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ABSTRACT. The cell surface can be engineered with synthetic DNA for various applications 11 

ranging from cancer immunotherapy to tissue engineering. However, while elegant methods such 12 

as click conjugation and lipid insertion have been developed to engineer the cell surface with DNA, 13 

little effort has been made to systematically evaluate and compare these methods. Resultantly, it 14 

is often challenging to choose a right method for a certain application or to interpret data from 15 

different studies. In this study, we systematically evaluated click conjugation and lipid insertion in 16 

cell viability, engineering efficiency and displaying stability. Cells engineered with both methods 17 
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can maintain high viability when the concentration of modified DNA is less than 25-50 M. 18 

However, lipid insertion is faster and more efficient in displaying DNA on the cell surface than 19 

click conjugation. The efficiency of displaying DNA with lipid insertion is 10 to 40 times higher 20 

than with click conjugation for a large range of DNA concentration. However, the half-life of 21 

physically inserted DNA on the cell surface is 3 to 4 times lower than that of covalently conjugated 22 

DNA, which depends on the working temperature. While the half-life of physically inserted DNA 23 

molecules on the cell surface is shorter than those clicked onto the cell surface, lipid insertion is 24 

more effective than click conjugation in the promotion of cell-cell interactions under two different 25 

experimental settings. The data acquired in this work are expected to act as a guideline for choosing 26 

an approximate method for engineering the cell surface with synthetic DNA or even other 27 

biomolecules.  28 

  29 
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1. INTRODUCTION 30 

Cell surface engineering is promising for various applications such as cancer immunotherapy, 31 

tissue engineering, cell delivery and biomolecular sensing.1-5 It can be achieved by transferring 32 

exogenous genetic materials into host cells for protein synthesis and transport to the cell 33 

membrane.6 Protein display on the cell surface can last for a long period as the cells can 34 

continuously express exogenous genes. However, this method is associated with safety concerns 35 

such as insertional mutagenesis.7 It is also time-consuming and highly expensive.8, 9 Thus, great 36 

efforts have been recently made in developing non-genetic engineering methods.10, 11 In particular, 37 

synthetic DNA for cell surface engineering has recently received significant attention.12   38 

The display of synthetic DNA on the cell surface is different from genetic engineering as it 39 

does not require genetic manipulation of host cells or have the problem with insertional 40 

mutagenesis. In addition, while gene expression is not involved in this non-genetic engineering 41 

method, the display of DNA can be further transformed into the display of other biomolecules such 42 

as proteins since DNA can be conjugated with any biomolecules.13-15 Thus, the display of synthetic 43 

DNA on the cell surface is a versatile platform for cell surface engineering.  44 

Numerous methods can be applied to display DNA on the cell surface. As synthetic DNA 45 

molecules are displayed on the cell surface in the same ways as natural cell surface components 46 

through either covalent or non-covalent bonds, those methods for DNA display can be simply 47 

classified into two categories: chemical conjugation and physical incorporation.16-18 This 48 

classification depends on the final covalent or non-covalent state of DNA molecules. Among 49 

chemical conjugation methods, click conjugation has recently attracted significant attention as it 50 

uses biorthogonal chemistry.19-21 Lipid insertion is the most common physical incorporation 51 
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method, relying on non-covalent interactions between the lipid bilayer and lipophilic residues (e.g., 52 

cholesterol).22-24 While both methods have been widely used, little effort has been made to 53 

systematically examine the stability of DNA on the cell surface, the efficiency of DNA display, 54 

and the viability of cells during and after click conjugation. Moreover, little if any evidence was 55 

provided in the literature to make a direct comparison between these methods.  56 

As DNA display is a key factor of determining the functions of engineered cells, this study 57 

aimed to collect experimental evidence to understand the effects of the two different methods on 58 

DNA display and cellular functions. We conjugated DNA onto the cell surface via copper-free 59 

click chemistry in the click conjugation method and engineered the cell surface with a DNA-60 

cholesterol (DNA-Chol) conjugate in the lipid insertion method.  Different parameters including 61 

concentration, temperature and incubation time were all systematically studied. Cell viability, 62 

engineering efficiency, and displaying stability were evaluated for the comparison. To further 63 

illustrate the differences between the two methods, we also studied their working efficacy in two 64 

applications including the formation of 3-D cell spheroids and the recognition between immune 65 

and cancer cells. 66 

2. EXPERIMENTAL SECTION  67 

2.1. Materials  68 

2.1.1 Chemical reagents 69 

Oligonucleotides (Table S1) were purchased from Integrated DNA Technologies (Coralville, 70 

IA). CellTiter 96® AQueous One Solution Cell Proliferation Assay kit was obtained from Promega 71 

(Madison, WI). Dibenzocyclooctyne (DBCO)-PEG4-NHS ester and N-azidoacetylmannosamine-72 

tetraacylated (Ac4ManNAz) were purchased from Click Chemistry Tools (Scottsdale, AZ). 73 
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Dulbecco's phosphate buffered saline (DPBS) was obtained from Thermo-Fisher Scientific 74 

(Waltham, MA).  Carboxyfluorescein succinimidyl ester (CFSE) and CellTrace™ Far Red Cell 75 

