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Abstract

The toxic side effects of chemotherapy have long limited its efficacy, prompting expensive and 

long-drawn efforts to develop more targeted cancer therapeutics. An alternative approach to 

mitigate off-target toxicity is to develop a device that can sequester chemotherapeutic agents 

from the veins that drain the target organ before they enter systemic circulation. This effectively 

localizes the chemotherapy to the target organ, minimizing any hazardous side effects. 3D printing 

is ideal for fabricating these devices, as the geometric control afforded allows us to precisely 

dictate its hemodynamic performance in vivo. However, the existing materials compatible with 

3D printing do not have drug-binding capabilities. Here, we report the stable coating of genomic 

DNA on a 3D-printed structure for the capture of doxorubicin. Genomic DNA is an effective 

chemotherapeutic-agent capture material due to the intrinsic DNA-targeting mechanism of action 

of these drugs. Stable DNA coatings were achieved through a combination of electrostatic 

interactions and ultraviolet C (UVC, 254 nm) cross-linking. These UVC cross-linked DNA 

coatings were extremely stable—leaching on average 100 pg of genomic DNA per mm2 of 3D-
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printed structure over a period of 30 min. In vitro studies of these materials in phosphate buffered 

saline and human serum demonstrated that they were able to capture, on average, 72 and 60 ng 

of doxorubicin per mm2 of structure, respectively. The stability and efficacy of these genomic 

DNA-coated 3D-printed materials represent a significant step forward towards the translation of 

these devices to clinical applications for the potential improvement of chemotherapy treatment.
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1. INTRODUCTION

Cancer is a global public health challenge that affects people in every world region, 

regardless of demographic and socioeconomic background. It is estimated that by 2040, 

cancer-related deaths will grow to approximately 16 million each year, placing a significant 

burden on healthcare systems around the world.1 Chemotherapy is one of the most 

powerful tools that we have to treat cancer today but is limited by its systemic toxicity: 

chemotherapeutic agents that are not taken up by cancer cells can kill healthy cells instead, 

which causes debilitating side effects as well as irreversible organ damage2, affecting 

patient survival.3 Many common chemotherapy drugs have greater efficacy at higher 

dosages,4 which requires the clinicians to often make the choice between maximizing 

tumor suppression and avoiding irreversible off-target toxicity. This limits the anticancer 

efficacy of these existing drugs. Over the past decades, enormous efforts have been 

made to develop new therapeutic agents that can target cancer cells more precisely while 

simultaneously minimizing the damage to healthy cells.5 These drug development cycles are 

extremely lengthy, lasting many years, and are prohibitively expensive, which translates into 

increasingly costlier drugs.6,7 The associated financial burden on the patients is significant 

and often causes nonadherence to treatment schedules as well as a reduction in overall 

quality of life.8 It is thus imperative to go beyond the small-molecule approach and 

develop new technologies and devices to reduce and/or eliminate off-target toxicity of 

well-established traditional drugs.
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In 2014, Patel and co-workers proposed chemotherapy filtration devices (“ChemoFilters”) 

that could sequester excess chemotherapeutic agents from the bloodstream prior to them 

entering systemic circulation. Conceptually, these devices would be deployed in the vein 

draining the organ undergoing localized intra-arterial chemotherapy, forming a closed 

system where the drug would be prevented from leaving the organ and causing systemic 

toxicity. The main use of this ChemoFilter was to treat hepatocellular carcinoma (HCC) in 

the liver, as depicted schematically in Figure 1a. The liver was a model organ to deploy 

this device, as procedures like transarterial chemoembolization (TACE) already allowed 

the localized delivery of a high-dose of chemotherapeutics directly to the tumor, and the 

hepatic veins and inferior vena cava (IVC) provided direct downstream locations to deploy 

the ChemoFilter. The first generation of devices featured a simple Nitinol frame attached 

to a sulfonated ion-exchange membrane that could bind via electrostatic interactions to 

doxorubicin, a commonly used chemotherapy drug. In a simulated TACE treatment of HCC 

in swine, the deployment of these devices in the IVC resulted in an 85% reduction in the 

concentration of doxorubicin in the blood postfilter, demonstrating in vivo proof-of-concept 

of chemotherapy filtration.9

Successive generations of ChemoFilter devices in subsequent years have explored different 

drug-binding materials based on ion exchange,10–12 Schiff base formation,13 or DNA 

interaction.14,15 DNA-based materials exploit the intrinsic DNA-targeting mechanism of 

action of many common chemotherapy drugs to capture them. The idea is to introduce 

external DNA into the body for them to be deliberately attacked by the chemotherapy 

drugs instead of healthy cell DNA. The specific design of the ChemoFilter structure is 

critical to its in vivo performance: it has to maximize surface area and interaction time for 

drug binding while minimizing hemodynamic disturbances, such as flow obstruction and 

induction of thrombosis. As such, there have been significant ongoing efforts to model the 

hemodynamic performances of these devices in vivo to determine their optimal geometry.16 

However, the limited form factors of the drug-binding materials available today, such as 

membranes and micro/nanoparticles, render true optimization impractical—membranes are 

two-dimensional in nature and need to be attached to a support frame if they are to be used 

in more complex three-dimensional (3D) configurations,9,11 which places an inherent limit 

on the designs that can be achieved using them.

Similarly, particles need to be immobilized or encapsulated using another material to 

prevent them from circulating freely outside of their intended location within the body,10,15 

restricting the ways that they can be implemented in a device.

