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      “Smart” polymers are polymers that respond to certain external stimuli.  Specifically, 

pH- and temperature-responsive polymers have been explored extensively for cancer drug 

delivery. However, pH-responsive polymers do not provide adequate specificity for tumors, and 

temperature-responsive polymers do not sufficiently differentiate cancerous and healthy cells. 

Alternatively, we have been engineering polymers that respond to the Warburg effect. The 

Warburg effect describes cancer cells’ preference in generating energy through aerobic 

glycolysis instead of oxidative phosphorylation; the direct result of the Warburg effect is the 

increased concentration of lactate in the local tumor environment. We have incorporated 

thermophilic lactate dehydrogenase (LDH) as a lactate recognition moiety in a network of 

poly(N-isopropylacrylamide) (NIPAm) and N,N’-methylenebisacrylamide (BIS) as cancer-

specific delivery platform using lactate as stimulus. DLS measurements and TEM images have 

confirmed that the protein-polymer hybrid nanoparticles resulted in monodisperse particles with 

average hydrodynamic diameters of 177 ± 0.8 nm at 37°C. Circular dichroism (CD) and kinetic 

assays showed that the incorporated LDH remained correctly folded and active in the polymer, 
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demonstrating intact protein structure within the polymer. Upon addition of lactate, the particle 

hydrodynamic diameter swelled up to 99.2 ± 13.5 %, showing the material’s stimuli-responsive 

behavior. Furthermore, we showed that by incorporating mutant LDH with weaker binding 

compared to wtLDH did not induce swelling.  
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Chapter 1: Introduction 

Cancer is a disease that occurs when malignant cells undergo an uncontrolled growth. In 

2018, the United States alone is estimated to have 1,735,350 new cases of cancer diagnosis with 

609,640 cancer deaths. Furthermore, approximately 38.4% of men and women will be diagnosed 

with cancer at some point in their lives according to the Surveillance, Epidemiology, and End 

Results (SEER) Cancer Statistics Review.1 Current cancer therapy includes surgical removal, 

chemotherapy, radiation therapy, and immunotherapy. Due to the heterogeneity of different types 

of cancer, these therapies are used in combination. Common mechanisms of conventional 

chemotherapeutics include inhibition of DNA synthesis,2 tubulin/microtubule polymerization,3 

and epidermal growth factor receptors.4 These therapeutics faces many challenges in the 

therapeutic application including low solubility, poor biodistribution, high dosage, and 

detrimental side effects caused by lack of tumor specificity.5  

Recently, nanocarriers including polymers,6-9 liposomes,10,11 inorganics,12,13 and 

hydrogels14,15 have further enhanced the delivery of chemotherapeutic drugs. Nanoparticle 

loaded drugs have been beneficial in increasing the biodistribution by preventing rapid clearance 

and by increasing blood circulation and accumulation near the tumor site due to the enhanced 

permeability and retention (EPR) effect caused by the leaky vasculature near the tumor.16 After 

the first passive targeting drug Doxil® was clinically approved by the FDA,17 often passive 

targeting cancer platforms have included Caelyx®, Abraxane®, Marquibo®, DaunoXome®, and 

Onivyde® and have shown enhanced efficacy over the conventional delivery.18 However, 

passive targeting cancer platforms lack specificity as tissues that have fenestrated blood vessels 

such as liver and spleen also show accumulation of delivery platforms.19  
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To enhance the cancer specificity, smart nanocarriers that respond to disease-specific 

stimuli have been developed. Specifically, pH- and temperature-responsive polymers have been 

explored extensively for cancer drug delivery. pH-responsive platforms utilize low pH 

microenvironment of tumor (pH ~7) compared to normal tissues (pH ~7.5).20 For example, 

doxorubicin (DOX) had been loaded onto polymer micelles,21 pH-sensitive DNA,22 and 

liposomes23 carriers that resulted in a release of DOX at slightly weaker acidic 

microenvironment of tumor tissues. Similarly, temperature-responsive platforms including 

micelles,24 liposomes,25 and polymers26 have been loaded with cancer drugs to respond to the 

mild hyperthermic conditions near tumors (1-2°C above the healthy tissues).  

Although the stimuli-responsive materials have shown to be beneficial in cancer drug 

delivery, lack of specificity and insufficient difference from the cancer cell microenvironment 

remain challenges that prevent clinically consistent efficacy. Particularly, pH-responsive 

polymers do not provide adequate specificity for tumors, and temperature-responsive polymers 

do not sufficiently differentiate cancerous and healthy cells. Other triggers used in photothermal 

and photodynamic therapies, radiotherapy, ultrasound, and magnetic therapy that utilize an 

external stimulus is harder to reach the internal tumors and have their own short comings.27  

An alternative potential trigger for cancer-specific stimulus that has not yet been utilized 

is the by-product of cancer metabolic alterations, one of which is lactate. The Warburg effect 

describes cancer cells’ preference in generating energy through aerobic glycolysis instead of 

oxidative phosphorylation. In the presence of oxygen, normal cells generate energy through 

oxidative phosphorylation, which is a more efficient pathway that generates ~36 ATP/ mole of 

glucose. In cancer cells regardless of the presence of oxygen, the generation of ATP through 

glycolysis dominates (~4 ATP/ 1 mole of glucose).28 Although the reason behind this metabolic 
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alteration that prefers inefficient ATP generation is not fully established, the Warburg effect has 

been extensively utilized to diagnose and image common cancers through 18F-deoxyglucose 

positron emission tomography (18F-FDG-PET).29 The Warburg effect is further solidified by the 

overexpression of enzymes in the glycolysis pathway (which includes LDH) in 24 different 

common cancers that span 70% of human cancer cases. Moreover, overexpression is not seen in 

the other biochemical pathways including citric acid cycle which generates precursors necessary 

for the oxidative phosphorylation.30  

The direct result of the Warburg effect is an increased concentration of lactate in the 

tumor microenvironment. Lactate serves as an excellent alternative trigger for cancer due to 

higher metabolic specificity towards tumors and greater concentration differential between 

cancerous (10-20 mM and up to 40 mM) and healthy cells (0.5-2 mM). Because anaerobic 

glycolysis (normal cells without oxygen) also leads to an increased production of lactate, there 

are acute conditions such as cardiac arrest and ischemia that harness the same condition. The 

lactate concentrations in these conditions are usually less than 4 mM,31 which is significantly less 

than the observed lactate concentrations in tumor. Nevertheless, this emphasizes the potential 

specificity of a delivery platform that responds to lactate and capable of tuning the lactate 

concentration required for lactate responsiveness.  

In this thesis work, we have fabricated protein-polymer nanoparticles that respond to the 

therapeutically relevant concentrations of lactate. We have incorporated thermophilic lactate 

dehydrogenase (LDH) into a crosslinked network of poly(N-isopropylacrylamide) (NIPAm). 

LDH serves as the lactate sensor. It is an enzyme that catalyzes the interconversion of lactate to 

pyruvate with NAD+/NADH cofactors. LDH has been researched thoroughly in industrial 

settings for the conversion of an expensive cofactor NAD+ with inexpensive substrates.32 
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However, the limitation of LDH is the high substrate specificity that hinders generation of 

chirally pure hydroxyl compounds with longer hydrophobic chains, which are used in various 

products33,34. Promiscuous substrate binding of LDH also has potential for generating 

pharmaceutical relevant molecules that require chiral-specific hydroxyl acids as precursors such 

as mandelic acid (synthesis of antitumor agents),35 S-α-hydroxyl-4-phenyl butanoate 

(antihypertensive),36 and L-phenylactic acid (antiseptic agent).37 Therefore, LDH has been a 

subject of many directed evolution and rationally designed mutagenesis studies38-40 to change the 

binding affinity of its substrates.   

Other research groups have engineered different platforms that respond to a small 

molecule as a stimulus for drug delivery, but they are primarily glucose-relevant systems. To 

generate a glucose-responsive polymer, phenylboric acid was incorporated into NIPAm 

polymers which resulted in formation of negative side chain after glucose reacted with 

phenylboric acid group.41 Polymers with encapsulated enzymes, such as glucose oxidase and 

glucose dehydrogenase, that catalyze the reaction from glucose to gluconic acid have been 

shown to respond to glucose due to local pH change from gluconic acid.42,43 Protein-polymer 

hybrids using enzymes such as calmodulin and glucose binding proteins have utilized enzyme 

conformation changes that result in a collapse of particles upon addition of their substrates.44,45 

Additionally, Miyata et al. had conjugated anti-rabbit IgG and rabbit IgG that served as a cross-

linker; the competition between crosslinker antigen and free antigen caused a decrease in 

crosslinking density that caused particle swelling.  

Herein, we hypothesized that we can fabricate lactate-responsive particles, and that by 

altering the binding strength of LDH, we can alter the critical lactate concentration required for 

swelling of NPs. To our knowledge, this is the first time that the Warburg effect has been used as 
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a triggering stimulus for a cancer therapy platform. We will utilize the swelling mechanism of 

ionic substrate binding, as lactate exists as ionic form at the pH near the microenvironment of 

tumor (Fig. 1). A similar swelling mechanism was observed when Kokufata et al. fabricated 

NIPAm hydrogel with entrapped ConA.46 It was shown that when the hydrogel is incubated with 

dextran sulfate, an ionic substrate of ConA, swelling was observed. However, when the hydrogel 

was incubated with non-ionic substrate mannopyranoside, swelling was not observed.46 Although 

we will utilize the same mechanism, we will investigate the alteration of LDH substrate binding 

by mutagenesis through site-directed mutagenesis and directed evolution, and incorporate the 

mutant LDH with different lactate binding to tune the lactate concentration required for NP 

swelling.  

 

Figure 1. Proposed mechanism of NP swelling by increased concentration of 

negatively-charged lactate in the microenvironment of the cancer cells. At 37°C, 

NIPAm NP remains in the collapsed state without the lactate stimulus (left). 