Proliferation Kit were purchased from Invitrogen (Carlsbad, CA). 76 

2.1.2 Biological reagents 77 

Bovine serum albumin (BSA), fetal bovine serum (FBS), horse serum (HS), minimum 78 

essential medium (MEM), Roswell Park Memorial Institute (RPMI) 1640 Medium were obtained 79 

from Thermo-Fisher Scientific (Waltham, MA). 2-Mercaptoethanol, folic acid, myo-Inositol, 80 

Annexin V-FITC Apoptosis Detection Kit were obtained from Sigma Aldrich (St. Louis, MO). 81 

Nature killer (NK) cell and CCRF-CEM (CCRF) were obtained from American Type Culture 82 

Collection (Manassas, VA).  CytoTox 96® Non-Radioactive Cytotoxicity kit was obtained from 83 

Promega (Madison, WI). 84 

2.2 Preparation of dibenzocyclooctyne-modified DNA (DNA-DBCO) 85 

DNA-DBCO was synthesized using a previous described method.15 Briefly, 100 μL of DI-86 

NH2 solution (1 mM) was added to 375 μL of modification buffer (1×PBS, 50 mM NaHCO3). 87 

Following that, 25 µL of DBCO-PEG4-NHS ester (DMSO, 30 mM) was added and allowed to 88 

react for 6 h, this step was repeated twice. The reaction was conducted at 25 oC and 1000 rpm on 89 

a shaker. Subsequently, the DNA-DBCO was collected and purified using a 3 kDa Amicon Ultra 90 

Centrifugal Filter. 91 

2.3 Cell culture 92 

NK cells were expanded using the MEM supplemented with 0.2 mM inositol, 0.1 mM 2-93 

mercaptoethanol, 0.02 mM folic acid, 12.5% horse serum and 12.5% FBS in cell culture flasks. 94 

CCRF cells were expanded using RPMI 1640 supplemented with 10% FBS in cell culture flasks. 95 
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All cells were cultured in a sterile incubator set to maintain an atmosphere of 37 oC, 5% CO2 and 96 

a 95% RH. 97 

2.4 Engineering of the cell surface with DNA molecules using lipid insertion 98 

One million of NK cells were centrifuged into a pellet, and washed twice with DPBS. The 99 

resulting cell pellet was dispersed in 500 μL MEM, before adding DNA-Chol to pre-determined 100 

concentrations (0.25, 0.5, 1, 10, 25 or 50 μM). The cells were incubated at 25 oC and 120 rpm on 101 

a shaker. After a 30 min incubation, the cells were pelleted and washed with DPBS twice by 102 

centrifugation to remove the free DNA-Chol. 103 

2.5 Engineering of the cell surface with DNA molecules using click conjugation  104 

NK cells were cultured in proper culture medium supplemented with various concentrations 105 

of Ac4ManNAz (25, 50, 75 or 100 μM). At predetermined time points (1, 2 or 3 days), cells were 106 

collected and washed twice with DPBS. The cells were then dispersed in MEM at a density of 107 

1×106 cells/mL and DNA-DBCO was added, followed by incubation at 25 oC and 120 rpm on a 108 

shaker. After a 30 min incubation, the cells were then pelleted and washed with DPBS twice by 109 

centrifugation to remove the free DNA-DBCO. 110 

2.6 Examination of Cell viability  111 

The CellTiter 96® AQueous One Solution Cell Proliferation Assay kit was used to determine 112 

the cell viability of the engineered NK cells. The cells were transferred to a 96-well clear, flat-113 

bottom microplates (Corning Life Sciences) and 20 µL CellTiter 96® AQueous One Solution 114 

reagent was added to each well. After 3 h incubation, the absorbance was measured using an 115 

Infinite M200 Pro microplate reader (Tecan; Grödig, Austria) at 490 nm. All the samples were 116 

triplicate (n = 3).  117 
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2.6.1 The cytotoxicity of different Ac4ManNAz concentration 118 

NK cells were seeded in 96-well microplates at a density of 1 × 104 cells/well in 100 µL 119 

culture medium. Different concentrations of Ac4ManNAz (25, 50, 75 or 100 μM) were added into 120 

the wells. After 2 days, the cell viability was determined. All the samples were triplicate (n = 3). 121 

2.6.2 The cytotoxicity of Ac4ManNAz incubation time 122 

NK cells were seeded in 96-well microplates at a density of 1 × 104 cells/well in 100 µL 123 

culture medium. 50 μM Ac4ManNAz were then added into the wells. The cell viability was 124 

assessed after Ac4ManNAz treatment for 1, 2, 3 days. All the samples were triplicate (n = 3). 125 

2.6.3 The cytotoxicity of different DNA concentration  126 

NK cells were dispersed in MEM at a density of 1 × 106 cells/mL. Different concentrations 127 

of DNA (0.25, 0.5, 1, 10, 25 or 50 μM) were added. The cells were incubated at 25 oC and 120 128 

rpm on a shaker. After 30 min incubation, the cells were pelleted and washed with DPBS twice by 129 

centrifugation to remove the free DNA. The collected cells were seeded into 96-well microplates 130 

in 100 µL MEM and the cell viability was tested. All the samples were triplicate (n = 3). 131 

