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Abstract

The simultaneous delivery of multiple therapeutics to a single site has shown promise for cancer 

targeting and treatment. However, because of the inherent differences in charge and size between 

drugs and biomolecules, new approaches are required for colocalization of unlike components in 

one delivery vehicle. In this work, we demonstrate that triblock copolymers containing click 

nucleic acids (CNAs) can be used to simultaneously load a prodrug enzyme (cytosine deaminase, 

CodA) and a chemotherapy drug (doxorubicin, DOX) in a single polymer nanoparticle. CNAs are 

synthetic analogs of DNA comprised of a thiolene backbone and nucleotide bases that can 

hybridize to complementary strands of DNA. In this study, CodA was appended with 

complementary DNA sequences and fluorescent dyes to allow its encapsulation in PEG-CNA-

PLGA nanoparticles. The DNA-modified CodA was found to retain its enzyme activity for 

converting prodrug 5-fluorocytosine (5-FC) to active 5-fluorouracil (5-FU) using a modified 

fluorescent assay. The DNA-conjugated CodA was then loaded into the PEG-CNA-PLGA 

nanoparticles and tested for cell cytotoxicity in the presence of the 5-FC prodrug. To study the 

effect of coloading DOX and CodA within a single nanoparticle, cell toxicity assays were run to 

compare dually loaded nanoparticles with nanoparticles loaded only with either DOX or CodA. 

We show that the highest level of cell death occurred when both DOX and CodA were 

simultaneously entrapped and delivered to cells in the presence of 5-FC.
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INTRODUCTION

Nanotechnology-based approaches have led to a large progress in delivering therapeutic 

agents to cancerous sites in the body1 while reducing off-target side effects.1,2 To increase 

efficacy, combination therapies have been proposed to eradicate tumors before they develop 

problematic drug resistance.3-5 One such approach is to load multiple agents in the same 

nanoparticle, including chemically unlike moieties such as hydrophilic nucleic acids or 

proteins and hydrophobic chemotherapy drugs, such as doxorubicin or paclitaxel.3,6-9 This 

encapsulation approach is especially important for biomolecules that require protection from 

proteolytic degradation of the body’s immune system.10,11 Entrapping both hydrophobic and 

hydrophilic agents in a single carrier is difficult due to their different solvent partition 

coefficients. While poly(lactic-co-glycolic acid) (PLGA) particles produced using oil-in-

water emulsions have been used, these often suffer in vivo due to difficulties encountered in 

loading proteins, the overall long-term stability during circulation as well as difficulties with 

producing them at diameters less than 200 nm.12 Because of this, proteins are more often 

conjugated with polymers such as polyethylene glycol (PEG) or entrapped within a cross-

linked or stimuli-responsive nanoparticle.13 However, due to the inherently large differences 

in size and polarity between proteins and hydrophobic drugs and despite numerous advances 

in bioconjugation techniques,14,15 coentrapment within a single delivery vehicle has only 

been achieved through particle formulations16-19 that rely on cationic polymers,20,21 which 

can suffer due to rapid elimination in vivo or show a limited degree of success.22-31

In this work we show the use of synthetic nucleic acids, namely, click nucleic acids or 

CNAs, to enable the simultaneous entrapment and delivery of a prodrug enzyme, cytosine 

deaminase (CodA), and the chemotherapy drug doxorubicin (DOX) in a single nanoparticle 

by using a PEG-CNA-PLGA block polymer. Click nucleic acids (CNAs) are a synthetic 
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analog of DNA comprised of a thiolene backbone and nucleotide bases.32 We have recently 

shown that CNA in the appropriate solvent environment can hybridize to complementary 

strands of DNA.33 In addition, we recently demonstrated the successful synthesis and 

production of PEG-CNA-PLGA nanoparticles and their utility for loading both 

complementary strands of DNA along with pyrene as a preliminary study.34 In the work 

shown here, we have advanced our previous findings by coentrapping protein therapeutics, 

along with chemotherapy drugs in PEG-CNA-PLGA nanoparticles. To load CodA into the 

PEG-CNA-PLGA nanoparticles, we first attached complementary DNA sequences and dyes 

to the enzyme; work by Mirkin et al. using DNA-modified proteins showed the structural 

integrity and functionality was maintained after similar conjugations.35 To ensure this 

continued to be true, the DNA-modified CodA was tested for enzymatic activity with the 

prodrug 5-fluorocytosine (5-FC) using a modified fluorometric assay based on the o-

phthaldehyde amino acid detection assay.36-38 The DNA-conjugated CodA was then loaded 

into the PEG-CNA-PLGA nanoparticles and tested for cell cytotoxicity in the presence of 5-

FC (Scheme 1). The effect of coloading DOX and CodA within a single nanoparticle was 

also studied and compared to using nanoparticles loaded with either DOX or CodA alone, 

showing that the highest level of cell death occurs when both are simultaneously entrapped 

and delivered to cells in the presence of 5-FC (Scheme 1).