Additive manufacturing (AM) offers a potential solution to this problem because it enables 

the fabrication of materials with arbitrarily complex geometries in a single processing step.17 

Computational fluid dynamics models of ChemoFilter devices with different geometries 

have also suggested that 3D-printed architectures are ideal for this application because they 

can be easily optimized to have the desired hemodynamic performances.18,19 However, 

a substantial challenge with AM is that the existing materials compatible with it do not 

have drug-binding capabilities. Inspired by the coatings of sulfonated block copolymers on 

3D-printed devices introduced by Oh et al.,12 we investigated two methodologies to coat 

genomic DNA onto commercially available 3D-printed polyacrylates for use as an efficient 
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and stable drug capture material. In vitro studies confirm that these materials are able to 

sequester ∼72 and ∼60 ng of doxorubicin per mm2 of 3D-printed material (ng mm−2) from 

phosphate buffered saline (PBS) and human serum (HS) respectively and exhibit marginal 

DNA loss of ∼0.1 ng of DNA per mm2 of 3D-printed material (ng mm−2) over time.

2. RESULTS AND DISCUSSION

2.1. Material Design and Fabrication.

Doxorubicin, one of the most commonly used drugs to treat HCC, causes cytotoxicity by 

intercalating between the cell DNA base pairs and preventing its replication20,21 (Figure 

1b). Surface functionalization of 3D-printed materials with DNA would allow us to exploit 

doxorubicin’s natural mechanism of action of binding to DNA against itself to sequester it 

from solution. The use of surface functionalization also allows us to utilize commercially 

available materials with a wide range of mechanical properties that have already been 

optimized for AM (Autodesk’s PR48, Formlabs’s Elastic Resin, and etc.) without the need 

for a lengthy customized photoresin development and optimization process—simplifying the 

fabrication process. Methods for functionalizing surfaces with DNA are well-established in 

the literature; they rely on specially designed synthetic DNA sequences whose functional 

groups can bind to a complementary moiety on the substrate.22–25 The main drawback 

to using synthetic DNA is its relatively high cost, which renders the fabrication of DNA-

ChemoFilters prohibitively expensive and impractical.

An alternative approach is to functionalize the surface with genomic DNA, which is 

inexpensive and easily obtainable but does not possess reactive end-groups or functional 

groups that can be used to anchor it to a surface.26 The surface functionalization of genomic 

DNA remained a challenge until Blumenfeld et al. developed a methodology that utilized 

surface-bound alkylating agents that could covalently bind to genomic DNA.15 However, 

alkylation of DNA has been shown to lead to depurination at the alkylation site, effectively 

severing the bond between the DNA and the substrate.27–29 This is critical as the long-term 

impact of free-floating genomic DNA in the bloodstream is unclear: some studies indicate 

that the presence of foreign DNA in the bloodstream is not unusual;30,31 others indicate 

that it could lead to autoimmune diseases such as lupus.32,33 The possibility of depurination 

prompted us to consider alternative chemistries for genomic DNA functionalization, as the 

stability of these surface-DNA adducts is critical for the safe in vivo operation of these 

devices. Of particular interest was the work by Yamada et al., who showed that ultraviolet 

C (UVC, 254 nm) irradiation of dried genomic DNA films resulted in the formation of 

insoluble films that were stable in water for over 24 h at room temperature.34

Inspired by this approach, we first used a digital light processing (DLP) printer (Autodesk 

Ember) to fabricate 3D cubic lattices out of PR48, an open source acrylate-based photoresin 

(composition and mechanical properties in the Supporting Information). DLP is an attractive 

fabrication process because it offers high resolution (∼50 μm) at relatively fast print 

speeds.35 We chose cubic lattices to exemplify a 3D geometry that is easily fabricated 

with DLP but is challenging to produce using traditional manufacturing processes such as 

injection molding and extrusion molding. Each lattice was about 12 mm wide, 2.5 mm tall, 

and contained 16 × 16 × 3 cubic unit cells, with an opening of ∼500 μm with ∼250 μm 
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wide beams, shown in Figure 1c. The surface area of each lattice was ∼1200 mm2. The 

dimensions of these lattices were chosen using some general considerations as to how they 

would be used in vivo: The ChemoFilter is meant to be deployed in the IVC, which has a 

diameter between 10–20 mm.36 As such, the overall size of the device needs to be within 

this size range for it to fit well within there. The largest components in blood are white blood 

cells at approximately 17 μm in size. The openings of the lattice were thus made sufficiently 

large to ensure that cells could flow through with little difficulty.

We explored two different methods of coating with genomic DNA, each described 

schematically in Figure 1d. In the first approach, coatings were deposited by soaking 

untreated lattices in an acidic solution (pH < 4) of salmon sperm genomic DNA (∼2000 

base pairs long), followed by drying under vacuum, in a process similar to DNA combing. 

Under these conditions, the hydrophobic core of DNA is exposed and can interact with 

hydrophobic substrates, anchoring itself at random points along the strands to the substrate 

surface. Drying of the DNA solution results in a receding air–water interface, extending and 

fixing the DNA as the interface passes over it.37,38 The coated lattices were then irradiated 

with UVC light at an intensity of 47 mW/cm2 for 60 min on each major face of the 

lattice, soaked in PBS to remove any un-cross-linked DNA, and then irradiated with UVC 

light again for 60 min on each major face to produce the “DNA-UVC” lattices. Applying 

this coating procedure using a neutral solution of DNA resulted in a lower percentage of 

successful coats, with DNA strands often precipitating in fibrous masses within the lattice 

after drying instead of coating the surface (Figure S2). This is consistent with a previous 

study that reported that at neutral pH, little DNA denaturation takes place, which limits the 

amount of DNA combing that can occur on the surface.39

The second approach utilizes electrostatic interactions to facilitate the DNA coating process. 