Presence of lactate in the environment of cancer cells allow binding of ionic lactate 

into the LDH and exerts an osmotic pressure for NP swelling (right).  
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Chapter 2: Production and characterization of wtLDH and key mutants 

2.1. Background and rationale  

Lactate dehydrogenase (LDH) is an enzyme that catalyzes the interconversion of lactate 

to pyruvate with NAD+/NADH cofactor. LDH plays an important role in oncology due to its 

overexpression observed in cancerous cells.30 In normal tissues, LDH serves to convert pyruvate, 

the final product of glycolysis, into lactate at low concentration of oxygen. However, in tumor 

tissues, this reaction occurs regardless of the presence of oxygen, which is called the Warburg 

effect. Although, the mechanistic reasoning behind this phenomenon is not certain, the Warburg 

effect is observed in many different types of cancers30 and often serves as a biomarker for cancer 

prognosis.47  

The role of LDH in cancer cells and increased concentration of lactate in the 

microenvironment of cancer cells allows LDH to be a potentially strategic candidate for protein 

sensor module distinguishing the malignant cancerous cells from the healthy cells. LDH 

expressed by Bacillus stearothermophilus is homotetrameric enzyme with four active sites for 

lactate. Because it is produced by a thermophilic organism, it can withstand the relatively high 

temperatures of chemical synthesis. In the active site of wtLDH the binding of lactate/pyruvate 

occurs through electrostatic and van der Waals interactions where Gln102 and Thr246 creates a 

substrate recognition pocket for specificity, while Arg171 and Arg109 stabilizes the substrate’s 

negative charge (Fig. 2A). This alignment of pyruvate/lactate allows the hydride transfer from 

the cofactor with His195 being the hydrogen donor/acceptor (Fig. 2A).  
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The interaction between lactate and LDH through these important amino acids allows 

recombinant alteration of LDH resulting in an altered binding affinity. Previous studies on B. 

stearothermophilus LDH have mutated Gln102 to rationally increase the specificity of LDH to 

other substrates; Gln102, along with Thr246, generates a substrate recognition pocket that 

limited the substrate to lactate/pyruvate. Especially Gln102 prevented recognition of longer and 

bulkier substrate by steric hinderance.48 Hence, the mutation of Gln102 into Arg and Val resulted 

in increased catalysis of oxaloacetate and phenylpyruvate.38,40 Furthermore, a directed evolution 

approach with DNA shuffling was used to screen for LDH that does not require FBP for 

tetramerization (Fig. 2B) and substitution for NADPH/NADP+ cofactors instead of 

NADH/NAD+. 39,49 These previous studies show that LDH can be mutated for novel substrate 

affinity and alteration of native substrate binding.  

A B 

Figure 2. Key amino acids and cofactor involved in the (A) active site of wtLDH. 

Histidine 195 is responsible for the donating/accepting protons in the conversion of 

lactate to pyruvate and vice versa. Thr246 and Gln102 make up the hydrophobic pocket 

that assist in substrate orientation. (B) FBP is an activator of LDH that is involved with 

tetramerization. These images were reprinted from Trends in Biochemical Sciences, 14/4, 

Clarke. A, From analysis to synthesis: new ligand binding sites on the lactate 

dehydrogenase framework. Part II, 145-148, 1989, with permission from Elsevier.  
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Before a large library can be generated and screened to be synthesized into NPs, it is 

essential that LDH can be expressed and purified at a large scale to match the scale of NP 

synthesis. After optimization of the purification procedures, key mutants such as inactive or 

constitutively teterameric LDH can be identified, expressed, and purified. Characterization 

including kinetic assay and thermostability are used to measure lactate affinity and ensure 

protection from elevated temperature during NP synthesis.  Hence specific objectives for this 

chapter were:  

1. Cloning and expression of wtLDH into an expressive E. coli cells. 

2. Optimization of wtLDH expression and purification protocols to match the amount 

needed for large scale NP synthesis. 

3. Identification and generation of key mutant LDH for NP synthesis. 

4. Characterization wtLDH and key mutant LDH for substrate binding affinity and 

thermostability. 

2.2. Methods  

2.2.1. Materials  

Reagents were purchased from Fisher Scientific unless otherwise noted. E. coli DH5α 

was purchased from Strategene (La Jolla, CA). Restriction endonucleases, DNAse I, and RNase 

If were acquired from New England Biolabs (Ipswitch, MA).  

2.2.2. LDH expression and purification 

DNA encoding wtLDH from B. stearothermophilus with a N-terminal His6X tag was 

synthesized by Integrated DNA Technologies (IDT) using gBlock sequences optimized for E. 

coli expression. The final LDH DNA and amino acid sequences are presented in Appendix B. 

Thermophilic organism B. stearothermophilus LDH was selected due to its structural stability at 
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elevated temperature. The gene was ligated into Blunt Topo vector, transformed into E. coli 

(DH5α) cells, and sequence confirmed with standard Sanger’s sequencing (GeneWiz). wtLDH 

fragment of the wtLDH-TOPO vector was digested with BamHI and NdeI, extracted from a 0.7% 

agarose gel (GeneJET kit), and ligated into a BamHI- and NdeI-digested pET11a vector. The 

ligated plasmid is transformed into chemically competent BL21(DE3) expressive cells.  

Single colonies of transformed BL21(DE3) cells were picked and incubated overnight at 

37°C for 16-18 hr, and overnights were reinoculated into 1 L of LB culture containing 100 µg/ml 

ampicillin. Once the OD600 of the culture reached 0.6-0.7, the LDH expression was induced 

with 1 mM IPTG for 3 hr, and cells were harvested.  Cells were resuspended in breaking buffer 

and lysed in French pressure cell (Thermo Scientific). Cell debris and insoluble fractions were 

removed using ultracentrifuge, and soluble fractions were purified using HisPur Ni-NTA 

(Thermo Fisher Scientific) affinity column following the product protocols. Samples of each 

fraction from the affinity column were run on SDS-PAGE. The elution fractions with soluble 

LDH proteins were combined and exchanged into phosphate buffer using Zeba desalting 

columns. The concentration of the purified LDH was obtained with a micro BCA Kit and stored 

at -80°C.  

Initial expression and purification of wtLDH showed low solubility and low purification 

yield. GroEL/ES protein chaperone plasmid, pGro7 (Tanaka, Appendix C), was co-transformed 

with the purified wtLDH vector into calcium-competent BL21(DE3) cells to enhance protein 

folding and final yield (based on rotation report by Melissa Thone). The purification of 

GroEL/ES aided wtLDH was similar except the addition of 50 µg/ml of chloramphenicol and 

addition of 1 mM arabinose to induce GroEL/ES after the overnight inoculation. Gradient of 

imidazole concentrations (25, 50, 100, 150, 200, 250, and 400 mM imidazole) were tested to find 
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the optimal concentration required for wash and elution step in purification using Ni-NTA 

columns. Vendor protocol for Ni-NTA columns were used for purification except wash and 

elution fraction imidazole concentration. Wash and elution fraction imidazole concentrations 

were changed to 150 mM and 400 mM imidazole. 

2.2.3. LDH mutagenesis    

LDH mutants T246A and H195E LDH were generated using the polymerase chain 

reaction (PCR) with primers that contained the desired mutations. The designed primers 

contained an overlapping region at the 5’ end and few nonoverlapping region containing the 

mutation at the 3’ end. The PCR was conducted in 25 uL of total reaction containing 1 uM of 

mutation primer pairs (Appendix Table 1), 10 ng of template DNA, 2.5 U of Pfu Ultra II DNA 

polymerase, 200 uM dNTPs, and 1x Pfu Ultra reaction buffer. PCR was performed using 

thermocycle setting of 5 min at 95°C followed by 12 cycles of 1 min at 95°C, 1 min at Tm, primer 

non-overlapping region - 5°C, and 2 min at 72°C, followed by 1 min at Tm, primer overlapping region - 5°C, and 

10 min at 72°C. PCR product was digested with 20 U DpnI for 2 hr at 37°C to remove the 

methylated template DNA and transformed into chemically competent DH5α. Single colonies 

were selected and miniprepped to extract the mutant LDH-pet11a plasmid (Appendix C). The 

plasmid was digested with BamHI and NdeI and run on agarose gel. After confirming the 

sequence through GeneWiz (Appendix D), the mutant DNA was co-transformed into chemically 

competent BL21(DE3) cells with pGRO7 chaperone protein plasmid. 6A LDH which contains 

three single mutations from wtLDH was ordered from IDT as gBlock (Appendix B) and cloned 

using the same protocol as wtLDH.  
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2.2.4. Steady-state kinetics  

Protocols for determining kcat and Km of wtLDH were based on previous studies by 

Clarke et al.50  Enzyme kinetics were measured by absorbance increases at 340 nm in the 

generation of NADH. All assays were done at 25°C and in 100 mM triethanolamine 

hydrochloride buffer.  Enzyme at 100 nM was mixed with 10 mM nicotinamide adenine 

dinucleotide+ (NAD+) and 20 mM fructose-1,6- bisphosphate (FBP) with varying lactate 

concentrations.  The initial slope of the absorbance vs. time was obtained for a range of lactate 

concentrations. This initial slope vs. concentration of lactate was plotted in GraphPad Prism and 

kinetic parameters (Km and kcat) were determined using a non-linear curve fit to the Michaelis-

Menten equation.   

2.2.5. Equilibrium dialysis  

Equilibrium dialysis (ED) was done using the 96-well ED block. A strip of 12-14 kDa 

MWCO dialysis membrane was incubated in deionized H2O for 30 min, placed in between the 

well, and clamped to prevent leakage. The dialysis membrane divides the well into two 

compartments: feed and protein sides. The feed side was injected with various concentrations of 

fluorescent oxamate inhibitor in 100 mM triethanolamine hydrochloride buffer. The protein side 

was injected with 1 mM wtLDH, 10 mM NAD+, 5 mM FBP in 100 mM triethanolamine 

hydrochloride buffer.  Each side contained 100 µL to make total well volume 200 µL. The 

apparatus is covered and incubated at room temperature for 24 hr. Oxamate-derived and dansyl-

tagged inhibitor of LDH was synthesized by Krista Fruehauf in Kenneth Shea’s lab. Fluorescent 

inhibitor was dissolved in dimethyl sulfoxide at stock concentration of 200 mM. A range of 

dansyl-conjugated inhibitor concentration (20, 10, 5, 2.5, 1, 0.5, and 0 mM inhibitor) was run on 

plate reader on absorbances spectrum (330 – 450 nm) to select the optimal absorbance peak. 
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Using that wavelength (390 nm), a standard curve of absorbance vs. inhibitor concentration was 

constructed. After equilibrium dialysis, 50 µL of solution from the feed side is collected and 

diluted into 100 µL (2-fold dilution) for measuring the concentrations of inhibitor in the feed side 

(by plugging into the standard curve). By subtracting the inhibitor concentration from starting 

concentration, we calculate concentration of inhibitor bound to LDH. Binding coefficient is 

calculated by dividing the protein concentration to concentration of bound inhibitor. Upon 

equilibrium, fraction of bound substrate (binding coefficient) is measured and fitted into equation 

(1) to find the Kd.  

𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =
𝐵𝑚𝑎𝑥[𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]

𝐾𝑑+[𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]
                                                      (1) 

where Bmax is the maximum binding coefficient. Binding coefficient vs. inhibitor concentration 

curve is fitted into Michaelis-Menten equation in GraphPad Prism to find Kd.   