MATERIALS AND METHODS

Materials.

AlexaFluor488 NHS ester (Invitrogen), DNA sequences (Integrated DNA Tech.), 

ammonium chloride (Fisher), amphicillin (Sigma), biuret reagent (Sigma), coomassie stain 

(simplyblue safestain; Invitrogen), DBCO-NHS (Sigma), doxorubicin (DOX, Tokyo chem. 

Indus.), Dulbecco’s Modified Eagle Medium (Gibco), fetal bovine serum (Gibco), 

fluorocytosine (5-FC, Sigma), fluorouracil (5-FU, Sigma), folin, and coicalteu phenol 

reagent (Sigma), gel cassettes (NuPage 4–12%; Life Tech.), imidazole (Chem-Impex int’l 

Inc.), isopropyl β-D-thiogalactopyranoside (IPTG, Gold Biotech.), L-glutamine-penicillin-

streptomycin solution (Sigma), loading buffer (LDS NuPage; Invitrogen), MDA-MB-468 

cell line (ATCC), Ni-NTA Beads (HisPur; Thermo), o-phtalaldehyde (Sigma), poly(lactic-

co-glycolic acid) (RG502H; PLGA, Sigma), thiolated poly(ethylene glycol) (PEG-SH, 

Lysan Bio Inc.), trypsin-EDTA (GenDEPOT), tryptone (Becton Dickinson), and yeast 

extract (Becton Dickinson).

Cytosine Deaminase (CodA) Expression.

E. coli strain BL21(DE3) was used as the template for amplifying CodA gene using the 

forward and reverse primer sequence given below. The primers incorporate a HindIII site at 

the 5′ position and an XhoI site at the 3′ position of the amplified sequence. The 

amplification was done using a standard PCR technique with a 65 °C annealing temperature.

5 ′ −3′: aagcttGGCGGTGGCTCGAATAACGCTTTACAAA-CAATTATTAAC

3′ −5′: ctcgagACGTTTGTAATCGATGGCTTCT
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Pet21B vector was digested for 1 h at 37 °C with the mentioned restriction enzymes and the 

primers treated using a standard ligation mixture supplied by NEB. Finally the ligated 

plasmid was then transformed into the electrocompetent E. coli DH5α using an Eppendorf 

eporator at 1300 V. The transformed E. coli was then incubated overnight on an agar plate 

supplemented with Ampicillin as selection marker in order to create a 50% glycerol stock 

solution stored at —21 °C.

CodA Production.

CodA producing bacteria was pricked from the described glycerol stock and incubated in 5 

mL of LB supplemented with 1 mg/mL Ampicillin overnight at 37 °C in an orbital shaker. A 

total of 1 mL of the activated bacteria was added to an Erlenmeyer flask containing 100 mL 

of LB with the same antibiotic supplementation and allowed to grow in the same incubation 

conditions until an absorbance of 0.7 at 600 nm was reached, the point at which 100 μL of a 

1 M IPTG solution was added and allowed to express the protein in the same incubation 

conditions for 2.5 h. The solutions were centrifuged 5 min at 10000 g, the supernatant was 

discarded, and bacterial pellets were resuspended and collected in a total of 25 mL 

Equilibration Buffer. The bacterial suspension was sonicated at 25% output for 4 min in 1 

min on/off cycles for 20 min and centrifuged at 12000 g and the supernatant was collected 

for protein purification.

Protein Purification.

Ni-NTA beads were cleaned following company instructions. To collect the CodA proteins, 

the bacterial supernatants were reacted with the cleaned Ni beads and washed 2– 3X with 

wash buffer. Any absorbed proteins were released by mixing the cleaned beads in 200 μL of 

elution buffer for 30 min in an end to end shaker and a last 2 min centrifugation at 700 g to 

obtain the purified CodA. Excess imidazole was then removed with a desalting column, final 

product concentration was assessed by its absorbance and stored at 4 °C in PBS.