DNA possesses negatively charged phosphate groups along its backbone, which can bind 

to positively charged substrates.39–41 One of the most commonly used cationic moieties is 

protonated amines, which have been used extensively in the literature to reversibly bind to 

DNA.42,43 We functionalized the surfaces of the 3D-printed lattices with free amines by 

treating them with neat ethylenediamine for 1 h—unreacted surface acrylates react with the 

diamine via a Michael addition to leave free surface amines.44 The presence and number of 

surface amines were verified and quantified using a colorimetric method based on the azo 

dye Orange II45 and determined to be 18.5 ± 0.5 nmol mm−2 (Figure S3). The aminated 

lattices were then coated with DNA in the same way as the first approach—soaked in an 

acidic DNA solution, dried under vacuum, and then subjected to the same UVC treatment—

to produce “eDNA-UVC” coated lattices, where “eDNA” is used to denote electrostatically 

facilitated DNA coatings. The acidic nature of the DNA solution used here had a secondary 

function of protonating the surface amines and enabling their electrostatic interactions with 

the DNA.

2.2. DNA Coating Characterization.

To evaluate the impact of amination on the coating process, we characterized the DNA 

coated aminated and untreated lattices pre-UVC treatment using energy dispersive X-

ray spectroscopy (EDS). Figure 2 shows the electron microscope images from DNA- 

Yee et al. Page 5

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(left panels) and eDNA-coated (right panels) lattices and their corresponding phosphorus 

elemental maps.

The presence of phosphorus is indicative of DNA as it is the only possible source of 

phosphorus at this point in the coating process (Figure S4). EDS analysis of the untreated 

DNA-coated lattices (Figure 2a,b) indicates that the DNA coating was inhomogeneous. 

Analysis of the different morphological features, highlighted by the red, orange, and green 

boxes in Figure 2b, indicates that DNA mostly accumulated in the grooves (red box) on 

the horizontal beams. These grooves were introduced by the 3D printing process and are 

inevitable due to the layer-by-layer nature of the fabrication. No DNA was detected on 

the vertical beams (green box) or on the ridges (orange box) of the horizontal beams. The 

amount of phosphorus in the highlighted red region was approximately 8.8 at%, similar to 

that of pure DNA films that were cast on a flat silicon wafer (Figure S5). The selective 

accumulation of DNA in the grooves of the beams is currently the subject of a future study 

and is possibly due to contact angle pinning during the evaporation process. As the liquid 

interface recedes from the outside in, its contact angle is pinned on the grooves of the beams, 

resulting in deposition of DNA only in these regions.

In contrast, the eDNA-coated lattice had phosphorus distributed homogeneously throughout 

the structure (Figure 2c,d). The horizontal grooves (red box) showed a similar amount of 

phosphorus as the DNA-coated sample, at approximately 7.7 at%, with the ridges (orange 

box) and the vertical beams (green box) having 3.5 and 4.8 at% of phosphorus, respectively. 

The chemical composition revealed by EDS depends on the interaction volume, which 

implies that the lower amount of detected phosphorus corresponds to a thinner layer of DNA 

at these areas. These results indicate that both approaches successfully coated the 3D-printed 

substrates with DNA, with the amination approach showing markedly more uniform DNA 

coverage.

2.3. Stability of DNA Coatings.

To fully characterize the stability of the DNA coating, which is critical to the operation 

of the DNA-ChemoFilter, we invested significant efforts to systematically investigate the 

amount of DNA leaching into solution. Lattices were first soaked in PBS at 37 °C for 30 min 

while being vigorously shaken at 200 rpm. They were then removed from solution and blow-

dried with air, and soaked again in a fresh solution of PBS under the same conditions. This 

procedure was repeated two more times, for a total of 4 × 30 min soaks. Ultraviolet–visible 

(UV–vis) spectroscopy was used to quantify the amount of DNA leached into solution by 

tracking the characteristic DNA absorbance peak at 260 nm. Figure 3a shows the results of 

the DNA leaching studies conducted on four different categories of lattices: DNA (Control), 

eDNA (Control), DNA-UVC, and eDNA-UVC-coated lattices. The control lattices were 

prepared using the exact same methodologies as their UV-treated counterparts except they 

were exposed to ambient light in lieu of the two UVC irradiation steps.

The results indicated that both types of control lattices leached a considerable amount of 

DNA over the four soaks, with the eDNA (Control) lattices leaching a total of 91.0 ± 10.6 

ng mm−2 and the DNA (Control) lattices leaching a total of 76.4 ± 14.2 ng mm−2 (all values 

are mean ± error-propagated standard deviation and refer to the mass of DNA leached per 
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mm2 of 3D-printed lattice; see Supporting Information for details on the relative leachings). 

The greater amount of leaching from the eDNA (Control) lattices is consistent with its 

more extensive DNA coverage (Figure 2c,d). The eDNA (Control) lattices leached DNA at 

a much faster rate than the DNA (Control) lattices, losing 85% of the total leached amount 

in the first soak, compared with 51% for the latter. This was likely a result of competitive 

binding of the phosphate anions present in PBS with the surface-functionalized amines,46 

driving DNA desorption. By the fourth soak, the eDNA (Control) lattices leached 1.6 ± 0.5 

ng mm−2, more than 4× lower than 5.3 ± 0.5 ng mm−2 for the DNA (Control) ones. EDS 

elemental mapping conducted on both types of control lattices after the leaching experiments 

(Figure 3b,c) indicates that this was due to the difference in the DNA coatings left on 

the surface. Phosphorus could only be found on the edges of some horizontal beams of 

the eDNA (Control) lattices, whereas it could still be clearly seen in some grooves of the 

horizontal beams in the DNA (Control) lattices.