2.2.6. Thermostability of LDH  

Characterization of LDH was based on prior protocols for thermophilic proteins derived 

from B. stearothermophilus.51  In summary, purified LDH was run on 12% SDS-PAGE gel to 

examine the presence of impurities during and after purification. Mass spectrometry was also 

performed (Waters Quattro Premier XE) to verify molecular weight of purified LDH. The 

secondary structure and thermostability of wtLDH were characterized following the protocol of 

Dalmau et al.51 Jasco 810 spectropolarimeter equipped with Jasco Peltier temperature controller 

(Jasco, Easton, MD) were used to measure the far-UV circular dichroism (CD).  LDH proteins 

were examined at a concentration of 0.06 mg/ml in 50 mM potassium phosphate and 100 mM 

NaCl.  Samples were scanned between 200 and 260 nm at 25°C at scanning speed of 10 nm/min 
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in 0.1 cm pathlength Quartz cells. Thermal unfolding was monitored at ellipticity at 220 nm from 

60°C to 90°C at a heating rate of 1°C/min.  

2.3. Results  

2.3.1. Optimization of wtLDH expression and purification 

 The DNA that encodes for B. stearothermophilus wtLDH was placed in a pET11a vector 

and recombinantly transformed into BL21 E. coli cells to enable scalable production of the 

protein sensor module. WtLDH was purified using the HisPur Ni-NTA affinity column, and the 

fractions from the affinity column were ran on SDS-PAGE gel and successful purification was 

confirmed (Fig. 3A). Initial expression of wtLDH showed low solubility in purification and low 

final yield after 3 hr of induction. To increase the final yield, the cultures were induced for 6 and 

16 hr, but most of the expressed wtLDH remained in the insoluble fraction as inclusion bodies 

(Fig. 3A). 
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To prevent inclusion body formation and increase solubility of LDH, expression was 

enhanced with co-expression of chaperone protein Gro(EL/ES) in BL21 E. coli. Incorporation of 

Gro(EL/ES) increased the ratio of soluble wtLDH to insoluble wtLDH inclusion bodies but 

resulted in an impure purification due to a histidine-rich region in the chaperone protein (Fig. 

3B).52 Therefore, a gradient of imidazole concentrations was used to select the optimal imidazole 

concentrations for purification (Fig. 3C). Initially the imidazole concentrations recommended by 

the manufacture was 50 mM imidazole, but a new wash concentration of 150 mM was selected 

to remove GroEL without eluting the wtLDH from visualization of the SDS-PAGE gel (Fig. 3C). 

Additionally, 400 mM imidazole was used for elution of wtLDH, as described in Methods.  

2.3.2. Characterization of wtLDH  

The purified wtLDH was further characterized with mass spectrometry to confirm the 

molecular weight of LDH monomer, and steady-state kinetic assays determined the binding 

Figure 3. Optimization of LDH purification. (A) Increasing the time of IPTG induction 

resulted in higher overall yield shown in SE1 fraction. (B) Coexpression with 

GroEL/ES chaperone protein increased the LDH in the soluble fraction, but showed 

impure purification shown in E and SE1 fractions as indicated by bands near 50 

kDa(GroEL). (C) Imidazole gradient was run to measure the concentration of wash 

fraction to reduce the GroEL bound to the Ni-NTA column. Fractions: Sol: soluble, 

Insol: insoluble, FT: flowthrough, W: wash (50 mM imidazole), E: elution (200 mM 

imidazole), SE: super elution (400 mM imidazole).  
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affinity to lactate and activity of the enzyme. The value of molecular weight obtained by mass 

spectrometry (Fig. 4B) showed correct size of 35887.0 Da (calculated molecular weight of 

wtLDH is 35886.8 Da), same value for three different purification batches of wtLDH. 

Additionally, initial slopes measured from accumulation of cofactor NADH of samples with 

different concentrations of lactate were used to fit the Michaelis-Menten kinetics curve for 

wtLDH (Fig. 7). The kinetic parameters Km and kcat values were 38.5 mM and 8.8 sec-1, 

comparable to the literature values.50  

 

 Although the kinetic parameter Km is useful in determining the kinetic binding affinity of 

lactate, the activity of wtLDH is undesirable in fabricating a delivery system due to conversion 

of lactate into pyruvate. Pyruvate has higher binding affinity than lactate, and conversion of 

pyruvate to lactate will provide a preferential binding to converted pyruvate which can introduce 

an uncontrolled variable in NP swelling. Km is defined as a concentration of substrate required to 

35887.0 Da A B 

Figure 4. Large scale expression and purification of wtLDH (SDS-PAGE) with 

Gro(ES/EL) chaperone protein. (A) Different fractions from the Ni-NTA column 

purifications. Sol: soluble fraction, FT: flow through, W: 1st wash fraction, E1: 1st elution 

fraction, E2: 2nd elution fraction. (B) The size of the LDH is checked with mass 

spectrometry with the expected size of wtLDH.  
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reach half the maximum velocity of the reaction. In case of substrate binding and dissociation 

from enzyme, equilibrium dissociation constant Kd is more suitable parameter in describing a 

thermodynamic parameter for binding of lactate to the enzyme active site. To measure the Kd, 

equilibrium dialysis experiments were conducted with dansyl-labeled oxamate-derived inhibitor 

(Fig. 5A), synthesized by Krista Fruehauf and Dr. Kenneth Shea. Oxamate is an analog of lactate 

and inhibitor of LDH. Using the protocol described in Methods, the fitted binding curve of 

wtLDH resulted in a Kd = 3.28 ± 1.47 mM (Fig. 5B). However, batch-to-batch variability in 

fluorescent inhibitor solubility resulted in an observation of inhibitor precipitation after 

incubation in the dialysis apparatus. This suggested that the plotted data and sample could not be 

used to accurately determine the Kd of the inhibitor.  

 

Figure 5. Equilibrium dialysis using fluorescent oxamate-derived inhibitor. (A) 

Oxamate-derived inhibitor was synthesized and conjugated to dansyl fluorophore 

(synthesized by Krista Fruehauf). A six-hydrocarbon chain was used as a linker for 

the fluorophore. (B) Fraction of fluorescent inhibitor bound to LDH was calculated 

and plotted against inhibitor concentration and fitted into Equation 2 to get the 

binding curve.  
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2.3.3. Inactivation of LDH activity with H195E site-directed mutagenesis  

Before generating a large library of LDH mutants, key mutants were researched and 

identified to test the tunability of the lactate affinity. Rationally, amino acids for targeted 

mutagenesis was focused on the active site of wtLDH (Fig. 3A). First target amino acid was the 

histidine 195 (H195) to inactivate the LDH catalysis; knockout of the catalytic activity of the 

LDH was essential for sensor module, because it is undesirable for NP-bound LDH to convert 

lactate into pyruvate, as binding affinity for pyruvate differs from lactate.50 H195 serves as an 

acid/base catalyst donating proton to substrate carbonyl or accepting a proton from substrate 

hydroxyl, in the inverse reaction.53  

To remove the activity, His195 was mutated into glutamic acid (H195E LDH), which has 

a similar spatial orientation as histidine but cannot function as proton donor/acceptor. This 

mutation was generated by using primers that contained the overhanging sequences with set of 

codons encoding for glutamic acid instead of histidine, as described in Methods. The digestion of 

generated storage vector resulted in a correct DNA band pattern in agarose gel (Fig. 6A). The 

process was repeated for expression vector pET11a-LDH and resulting agarose gel of the 

miniprepped vector from expression cell BL21(DE3) is shown in Fig. 6B. Resulting H195E 

LDH was co-expressed with Gro(EL/ES) and purified using the same protocol as wtLDH 

(Appendix A1). Purified H195E LDH resulted in a complete inactivation of enzyme shown by 

the kinetic assay (Fig. 7), compared to wtLDH. Although a complete inactivation of LDH is 

beneficial when LDH is incorporated into the NP, it presented a challenge in determining the 

substrate affinity through kinetics. Therefore, obtaining the Kd of H195E is essential in this 

project, because NP will ultimately incorporate a mutant LDH that will also contain H195E 

mutation to prevent the conversion of lactate into pyruvate.  
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2.3.4. Generation and characterization of other key mutants 

Other mutants that have been shown to have differential binding to lactate were explored. 

Another mutant LDH to address the limitation of obtaining kinetic binding affinity of inactive 

LDH was Threonine 246 Alanine LDH (T246A LDH). T246A LDH was previously reported to 

have 97% decrease in catalysis while the substrate binding affinity remained same using 

pyruvate as substrate.54 Threonine 246 is an amino acid involved in the binding pocket in the 

Figure 6. Cloning H195E LDH. H195E LDH in TOPO vector was fabricated using PCR 

with primers containing mutated basepairs. The vector was transformed and obtained after 

miniprepping the overnight. NdeI- and BamHI-digested vectors were run on agarose gel 

(A). Ligated product of pET11a vector and H195E LDH was transformed and resulting 

colonies were run on agarose gel after NdeI and BamHI digestion (B).  

A B 

Figure 7. Kinetics of LDH and mutant LDHs. (A) Enzymatic kinetics of wtLDH, 

H195E, and T246A with cofactor FBP. (B) Kinetic assay of 6A LDH shows reduced 

activity but resulted in FBP independence. The initial reaction rate vs. lactate 

concentration curve was plotted on GraphPad Prism and fitted onto the Michaelis-

Menten curve to obtain the kinetic parameters K
m

 and k
cat

.  
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active site of wtLDH (Fig. 2A). This mutant was selected, because reduced catalysis would still 

allow us to gauge the substrate affinity with minimal conversion of lactate into pyruvate. T246A 

LDH was cloned, expressed, and characterized (Appendix A2), and enzyme kinetics (Fig. 7) 

resulted in Kcat and Km of T246A LDH were 0.03 ± 1.6 x 10-3 µM/s and 2.1 ± 0.7 mM, 

respectively. Kinetics showed that the reduced catalysis was accompanied by a tighter substrate 

binding (Fig 7A) compared to wtLDH.  

 A third mutant was chosen to eliminate the need for the activator fructose-1,6-

bisphosphate (FBP) of wtLDH; FBP stabilizes the tetramerization of the wtLDH by shielding the 

charge repulsion of LDH dimer (Fig. 2B), and the conformation changes occurred after 

tetramerization results in a tighter substrate binding.53 6A (R118C, Q203L, and N307S) LDH is 

LDH mutant that was previously published to show no/little dependence of the activator FBP.39 

We cloned and expressed 6A LDH, and results showed comparable enzyme kinetics with and 

without FBP (Fig. 7B). However, the catalysis of the LDH was drastically affected with 

introducing three separate mutations. The kinetic assay (Fig. 7A) showed that the binding 

affinity of 6A LDH was much weaker binding compared to that of the wtLDH with Kcat and Km 

being 0.08 ± 3.1 x 10-2 µM/s and 120.8 ± 64 mM, respectively. As with T246A LDH, the 

literature values described kinetic assays with respect to pyruvate kinetics instead of lactate, 

which might explain this discrepancy.  