CodA DNA and Dye Modification.

Varying concentrations of the purified CodA in PBS was mixed with equal volume of 

Bicarbonate buffer to slightly increase the pH and reacted in a 1:5 CodA to DBCO-NHS, to 

increase the solubility DMSO was added to the mixture so that final DMSO concentration 

was of 30%. This was allowed to proceed 4 h at 4 °C and without further purification further 

reacted with 5 mol equiv of NHS-AlexaFluor488 at 4 °C overnight. This was followed by 20 

kDa MWCO Dialysis; it was found to be necessary to perform this step at 4 °C to avoid 

protein degradation (data not reported). Dialysis was performed against 1 L of PBS changed 

at 2, 4, 8, and then approximately every 12 h. Samples of the dialysate were periodically 

taken in order to monitor the process up to a total dialysis time of 72 h. The purified DBCO 

and dye modified enzyme was then quantified by Ohnishi and Barr’s Lowry’s method, 

calibrated with raw CodA quantified by its extinction coefficient (Figure S1), and then 

mixed with azido-DNA in a 1:5 ratio and left to react overnight at room temperature in an 

end to end shaker protected from light. Final product was then again followed by a dialysis 

purification and quantification, as described previously.
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OPAME Assay.

The developing solution was made by dissolving 270 mg (2 mmol) of o-phthalaldehyde, 105 

μL (1.5 mmol) of mercaptoethanol in 2.5 mL of ethanol and diluted to 50 mL with PBS. The 

solution was stored protected from light at room temperature and an aliquot filtered through 

a 0.22 μm PTFE filter before use. When an assay was to be performed equal volumes of the 

sample and the filtered developing reagent was mixed in an Eppendorf tube and left reacting 

in the dark for 30 min before fluorometrically assessing the concentration of an aliquot with 

410 nm source excitation and a 473 nm read. Calibration was performed by varying 

concentrations of NH4Cl finding a linear response below 400 nM NH4Cl The assay 

brightness was found to have a time response (Figure S2) so it was deemed necessary to run 

the assay 30–60 min after adding the reagent and for every run to include a calibration in 

parallel.

Protein Quantification.

Protein was quantified by either an estimated 55550 cm−1 M-1 extinction coefficient39 at 

380 nm or by an adapted Ohnishi and Barr modification of Lowry’s method.40 Briefly, 110 

μL of Biuret reagent was mixed with 10 μL of protein solution and left reacting 10 min after 

which 5 μL of Folin and Coicalteu phenol reagent was added and mixed thoroughly. 100 μL 

of the final solution was used for the spectrometric analysis measuring the absorbance at 750 

nm. Calibration was performed by using purified CodA protein quantified by abs as 

described above so that the results reported are self-consistent.

PEG-CNA(T10)-PLGA Polymer Nanoparticles (NPs).

The copolymer was synthesized as previously reported and prior to use, anhydrously stored 

in a concentrated 50 mg/mL DCM solution at –21 °C. Next, polymer NPs were formulated 

by dissolving PEG-CNA-PLGA in methylene chloride (DCM) to a final concentration of 50 

mg/mL. A total of 100 μL of the polymer solution was then added to a 1/2 dram glass vial 

containing 500 μL of PBS and 100 μL of either clean DCM or a 250 μg/mL Doxorubicin 

(DOX) in DCM was further added according to the type of NPs being made. After vigorous 

shaking, the solution was heated up to 37 °C in an aluminum heating block and maintained 

uncapped for 2 h; the temperature was then increased to 50 °C and maintained 1 h to ensure 

evaporation of all remaining DCM. While stirring the solution was left to equilibrate to room 

temperature (RT) before centrifugation at 22000 g for 20 min. Supernatant was discarded 

and the nanoparticles were resuspended in the appropriate volume of buffer for the next step. 

Particle sizes were determined by nanoparticle tracking analysis, the results of which are 

shown in Figure S3.

CodA Entrapment in Polymer Nanoparticles.

In a similar way to the previously reported DNA conjugation,34 DNA conjugated 100 pmol 

of CodA was loaded per mg of nanoparticles by mixing a 50 μL aliquot of the polymer 

nanoparticles, 20 μL of the modified enzyme, and 30 μL of DMSO. The reactions were left 

overnight at 4 °C, diluted to 1 mL with PBS and centrifuged for 20 min at 22000 g. After 

three washes, the final pellets were resuspended in 100 μL of PBS. The amounts of 
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encapsulated protein and DOX were determined using calibration curves shown in Figures 

S4-S6.