2.6.4 The cytotoxicity of different DNA-Chol / DNA-DBCO concentration 132 

DNA-Chol and DNA-DBCO engineered cells were prepared as described in section 2.4 and 133 

in section 2.5. The modified cells were seeded into 96-well microplates in 100 µL MEM and the 134 

cell viability was examined. All the samples were triplicate (n = 3). 135 

2.7 Analysis of DNA modification efficiency on cell surface  136 

DNA-decorated cells were collected and subsequently treated with a 1 μM solution of FAM-137 

labeled complementary sequence to DNA (cDNA-FAM) in MEM for 30 min. The cells were 138 

incubated at 25 oC and 120 rpm on a shaker. The fluorescence intensity displayed on cell surface 139 
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was measured using Guava easyCyte flow cytometer (Hayward, CA). The fluorescence intensity 140 

was used as an indicator of the modification efficiency. All the samples were triplicate (n = 3).  141 

2.7.1 The effect of different Ac4ManNAz concentration on modification efficiency 142 

NK cells were cultured using the MEM containing Ac4ManNAz (25, 50, 75 or 100 μM) for 143 

2 days. The cells were washed twice with DPBS and incubated with 50 μM DNA-DBCO for 30 144 

min as described in section 2.5. 1 μM cDNA-FAM were then added and the fluorescence intensity 145 

was measured. All the samples were triplicate (n = 3). 146 

2.7.2 The effect of different Ac4ManNAz incubation time on modification efficiency 147 

NK cells were cultured using the MEM containing 50 μM Ac4ManNAz and incubated for 1, 148 

2, 3 days. The cells were washed twice with DPBS and incubated with 50 μM DNA-DBCO for 30 149 

min as described in section 2.5. 1 μM cDNA-FAM was then added and the fluorescence intensity 150 

was measured. All the samples were triplicate (n = 3). 151 

2.7.3 The change of modification efficiency after Ac4ManNAz treatment 152 

NK cells were cultured using the MEM containing 50 μM Ac4ManNAz. After a 2-day 153 

incubation, the fresh culture medium (without Ac4ManNAz) was replaced. After 1, 2 or 3 days, 154 

the cells were washed twice with DPBS and incubated with 50 μM DNA-DBCO for 30 min as 155 

described in section 2.5. 1 μM cDNA-FAM was then added and the fluorescence intensity was 156 

measured. All the samples were triplicate (n = 3). 157 

2.7.4 The effect of different DNA-Chol or DNA-DBCO concentrations on modification efficiency 158 

NK cells were incubated with different concentrations of DNA-Chol (0.25, 0.5, 1, 10, 25 or 159 

50 μM) or DNA-DBCO (0.25, 0.5, 1, 10, 25 or 50 μM) as described in section 2.4 and section 2.5. 160 

The cells were washed twice and incubated with 1 μM cDNA-FAM. The fluorescence intensity 161 



 9 

displayed on cell surface was measured via flow cytometry. The FAM-labeled cells were observed 162 

using an Olympus IX73 microscope (Center Valley, PA). All the samples were triplicate (n = 3). 163 

2.8 Evaluation of DNA stability on cell surface 164 

To examine the stability of DNA-modified cells, time and temperature studies were 165 

performed on DNA-modified cells samples prepared as described in section 2.4 and 2.5. Cells 166 

were incubated in MEM and collected at the predetermined time points (0, 2, 4, 6, 8 h). After 167 

washing twice with DPBS, each cell sample was treated with 1 μM cDNA-FAM for 30 min at 120 168 

rpm on a shaker to label the remaining surface DNA. All the samples were triplicate. Fluorescence 169 

intensity was measured via flow cytometry and used as an indicator of the residual DNA molecules 170 

on cell surface. This study was repeated at 25 oC and 37 oC. The half-life (T1/2) of DNA on cell 171 

surface was calculated using OriginLab software. All the samples were triplicate (n = 3). 172 

2.9 Generation of cell spheroids  173 

For lipid insertion, CCRF cells were engineered with 0.25 μM DNA-Chol and stained with 174 

CFSE (1 μM for 5 min), the other group of CCRF cells were engineered with 0.25 μM cDNA-175 

Chol and stained with cell trace Far Red (1 μM for 10 min). The two groups of modified CCRF 176 

cells were mixed together at a 1:1 ratio (final cell density of 1×106 cells/mL) and shaken at 50 177 

rpm at 25 oC on a shaker for 45 min. The spheroids were imaged using a fluorescent microscope 178 

and the sizes of the spheroids were analyzed using ImageJ software. For click conjugation, the 179 

study was performed using 50 μM DNA-DBCO or 50 μM cDNA-DBCO.  All the samples were 180 

triplicate (n = 3). 181 

2.10 Examination of CCRF-NK interaction 182 
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NK cells were stained with a green dye (CFSE, 1 μM for 5 min), while CCRF cells were 183 

stained with a red dye (cell trace Far Red, 1 μM for 10 min). Then supramolecular polyvalent 184 