The UVC-irradiated lattices leached considerably less DNA than their unirradiated controls 

(Figure 3a), with the eDNA-UVC lattices leaching a total of 5.1 ± 1.1 ng mm−2, 

approximately half of that of the DNA-UVC lattices, 11.7 ± 1.1 ng mm−2, over the 

four soaks. This implies that the UVC treatment was successful in producing insoluble 

cross-linked DNA coatings. It is possible that the additional electrostatic interactions helped 

enhance the stability of the cross-linked coatings. EDS elemental mapping of the irradiated 

lattices shows clear evidence of phosphorus remaining on the sample (Figure 3d,e), with 

the DNA-UVC phosphorus map post-leach resembling that of the as-coated lattices (Figure 

2b). The eDNA-UVC phosphorus map showed that DNA was present on all the grooves 

of the horizontal beams and at the junctions between the horizontal and vertical beams 

(Figure 3e). There was no DNA on the ridges of the horizontal beams and on the lattice 

nodes, implying that the thinner coatings at those regions were likely not robust enough to 

prevent leaching into solution. Only the DNA on the grooves of the horizontal beams was 

left after the extensive soaking process. That notwithstanding, despite the larger amount of 

DNA present, the eDNA-UVC and DNA-UVC lattices only leached 0.1 ± 0.2 and 0.5 ± 

0.1 ng mm−2 respectively at the end of the leaching experiments. This further highlights 

the stability of these UVC cross-linked DNA coatings. It is important to emphasize that the 

nonphysical values obtained from the leaching studies for the eDNA-UVC lattices were due 

to error propagation in the standard deviation (see Experimental Section/Methods).

The amount of DNA left on the surface of the lattices after the leaching experiments can 

be estimated by finding the difference between the total amounts of DNA leached from the 

Control lattices and that from the irradiated lattices. This includes the amount of DNA that 

was leached during the PBS soak between the UVC irradiations or ambient light exposures. 

Using this method, the amount of surface DNA on the eDNA-UVC and DNA-UVC lattices 

was determined to be 175.9 ± 32.8 and 116.8 ± 16.0 ng/mm2, respectively. These values 

underestimate the actual amount of DNA on the surface, since some DNA can still be 

detected on the Control lattices at the end of the leaching experiments (Figure 3b,c; see 

Supporting Information for a more detailed discussion). From the decreasing amount of 

DNA leached with each soak, we can assume that subsequent soaks in PBS would also 

result in approximately the same <1 ng amounts of DNA leached. This would represent a 

subsequent loss of ∼0.1 and ∼0.4% of the DNA present on the eDNA-UVC and DNA-UVC 
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lattices, respectively. These results also indicate that the as-prepared coated materials should 

be used only after soaking in PBS for at least 30 min, such that the amount of DNA that 

would be leached into the body during operation is minimized. Although DNA degrades 

more rapidly in HS as compared to PBS, UVC-cross-linked DNA films have previously been 

shown to be resistant to nuclease34 and are thus expected to be similarly stable in HS.

As described earlier, the amount of DNA leached is an important metric of success, since 

the long-term impact of cell-free foreign DNA in the body is still relatively unknown. 

The evaluation and reduction of DNA leaching is thus crucial to the translation of these 

DNA-based ChemoFilters from benchtop to clinical application. While a finite amount of 

DNA was leached from our materials, it is worth noting that cell-free DNA is already 

present in our bodies, with cancer patients having anywhere between 0 and >1000 ng mL−1 

of blood.47 In the future, this might provide us with some bounds as to what is acceptable in 

the human vascular system.

2.4. In Vitro Evaluation of Drug Capture.

Figure 4 shows the doxorubicin binding capacity of the functionalized lattices tested in PBS 

and HS at 37 °C. Prior to these tests, the lattices were all subjected to 4 × 30 min PBS 

soaks at 37 °C, as described in the previous section to minimize the amount of DNA that 

would leach into solution during the drug-binding process. The mass of doxorubicin bound 

per square millimeter was used as the figure of merit to quantify and assess the binding 

efficiencies of our materials. Normalizing the amount of doxorubicin bound by the surface 

area allows us to estimate the surface area of the device that will be needed to capture 

a particular amount of doxorubicin and provide us with some design guidelines on the 

geometries that could be used. Figure 4a shows that the DNA-UVC lattices bound a total of 

64.8 ± 10.3 and 48.1 ± 5.4 (mean ± error-propagated standard deviation) ng of doxorubicin 

mm−2 in 20 min from a 0.05 mg mL−1 solution of doxorubicin in PBS (blue points) and HS 

(orange points), respectively. This is almost double that of the DNA (Control) lattices, which 

bound 33.2 ± 6.5 and 23.1 ± 5.7 ng of doxorubicin mm−2 in PBS and HS, respectively. 

These results are consistent with the greater amount of DNA left on the DNA-UVC lattices 

compared to the DNA (Control) ones after the PBS soaks (Figure 3b,d). The approximately 

30% reduction of doxorubicin binding in HS compared to PBS can be attributed to surface 

fouling from serum proteins,48 which will reduce the number of accessible DNA sites for 

doxorubicin binding.