Cell Culture.

MDA-MB-468 breast cancer cells were seeded at 37 °C in a 5% CO2-enriched atmosphere 

with Dulbecco’s Modified Eagle Medium supplemented with 10% (v/v) fetal bovine serum 

and 1% (v/v) penicillin-streptomycin. When cell density approached confluence, the cells 

were incubated with 5 mL of trypsin for 5–15 min and once detached centrifuged at 150 g 

for 5 min and resuspended in fresh media. Cell concentration was estimated by a dual 

chamber hemocytometer. A total of 0.5–1 million cells were reseeded in a flask and 96-well 

plates were prepared by adding 100 μL at 105 cells/mL to each well needed for the assay. 

Cells were left overnight after seeding before any further operation was performed.

Cell Viability Assay.

To the cells seeded in a 96-well plate, 90 μL of either fresh media or media supplemented 

with 5-FC was added. To that 10 μL of the appropriate concentration of nanoparticles to 

yield the desired final concentration was added followed by incubation for 24 h at 37 °C. 

Next, the cells were washed with PBS and replaced with 100 μL of new media supplemented 

with MTT stock solution to contain 0.5 mg/mL of MTT. Results were obtained by an 

absorbance reading at 560 nm and a reference reading at 650 nm.

Confocal imaging.

Confocal microscopy slides were prepared analogously to the cell viability assay by first 

seeding 1 mL of MDA-MB-468 at 5 X 104 cells/mL in a 24-well plate preprepared to 

contain a glass slide. Cells where left to attach overnight followed by incubation for 24 h 

then incubated 24 h with 1 mg/mL of NPs. Right before the 24 h mark 10 mL of cell media 

was warmed up to room temperature and 10 μL of a previously prepared 0.2 mg/mL DAPI 

in DMSO (stored at –21 °C) was added together with 100 μL of DiD 1 mg/mL in DMSO. 

DAPI and DiD staining was used to image the cell nuclei and membrane, respectively. The 

staining media was discarded after 10 min of incubation with the cells and washed twice 

more with PBS before immediately preparing the samples for microscopy.

RESULTS AND DISCUSSION

In this study, we first produced the prodrug enzyme cytosine deaminase (CodA), which 

catalyzes the deamination of cytosine to uracil in microorganisms in the pyrimidine 

synthetic pathway.41 For cancer therapy, CodA has been used to convert the prodrug 

fluorocytosine (5-FC) to the active drug fluorouracil (5-FU), which is believed to inhibit 

nucleotide synthetic enzyme thymidylate synthase.42 To produce CodA, we first expressed 

the protein in BL21(DE3) (E. coli) by inserting the gene in a Pet21B vector using HindIII 

and Xhol as restriction enzymes followed by transfection through electroporation. Cells 

were subsequently stored as a glycerol stock and then the enzyme was produced by growing 

the cells in LB at 37 °C and inducing with IPTG for 2.5 h when a 0.7 OD at 600 nm was 

reached. Cells were lysed and CodA proteins were collected and purified using Ni-NTA 
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beads. The purity of the product was assessed by polyacrylamide gel electrophoresis (SDS-

PAGE; Figure 1a) where a single band of ~50 kDa was observed.

The low toxicity of the prodrug 5-FC makes it an attractive therapy agent to target cancer 

cells, provided that the enzyme can be site-specifically delivered.24 In order to load CodA 

into our previously reported PLGA-CNA(T10)-PEG nanoparticles,34 we first conjugated the 

protein with polyadenine DNA strands so that the enzyme could specifically bind to the 

polythymine CNA domain. In addition, to track protein loading within the polymer 

nanoparticles, the enzyme was further modified with the dye AlexaFluor488. To attach both 

DNA and dye to each protein, we reacted CodA first with five molar equivalents of NHS-

DBCO at pH 8.2 in 30% DMSO for 4 h. Next, NHS-AlexaFluor488 was directly added to 

the protein reactions using a 1:5 protein/dye molar ratio for 4 h. To prevent protein 

degradation all of the reactions were performed at 4 °C. Removing excess dye and NHS-

DBCO from the proteins was done by dialysis at 4 °C for 72 h. The products of each step 

were characterized by SDS-PAGE and as shown in Figure 1a, specific bands that correspond 

to each modification step (dye attachment followed by T10 or A10 conjugation) were 

detected. UV-vis absorbance of the purified protein (Figure 1b) also confirms the successful 

conjugation of both the AlexaFluor488 dye and DNA oligonucleotides and based on 

calibration curves (Figure S4) we were able to determine ~1 dye molecule and ~3—4 DNA 

strands were attached per protein. In addition, a gel run with no Coomassie stain (Figure S7) 

showed the expected fluorescence from the successful addition of the AlexaFluor488 dye.