aptamer was generated on the cell surface using lipid insertion or click conjugation according to 185 

previous reported method.25 Briefly, NK cells were treated with either 0.25 μM DNA-Chol as 186 

described in section 2.4 or 50 μM DNA-DBCO as described in section 2.5. After DNA decoration, 187 

the cells were washed twice with DPBS and subsequently mixed with two DNA monomers (DM1 188 

and DM2-Branch, 1 μM) for 1 h to form the DNA polymer scaffolds. Aptamer sequence (Sgc8-189 

cBranch) comprised of an aptamer region for binding CCRF cells (Sgc8) and a cBranch region for 190 

hybridization to DM2-Branch on the polymer scaffolds was used to treat the cells for 30 min, the 191 

concentration of Sgc8-cBranch was 1 μM. The aptamer-modified NK cells were mixed with CCRF 192 

at a 1:1 NK to CCRF ratio (final cell density of 1×106 cells/mL) and incubated at 37 oC and 90 193 

rpm on a shaker for 45 min. The formed population of NK-CCRF adhesions was analyzed via flow 194 

cytometry at 0, 2, 4 h. In flow cytometry analysis, the data cluster appeared in the upper right 195 

quadrant of the scatter-plot represented the population of heterotypic NK-CCRF adhesions. 196 

FlowJo software was used to determine the percentage of the population. The enhancement 197 

binding efficiency after modification was calculated using Eq.1. 198 

%Enhancement binding efficiency =
𝑁𝐶ℎ𝑜𝑙/𝐷𝐵𝐶𝑂−𝑁𝑛𝑎𝑡𝑖𝑣𝑒

𝑁𝑛𝑎𝑡𝑖𝑣𝑒
×100                    Eq.1 199 

Where NChol, NDBCO and Nnative indicate the percentage of the population of NK-CCRF 200 

adhesions in the lipid insertion (DNA-Chol) group, click conjugation (DNA-DBCO) group and 201 

native group, respectively. All the samples were triplicate (n = 3).  202 

2.11 Examination of NK-mediated cytotoxicity 203 

To investigate the NK-mediated cytotoxicity to CCRF cells, an apoptosis assay and a lactate 204 

dehydrogenase (LDH) assay were conducted. For the apoptosis assay, CCRF cells were seeded 205 
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into a 24-well plate at a density of 1 × 105 cells/well. NK or aptamer modified-NK cells were co-206 

cultured with CCRF cells at a 1:1 ratio. The cells were collected and the viability of cells was 207 

examined by AnnexinV-FITC / propidium iodide (PI) staining. The dot plot was divided into four 208 

quadrants (Q1, Q2, Q3, and Q4).  Late apoptotic/necrotic, dead cells/debris, early apoptotic and 209 

normal cells were localized in the Q1, Q2, Q3 and Q4, respectively. For the LDH assay, CytoTox 210 

96® Non-Radioactive Cytotoxicity kit was used. Briefly, CCRF cells were seeded into a 96-well 211 

plate at a density of 5 × 104 cells/well. NK or aptamer modified-NK cells were co-incubated with 212 

CCRF cells at a 1:1 ratio. The 96-well plate was centrifuged at 250 × g for 4 min and then incubated 213 

in a humidified chamber at 37°C with 5% CO2. At the different timepoints (4, 12, and 24 h), the 214 

96-well plate was centrifuged at 250 × g for 4 min. Supernatant (50 μL) was transferred into fresh 215 

96-well plate and 50 μL of CytoTox 96® Reagent solution was added into each well. After the 216 

reaction was stopped, the absorbance was measured at 490 nm with a microplate reader. All the 217 

samples were triplicate (n = 3). 218 

2.12 Statistical Analysis 219 

Prism GraphPad V9.2.0 software was used for statistical analysis. One-way analysis of 220 

variance (ANOVA) was performed to compare multiple groups. Student's t-test was performed for 221 

the comparison of two groups. A P-value of ≤0.05 was used to indicate statistical significance. 222 

3. RESULTS AND DISCUSSION 223 

3.1 Examination of cell viability 224 

An ability to maintain high cell viability is a critical prerequisite for the success of cell surface 225 

engineering. Thus, it is necessary to determine how a surface engineering method affects cell 226 

viability. To this end, we first examined cell viability after the cell surface was engineered with 227 

either click conjugation or lipid insertion (Figure 1a).  228 
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 229 

Figure 1. Examination of cell viability. a) Schematic illustration of cell surface engineering with 230 

DNA based on click conjugation and lipid insertion. In the click conjugation method, N-231 

azidoacetylmannosamine-tetraacylated (Ac4ManNAz) is metabolized and conjugated with 232 

glycoproteins for displaying the azide group (N3) on the cell surface (step 1). The azide group 233 

reacts with dibenzocyclooctyne-modified DNA (DNA-DBCO) to display DNA (step 2). In the 234 

lipid insertion method, cholesterol is inserted into the lipid bilayer for DNA display. b) Effect of 235 

Ac4ManNAz concentration on cell viability. Cells were cultured with Ac4ManNAz for two days 236 

before the measurement of cell viability. c) Effect of Ac4ManNAz treatment time on cell viability. 237 