As an additional control, we also tested lattices that were UVC-treated but not coated in 

DNA. These UVC-only lattices exhibited very low binding capacities of 7.5 ± 6.1 ng mm−2 

in PBS after 20 min, likely due to nonspecific physical adsorption. The extension of the error 

bar below 0 at the 10 min mark was due to error propagation in determining the standard 

deviation of the doxorubicin bound (see Experimental Section/Methods). Binding tests were 

not conducted in HS since the performance of the UVC-only materials in PBS was already 

poor. The extent of drug capture is easily visible: doxorubicin is a bright red drug, and the 

DNA-coated lattices are slightly off-white. Figure 4c clearly demonstrates the increasing 

extent of red staining: DNA-UVC > DNA (Control) > UVC only, which is consistent with 

the binding capacities observed. For the DNA-treated lattices, the underlying white substrate 
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can still be seen among the red regions, which is due to the inhomogeneous DNA coatings 

observed without the amination treatment.

The aminated set of lattices showed a different trend: in PBS, the eDNA-UVC and eDNA 

(Control) lattices both bound a considerable amount of doxorubicin, at 72.4 ± 5.7 and 51.4 

± 4.9 ng of doxorubicin mm−2, respectively (Figure 4b, red points). This was despite the 

lack of DNA on the surface of the eDNA (Control) lattices (Figure 3c). To understand 

why the eDNA (Control) lattices were able to bind to doxorubicin, we conducted additional 

binding experiments using aminated lattices that were only exposed to UVC irradiation 

without any DNA (amine-UVC). The amine-UVC lattices were able to bind 46.6 ± 6.3 

ng of doxorubicin mm−2 in PBS, indicating that the surface amines present on both the 

eDNA (Control) and amine-UVC lattices were responsible for doxorubicin binding. Visual 

observations of the three different treatment conditions, as shown in Figure 4d, indicated 

that the eDNA-UVC lattices turned red after the doxorubicin binding experiments, whereas 

the amine-UVC and eDNA (Control) coat lattices both turned purple instead. Doxorubicin 

is known to turn purple either under basic conditions49 or when complexed with transition 

metal cations.50 Since the doxorubicin tests were conducted in PBS, and the lattices had 

already been soaked in PBS for an extensive amount of time prior, it is reasonable to assume 

that the primary amines on the surface are completely protonated. It is thus unlikely that the 

observed purple color was due to pH changes. Furthermore, doxorubicin degrades rapidly in 

basic conditions, turning colorless over time.51 However, the purple colors of these lattices 

persist for months, indicating that the purple color likely did not arise from pH changes. 

As no transition metal cations were used anywhere in the study, the purple color observed 

also could not have been from complexation with a transition metal cation. All of these 

results suggest that the purple color is potentially due to a reaction between the doxorubicin 

and the protonated surface amines on the eDNA (Control) and amine-UVC lattices. The 

determination of the identity of the purple complex is outside the scope of this study and is a 

subject of future research.

In HS, the eDNA-UVC, eDNA (Control), and amine-UVC lattices bound 60.2 ± 6.1, 34.2 

± 5.0, and 27.0 ± 8.5 ng of doxorubicin mm−2, respectively (Figure 4b, black points). The 

∼35–40% reduction in doxorubicin binding for the eDNA (Control) and amine-UVC lattices 

going from PBS to HS can be attributed to increased surface adsorption of serum proteins

—most serum proteins are negatively charged at physiological pH, which will bind to the 

positively charged protonated surface amines via electrostatic interactions52—which would 

reduce the number of amine sites for doxorubicin binding. This was further corroborated by 

the reduced purple intensity of the eDNA (Control) and amine-UVC lattices after testing in 

HS as compared to in PBS (Figure 4d). Thus, while the eDNA (Control) and amine-UVC 

lattices were effective in binding to doxorubicin in PBS, they were unable to perform as 

well in HS. The results across both the DNA and eDNA sets of lattices indicated that the 

eDNA-UVC lattices were the most effective in capturing doxorubicin from both PBS and 

HS. Visual tracking of the doxorubicin human serum solution after the introduction of the 

lattices further confirmed this, with the red intensity of doxorubicin decreasing over time 

(Figure 4e) and a concurrent red staining of the off-white lattices (Figure 4f). The in vivo 
performance of these materials is currently the subject of a future study.
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The coating strategy reported in this work is unique among other previously reported DNA-

based materials in that it can be used to make devices with varying form factors. Previous 

generations of DNA-ChemoFilters utilized free-floating DNA or DNA-functionalized 

magnetic nanoparticles that required the use of porous mesh packets14 and magnetic rods15 

respectively to fix the DNA to the device. These mesh packets and magnetic rods can 

only be deployed in certain configurations, which are not optimized for hemodynamic 

flow, rendering them unfeasible for in vivo operation since there is an increased risk of 

hemodynamic disturbances. In contrast, our coating strategy can be directly used on devices 

with geometries that have been optimized for hemodynamic flow. While the doxorubicin 

binding capabilities of the DNA-coated materials reported in this study are relatively lower 

compared to other DNA-ChemoFilters, this is due to the small amount of DNA used in 

these coatings (see Supporting Information). There are a few approaches that can be taken 

to increase the amount of DNA used: The intensity of UVC irradiation could be increased 

to enhance cross-linking. A higher concentration of the DNA coating solution could be used. 

Multiple coats of DNA could be used to increase the amount of DNA on the materials. The 

structure could also be adjusted to improve the coating coverage on them. There are some 

potential practical challenges associated with some of these approaches: As the geometry 

of the structure increases in complexity, it could be challenging for the DNA solution to 

completely infiltrate the structure and coat it completely. Heating the DNA solution to 

reduce its viscosity or the use of hydrophilic surfaces could help mitigate this and improve 

DNA penetration. Another potential challenge lies in irradiating the internal surfaces of 

these complex structures. The use of multiple high-powered UVC lamps or fiber optics 

could be used to address this issue and allow for complete irradiation of the entire surface. 

Once these have been investigated and optimized to ensure minimal DNA leaching and 

processing feasibility, the surface area can then be increased to further improve total binding 

capacity.