 Since free radical polymerization of NP is catalyzed by heating the reaction at ~60°C, it 

was vital that the synthesis temperature does not denature the LDH during NP synthesis. Thus, 

we used the LDH protein sequence from thermophilic organism B. stearothermophilus, and 

circular dichroism (CD) was used to confirm the thermostability. In analyzing biological 

macromolecules, CD, which measures the differential absorption of left- and right-handed 
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circularly polarized light, is mainly used to estimate the secondary structures of proteins (e.g. α-

helix, β-sheet, or denaturation). The scan of the CD measurements below 260 (region of 

secondary structure absorbance) was run for wtLDH and mutants. The wavelength scan of wt 

LDH and mutant LDH showed ellipticity peaks at 220 and 208 nm indicating α-helix.55 

Furthermore, thermostability of the LDH was measured by observing the ellipticity at 220 nm (α-

helix) while increasing the temperature (Fig. 8B-E). Increase in ellipticity indicates the loss of 

the α-helix and denaturation, and thermostability curves showed that all the mutant start 

degrading at ~80°C, which is far above the NP synthesis temperature of 60°C. The 

thermostability of mutant LDH was expected, because often it takes more than one amino acid 

mutation to cause significant structural change that leads to thermal instability.  

 

Figure 8. Molar ellipticity of wtLDH and mutant LDH. Molar ellipticity at different 

wavelengths were measured for different LDH samples using CD(A) at 25°C. 

Thermostability of wt (B), T246A (C), H195E (D), and 6A LDH (D) was measured by 

observing the α-helix structures of LDH (ellipticity at 220 nm) with respect to increase in 

temperature.  
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  2.4. Future work  

 In the work described in this chapter, methods of LDH expression and purification were 

optimized to ensure higher LDH yield and reduced impurity. Additionally, key mutants in the 

literature have been identified and generated through site-directed mutagenesis. The purified 

LDH was characterized for thermostability to ensure protection in NP synthesis temperature and 

kinetics to gauge the substrate affinity. 

 Future work will be optimization of equilibrium dialysis and measurement of the batch-

to-batch consistent dissociation constant Kd for wild-type and all mutant LDH with oxamate-

derived fluorescent inhibitor (Fig. 5A). Km is equal to Kd only when the rate of enzyme-substrate 

complex to enzyme product is negligible; Km serves as a good estimation for LDH, due to 

enzyme-substrate formation being the rate-limiting step compared to conversion.56 However, Km 

is unobtainable in catalytically inactive LDH, which eliminates the effect of catalysis on NP 

swelling. The challenge of optimizing the equilibrium dialysis will be synthesis of more 

hydrophilic inhibitor. In the initial experiments, the solid inhibitor was insoluble in water and 

needed DMSO as a solvent. DMSO is hydrophobic solvent that will also denature proteins at 

higher concentrations.57 Moreover, precipitation of inhibitor was observed at the bottom of the 

wells of equilibrium dialysis apparatus after incubation to reach equilibrium. Some proposed 

methods to solve this challenge will be utilizing a fluorophore that is more water soluble than 

dansyl chloride, such as FITC or Alexa-Fluor. Another method to increase water solubility is 

choosing a linker that is less hydrophobic, as the current linker contains hydrophobic six-carbon 

chain.   
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Chapter 3: Synthesis of LDH incorporated NP and characterization of lactate-

responsiveness of NP 

3.1. Background and rationale  

There have been many advancements in the field of stimuli-responsive, or “smart” 

materials. Stimuli-responsive polymers are materials that respond to external stimuli and have 

been studied extensively in the application of drug delivery. Mainly, the stimuli-responsiveness 

of NIPAm polymers is caused by three different mechanisms of swelling: shift in affinity with 

water,58 ionization of side chains,42,43 and reduction of crosslink density.59   

NIPAm polymers are an example of polymers that exhibit swelling with a change in 

affinity with water molecules. NIPAm particles are temperature-sensitive polymers that exhibit a 

phase transition at their lower critical solution temperature (LCST). Below the LCST, the 

hydrophilic interaction of NIPAm side chains dominates and allows water molecules to fill into 

the particle. In contrast, above LCST, hydrophobic interactions dominate causing the water 

molecules to escape and polymers to collapse.60 In the development of glucose-sensitive 

polymers, NIPAm polymers incorporated with phenylboric acid side chains was shown to swell 

due to osmotic pressure that was induced by negative charge when glucose was present.41 

Additionally, NIPAm has been used to encapsulate glucose oxidase and glucose dehydrogenase 

which resulted in a decrease in the local pH to form ionic side chains upon addition of 

glucose.42,43 Miyata et al. also utilized competitive binding between an immobilized anti-rabbit 

IgG and immobilized rabbit IgG to change the crosslinking density of NIPAm polymers upon 

addition of free rabbit IgG.59 

Phase transition due to the change in affinity with surrounding water molecules is limited 

to simple stimuli such as pH or temperature without a direct biomolecular recognition. Proteins 
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are excellent substrate recognition units due to their highly-specific active sites and capacity for 

recombinant engineering. Proteins-polymer hybrids have shown the feasibility for metabolic-

specific polymers with two mechanisms: ionic substrate binding and protein conformation 

change. NIPAm polymer was made with encapsulation of ConA which binds both non-ionic 

substrate mannopyranoside (MP) and ionic substrate dextran sulfate (DSS). This polymer only 

exhibit swelling upon addition of ionic substrate DSS and not MP.46 Proteins such as calmodulin 

and glucose binding protein have used the protein’s conformation change upon substrate binding 

to cause collapses of the protein-polymer materials.44,45 However, the particle collapse upon 

substrate binding is contradictory in case of drug delivery, because the drug must be released 

upon stimuli which requires a swelling, not collapse. Furthermore, many of the previous works 

were intended for glucose sensing, so it is limited to detection of glucose. To address these 

limitations, we have decided to use the mechanism of ionic substrate binding, as lactate (pKa 

=3.8) exists at high concentrations in an ionic form at the pH near the microenvironment of 

tumors that exhibit the Warburg effect.  

Chapter 3 will discuss the synthesis of NIPAm nanoparticles that contain conjugated 

LDH for NP responsive to an increased concentration of cancer-specific and ionic metabolite 

lactate. A list of specific aims in this chapter include:  

1. Perform LDH functionalization and NP synthesis with wtLDH and mutant LDH 

2. Characterize nanoparticles using DLS and TEM  

3. Assess NP swelling upon addition of lactate  

4. Demonstrate NP drug loading and release  



24 

 

3.2. Methods  

3.2.1. Materials 

Reagents were purchased from Fisher Scientific unless otherwise noted. NIPAm was 

purchased from TCI America (Portland, OR). BIS, SDS, and APS were purchased from Sigma-

Aldrich (St. Louis, MO). 

3.2.2. Nanoparticle synthesis  

Nanoparticle were synthesized following the protocols from O’Brien et al.61 as a starting 

point. Due to presence of enzyme in the synthesis, the synthesis protocols were slightly modified 

from O’Brien et al (schematics described in Fig. 9). To conserve on the amount of LDH used in 

synthesis, the reaction volume was decreased to 10 ml. In addition, the reaction time was reduced 

to 1 hr to ensure that the enzyme did not degrade over elongated heat exposure. 0.5 mg of wt 

LDH and mutant LDHs were incubated with 1:1 molar ratio with LDH tetramer of N-

succinmidyl acrylate (NSA) at 37°C for 1 hr in PBS to introduce a vinyl group for polymer 

incorporation (Fig. 9). After reaction, the LDH was desalted to remove unreacted NSA. NIPAm 

(72 mg), BIS (1 mg), sodium dodecyl sulfate (SDS) (2 mg), ammonium persulfate (APS) (6 mg), 

and functionalized LDH (0.5 mg) were mixed into a round bottom flask and filled to 10 mL 

synthesis volume with MilliQ H2O. When investigating the optimal synthesis condition, PBS or 

1 mM FBP in MilliQ H2O were also used to fill the synthesis volume. The air was purged from 

the mixture using nitrogen gas for 30 min and synthesis was performed at 60°C for 1 hr. After 

synthesis, the mixture was dialyzed in 10,000 – 14,000 MWCO dialysis tubing for 4 days with 

excess MilliQ H2O (changed twice a day) at 5°C to remove unreacted or partially-reacted 

monomers. After dialysis was completed, the NPs were stored in 5°C for long term storage.  
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3.2.3. Nanoparticle characterization  

To measure Np mass for concentration determination, 2 mL of NP in solution was 

lyophilized for 1-2 days to measure the NP mass per 2 mL of NP. DLS was used to measure the 

hydrodynamic diameter of the particles in solution. NP were diluted in MilliQ H2O (0.1 mg/ml) 

and DLS was measured with Malvern Zetasizer at 10, 25, or 37°C after incubating at the 

respective temperature for 2 min in Quartz cuvette. NIPAm is thermo-responsive material which 

collapses at temperature above the LCST (~32°C). Zeta potential was also measured (Malvern 

Zetasizer); Malvern capillary cells were filled with 1 mg/ml of NP dissolved in dH2O at 37°C.  

The amount of LDH incorporated into the NP was measured using the Trp fluorescence 

of protein; a standard curve was created using different concentrations of LDH (ex/em: 295/342 

nm) and 1 mg/ml of NPs fluorescence was measured and fit into the standard curve to obtain the 

protein concentration in the NP. Weight percent incorporation of LDH were measured by 

calculating quotient of the LDH concentration in synthesized NPs (based on fluorescence) and 

Figure 9. Schematics of NP fabrication. LDH is first functionalized with 

NSA to introduce a vinyl group. The functionalized wtLDH is synthesized 

into a free radical polymerization with NIPAm and BIS crosslinker.  
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amount LDH in synthesis (0.5 mg). After obtaining the protein concentration, enzymatic assay 

was conducted using the protocol described before to determine activity of encapsulated 

protein.50 One exception was instead of 25 nM of free LDH, 1 mg/ml solution of NP was used. 

The kinetic curve was then normalized to amount of LDH in 1 mg/ml of NP. CD of NPs were 

examined at a concentration of 0.01 mg/ml of NP in dH2O. Samples were scanned between 200 

and 260 nm at 25°C at scanning speed of 10 nm/min in 0.1 cm pathlength Quartz cells. The CD 

signals were converted to molar ellipticity using concentration of LDH.  