The concentration of Ac4ManNAz was 50 μM. d) Effect of DNA-DBCO, DNA-Chol and 238 
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unmodified DNA on cell viability. Cells were treated with DNA molecules for 30 min before the 239 

measurement of cell viability. DBCO: DNA-DBCO; Chol: DNA-Chol; n = 3 for each group. 240 

In the click conjugation method, cells were first fed with an azide derivative, i.e., 241 

Ac4ManNAz. Ac4ManNAz is analogues of the natural sialic acid precursor sugar.26 It can be 242 

introduced into the sialic acid biosynthesis pathway resulting in the intracellular conversion into 243 

the azide-modified sialic acid analogue. Resultantly, the sialic acid analogue can be displayed on 244 

cell surface as a terminal sugar residue of a glycoprotein.27, 28 We then treated the cells with DNA-245 

DBCO for reaction with the azide group on the glycoprotein to display DNA on the cell surface. 246 

The cell viability decreased with the concentration of Ac4ManNAz. When Ac4ManNAz was 100 247 

μM, the cell viability was 63% (Figure 1b). In addition, the cell viability decreased with the 248 

incubation time (Figure 1c). The cell viability was decreased to 88% at day 2. However, it further 249 

decreased to 53% at day 3. Considering this decrease of cell viability, we treated cells with 50 μM 250 

Ac4ManNAz for 2 days in the following experiments unless otherwise noticed. After feeding the 251 

cells with Ac4ManNAz to display the azide group, we incubated the cells with DNA-DBCO and 252 

varied its concentration. The cell viability barely changed when the concentration of DNA-DBCO 253 

was varied from 0 to 25 μM (Figure 1d). However, when the concentration was further increased 254 

to 50 μM, the cell viability started to decrease (Figure 1d).    255 

In the lipid insertion method, Ac4ManNAz treatment was not involved. Cells were directly 256 

incubated with cholesterol-conjugated DNA (i.e., DNA-Chol) for displaying DNA on the cell 257 

surface. When the concentration of DNA-Chol was varied from 0 to 10 M, the cell viability barely 258 

changed (Figure 1d). However, when the concentration was further increased beyond 10 μM, the 259 

cell viability decreased significantly. The cell viability decreased to 77% and 73% at 25 and 50 260 

μM, respectively.  261 
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We observed the decrease of cell viability when both DNA-DBCO and DNA-Chol were used 262 

to treat cells. To understand if the decrease of cell viability was caused by DNA or functional 263 

groups conjugated to DNA, we treated cells with unmodified DNA (i.e., DNA without either 264 

DBCO or Chol). The cell viability barely changed with the concentration of unmodified DNA 265 

varied from 0 to 50 μM (Figure 1d). This sharp difference indicates that DNA with modified 266 

functional groups can induce cytotoxicity when its concentration reaches a threshold. Under the 267 

working conditions presented in this study, the threshold concentrations for DNA-DBCO and 268 

DNA-Chol are 50 and 10 μM, respectively. Thus, the data demonstrate that the order of 269 

maintaining cell viability is DNA > DNA-DBCO > DNA-Chol. DNA-DBCO exhibits higher 270 

biocompatibility than DNA-Chol at a concentration not more than 50 μM. However, in the click 271 

conjugation method, Ac4ManNAz can cause cytotoxicity prior to cell treatment with DNA-DBCO. 272 

Ac4ManNAz-induced cytotoxicity is a unique issue to the click conjugation method. Thus, it needs 273 

to be balanced to take cell viability into consideration in an application. It is important to note that 274 

we used nature killer (NK) cells as a model in this work. Other cells may exhibit a different level 275 

of viability in response to Ac4ManNAz or DNA treatment.  276 

3.2 Examination of engineering efficiency  277 

Next, we examined the efficiency of engineering the cell surface with DNA. The engineering 278 

efficiency was quantified using cDNA-FAM to label DNA displayed on the cell surface (Figure 279 

2a). Click conjugation requires the reaction of azide and DBCO. As the azide groups on the cell 280 

surface come from intracellular conversion of Ac4ManNAz into azide-modified glycoproteins as 281 

discussed above, we varied the concentration of Ac4ManNAz. The fluorescence intensity virtually 282 

doubled when the concentration of Ac4ManNAz was increased from 25 to 50 μM (Figure 2b). 283 

Beyond 50 μM, the fluorescence intensity barely changed. This result suggests that 50 μM was 284 
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virtually maximal for NK cells to display the azide groups on their surface. In addition, cells could 285 

maintain reasonably high viability at 50 μM of Ac4ManNAz (Figure 1b). Thus, we chose this 286 

concentration for other experiments. 287 

 288 

Figure 2. Evaluation of surface engineering efficiency. a) Schematic illustration of using cDNA-289 