Next, the dye and DNA-conjugated CodA enzymes were tested for converting 5-FC to 5-FU 

to determine if modifying the protein either inhibited or hindered activity. For this, while the 

traditional method is to detect a shift in the UV absorbance peak at 286 nm as 5-FC is 

converted to 5-FU,43 the strong absorbance at 260 nm of the DNA attached to the enzyme 

(Figure 1b) obscured our ability to use UV-vis to monitor activity. Therefore, a common 

fluorescence technique that detects the presence of primary amines was employed since 

ammonia is a byproduct of the 5-FC deamination to 5-FU (Figure 2a). o-Phthalaldehyde 

becomes fluorescent only when reacted with both a sulfhydryl group and a primary amine 

and thus can be used to assess the amount of 5-FC reacted with CodA and spectrometrically 

quantify37 the progress of the reaction.

To ascertain that the presence of 5-FC, CodA alone, or DNA and dye-conjugated CodA does 

not yield a fluorescent signal in the presence of o-phthalaldehyde and mercaptoethanol 

(OPAME), we reacted 60 μL of each of the control substrates with 60 μL of the OPAME 

solution (2 mmol o-phthalaldehyde, 1.5 mmol mercaptoethanol, and 2.5 mL EtOH) diluted 

to a final volume of 50 mL with PBS. Next, the reactions were incubated at room 

temperature in the dark for 30 min followed by measuring fluorescence at 473 nm (405 nm 

excitation). As shown in Figures 2b and S2, little to no measurable fluorescence could be 

detected indicating that the presence of amine groups on the enzyme or prodrugs alone could 

not generate any fluorescence in the OPAME assay.

Next, 10 nM CodA (native, dye, DNA, and dye conjugated) enzymes were reacted with 500 

μM 5-FC and incubated in PBS at 37 °C while being continuously vigorously mixed in an 

orbital shaker. At varying time points, aliquots were removed and assayed using the OPAME 
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test as described above. In order to determine the amount of ammonia being produced over 

time which should be in equimolar amounts to the amount of 5-FC converted to 5-FU, 

calibration curves with NH4Cl were used (Figure S8) for each collected time point. Because 

the intensity of the fluorescence response was found to decrease after 30–60 min, 

fluorescence measurements were run at a set point of 45 min after starting the OPAME tests 

(Figure S2).

As shown in Figure 2a, modifying the enzyme decreased the rate of 5-FC conversion, 

regardless of whether the modification was with dye alone or DNA-dye. Because of the 

nonspecific decrease in enzyme activity, we believe that the CodA activity is related in part 

to the denaturation of the protein during the first reaction with NHS-DBCO as the reactions 

were run at pH 8.2 and 30% DMSO, which is also supported by the data shown in Figure 

S9. Despite this decrease in activity, however, the enzyme is still capable of activating a 

prodrug for cancer therapy.

Next, to encapsulate both CodA and a chemotherapy drug such as DOX in a single carrier, 

the triblock copolymer PEG-CNA(T10)-PLGA was synthesized as reported in our previous 

work.18 PEG-CNA(T10)-PLGA nanoparticles were then formulated by emulsifying a 

solution of the polymer dissolved in methylene chloride with water and increasing the 

temperature slowly under high stirring until all the organic solvent is evaporated, leaving a 

nanoparticle mixture that could be collected and cleaned by high speed centrifugation. Next, 

200 pmol of the DNA and dye conjugated CodA proteins were reacted with 2 mg of the 

PEG-CNA(T10)-PLGA nanoparticles at 30/70 DMSO/water overnight at 4 °C followed by 3 

consecutive washes to remove any free, nonencapsulated protein. An aliquot was 

lyophilized, weighed, and dissolved in pure DMSO to fluorometrically quantify the amount 

of CodA entrapped for a given mass of PEG-CNA(T10)-PLGA nanoparticles. As shown in 

Figure 3a, using these methods we were able to discern that ~46 pmol (23%) of the added 

DNA(A10)-CodA protein was encapsulated in ~2 mg of polymer nanoparticles. In contrast, 

when the CodA protein was conjugated with either dye alone or T10 DNA, only ~12 pmol 

(6%) could be encapsulated, showing again that specific DNA-CNA hybridization was 

needed to load the enzyme in the PEG-CNA-PLGA nanoparticles. In addition to loading the 

CodA enzyme in the polymer nanoparticles, the chemotherapy drug DOX could also be 

simultaneously entrapped by simply adding it in during the polymer nanoparticle synthesis. 