3.2.4. Selection of optimal swelling conditions  

Due to the importance of ionic strength in the hypothesized swelling mechanism, NP 

response to increased concentrations of FBP, NaCl, and phosphate was measured through DLS. 

To select for the optimal concentrations, different concentrations of FBP, NaCl, and phosphate 

individually were incubated with NP (0.4 mg/ml) for 30 min at 25°C. Then the hydrodynamic 

diameter of the NPs were measured with DLS after 2 min of additional incubation at 37°C in the 

Quartz cuvette. Experiments with phosphate and FBP were triplicate and averaged.  

Additionally, we selected two methods of preparing lactate: sodium lactate or pH’ed 

lactate. For sodium lactate, 200 mM of sodium lactate stock were dissolved in MilliQ H2O (pH 

7.4) and used at different concentrations. For pH’ed lactate, we adjusted the pH of lactic acid to 

pH 7.4 and made a 200 mM stock. For this experiment NPs (0.4 mg/ml) were incubated with 0.5 

mM FBP, 5 mM NAD+, and varying lactate concentrations ranging from 0 to 30 mM (pH 7.4) 

for 30 min at 25°C. Then, the hydrodynamic diameters of the NPs were measured with DLS after 

2 min of additional incubation at 37°C in the Quartz cuvette. 
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3.2.5. Swelling with lactate  

NPs (0.1 mg/ml) were incubated with 0.5 mM FBP, 5 mM NAD+, and varying lactate 

concentrations ranging from 0 to 30 mM (pH 7.4) for 30 min at 25°C. Then, the hydrodynamic 

diameters of the NPs were measured with DLS after 2 min of additional incubation at 37°C in 

the Quartz cuvette. All measurements were done in triplicates and averaged. Percent swelling 

was calculated using the equation below:  

where diameters were measured by DLS. The variable diametersample is the hydrodynamic 

diameter of NP with varying lactate (or other substrates) concentrations at 37°C, while the 

diameter37°C and diameter10°C are the diameters at 37°C and 10°C, respectively, without lactate.  

The percent swelling was plotted against the concentration of lactate in GraphPad Prism and 

fitted into 4-Parameter Hill model to find the concentration of lactate that result in half of the 

maximum swelling (critical lactate concentration).  

3.2.6. TEM imaging  

NPs (0.1 mg/ml) were incubated with 0.5 mM FBP, 5 mM NAD+, and varying lactate 

concentrations (pH 7.4) for 30 min at 25°C. Samples with different lactate concentrations were 

then incubated at 37°C in water bath for 2 min then deposited on the carbon/formvar coated grids 

(TedPella) or carbon-coated grids (provided by Dr. Xing Li) in pre-heated oven set to 45°C. The 

samples on grids were dried with a piece of Whatman filter paper. After 20 sec of sample 

deposition, dH2O was used to wash the sample, and the grids were air-dried. Then, the samples 

were stained with 2% uranyl acetate for 20 sec and dried. To ensure that the sample deposition 

occurs above the LCST of the NP, the deposition, wash, and staining was done inside an oven 

temperature set to 45°C. TEM images were taken with a JEOL JEM 2100F operating at 200 kV.   

% Swelling = 
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑠𝑎𝑚𝑝𝑙𝑒−𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟37°𝐶

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟10°𝐶−𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟37°𝐶
∗ 100% 
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3.2.7. Statistical analysis  

Data are presented as mean ± standard deviation of the mean (S.E.M.) of three experiments (n ≥ 

3).  

3.3. Results  

3.3.1. Incorporation of wtLDH in nanoparticle synthesis  

 NP synthesis follows the free radical polymerization of monomers, including LDH. An 

overall schematic of the LDH incubation and NP synthesis is shown in Fig. 9. NIPAM is thermo-

responsive monomer that has low critical solution temperature (LCST) of ~32°C.58 Below the 

LCST, the amine and carbonyl allow H-bond interactions with the surrounding H2O, but when 

the solution is heated to above LCST, the hydrophobic interaction dominates causing the 

particles to collapse.58 Fig. 10A shows the hydrodynamic diameter obtained by DLS above and 

below their LCST (37°C and 25°C, respectively). The sizes of the NPs below and above LCST 

were 478 ± 10 and 177 ± 0.8 nm, respectively. The polydispersity index for the two temperatures 

were 0.27 ± 0.02 and 0.03 ± 0.02, indicating reasonably monodisperse samples. The collapse of 

NP at higher temperature exhibited the behavior of NIPAm particles as expected, and the size of 

the NP at 37°C was confirmed using TEM (Fig. 10B).  
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 To stabilize protein folding and tetramerization of LDH during NP synthesis phosphate 

buffer saline (PBS) and FBP, respectively were used. The effects of PBS and FBP during 

synthesis were characterized through DLS. NPs synthesized in PBS resulted in polydisperse 

particles after dialysis (Fig. 11A) compared to the monodispersed NPs synthesized in dH2O (Fig. 

11C). However, addition of 1 mM FBP during dH2O in NP synthesis resulted in a 

monodispersed particle size (Fig. 11B, 25°C = 121.3 ± 0.9 nm and 37°C = 54.6 ± 0.04 nm) 

comparable to that of NPs synthesized without FBP in dH2O (25°C = 113 ± 0.08 nm and 37°C = 

51 ± 0.03 nm). Therefore, subsequence NP synthesis were carried out with dH2O and 1 mM of 

FBP.  
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Figure 10. Determination of NP diameters. (A) Representation measurement shows 

thermo-responsive behavior of NIPAM below (25°C blue) and above LCST (37°C 

orange). (B) TEM images show comparable sizes as the DLS measurements. Samples 

for TEM were prepared above their LCST. Scale bar is 500 nm.  
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3.3.2. Characterization of LDH embedded in nanoparticles 

 To ensure that the structure of LDH remains intact after the radical polymerization, CD 

was performed on the NP sample to confirm secondary structure of LDH conjugated in the NPs 

(Fig. 12B) at 25°C. Ellipticity obtained by CD showed peaks near 208 and 220 nm indicating the 

α-helices in the LDH. The wavelength scan of NP did not show as smoothly as free LDH sample, 
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Figure 11. DLS measurements of NP synthesized in different buffer 

conditions. All NPs were 98% NIPAm, 2% BIS NP without LDH. 

Polydisperse nanoparticles were made for NPs synthesized in (A) PBS 

without FBP, while NPs synthesized in (B) 1 mM FBP in H
2
O, and (C) dH

2
O 

without FBP showed comparable monodispersed particles sizes. Orange 

denotes DLS measured at 37°C and blue denotes DLS measured at 25°C.  
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but this might be due to the light scattering of the NP near the lower spectrum of wavelengths. 

Structural integrity was also confirmed by kinetic assay on the NPs containing wtLDH at 25°C. 

wtLDH within the NP remained active with slight decreased activity (kcat decreased from 9.2 to 

2.1 s-1), while the control NP without LDH incorporation did not result in any activity as 

expected (Fig. 12 A). This indicated that LDH was structurally capable of binding to lactate and 

catalyzing the conversion of lactate to pyruvate. The reduced activity might be due to the 

denaturation of LDH, as previous reports have shown that free radicals formation can denature 

the proteins.62 Another possibility might be that the activity of LDH in the NP is diffusion 

limited and the initial slope is not a good representation of the activity. LDH incorporation and 

zeta-potential of these NPs were measured in Table 1.  
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Figure 12. Enzyme structural integrity inside NP. (A) CD measurements characterized 

the secondary protein structure of wtLDH within NP. (B) Enzymatic activity for the 

free wtLDH (black), wtLDH conjugated NP (red), and NP without wtLDH (blue). The 

curves were non-linearly fitted into the Michaelis-Menten equation and kinetic 

parameters.  
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Table 1. NP characteristics. 

 

3.3.3. Optimization of LDH nanoparticle swelling assay  

 Due to the importance of ionic strength in the hypothesized swelling mechanism, NP 

response to increased concentrations of FBP, NAD+, NaCl, and phosphate was measured 

through DLS. We desired to obtain conditions which did not lead to aggregation. Addition of at 

least 19 mM of NaCl increased the DLS measurements to 1094 nm with PDI of 0.241 (Fig. 

13A). Also, addition of at least 20 mM of potassium phosphate has led to DLS measurement to 

795 ± 64 nm with PDI of 0.180 ± 0.027 (Fig. 13B). Increased concentration of FBP, a negatively 

charged molecule, also caused increased in DLS measurements above 15 mM of FBP (Fig. 13C). 

These DLS values were much greater than the values of their natural swollen size at 25°C and 

are likely to be due to aggregation. Although TEM images were not taken with these samples, 

aggregation was observed for particles that showed DLS measurements that were higher than 

their natural swelling sizes through TEM (Fig. 15). Therefore, cofactor and salt concentrations 

(Methods) were carefully selected for all the swelling experiments for NP with or without 

protein.  

NPs Type of LDH DLS (nm) 

Protein 

incorporation 

(wt %) 

Zeta-potential 

(mV) 

1 wtLDH 177 ± 0.8  15.9 ± 5.4 -20.4 ± 6.8 

2 T246A 166 ± 1.1 16.0 ± 5.3 -20.2 ± 4.3 

3 H195E 130 ± 0.4 11.5 ± 1.3 -14.2 ± 5.3 

4 

6A 

(R118C/Q203L/N307S) 193 ± 4.3 

11.4 ± 0.7 

-10.5 ± 3.1 

5 no LDH 144 ± 0.4 - -14.4 ± 0.2 
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After selecting the conditions investigated, lactate was added to the NPs to measure 

particle swelling by DLS. We tried two different types of lactate solution: pH-adjusted lactate 

and sodium lactate. For pH-adjusted lactate, pH of stock lactic acid was adjusted to pH ~ 7.4 

before adding to the NPs. Sodium lactate was prepared by dissolving sodium lactate into MilliQ 

H2O. NP swelling was observed for sodium lactate compared to the swelling profile of NP with 

pH’ed lactate (Fig. 14). However, adjusting pH without an adequate buffer resulted in a drift in 

pH reading of initial measurement immediately after the lactate solution was made compared to a 

few weeks post-preparation of the solution. To accommodate for this, 5 mM potassium 

phosphate was added to the sample mixture. This phosphate concentration was chosen, because 

higher concentration even without any lactate resulted in aggregation-like sizes through DLS for 

Figure 13. Effects of NaCl and phosphate concentrations on NP (without LDH) 

aggregation at temperature above the LCST. (A) Calculated Debye length using 
1

𝐷𝑒𝑏𝑦𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=

0.304

ඥ[𝑁𝑎𝐶𝑙]
 and DLS measurements at 25 and 37°C were measured for 

different NaCl concentrations. PDI of each DLS measurements are shown in 

parenthesis. (B) Additionally, DLS measurements at 37°C were measured for 

different phosphate concentrations. (C) Different concentrations of FBP also 

caused an increased in DLS measurements at 37°C.  

