be due to the 

low amount of total OPH adsorbed to the microspheres in the reaction mixture. Further 

quantitative studies on the total OPH adsorbed will need to be carried out. 
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Figure 6. OPH absorbance-based assay for the degradation of paraoxon into p-nitrophenol. (a) 

Absorbance measurements over time for free OPH in solution. (b) Absorbance measurements 

over time for electrostatically bound OPH at varying loading concentrations. (c) Micrographs of 
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microspheres recovered after the enzymatic assay and imaged after visualization with Coomassie 

blue dye. All scale bars represent 200 μm. 

 

Another possible reason for the inactivity of the adsorbed OPH is that the sulfonic acid CHES is 

too chaotropic, disrupting the hydrophobic interactions and denaturing the OPH.
24

 The next step 

in this investigation would be to repeat the enzymatic assay with other kosmotropic salts that 

would encourage the refolding of the OPH protein back to its active shape, such as PBS. 

Nevertheless, the activity of the free OPH can still be characterized, and at a concentration of 

125 μg/ml OPH, the activity was determined from the initial slope in Figure 6a and equation (2) 

as 6.0×10
-4

 μmol/min.  

 

Overall, for the conditions examined in this study, the results are inconclusive and further 

activity assays and quantitative enzyme adsorption will need to be characterized. However, the 

results do still confirm that the electrostatic binding of OPH to the p(AAm-co-AA) is very stable. 

 

6. Activity of Covalently Conjugated OPH and Microspheres via EDC/NHS 

Finally, I examine the activity of covalently conjugated OPH on the p(AAm-co-AA) 

microspheres via EDC/NHS chemistry, and show that the OPH was unable to be bound to the 

microspheres. Figure 7a, is a schematic diagram describing the process of covalently conjugating 

OPH to the microspheres via EDC/NHS reaction which proceeds by Sn2 reaction. A ratio of 

0.4mM:0.1mM EDC:NHS was used and reacted with the microspheres for 15 minutes. Then the 

spheres were washed in MES (pH 6) and PBS (0.01 M, pH 7.6) prior to protein conjugation. The 

microspheres in PBS were mixed with OPH to a final concentration of approximately 2 μM. 
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Finally the spheres were washed thoroughly in water before undergoing characterization. Figure 

7b shows the results of the absorption based enzymatic assay. The free OPH was active due to 

the increase in absorbance at 400 nm, while the EDC/NHS conjugated OPH-Microspheres 

seemed inactive as shown by lack of change in absorbance at 400 nm.
22

 

 

 

Figure 7. OPH absorbance-based assay for the degradation of paraoxon into p-nitrophenol. (a) 

Schematic diagram briefly describing the carbodiimide chemistry used to covalently link OPH to 

the p(AAm-co-AA) microspheres via EDC/NHS. (b) OPH absorbance based assay to determine 

activity of OPH covalently linked to (18:1:1) microspheres. Inlay is a micrograph of the 

microspheres recovered after the assay and after visualization with Coomassie blue dye. Scale 

bar represents 200 μm. 
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It should be noted that the OPH used in this study was a proprietary stabilized enzyme produced 

by Lybradyn Inc., and may possibly have been stabilized in such a way that interferes or 

competes with the EDC/NHS conjugation. Further studies will have to be conducted by 

conjugating BSA and wild-type OPH to confirm that the EDC/NHS conjugation chemistry is 

compatible with our protein and microsphere system. 
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CONCLUSIONS 

In this study, I demonstrate the use of BSA as a model protein to examine the electrostatic 

binding and pH responsiveness of the p(AA-co-AAm) hydrogel microspheres. Using the 

Bradford reagent Coomassie Brilliant Blue G-250 dye, the presence of proteins adsorbed on the 

microspheres was visually confirmed. I also demonstrate the importance of an ideal pH range for 

the effective electrostatic adsorption of proteins onto the microspheres. Namely, the pH of the 

solution in which adsorption occurs must remain above the pKa of the acrylic acid carboxylate 

groups and below the pI of the protein to be adsorbed. While OPH was also shown to adsorb 

according to this observation, there was no detectable activity during the assay. Covalent 

conjugation via EDC/NHS chemistry was also not successful in conjugating OPH to the p(AAm-

co-AA) microspheres. The results described in this report demonstrate a promising start to the 

electrostatic adsorption of enzymes onto our hydrogel microspheres, however there are a number 

of areas left to explore and improve.  Namely the conjugation method of model proteins and 

enzymes needs to be refined before definitive conclusions about the activity of the system can be 

accurately characterized. Also, the amount of protein adsorbed will need to be quantitatively 

determined in order to accurately assess the number of available binding sites and porosity of the 

system. Nevertheless, this system still provides a unique solution to the issues facing 

environmental remediation, hazardous waste management, and chemical warfare. 
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