3. CONCLUSION

We have demonstrated a viable approach to fabricating stable genomic DNA-coated 3D-

printed polymeric cubic lattices that are capable of capturing doxorubicin from human 

serum. The coatings were achieved via the simple immersion of aminated 3D cubic lattices 

into an acidic DNA solution, followed by vacuum drying and UVC irradiation. UVC 

irradiation was critical in creating stable cross-linked DNA coatings that were resistant to 

leaching while still capturing doxorubicin from solution. The eDNA-UVC lattices leached 

0.1 ± 0.2 ng of DNA mm−2 over 30 min in PBS and captured 60.2 ± 6.1 ng of doxorubicin 

mm−2 of 3D-printed material in HS over 20 min. There is a lot of potential in utilizing 

the genomic DNA coating methodologies developed here on other substrates with different 

mechanical properties. For example, flexible substrates such as Nitinol or elastomers open 

up the possibility of deployable ChemoFilter devices, minimizing the invasiveness of the 

insertion procedure. While further development and optimization is needed for the clinical 

use of these devices, we believe that this work will provide a platform for DNA-based 3D-

printed materials for chemotherapy applications that are inexpensive and simple to fabricate. 

The reduction of off-target toxicity in chemotherapy from a device approach has immense 

implications and has the potential to improve how we manage cancer. More generally, we 
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hope that this concept of drug capture can be extended to tackle other problems in medicine 

that have to contend with off-target toxicities.

4. EXPERIMENTAL SECTION/METHODS

4.1. Materials.

Deoxyribonucleic acid sodium salt from salmon testes (DNA) (D1626, approximately 2000 

base pairs long, Millipore Sigma), ethylenediamine (≥99%, Millipore Sigma), phosphate 

buffered saline 1× (PBS, Corning), hypo-opticlear human sera (HS, Sigma-Aldrich), 

methanol (Millipore Sigma), hydrochloric acid (37%, Millipore Sigma), doxorubicin 

hydrochloride salt (>99%, LC Laboratories), Orange II sodium salt (>85%, Sigma-Aldrich), 

sodium hydroxide concentrate (0.1 M, Millipore Sigma), and PR48 (Colorado Photopolymer 

Solutions) were used as received without further purification. Caution: Doxorubicin is 

highly toxic and needs to be handled with care.

4.2. Additive Manufacturing via Digital Light Processing Printing.

DLP was performed using a commercially available system (Autodesk Ember). CAD 

models of the cubic lattices (16 × 16 × 3 cubic unit cells, each with a characteristic 

opening dimension of approximately 500 μm and beam thickness of about 250 μm) were 

created with Solidworks and uploaded to the Autodesk Ember 3D printer for fabrication. 

The photoresin used was PR48. The print parameters are as follows: first layer — 5.0 s wait 

before exposure, 10.5 s exposure time, 3.0 rpm rotation speed; burn-in layers — 4 layers, 

6.0 s wait before exposure, 7.0 s exposure time, 3 rpm rotation speed; model layer — 1.5 s 

wait before exposure, 5.5 s exposure time, 4 rpm rotation speed. After printing, the lattices 

were soaked in methanol for 5 h, blow-dried with compressed air, and then followed by a 

UV postcure (350–380 nm, 36W) (MelodySusie DR 301C) for 3 h. The lattices were then 

soaked in methanol for 2 × 360 min to leach out as many unreacted small molecules as 

possible. Finally, the lattices were dried under vacuum (National Appliance Company) at 

room temperature for 10 h to give the untreated lattices. Plates of 5 × 5 × 0.5 mm were also 

fabricated using a similar process.

4.3. Amination of PR48 Plates.

The untreated plates were soaked in a neat solution of ethylenediamine for varying lengths 

of time (15, 30, 60, 120, and 180 min) with gentle shaking at room temperature. The 

aminated plates were then washed with methanol three times and then soaked in methanol 

extensively to ensure that any ethylenediamine swollen in the sample is removed. This 

involved 4 × 30 min soaks in methanol, followed by another 2 × 360 min soaks in methanol. 

After each soak, the methanol was decanted, and fresh methanol was added. After all the 

soaks, the plates were dried under vacuum at room temperature for 10 h to give the aminated 

plates.

4.4. Orange II Assay.

The Orange II dye solution (15 mg/mL) was prepared using deionized water adjusted to 

pH 3 using hydrochloric acid. The aminated plates were then immersed in 5 mL of the 

Orange II solution for 30 min at room temperature with gentle shaking. The plates were then 
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removed from solution and then washed 5 times with pH 3 water to remove excess unbound 

dye before drying under nitrogen. Each plate was then soaked in 10 mL of 0.1 M NaOH 

solution at 40 °C overnight with gentle shaking. The plate was then removed, and 100 μL 

of hydrochloric acid was added to the solution. The absorbance of the solution at 480 nm 

was then measured (Molecular Devices Flexstation 3) and correlated to the concentration 

of Orange II solution via the use of a calibration curve. By assuming that each Orange II 

molecule binds to a single surface amine, the surface density of accessible amines can then 

be determined.

4.5. Amination of PR48 Cubic Lattices.

The untreated lattices were soaked in a neat solution of ethylenediamine for 60 min with 

gentle shaking at room temperature. The aminated lattices were then washed with methanol 

three times and then soaked in methanol extensively to ensure that any ethylenediamine 

swollen in the sample is removed. This involved 4 × 30 min soaks in methanol, followed 

by another 2 × 360 min soaks in methanol. After each soak, the methanol was decanted 

and fresh methanol added. After all the soaks, the lattices were dried under vacuum at room 

temperature for 10 h to give the aminated lattices.