A 

B C 
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some samples (Fig. 13B). However, even a small concentration of 5 mM phosphate caused 

increases in z-average even without adding any lactate (Fig. 14) as expected from Fig. 13B. 

These observations suggested that we should use sodium lactate, without phosphate, for 

subsequent swelling experiments of all NPs with or without protein.  

 Regardless of type of lactate and presence of 5 mM phosphate, at 30 and 40 mM of 

lactate, NP size exceeded the NP size at 10°C for NP with wtLDH, T246A, H195E, 6A, and no 

LDH which were 591.4 ± 43.05, 707.8 ± 78.84, 570.80 ± 11.58, 630.20 ± 38.62, and 651.1 ± 

46.59 nm, respectively. It was previously reported that volume-temperature transition phase 

diagram showed close to the maximum swelling of NP at 10°C for NIPAm particles.63 This 

unexpected size suggested that particles might be aggregating at higher concentrations of lactate. 

To reduce the aggregation of particles, DLS measurements of different NP concentrations were 

tested with 30 mM of sodium lactate. At 0.4 mg/ml of NP without LDH (Fig. 15A), addition of 

30 mM sodium lactate resulted in z-average of 1333 ± 200 nm, which was far greater the size of 

particle at naturally swollen state at 10°C (651.1 ± 46.59 nm). In comparison, a decrease in NP 

Figure 14. Comparison of NP swelling comparing pHed lactate vs. sodium lactate. 

NP with wtLDH (99% NIPAm + 1% BIS + wtLDH) was tested to characterize the NP 

swelling with/without 5 mM phosphate and pH’ed lactate/sodium lactate. DLS 

measurements were measured at 37°C. 
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concentration resulted in decrease in z-average which further suggested that the increase in 

particle size measured through DLS at higher sodium lactate concentration might be due to 

aggregation. The TEM of NP without LDH with 30 mM sodium lactate confirmed the 

aggregation (Fig. 15B). Therefore, subsequent swelling experiments were performed at 0.1 

mg/ml NP concentration.  

 

3.3.4. Lactate-dependent swelling of nanoparticles with wtLDH and mutant LDHs 

 We examined the swelling behavior of NPs containing different LDHs. To examine the 

relationship between NP swelling and the binding affinity of LDH to lactate, we synthesized NPs 

that was functionalized with wtLDH and mutant LDHs that have different ligand binding 

affinity. The binding affinity (Km) of wtLDH and mutant LDH without NP incorporation is 

shown in Fig. 7. The synthesized NPs were tested for swelling at different concentrations of 

lactate to generate a swelling profile (Fig. 16A), using the optimized conditions described in 

Methods. Data points which were size changes due to aggregation were not included in Fig. 16A. 

Figure 15. NP swelling dependence on concentration of NP. (A) DLS 

measurements of NP31 (99% NIPAm, 1% BIS, and no LDH in synthesis) at 37°C 

upon addition of 30 mM of sodium lactate. (B) TEM images of NP31 with 30 mM 

sodium lactate at 0.4 mg/ml NP concentration at 37°C. Scales bars are 500 and 

1000 nm for upper and lower images, respectively.  

A B 

Aggregation 
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Critical lactate concentration, defined as concentration of lactate required for 50% swelling, was 

calculated for each mutant-incorporated NPs by the curve into the 4-parameter Hill model.  

Critical lactate concentration NP with wtLDH, T246A, and H195E were 16.6 ± 1.6, 18.9 

± 1.1, and 10.2 ± 1.2 mM. NP swelling curves for NPs with 6A LDH and NPs without LDH 

were not able to fit the Hill model due to the ambiguous fit output on GraphPad Prism. This 

showed that our system is a good scaffold for libraries of LDH with different binding affinity, 

because NP without LDH did not result in any swelling response. Generally, better binding LDH 

gave better swelling responses, and poor binder like 6A LDH yielded poor swelling responses 

(Fig. 16A). We also showed that the catalysis of LDH is not required for swelling of NPs as 

H195E LDH, inactivated LDH, still resulted in swelling.  

Figure 16. NP swelling profile. Lactate swelling profiles were made for NP50 

(synthesized with wtLDH), NP51 (T246A LDH), NP52(H195E LDH), NP53 (6A LDH), 

and NP34 (no LDH). Some of points for higher lactate concentrations for NP with 

T246A and no LDH were removed due to aggregation.  
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TEM images also showed NP swelling upon addition of different concentrations of 

lactate (Fig. 17). Although the size of particles obtained from TEM at 0 mM lactate 

concentrations (Fig. 17 A, E, I, and J), were comparable to the size obtained using DLS (wtLDH, 

H195E, and no-LDH diameters were 175.1 ± 2.8, 191.5 ± 1.3, and 144.0 ± 0.3 nm, respectively) 

the sizes of swollen particles were smaller compared to the size characterized through DLS. This 

is likely due to the conditions introduced in sample preparation for TEM; after the sample was 

deposited onto the grid, the grid was washed to remove any salt for better imaging. However, 

this wash step reduces the concentration of lactate and may result in only slight swelling. When 

the wash step was removed from the sample preparation, the particle sizes using TEM matched 

the size obtained from DLS, although samples were not as “clean.” (Fig. 18).   

A B C D 

E F G H 

I J K L 

Figure 17. TEM images of NP swelling. NP with wtLDH (A-D) TEM images 

prepared with 0, 10, 20,  and 30 mM (left to right) at 37°C. NP with H195E 

LDH (E-H) TEM images prepared with 0 (E and F) and 25 mM (G and H) at 

37°C. NP without LDH (I-L) TEM images prepared with 0 (I and J) 25 mM (K 

and L) at 37°C. Scale bar that is 100 nm: F and I. Scale bars that are 200 nm: 

A, C, E, G, H, and J-L.  Scale bars that are 500 nm: B and D.  
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The responsivity of wtLDH, T246A, and H195E LDH and their corresponding critical 

lactate concentration might suggest that the catalytic activity of wtLDH and T246A LDH plays a 

role in conversion of lactate into pyruvate; this might be a reason why wtLDH might have lower 

critical lactate concentration. If lactate is catalyzed into pyruvate faster in the NP with wtLDH, 

then higher pyruvate binding might result in lower lactate required for NP swelling. Therefore, it 

is crucial to develop a consistent equilibrium dialysis protocols to measure Kd (see Section 

2.3.2), the thermodynamic binding coefficient, to be able to control for the catalysis by 

inactivating the enzyme with H195E mutation.  

3.4. Future work  

 In this chapter, monodispersed nanoparticles that included the wtLDH and mutant LDH 

were successfully synthesized and characterized through CD, enzymatic assays, DLS, and TEM. 

NPs incorporated with LDH showed a swelling phase transition at therapeutic concentrations of 

Figure 18. TEM images of NP swelling of NP with wtLDH 

prepared without wash step. NP were prepared with 30 mM of 

lactate at 37C with 0.1 mg/ml NP concentration.  
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lactate while NP without LDH did not result in an increase in hydrodynamic diameter. Swelling 

profiles were obtained with different concentrations of lactate, and critical lactate concentrations 

were quantified.  

One of the remaining work is testing for drug loading and release profile to ensure that 

the generated NPs can be used as a delivery vehicle. The protocol would follow an optimized 

version of Ye et al.’s protocol on insulin release on NIPAM particles.64 1 mg of NP will be 

mixed with 2.5 mg of bovine serum albumin (BSA) in H2O and incubated in 25°C for 1 hr. 

Immediately after, NP will be incubated in 37°C water bath for 2 min to induce the collapsed 

state (above LCST) and entrapment of the BSA model drug. The NP solution will be centrifuged 

at 10,000 RPM for 5 min at 37°C, and the supernatant will be collected and run with BCA for 

BSA loading. The pellet will be resuspended with same volume of H2O (prewarmed to 37°C to 

prevent swelling of the particle before LCST). Suspension will be put into a dialysis membrane 

and dialyzed in 50 mL of prewarmed H2O with 30 mM lactate at 37°C. Samples will be collected 

at different time points and measured for BSA concentration. Although BSA is not an optimal 

drug model for conventional chemotherapy molecules, which are often small hydrophobic 

molecules, one of the benefits of working with NIPAM is that incorporation of hydrophobic or 

hydrophilic monomers can alter the particle interaction with the drug molecule. It has been 

reported that incorporation of hydrophobic monomers N-alkylacrylamide monomers have shown 

to increase affinity for lipopolysaccharides.65   

  



40 

 

Chapter 4: Development of screen for LDH mutants that demonstrate optimal 

binding affinity for lactate analog inhibitor  

 

4.1. Background and rationale  

In Chapter 2, we made mutant LDH by rationally targeting its active site for the desired 

phenotypes and incorporated these mutant LDH into NPs (Chapter 3) which resulted in changes 

in the NP swelling behavior. Although rationally design is beneficial in application that requires 

selection of just enhanced catalytic activity, directed evolution gives us a better chance of 

generating mutant LDHs that demonstrate a range of optimal binding affinity. In the past few 

decades, directed evolution has been a powerful molecular tool for enzyme optimization for 

phenotypic advantage. Directed evolution is a process that mimics natural selection to generate 

libraries of mutants for phenotypes of interest, including enhanced enantiomerically 

selectivity66,67, organic solvent resistance68,69, novel specificity and activity38,39, and enzyme 

stability.70,71 There are two essential parts in directed evolution: generation of genetic diversity 

and screening/selection for enhanced phenotype.  

One method of mutagenesis utilizes the PCR conditions that decrease the fidelity of the 

DNA polymerase. These suboptimal conditions include increased concentration of polymerase, 

MgCl2 ions and dNTP substrates and supplemented with MnCl2 ions to intentionally create 

genetic diversity.72 DNA shuffling, another method to creating genetic diversity, involves 

fragmentation of two parental genes, extraction of desired fragment size, and reannealing of 

fragments through thermocycling. Mutagenesis through directed evolution methods are essential 

in engineering a mutant targeted amino acid sites that are not involved in the active sites and 

have not been researched previously.  
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After generation of genetic diversity, the success of directed evolution relies on high-

throughput screening or selection methods. The difference between screening and selection is 

that screening tests all the mutants in the library while selection eliminates the non-desired 

mutants in the library. Determining the method of screening/selection depends on the size of 

genetic diversity and phenotype of interest and have been discussed in literatures.73,74 Previous 

efforts have incorporated directed evolution for enhanced catalytic functions. To screen for 

enhanced catalytic functions of mutant LDH, kinetic assay utilizing colorimetric assay of 

accumulated product cofactor was used.39,49  

We showed that through the proposed mechanism the NP response to the cancer-specific 

metabolites can be tuned through altering the LDH binding affinity for the metabolites (Chapter 

3). To optimize the binding affinity, a screening method using a fluorescent lactate analog was 

tested for preliminary experiment. The screening method was based on El Hawrani et al. where 

any LDH libraries generated will be screened on a nitrocellulose filter. The protocol for the 

mutagenesis and breaking was remained same as the protocol described, but the difference was 

that binding was measured through fluorescence instead of catalytic activity. This aspect of 

binding screening rather than activity screening is an important factor, because of the potential 

use of mutant LDH that will have the H195E mutation.   