Since the fluorescence emission of DOX (610 nm) is separate from that of the AlexaFluor 

488 dye on the enzyme, we were able to determine ~23 μg DOX could be loaded per mg of 

polymer nanoparticle (Figure 3b).

The CodA and DOX loaded polymer nanoparticles were next evaluated for cell killing and 

compared to that of nanoparticles loaded with CodA or DOX alone. In this instance, breast 

cancer MDA-MB-468 cell lines were used in an MTT assay, and all tests were done in the 

presence of 5-FC. As controls, polymer nanoparticles were added with no DOX loaded or no 

addition of 5-FC; 5-FU was also tested alone as a comparison. For all tests, MDA-MB-468 

cells were seeded and incubated overnight in 96-well plates at a cell density of 104 cells per 

well. Next, the various therapy agents (polymer nanoparticles, CodA, DOX, 5-FC, 5-FU) 

were added and incubated with the cells for 24 h at 37 °C. Next, the media was removed, the 

cells were washed 2X with PBS, and MTT assays were performed. As shown in Figure 3c, 
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compared to blank PLGA-CNA-PEG nanoparticles in the presence of the prodrug 5-FC, the 

CodA-loaded NPs show a significant increase in cell toxicity, which can be attributed to the 

enzyme activation of the prodrug. In comparing the CodA-loaded nanoparticles and 5-FC 

with 5-FU alone, highly comparable results in cell viability were obtained, demonstrating 

that although 5-FU can diffuse into cells immediately upon adding to cells, the enzyme 

loaded polymer nanoparticles did not cause lower cell killing capabilities as compared to the 

drug alone, despite the need for the prodrug 5-FC to enter the polymer corona, diffuse to the 

enzyme embedded and react to produce the active drug 5-FU. The polymer nanoparticles 

loaded with enzyme seemed to also show higher cell killing as compared to enzyme alone 

with 5-FC, but this behavior may in part be attributed to an inherent cell toxicity the PEG-

CNA(T10)-PLGA nanoparticles seem to show (“Blank NPs + 5-FC” as compared to the 

control of 5-FC alone) at the polymer nanoparticle concentrations used (Figure S10). Lastly, 

the polymer nanoparticles loaded with both CodA and DOX were tested with the MDA-

MB-468 cells in the presence of the prodrug 5-FC. As shown in Figure 3c, comparing either 

DOX alone or DOX-loaded polymer nanoparticles, activating prodrugs in the vicinity of the 

cells along with DOX delivery showed significant enhancement of cell killing, supporting 

the hypothesis that delivering and activating multiple therapy agents using a single carrier 

can enhance cancer cell eradication.

Finally, confocal imaging was run to visually assess cellular uptake of the enzyme-loaded 

(no DOX) nanoparticles. For this, MDA-MB-468 cells were seeded in 24-well plates that 

contained a glass slide in the bottom of each well. Cells were left to attach overnight 

followed by incubating the cells with 1 mg/mL of the CodA loaded polymer nanoparticles 

for 24 h. The slides where then washed with PBS and stained for 10 min at 37 °C with 

DMEM media containing 0.2 μg of DAPI and 10 μg of DiD per mL acting as a nuclear and 

membrane stains, respectively.

As shown in Figure 4, only cells incubated with PEG-CNA(T10)-PLGA nanoparticles 

loaded with DNA(A10)-AlexaFluor488 conjugated CodA showed any marked fluorescence 

in the green, showing not only that CodA is indeed entrapped in the polymer nanoparticles 

but also that the enzyme is being delivered intracellularly. Cells incubated with polymer 

nanoparticles reacted with DNA(T10)-AlexaFluor488 conjugated CodA showed nearly zero 

green emission supporting the earlier results that enzyme loading in the PEG-CNA(T10)-

PLGA nanoparticles is dependent on specific CNA–DNA hybridization. Lastly, cell uptake 

kinetic analyses were performed by reacting seeded MDA-MB-468 cells with DOX-loaded 

PEG-CNA(T10)-PLGA nanoparticles and at various time points, removing the media and 

measuring intracellular delivery of the nanoparticles by flow cytometry. As shown in Figure 

S11, nanoparticle uptake appeared to reach a maximum value after ~5 h of incubation with 

cells with little to no change up to 10 h of measurement.