4.6. DNA Coating Procedures.

DNA (25 mg) was first dissolved in 10 mL of pH 3 water (deionized water adjusted to 

pH 3 with 37% hydrochloric acid) to give an acidic DNA solution of a concentration 

of 2.5 mg mL−1. Aminated or untreated lattices were then immersed in the acidic DNA 

solution for 60 min at room temperature, without any external agitation. Each lattice was 

immersed separately in 3 mL of the acidic DNA coating solution. The lattices were then 

carefully removed from the solution, placed on a PTFE mesh (0.045 × 0.025″ Opening Size, 

McMaster-Carr) on a glass Petri dish, and dried under vacuum at room temperature for 180 

min. Use of the aminated PR48 lattices gave the eDNA-coated lattices. Use of the untreated 

PR48 lattices gave the DNA-coated lattices. Lattices were typically prepared in batches of 

three. Any postcoating procedures were conducted immediately after coating.

4.7. UVC Irradiation Procedures.

UVC irradiation was used to prepare the following lattices: DNA-UVC, eDNA-UVC, 

Amine-UVC, and UVC only. The UVC irradiation procedure is described in detail for the 

preparation of the DNA-UVC lattices but is identical for all the other lattices. They only 

differ in the type of lattices used.

DNA-UVC.—Three DNA-coated lattices were placed on a PTFE mesh on a glass Petri dish. 

They were then irradiated with 254 nm UVC light (Analytik Jena UVGL-25, 8 mm from 

lattices) on the major face (16 × 16 unit cells) for 60 min, before being flipped onto the other 

major face, and irradiated for another 60 min. Following that, the lattices were added to 6 

mL of PBS and gently shaken for 30 min at room temperature. The lattices were then briefly 

rinsed in deionized water and then blow-dried with compressed air. After drying, the lattices 

were placed on the PTFE mesh again and irradiated with 254 nm UVC light for 60 min on 

the major face, before being flipped onto the other major face, and irradiated for another 60 

min. The total irradiation time was 240 min.
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eDNA-UVC.—This is similar to the DNA-UVC irradiation procedure but using the eDNA-

coated lattices instead.

Amine-UVC.—This is similar to the DNA-UVC irradiation procedure but using the 

aminated lattices instead.

UVC Only.—This is similar to the DNA-UVC irradiation procedure but using the untreated 

lattices instead.

4.8. DNA (Control) and eDNA (Control) Sample Preparation.

DNA (Control).—Three DNA-coated lattices were placed on a PTFE mesh on a glass Petri 

dish and exposed to ambient light for 60 min. After 60 min, it was flipped and exposed to 

ambient light for another 60 min. Following that, the lattices were added to 6 mL of PBS 

and gently shaken for 30 min at room temperature. The lattices were then briefly rinsed in 

deionized water and then blow-dried with compressed air. After drying, the lattices were 

placed on the PTFE mesh again and exposed to ambient light for 60 min before being 

flipped and exposed to ambient light for another 60 min.

eDNA (Control).—Similar to the DNA (Control) sample preparation but using the eDNA-

coated lattices instead.

4.9. DNA Leaching Experiments.

The general procedure is outlined as follows: three lattices were soaked in 6 mL of PBS 

for 30 min at 37 °C and vigorously shaken at 200 rpm. The lattices were then removed and 

blow-dried with compressed air before being soaked in a fresh solution of PBS (6 mL, 37 

°C, 200 rpm) for another 30 min. The process was repeated two more times, for a total of 

4 × 30 min soaks. The PBS solutions were all stored for further measurements (DNA-PBS 

solutions). Following that, the lattices were briefly rinsed with deionized water and then 

blow-dried with compressed air. Each treatment condition was tested three times (n = 3). 

That is, in the case for the eDNA-UVC treatment, three separate sets of eDNA-UVC lattices 

were evaluated for their leaching parameters, with each set of lattices comprising three 

eDNA-UVC lattices.

4.10. DNA Leaching Quantification.

The DNA–PBS solutions obtained from the DNA leaching experiments were then measured 

using ultraviolet–visible (UV–vis) spectroscopy to quantify the amount of DNA in solution. 

UV–vis spectroscopy was performed on an Agilent Cary 60 from 200–400 nm. Baseline 

measurements using PBS were first established and then used to obtain the spectra from 

the DNA–PBS solutions. Representative absorption spectra can be found in the Supporting 

Information (Figure S6). The measured absorbance at 260 nm (Abs260) was then correlated 

to the concentration of DNA in PBS via the use of a calibration curve (Figure S7). 

The calibration curve was constructed by determining the Abs260 of PBS solutions with 

known concentrations of DNA. To ensure that the measurements accurately reflected just 

the concentration of DNA in solution, the spectra from the UVC-only lattices and the 

amine-UVC lattices were used as baselines also (Figure S8), i.e., the average Abs260 from 
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the UVC-only lattices was converted to background “DNA” and then subtracted from 

the average DNA values from the DNA (Control) and DNA-UVC lattices. Similarly, the 

average Abs260 from the amine-UVC lattices was converted to background “DNA” and then 

subtracted from the average DNA values from the eDNA (Control) and eDNA-UVC lattices. 

The error-propagated standard deviation was determined from the standard deviations in the 

DNA leached from the treated lattices and its associated background “DNA” baseline.