FAM to label DNA on the cell surface. b) Effect of Ac4ManNAz concentration on engineering 290 

efficiency. Cells were cultured with Ac4ManNAz for two days before reacted with DNA-DBCO. 291 

c) Effect of Ac4ManNAz treatment time on engineering efficiency. The concentration of 292 
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Ac4ManNAz was 50 μM. d) Effect of cell culture time on engineering efficiency post Ac4ManNAz 293 

treatment. Cells were treated with 50 μM Ac4ManNAz treatment for two days and then cultured 294 

under normal conditions for three days. Cells were reacted with DNA-DBCO at day 1, 2 and 3 post 295 

the two-day Ac4ManNAz treatment. e) Effect of DNA-DBCO and DNA-Chol concentrations on 296 

engineering efficiency. f) Calculated DNA-DBCO/DNA-Chol ratio in engineering efficiency. g) 297 

Representative fluorescence images of cells. Scale bars: 50 μm. n = 3 for each group. 298 

We designed two experiments to examine how time affects the engineering efficiency. In the 299 

first experiment, the cells were treated with 50 μM Ac4ManNAz for three days. At different time 300 

points, DNA-DBCO was added to react with the cells (Figure 2c). The data show that the 301 

engineering efficiency increased with time, reaching the highest level at day 3 during the 3-day 302 

culture. As the level of azide on the cell surface increases with time when the cells were fed with 303 

Ac4ManNAz continuously,29 this result indicates that increasing the amount of azide groups on the 304 

cell surface led to the increase of DNA conjugation. However, while the data suggest that feeding 305 

cells with Ac4ManNAz for a longer period is beneficial for improving the engineering efficiency, 306 

it is important to balance engineering efficiency and cell viability. Figure 1c shows that cell 307 

viability sharply decreased after day 2 and reached 53% at day 3. Thus, feeding NK cells with 50 308 

μM Ac4ManNAz for 2 days may be an optimal condition for the click conjugation method. In the 309 

second experiment, the cells were treated with 50 μM Ac4ManNAz for 2 days. Afterwards, the cell 310 

culture medium supplemented with Ac4ManNAz was replaced with the normal cell culture 311 

medium without Ac4ManNAz. The cells reacted with DNA-DBCO at four time points. The 312 

engineering efficiency decreased with time (Figure 2d). Our data indicate that the level of azide 313 

on the cell surface decreased with time when cells were not treated with Ac4ManNAz, suggesting 314 

that it is important for cells to react with DNA-DBCO immediately once Ac4ManNAz feeding is 315 

terminated.  316 

In addition to Ac4ManNAz treatment, we studied the effect of DNA-DBCO concentration on 317 

the engineering efficiency. When the DNA-DBCO concentration was within the range between 318 
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0.25 and 1 μM, the fluorescence intensity of cDNA-FAM on the cell surface was extremely low 319 

(Figure 2e). However, once the DNA-DBCO concentration was increased to 10 μM, the 320 

fluorescence intensity of cDNA-FAM suddenly increased 3 times (Figure 2e). The fluorescence 321 

intensity gradually increased with the concentration increased from 10 to 50 μM. While the 322 

engineering efficiency increased with the DNA-DBCO concentration, it is important to note that a 323 

high concentration of DNA-DBCO may cause cytotoxicity (Figure 1d).  324 

Next, we studied the efficiency of the lipid insertion method in displaying DNA. To make a 325 

fair comparison between lipid insertion and click conjugation, we also varied the DNA-Chol 326 

concentrations from 0.25 to 50 μM. DNA-Chol exhibited a significantly different profile of the 327 

efficiency versus the concentration when compared to DNA-DBCO. The data show that even at 328 

0.25 μM, DNA-Chol could be effectively displayed on the cell surface (Figure 2e). When the 329 

concentration of DNA-Chol reached 1 μM, the fluorescence intensity of displayed DNA reached 330 

the plateau. In contrast, the fluorescence intensity of displayed DNA was similar to the background 331 

when 1 μM DNA-DBCO was used in the click conjugation method. When 0.25 μM DNA-Chol 332 

and 50 μM DNA-DBCO were compared, the fluorescence intensity in the former group was almost 333 

6 times higher than the latter. We also calculated the DNA-Chol/DNA-DBCO ratios to make the 334 

comparison clearer (Figure 2f). The ratios for all tested six concentrations are close to or more 335 

than 10. The microscopic imaging is consistent with the flow cytometry analysis (Figure 2g).  336 

These data demonstrate that while the cell surface can be efficiently engineered with synthetic 337 

DNA using either click conjugation or lipid insertion, lipid insertion is much more efficient than 338 

click conjugation. This difference is highly expected as lipids are the major components of the cell 339 

membrane and account for 50% of the membrane in weight.30 The probability for DNA-Chol to be 340 

inserted into the lipid bilayer is higher than the conjugation of DNA-DBCO with the azide groups. 341 
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Thus, if cell viability and engineering efficiency are the major two factors to consider, we may 342 

choose the lipid insertion method. Another advantage of lipid insertion over click conjugation is 343 

that lipid insertion does not require additional cell treatment with Ac4ManNAz. However, while 344 

lipid insertion has these advantages, we also need to consider another important parameter, i.e., 345 

displaying stability of DNA on the cell surface.  346 

3.3 Examination of displaying stability 347 

Cell membrane is a highly dynamic organelle.31 For instance, cell receptors continuously 348 

recycle between the cell membrane and the cytoplasm.32, 33 They can also be removed from the cell 349 

surface through receptor shedding.34 When the cell surface is engineered with exogenous 350 

biomolecules, their displaying stability needs to be considered. Thus, we further examined the 351 

displaying stability of DNA on the cell membrane.  352 

Engineered NK cells were collected at different time points to treat with cDNA-FAM. The 353 