Using the methods described, Chapter 4 will discuss the development of screening 

methods to identify LDH mutants that have desired binding affinities to lactate for eventual 

incorporation of LDH mutants into NPs. The specific aim in this chapter is:  

1. Development of kinetic assay screening and binding assay screening using fluorescent 

inhibitor  
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This selection/screening method will be used for 

2. Generation of LDH mutant library using epPCR/DNA shuffling and rationally designed 

site mutagenesis 

3. Mutant LDH expression and characterization  

4. Incorporation of the optimal LDH mutant in NP synthesis and NP characterization  

eventually, but will not be within the scope of this M.S. thesis.  

 

4.2. Methods    

4.2.1. Materials  

Reagents were purchased from Fisher Scientific unless otherwise noted. 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) was purchased by Sigma-Aldrich (St. Louis, MO).  

4.2.2. LDH activity screening assay  

The screening assay follows similar strategies as protocols described in El Hawrani et 

al.38 Transformed cells were grown on plates containing ampicillin and IPTG to induce 

expression of mutant LDH. The colonies were lifted onto nitrocellulose filter and was dried for 2 

min at room temperature. A cutout of Whatman sheet were placed onto a petri dish soaked in 

buffer I containing 10 mM Tris, 1 mM EDTA, and 4 mg/ml of lysozyme. The lifted 

nitrocellulose filter with colonies was placed onto (colonies facing up) the petri dish with buffer I 

and incubated at 30°C for 1 hr. The incubated nitrocellulose filter was placed onto a dried piece 

of Whatman sheet and washed with buffer I with 1% (v/v) Triton X-100. After washing the 

colonies, the nitrocellulose filter was placed onto Whatman sheet soaked in buffer I and 

incubated at 65°C water bath for 30 min to denature the endogenous enzymes. The filter was 

washed again and sprayed with buffer II (100 mM Tris, pH 8.0 with 5 mM NAD+, 10 mM FBP, 
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40 mM lactate, 1 mg/ml nitroblue tetrazolium, and 0.5 mg/ml phenazine methosulphate). The 

reaction was incubated in room temperature for 3 hours in dark. 

4.2.3. LDH binding screening assay with fluorescent inhibitor  

In assaying the enzymatically inactive enzymes, instead of using the nitroblue tetrazolium 

assay solution, a fluorescently tagged analog of lactate (Fig. 5A), synthesized by Krista 

Fruehauf, was used to determine the binding affinity of LDH. The initial lysis and wash step 

remained the same as previously described (Section 4.2.2.). However, buffer III containing 10 

mM Tris, pH 8.0 with 5 mM NAD+, 10 mM FBP, and 1 mM of fluorescent inhibitor was 

sprayed onto the nitrocellulose filter containing the lysed colonies. The assay was incubated in 

room temperature for 3 hours in dark and washed with buffer I without the lysozyme. Binding 

was observed through Alpha-Imager at excited at 360 nm wavelength. The binding strength will 

be obtained using the ImageJ program for total fluorescence intensity.  

4.2.4. Oxamate pull-down assay  

 An alternative method of binding affinity assay was pulldown binding assay using a 

fabricated oxamate-Sepharose beads. Oxamate is an analog of lactate and a known inhibitor of 

wtLDH. Initially, oxamate-Sepharose beads were used as resins for LDH affinity columns.75 

Synthesis of oxamate-Sepharose beads is described by O’carra et al. where 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) activated oxalate was reacted with the primary amine 

of diaminohexane Sepharose beads. 14 mg of oxalate dissolved in H2O (pH adjusted to 4.7) was 

reacted with 30 mg EDC in total 100 µL of reaction volume. Activated oxalate was added to 500 

uL of Sepharose beads and incubated at 25°C for 20 hr. After synthesis the beads were washed 

with dH2O for 3 times (by centrifugation at 16,000 x g for 10 min). The protocol for oxamate-

Sepharose pulldown assay is a slight modified version of Lee et al.’s protocols.76 Oxamate 
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concentration on the bead was quantified using trinitrobenzenesulfonic acid assay described in 

Antoni et al. (using TNBS kit from Fisher Sci.).77 Different concentrations of oxamate (40, 30, 

20, 10, 5, and 0 mM) were incubated with 0.5 µM of mutant LDH in binding buffer (20 mM 

phosphate buffer with 500 mM NaCl and 0.2 mM NAD+). The incubated samples were 

centrifuged, run on SDS-PAGE gel to visualize the LDH concentration that were pulled down 

from binding with the oxamate beads.  

4.3. Results   

4.3.1. LDH activity and binding screening assays  

 In preliminary activity screening experiments, the colony expressing wtLDH showed 

higher catalytic activity as shown by the darker blue/purple precipitates in Fig. 19A. H195E and 

6A H195E LDH (which contained both 6A and H195E mutations) did not result in any dark 

spots around the colony. We were able to visualize the fluorescent inhibitor binding using 

AlphaImager as shown in Fig. 19B. One of the challenges of this method is that the fluorescent 

inhibitor is hydrophobic, which led to unspecific binding with BL21 colonies without any LDH 

expression. Slight alteration in washing procedures improved the unspecific binding of the 

fluorescent inhibitor, but further tests are necessary.  
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4.3.2. Oxamate pull-down assay  

 To fabricate oxamate-Sepharose beads, EDC activated oxalate was reacted with 

diaminohexane Sepharose beads. TNBS assay was performed on the Sepharose beads to quantify 

the amount of oxamate on the Sepharose beads. Different concentrations of oxamate-Sepharose 

beads were incubated with wtLDH and centrifuged to pull down the wtLDH that was bound to 

the oxamate, similar to the purification method by O’carra et al.75 The supernatant samples were 

collected and run on SDS-PAGE gel (Fig. 20).  

Figure 19. Preliminary screening experiment with key mutants. (A) Activity 

screening using nitroblue tetrazolium causes the colonies expressing active LDH to 

turn purple. (B) Binding screening using a fluorescent analog of lactate.  
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The concentration of wtLDH in this pull-down assay was not differentiable between 

different concentrations of oxamate present on the Sepharose beads. One of the observation in 

the synthesis of oxamate bead was that after mixture of EDC activated oxalate and Sepharose 

beads, small pockets of air bubbles were formed in the reaction tube. On the contrary to the 

synthesis protocol described by O’carra et al., Speilmann et al. also observed this phenomenon of 

gas production resulted from decomposition of oxalic acid into carbon dioxide and carbon 

monoxide after addition of EDC.78 Speilmann et al. showed that the coupling reaction could only 

be performed with potassium oxalate that was not adjusted. This suggested that with the current 

synthesis protocols were not effective in generating oxamate coupled Sepharose beads, which 

would explain the lack of wtLDH pulled by this assay.  

 

35 

25 

50 

75 

kDa 40 30 10 0 5 
No Oxamate 

Control 
20 

Concentration of oxamate (mM) 

Lad  Lad  

Figure 20. Oxamate pull-down assay. Different concentrations of 

oxamate-Sepharose beads were incubated with wtLDH and pulled 

down by centrifugation. Supernatants of each concentrations were 

run on SDS-PAGE with no oxamate-Sepharose bead control. Band 

near 35 kDa represents MW of monomer of wtLDH.   
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4.4. Future work  

4.4.1. Further development of screening assays 

 Although we were able to show that greater intensity of fluorescence in colonies 

expressing wtLDH compared to negative control BL21 using binding screening assay (Fig. 19B), 

further development of this assay is necessary. We suspect that the non-specific binding is due to 

the interaction between remnants of hydrophobic cell debris and hydrophobic inhibitor (Fig. 5A). 

Several ways to improve this would be to add more vigorous washing with higher concentrations 

of Triton-X as surfactant. We observed that the solid inhibitor was insoluble in water and needed 

DMSO as a solvent, which suggested that the fluorescent inhibitor precipitated. It would be 

beneficial to design a new inhibitor with less hydrophobic linker or fluorescent tag.  

 For oxamate-Sepharose synthesis, Spielmann et al. reported a contradicting synthesis 

protocols that required the pH of potassium oxalate to not be adjusted for a successful coupling 

of oxamate.78 It would be beneficial to repeat the synthesis following protocols described by 

Spielmann et al.  

4.4.2. Generation of mutant LDH library using error-prone PCR mutagenesis  

 There are different ways to generate a library of mutants, and two primary methods of our 

generation will be utilizing site-directed mutagenesis and error-prone PCR. Using the previously 

studied active site of wtLDH,53 we can rationally design and engineer a mutant LDH with site-

directed mutagenesis. This will involve ordering a set of primers that will contain three 

consecutive basepairs which have equal chance of being one of the four basepairs (adenine, 

thymine, guanine, and cytosine) at the targeted amino acid site. PCR reaction with this set of 

primers will result in a library that will contain all amino acid at that specific targeted site. This 

approach can be repeated to target another amino acid that can increase the size of the library. 
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This will allow us to logically target the active site of LDH and prevent the possible loss of 

structural integrity or thermostability.  

 Another method of mutagenesis will involve the use of method of directed evolution; this 

method utilizes the PCR condition that decrease the fidelity of the DNA polymerase. The 

protocol follows Wilson et al.72 where standard PCR protocol was altered to have error-prone 

PCR. The altered PCR reaction contained increased concentration of polymerase, increased 

concentration of MgCl2 ions and dNTP substrates, and supplemented with MnCl2 ions. The state 

of error-prone PCR condition resulted in ~ 2% of random mutagenesis per nucleotide position 

per PCR reaction. Generated library of LDH mutant will be ligated into pET11a expressive 

vector and transformed into chemically competent BL21(DE3) cells and plated onto a LB plate 

with 100 µg/ml ampicillin.  

4.4.3. Incorporation of optimal mutant LDH into NP  

The mutant LDH screened to have a range of binding affinity for the therapeutic release 

of the drug in the nanoparticle will be selected, expressed in large scale for characterization, and 

incorporated into NPs as described in Objective 1 and 2.  
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Conclusion 

The aims of this project address the limitations and challenges of the conventional 

stimuli-responsive cancer drug delivery platforms by using a new cancer-specific stimulus, 

lactate. We were able to not only isolate and characterize recombinant protein sensor-module 

LDH to a scale required for NP synthesis, but also use protein engineering to alter the substrate 

binding affinity of LDH measured by kinetic assays. By using LDH from thermophile and 

confirming with CD, we showed that the recombinant LDH did not denature at the NP synthesis 

temperature.  