4.11. Doxorubicin Binding Experiments.

The procedure is similar for both the PBS and HS experiments. A 1 mg mL−1 stock solution 

of doxorubicin in water was first prepared and vortexed to ensure complete dissolution. A 

1 mL aliquot of this stock solution was then added to 19 mL of either PBS or HS to give 

the doxorubicin testing solution of a concentration of 0.05 mg mL−1. A 7.7 mL aliquot of 

solution was used as the testing volume. A 0.7 mL aliquot of solution was drawn as the 

initial 0 min time point. The remaining doxorubicin solution (7 mL) was then warmed up 

to 37 °C before three lattices were added in and then shaken at 200 rpm. Aliquots of 0.7 

mL were then drawn at the 10 and 20 min mark. From each 0.7 mL aliquot, 3 × 0.1 mL 

were drawn and placed in a 96-well microplate. The concentrations of doxorubicin in each 

well were then measured by way of fluorescence on a microplate reader (Molecular Devices 

Flexstation 3). The measurement parameters were as follows: λex = 480 nm, λem = 550–590 

nm, λcutoff = 530 nm, sensitivity = 100. Each treatment condition was tested three times (n 
= 3). That is, in the case for the eDNA-UVC treatment, three separate sets of eDNA-UVC 

lattices were evaluated for their doxorubicin binding capacities, with each set of lattices 

comprising three eDNA-UVC lattices.

4.12. Doxorubicin Bound Quantification.

The fluorescence intensity at 590 nm was correlated to the concentration of doxorubicin in 

PBS or HS via the use of a calibration curve (Figures S9 and S10). The calibration curve 

was constructed by determining the fluorescence intensity at 590 nm of PBS or HS solutions 

with known concentrations of doxorubicin. The amount of doxorubicin bound by the lattices 

was calculated by determining the average mass of doxorubicin in solution at each time 

point and subtracting it from that at t = 0 min for each set of lattices. The average amount of 

doxorubicin bound by each set of lattices was then averaged over the three sets to give the 

average mass of doxorubicin bound by the lattices. The error-propagated standard deviation 

at t = 10 and t = 20 min was determined from the standard deviations in the average amount 

of doxorubicin bound across the three sets and the error in determining the average amount 

of doxorubicin bound at each time point from each set of lattices.

4.13. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy.

The lattices were first coated in 10 nm of carbon (Leica EM ACE600) and then imaged in 

an SEM (Zeiss 1550VP FESEM) equipped with an Oxford X-Max SDD EDS system. A low 

voltage of 5 kV was used to improve the surface sensitivity of the elemental maps.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
ChemoFilter concept and material design. (a) Schematic of clinical use of ChemoFilter 

in the treatment of HCC. Excess chemotherapeutic agents not absorbed by the tumor 

are captured by the ChemoFilter before they enter systemic circulation. (b) Doxorubicin 

intercalates into DNA and causes cell death. (c) 3D cubic lattice fabricated via digital light 

processing printing (left). A scanning electron microscope (SEM) image (top view) of the 

same cubic lattice (right). (d) Two synthetic approaches to coating 3D-printed polyacrylate 

materials with DNA. Top row: Coating of DNA followed by UVC cross-linking. Bottom 

row: Installation of surface amine groups followed by electrostatic-interaction assisted DNA 

coating and then subsequent UVC cross-linking.
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Figure 2. 
Energy dispersive X-ray spectroscopy (EDS) characterization of DNA- (left panels) and 

eDNA-coated (right panels) lattices. (a) SEM image of a DNA-coated lattice and its 

phosphorus elemental map that shows inhomogeneous distribution. (b) A zoomed-in SEM 

image of a horizontal beam, its phosphorus elemental map, and EDS spectrum (bottom). 

Outlined rectangles in red represent grooves on the beam, rectangles in orange correspond 

to the ridges on the beam, and rectangles in green mark nodes that contain a vertical beam. 

(c) SEM image of an eDNA-coated lattice and its elemental map that shows homogeneously 

distributed phosphorus. (d) A zoomed-in SEM image of a horizontal beam, as well as its 

EDS spectrum, that shows phosphorus present in the grooves, along the ridges, and on the 

node.
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Figure 3. 
DNA leaching studies conducted on four different categories of DNA-coated lattices. 

(a) Amount of DNA leached normalized by surface area over multiple PBS soaks, as 

determined by UV–vis spectroscopy. Data points and error bars correspond to the mean 

and error-propagated standard deviations of the set (n = 3). Plot on the right contains a 

zoomed-in section of the original plot, outlined by the green rectangle, which shows that all 

UVC-treated lattices show a considerable decrease in the amount of leached DNA (<1 ng 

mm−2). Each individual data point in the set is also shown. Phosphorus maps of the (b) DNA 

(Control), (c) eDNA (Control), (d) DNA-UVC, and (e) eDNA-UVC coated lattices. Little to 

no DNA was detected on the DNA (Control) and eDNA (Control) lattices. DNA can clearly 

be seen on the grooves of the horizontal beams for the DNA-UVC and eDNA-UVC lattices.
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Figure 4. 
Doxorubicin capture in PBS and HS. The cumulative amount of doxorubicin bound over 

20 min, as determined by fluorescence, normalized by surface area for the (a) DNA-UVC 

lattices and the associated controls in PBS (blue) and HS (orange) as well as (b) eDNA-

UVC lattices and the associated controls in PBS (red) and HS (black). All points and 

error bars show the mean and error-propagated standard deviations of the set (n = 3). Each 

individual data point in the set is also shown. (c) DNA-UVC lattices and its controls and 

(d) eDNA-UVC lattices and its controls after the doxorubicin tests in PBS and HS. (e) 

Color of the doxorubicin HS solution at various time points during the doxorubicin binding 

experiments. (f) Comparison of color between the initial doxorubicin HS solution and the 

solution 20 min after the eDNA-UVC lattices have been introduced. The lattices also turned 

from white to red.
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