FAM intensity was used to indicate the amount and stability of DNA. DNA-Chol exhibited higher 354 

fluorescence intensity than DNA-DBCO within the first 2 hours at 37 oC (Figure 3a). The opposite 355 

result was observed beyond 2 hours. Both DNA-Chol and DNA-DBCO lost intensity quickly. 356 

However, their profiles of intensity change are different (Figure 3b). The intensity of DNA-DBCO 357 

decreased linearly with time whereas the intensity of DNA-Chol decreased exponentially. Based 358 

on curve fitting (Figure 3c), the t1/2 of DNA-Chol is 1.6 hours at 37 oC. It is similar to the results 359 

reported previously.16, 35_ENREF_34 In contrast, the t1/2 of DNA-DBCO is 6 hours. This difference 360 

suggests that DNA-DBCO is more stable than DNA-Chol on the cell surface. The short duration 361 

of DNA-Chol may be attributed to the internalization of DNA or the dissociation of DNA from the 362 

cell surface. Covalently conjugated molecules have been found to remain on the cell surface for 72 363 
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hours or even longer.36 This is reasonable as covalently conjugated molecules will not passively 364 

dissociate from the cell surface unless cell receptor shedding is significant.  365 

We also evaluated the displaying stability of DNA at 25 oC to confirm the results obtained at 366 

37 oC. The trends of DNA decrease versus time for both 25 and 37 oC are very similar. It confirms 367 

that the amount of DNA-Chol on the cell surface decreased more quickly than that of DNA-DBCO. 368 

However, the amount of DNA-Chol was higher than DNA-DBCO at 4 h at 25 oC whereas the 369 

former was lower than the latter at 37 oC (Figure 3d). We also found that the t1/2 of DNA-Chol at 370 

25 oC are higher than at 37 oC whereas the t1/2 of DNA-DBCO virtually maintains the same at two 371 

different temperatures (Figure 3e&f). These data suggest that a lower temperature is more 372 

favorable to enhance the displaying stability of DNA on the cell surface in the lipid insertion 373 

method.  374 

3.4 Examination of cell-cell interactions after surface engineering 375 

After the basic studies, we used two examples to compare the effectiveness of lipid insertion 376 

and click conjugation in promoting cell-cell interactions. The first one is the formation of cell 377 

spheroids that hold potential for drug screening or tissue engineering.37 _ENREF_35Cells can 378 

naturally form spheroids when suspended in solutions. For instance, the hanging drop technique is 379 

a widely used method for the development of cell spheroids.38 However, such a procedure is slow. 380 

In addition, it cannot control or promote cell-cell interaction. New methods have been studied for 381 

the generation of cell spheroids.39 One of them is to use a pair of DNA and cDNA to engineer the 382 

cell surface for cell assembly (Figure 4a).21 Thus, we used this application to illustrate the 383 

difference between lipid insertion and click conjugation.  384 
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Figure 3. Examination of DNA stability on the cell surface at 37 oC (a-c) and 25 oC (d-f), 386 

Concentration of DNA-Chol: 0.25 μM; concentration of DNA-DBCO: 50 μM; (n = 3). a,d) 387 

Quantification of cell fluorescence using flow cytometry. Engineered cells were analyzed at 388 

different time points. b,e) Kinetic analysis of DNA stability on the cell surface. c,f) Comparison 389 

of t1/2 values of DNA-Chol and DNA-DBCO. The t1/2 values were acquired according to curve-390 

fitting of the profiles in b and e.  391 

The experimental results show that the average size of spheroids was 128 μm in the DNA-392 

Chol group whereas the size was only 90 μm in the DNA-DBCO group (Figure 4b&c). This 393 

difference clearly shows that cells with DNA-Chol are more effective to form larger spheroids than 394 

those with DNA-DBCO at the same cell density. This observation is reasonable for two reasons. 395 

The cells engineered with DNA-Chol initially had a much higher amount of DNA than those 396 

engineered with DNA-DBCO (Figure 3). Moreover, while the data show that DNA-Chol was less 397 

stable than DNA-DBCO on the cell surface, cells were used immediately after surface engineering 398 

in this application. Thus, the data suggest that DNA stability on the cell surface may not be an 399 

important factor for applications such as the formation of DNA spheroids that do not need a long 400 

duration of DNA on the cell surface.  401 

 402 

Figure 4. Examination of formation of cell spheroids. a) Schematic illustration. b) Average size of 403 

cell spheroids. Concentration of DNA-Chol: 0.25 μM; concentration of DNA-DBCO: 50 μM; (n = 404 

3 for each group). * p<0.05. c) Representative images of cell spheroids. For clear legibility, 405 

engineered cells were separated into two groups that were subsequently labeled with either CFSE 406 