CONCLUSION

In this work we have shown the successful simultaneous entrapment of the prodrug 

activating enzyme cytosine deaminase (CodA) with the chemotherapy drug doxorubicin 

(DOX) within a single polymer nanoparticle. This result was achieved by conjugating the 

protein with polyadenine strands, then using complementary base pairing to PEG-
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CNA(T10)-PLGA to incorporate the enzyme into preformed polymer nanoparticles that 

could also be loaded with DOX. To test for prodrug activation by the DNA conjugated 

CodA, a fluorometric assay based on o-phthalaldehyde was developed, which showed that 

despite some nonspecific decrease in activity, the DNA-modified CodA retained the ability 

to convert prodrug 5-FC to active drug 5-FU. After encapsulating the DNA-CodA in PEG-

CNA-PLGA nanoparticles, cell toxicity assays were performed against MDA-MB-468 

breast cancer cells. These results showed low toxicity with particles alone in the presence of 

5-FC, but a significant increase in cell killing upon loading with DNA-CodA. Furthermore, 

the toxic effects were compounded when the hydrophobic drug doxorubicin was also 

encapsulated, showing potential for adapting this technique in the codelivery of 

chemotherapy agents. Lastly, confocal imaging was used to demonstrate successful targeting 

of the cells with the enzyme loaded PEG-CNA-PLGA nanoparticles and that complementary 

base pairing was required to associate the CNA strands of the polymer with the DNA 

oligonucleotides on the enzyme.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) SDS-PAGE gel of [1] protein ladder, [2] unmodified CodA, and [3] CodA after DBCO 

and AlexaFluor488 conjugation and after reacting with [4] A10 and [5] T10 DNA. (b, c) 

UV–vis absorbance of the dye and DNA-conjugated CodA.
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Figure 2. 
(a) Scheme of the OPAME assay for determining 5-FC deamination rates. (b) Plots showing 

the amount of 5-FC converted to 5-FU over time as determined by the OPAME assay. 

Samples were run with using 500 μM 5-FC or 5-FU in the absence of the presence of 10 nM 

CodA. All reactions were run in triplicate with each point showing the average value 

obtained and subsequent error bars.
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Figure 3. 
(a) Estimated entrapment of DNA modified CodA for both a polyadenine and polythymine-

modified enzyme. (b) Amount of Doxorubicin. (c) MTT results of incubating polymer 

nanoparticles with cells. All samples contained 500 μM of 5-FC except for the first column 

(CodA) and the fourth one (5-FU). CodA and CodA+5FU samples contained 10 nM of the 

enzyme and 500 μM 5-FU. All nanoparticle samples contained ~1 mg/mL NPs. The DOX 

alone test contained 23 μg/mL of the drug in solution -the estimated amount encapsulated in 

the NPs. Blank and DOX NPs contained no enzyme. Error bars represent the standard error 

calculated from a n = 6, we estimated a *p < 0.006 of the coloaded NPs being less toxic than 

Doxorubicin NPs, a **p < 0.031 for being more toxic than CodA-loaded NPs and a ***p < 

10−7 of being less toxic than blank NPs for a normal distribution.
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Figure 4. 
Confocal imaging of MDA-MB-468 incubated for 24h with 1 mg/mL of unconjugated NPs 

as well as particles reacted with AlexaFluor 488 modified cytosine deaminase conjugated 

with either polyadenine or polythymine DNA. As shown, green fluorescence from the 

AlexaFluor488 dye was only detected from cells incubated with PEG-CNA(T10)-PLGA 

nanoparticles reacted with poly-A conjugated CodA, demonstrating the specificity of CNA-

DNA hybridization. Scale bars represent 50 μm.
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Scheme 1. 
Graphic Representation of PEG-CNA-PLGA Nanoparticles Co-Loaded with Hydrophilic 

DNA-Conjugated Prodrug Activating Enzymes and Hydrophobic Chemotherapy Drugs
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