LDH-incorporated NPs have shown to swell in response specifically to lactate. We 

showed NP swelling through DLS and confirmed through TEM imaging. Furthermore, NP 

responsiveness can be tuned and optimized by recombinantly altering the binding affinity of 

LDH shown through 6A mutant with weaker binding affinity than wtLDH. Although the scope 

of project utilized lactate as stimuli for cancer therapy, this proof-of-concept mechanism of 

optimization of swelling and drug release by protein engineering can be applied to other 

metabolic diseases.  
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Appendix  

Appendix A. Supplementary Figures  

 

A B C 

Appendix A1. Large scale expression and purification of H195E (A), 6A (B), and 

T246A (C) LDH (SDS-PAGE) with Gro(ES/EL) chaperone protein. Different 

fractions from the Ni-NTA column purifications are shown in (A). Sol: soluble 

fraction, FT: flow through, W: 1
st
 wash fraction, E1: 1

st
 elution fraction, E2: 2

nd
 

elution fraction. Band near ~35 kDa corresponds to the LDH monomer where band 

above ~50 kDa corresponds to GroEL band.  

Appendix A2. Cloning T246A LDH. T246A LDH in TOPO vector was fabricated using 

PCR with primers containing mutated basepairs. The vector was transformed and obtained 

after miniprepping the overnight. NdeI- and BamHI-digested vectors were run on agarose 

gel (A). Ligated product of pET11a vector and T246A LDH was transformed and resulting 

colonies were run on agarose gel after NdeI and BamHI digestion (B).  

A B 
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A B 

Appendix A3. Cloning 6A LDH. 6A LDH in TOPO vector was fabricated using PCR 

with primers containing mutated basepairs. The vector was transformed and obtained 

after miniprepping the overnight. NdeI- and BamHI-digested vectors were run on 

agarose gel (A). Ligated product of pET11a vector and 6A LDH was transformed and 

resulting colonies were run on agarose gel after NdeI and BamHI digestion (B). pET-

E2 is pET11a vector containing an irrelevant protein.  

Appendix A4. Comparison of NP swelling comparing pHed lactate 

vs. sodium lactate (A) and with addition of 5 mM phosphate (B). NP 

46-49 represents NP synthesized with wtLDH (NP46), T246A LDH 

(NP47), H195E LDH (NP48), and 6A LDH (NP49).  

A 

B 
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Appendix Table 1. LDH mutagenesis primers 

LDH mutant  Description Mutagenesis Primers (5’-3’)  

T246A  Reduced catalysis without 

altering binding affinity54 

Forward: GCGTACTACGGGATTGCGAT 

GGGGCTTGC  

Reverse: CCCGTAGTACGCCGCACCTT 

TTTTCTCAATAATTTGGTAGG 

H195E  Catalytically inactive 

enzyme   

Forward: CAATCCCGTAGTACGCCGC 

ACCTTTTTTCTC 

Reverse: GAGAAAAAAGGTGCGGCGTAC 

TACGGGATTG 

6A  Activator independent 

enzyme39 

Ordered from gBlock (IDT)  

 

 

 

 

 

 

A B 

Appendix A5. NP swelling at 25°C and with sodium pyruvate. NP swelling 

with different concentrations of lactate is measured at 25°C (A). NP 46-49 

represents NP synthesized with wtLDH (NP46), T246A LDH (NP47), H195E 

LDH (NP48), and 6A LDH (NP49). Same particles were used to measure the 

swelling with different concentrations of sodium pyruvate at 37°C. 
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Appendix B. Wild-type and mutant LDH DNA and amino acid sequences.  

Appendix B.1. wtLDH DNA sequences. Capitalized basepairs are DNA encoding for the LDH, 

while NdeI and BamHI restriction sites, Hisx6 tag, and adenosine overhangs are colored.  

aaaacatATGAAAAACAACGGTGGCGCCCGCGTAGTGGTCATCGGCGCCGGGTTTGTCG

GCGCCAGTTATGTGTTTGCCTTAATGAATCAAGGGATTGCCGATGAGATCGTGCTCA

TCGATGCGAATGAAAGCAAAGCCATCGGCGATGCGATGGACTTCAACCATGGGAAA

GTATTTGCGCCGAAACCGGTTGACATTTGGCACGGCGATTATGATGATTGCCGCGAT

GCCGATTTGGTTGTCATTTGCGCCGGCGCCAACCAAAAACCGGGCGAGACGCGTCTT

GATCTTGTGGACAAAAACATTGCCATTTTCCGCTCGATCGTTGAGTCGGTCATGGCA

TCCGGCTTTCAAGGTCTGTTTCTCGTCGCCACCAATCCGGTCGACATTTTAACGTACG

CGACGTGGAAATTCAGCGGCCTGCCGCATGAGCGCGTGATCGGTTCGGGGACGATT

TTAGATACGGCGCGCTTCCGCTTTTTGTTGGGCGAGTATTTCTCTGTCGCTCCGCAAA

ATGTTCATGCCTATATTATTGGGGAACACGGCGACACCGAACTCCCGGTCTGGAGCC

AGGCTTATATCGGCGTCATGCCGATCCGCAAACTGGTCGAGTCCAAAGGGGAAGAA

GCGCAAAAAGATCTCGAGCGCATTTTTGTCAATGTGCGCGATGCCGCCTACCAAATT

ATTGAGAAAAAAGGTGCGACGTACTACGGGATTGCGATGGGGCTTGCCCGCGTGAC

GCGCGCCATTTTGCATAACGAAAACGCTATTTTGACCGTATCGGCCTACCTCGATGG

CCTGTATGGGGAGCGCGACGTCTACATCGGTGTGCCGGCTGTCATTAACCGCAATGG

CATCCGCGAGGTGATCGAAATTGAATTGAATGATGACGAAAAAAATCGTTTCCATC

ATAGCGCAGCTACCTTAAAAAGCGTGTTGGCCCGTGCTTTTACGCGCGGCTCGGGTca

tcatcaccatcaccactaaggatccaaaa 

 

Appendix B.2. wtLDH protein amino acid.   

MKNNGGARVVVIGAGFVGASYVFALMNQGIADEIVLIDANESKAIGDAMDFNHGKVFA

PKPVDIWHGDYDDCRDADLVVICAGANQKPGETRLDLVDKNIAIFRSIVESVMASGFQG

LFLVATNPVDILTYATWKFSGLPHERVIGSGTILDTARFRFLLGEYFSVAPQNVHAYIIGE

HGDTELPVWSQAYIGVMPIRKLVESKGEEAQKDLERIFVNVRDAAYQIIEKKGATYYGI

AMGLARVTRAILHNENAILTVSAYLDGLYGERDVYIGVPAVINRNGIREVIEIELNDDEK

NRFHHSAATLKSVLARAFTRGSGHHHHHH 

Appendix B.3. T246A protein amino acid. Mutated amino acid 246 is highlighted.   

MKNNGGARVVVIGAGFVGASYVFALMNQGIADEIVLIDANESKAIGDAMDFNHGKVFA

PKPVDIWHGDYDDCRDADLVVICAGANQKPGETRLDLVDKNIAIFRSIVESVMASGFQG

LFLVATNPVDILTYATWKFSGLPHERVIGSGTILDTARFRFLLGEYFSVAPQNVHAYIIGE

HGDTELPVWSQAYIGVMPIRKLVESKGEEAQKDLERIFVNVRDAAYQIIEKKGATYYGI

AMGLARVARAILHNENAILTVSAYLDGLYGERDVYIGVPAVINRNGIREVIEIELNDDEK

NRFHHSAATLKSVLARAFTRGSGHHHHHH 

Appendix B.4. H195E protein amino acid. Mutated amino acid 195 is highlighted.   
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MKNNGGARVVVIGAGFVGASYVFALMNQGIADEIVLIDANESKAIGDAMDFNHGKVFA

PKPVDIWHGDYDDCRDADLVVICAGANQKPGETRLDLVDKNIAIFRSIVESVMASGFQG

LFLVATNPVDILTYATWKFSGLPHERVIGSGTILDTARFRFLLGEYFSVAPQNVHAYIIGE

EGDTELPVWSQAYIGVMPIRKLVESKGEEAQKDLERIFVNVRDAAYQIIEKKGATYYGI

AMGLARVTRAILHNENAILTVSAYLDGLYGERDVYIGVPAVINRNGIREVIEIELNDDEK

NRFHHSAATLKSVLARAFTRGSGHHHHHH 

Appendix B.5. 6A (R118C, Q203L, and N307S) LDH protein amino acid. Mutated amino acids 

are highlighted.   

MKNNGGARVVVIGAGFVGASYVFALMNQGIADEIVLIDANESKAIGDAMDFNHGKVFA

PKPVDIWHGDYDDCRDADLVVICAGANQKPGETRLDLVDKNIAIFCSIVESVMASGFQG

LFLVATNPVDILTYATWKFSGLPHERVIGSGTILDTARFRFLLGEYFSVAPQNVHAYIIGE

HGDTELPVWSLAYIGVMPIRKLVESKGEEAQKDLERIFVNVRDAAYQIIEKKGATYYGI

AMGLARVTRAILHNENAILTVSAYLDGLYGERDVYIGVPAVINRNGIREVIEIELSDDEK

NRFHHSAATLKSVLARAFTRGSGHHHHHH 
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Appendix C. DNA plasmid maps  

Appendix C.1. Expression vector pET11a-wtLDH DNA plasmid.  

 

Appendix C.2. Chaperone protein DNA plasmid pGro7.   
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Appendix D. Site-directed mutagenesis alignments  

Appendix D.1. DNA sequence alignment for T246A LDH mutagenesis through Sanger’s 

sequencing. Query (T246A sequences) was aligned using nucleotide blast to the subject (wtLDH 

sequences). Line represents identical basepairs, and the mutation is highlighted.  
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Appendix D.1. DNA sequence alignment for H195E LDH mutagenesis through Sanger’s 

sequencing. Query (H195E sequences) was aligned using nucleotide blast to the subject (wtLDH 

sequences). Line represents identical basepairs, and the mutation is highlighted.  

 

 



69 

 

Appendix D.1. DNA sequence alignment for 6A LDH mutagenesis through Sanger’s 

sequencing. Query (6A sequences) was aligned using nucleotide blast to the subject (wtLDH 

sequences). Line represents identical basepairs, and the mutation is highlighted.  

 

 

 

 