(green) or cell trace Far red (red), respectively. 407 

When the cell surface is engineered with single DNA molecules, these molecules can be used 408 

as a seed molecule to further develop nanostructures or nanomaterials with new functions. Thus, 409 
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in the second example, we engineered the surface of immune cells with a polyvalent aptamer using 410 

a method we reported previously and examined the immune-cancer cell interactions (Figure 5a).25 411 

Numerous immune cells have been studied to target cancer cells for cancer immunotherapy.40, 41 A 412 

prerequisite for the success of this strategy is strong interactions between the immune and cancer 413 

cells.41, 42 We engineered NK cells with the polyvalent aptamer using either lipid insertion or click 414 

conjugation. Sgc8 aptamer was used in this experiment. It was selected from DNA library and 415 

shown to have high binding affinity and specificity in recognizing CCRF-CEM cells.43 416 

 417 

Figure 5. Recognition of CCRF-CEM cells by NK cells. a) Schematic illustration of aptamer-418 

mediated cell recognition. b) Representative flow cytometric cytograms showing cell-cell 419 

recognition. Concentration of DNA-Chol: 0.25 μM; concentration of DNA-DBCO: 50 μM. c) 420 

Analysis of captured CCRF-CEM cells at different time points, (n = 3), * p<0.05, ** p<0.01, *** 421 

p<0.001. d) Capturing enhancement efficiency of DNA-DBCO and DNA-Chol. Data are presented 422 

as mean ± standard deviation (n = 3).  423 

Right after the cells were mixed together, the binding percentages of native NK cells, DNA-424 

DBCO engineered NK cells and DNA-Chol engineered NK cells were 10.33%, 17.13%, and 425 

25.06%, respectively (Figure 5b). The data show that natural NK cells could bind cancer cells. 426 
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This binding capability was significantly increased with NK cells engineered with the polyvalent 427 

aptamer. The cells in the DNA-Chol group had a higher binding percentage compared to those in 428 

the DNA-DBCO group (Figure 5b&c).  However, this binding enhancement diminished with time 429 

(Figure 5d) since the amount of DNA on the cell surface decreased with time (Figure 3).  430 

After comparing the ability of NKnative, NKDBCO, NKChol to recognize CCRF-CEM cells, we 431 

further studied their ability to kill the cells (figure S1). CCRF-CEM cells were stained with 432 

AnnexinV-FITC/PI and analyzed using flow cytometry. The data show that the percentages of 433 

dead CCRF cells were 25.4% in the NKnative group, 26.3% in the NKDBCO group, 35.4% in the 434 

NKChol group, respectively. To confirm the flow cytometry analysis, we also examined cytotoxicity 435 

based on LDH release. The NKChol exhibited much higher efficacy in killing CCRF cells than 436 

NKDBCO.  437 

Based on the above two examples, we compared the effectiveness of lipid insertion and click 438 

conjugation in promoting cell-cell interactions. The outcomes of the comparison indicate that lipid 439 

insertion may be a better choice for cell surface engineering in comparison to click conjugation 440 

under conditions similar to the experimental settings as designed in this work. However, different 441 

applications may require different conditions and methods. Thus, we should not simply conclude 442 

that lipid insertion is the only choice for the display of DNA on the cell surface in biomedical 443 

applications. For example, recently the Cheng group studied in vivo click conjugation for targeted 444 

drug delivery into tumors.44 In such a case, click conjugation would be a better choice than lipid 445 

insertion that does not have a targeting function. In addition, click conjugation is one of the 446 

commonly used chemical conjugation methods.45, 46 Other methods such as using N-447 

hydroxysuccinimide esters to react with cell surface proteins may lead to the increase of DNA 448 

density on the cell surface in comparison to the azide-DBCO click conjugation.47 Future works can 449 
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be carried out to further study the efficiency of other methods in displaying DNA in comparison 450 

to lipid insertion. Beyond the initial goal of comparing the two methods, the data also suggest that 451 

the displaying stability of DNA (or other biomolecules) on the cell surface may need to be further 452 

improved if a long duration of DNA display is required. 453 

4. CONCLUSIONS 454 

In this study, we systematically compared click conjugation and lipid insertion in cell 455 

viability, engineering efficiency and displaying stability. Both methods have high biocompatibility 456 

without causing the significant decrease of cell viability when the concentrations of DNA or sugar 457 

substrates are within a certain level. Click conjugation is much less efficient than lipid insertion in 458 

displaying DNA on the cell surface. However, chemically conjugated DNA on the cell surface 459 

exhibits higher stability. This stability is negatively affected by time and temperature. A significant 460 

amount of DNA molecules on the cell surface are lost within several hours for both click 461 

conjugation and lipid insertion methods. While the amount of DNA molecules decreases with time 462 

on the cell surface, engineered cells exhibit an enhanced capability of cell recognition. Within the 463 

experimental setting as designed in this work, lipid insertion is more efficient than click 464 

conjugation in displaying DNA for the promotion of cell-cell interactions. Future studies need to 465 

be carried out to seek solutions for improving the long-term displaying stability of DNA. 466 
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