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Abstract  19 

The introduction of more effective and selective mRNA delivery systems is required for 20 

the advancement of many emerging biomedical technologies including the development of 21 

prophylactic and therapeutic vaccines, immunotherapies for cancer and strategies for genome 22 

editing. While polymers and oligomers have served as promising mRNA delivery systems, their 23 

efficacy in hard-to-transfect cells such as primary T lymphocytes is often limited as is their cell 24 

and organ tropism. To address these problems, considerable attention has been placed on 25 

structural screening of various lipid and cation components of mRNA delivery systems. Here, 26 
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we disclose a class of charge-altering releasable transporters (CARTs) that differ from previous 27 

CARTs based on their beta-amido carbonate backbone (bAC) and side chain spacing. These 28 

bAC-CARTs exhibit enhanced mRNA transfection in primary T lymphocytes in vitro and 29 

enhanced protein expression in vivo with highly selective spleen tropism, supporting their 30 

broader therapeutic use as effective polyanionic delivery systems.  31 

 32 

Introduction 33 

Emerging RNA technologies have enabled new and often remarkably effective strategies 34 

for therapeutic and prophylactic vaccinations1, immunotherapies2, and genome editing3. A key to 35 

the further advancement of these technologies is the introduction of more efficient and selective 36 

delivery systems for polyanions including mRNA, small interfering RNA (siRNA)4, circular RNA 37 

(circRNA)5, self-amplifying RNA (saRNA)6, plasmid DNA7, and polyanion combinations8. mRNA, 38 

in particular, has figured prominently in current studies as it avoids genome integration, is 39 

amenable to manufacturing and only transiently induces de novo protein synthesis in cells. 40 

Despite the enormous progress, naked mRNA is large and polyanionic, unable to efficiently 41 

cross non-polar biological barriers such as the plasma membrane and reach the cytosol to elicit 42 

its function in vivo. To realize the full potential of mRNA therapeutics therefore requires efficient 43 

delivery technologies. In recent years, significant progress has been made in optimizing lipid 44 

nanoparticles (LNPs) for RNA delivery, as evident from the FDA approval of COVID-19 mRNA 45 

vaccines9,10 and multiple therapeutic assets in active clinical trials3,11,12. However, LNPs used in 46 

clinic trials are mostly restricted to liver delivery when administered intravenously. While there 47 

are recent reports of LNP formulations for RNA delivery to the lungs13,14, lymphatic systems13,14, 48 

and bone marrow15, no extrahepatic mRNA therapeutics (intravenous) have been approved thus 49 

far for clinical use, highlighting the need for novel delivery systems for organ- and cell-specific 50 

mRNA delivery.  51 
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T lymphocytes are key players in adaptive immune responses and a promising delivery 52 

target. They help to maintain immune homeostasis and provide essential immune protection 53 

against diverse viral, bacterial, and parasitic infections16. Effective modulation of T lymphocytes 54 

by gene delivery has been critical to the implementation of various immunotherapies, such as 55 

CAR-T cell therapy17, immune checkpoint blockade18, and in vivo T cell reprogramming19. 56 

However, gene delivery to primary T lymphocytes is notoriously difficult. Electroporation is 57 

commonly used to transfect T lymphocytes with mRNA20, but it is challenging to scale up, incurs 58 

cell damage and is unsuitable for most in vivo applications. Viral vectors have also been 59 

investigated for T lymphocyte transduction21 but their use is often limited by immunogenicity and 60 

gene cargo size. To circumvent these problems, considerable effort has been made to optimize 61 

LNP systems for T lymphocyte transfection. One strategy uses LNPs (e.g., Dlin-MC3-DMA) 62 

conjugated to T cell targeting antibodies22,23,24 such as anti-CD3, -CD4, and -CD5 to target T 63 

cells in vivo (Fig. 1A). While up to 75% T cell transfection is observed in lymphoid organs such 64 

as the spleen, most transfections still favor LNP delivery to the liver. Moreover, T cell depletion 65 

has been observed after treatment of anti-CD3 conjugated LNPs22, raising potential safety 66 

concerns for the implementation of this strategy. In important recent advances, chemical 67 

structures of LNPs have also been systematically tuned for T cell transfection without targeting 68 

ligands (e.g., 93–017S)25,26. However, this approach currently requires high doses of mRNA and 69 

repeated injections to achieve suitable cell transfection, underscoring the continued need for 70 

more effective delivery methods targeting T lymphocytes.  71 

Polymers have provided the structural foundation for new classes of mRNA delivery 72 

systems and many show considerable potential for efficient T cell transfection. For example, a 73 

comb-shaped polymer (CP-25-16) has been developed which transfects 25% of primary human 74 

T cells in vitro27 (Fig. 1a). In addition, a poly beta-amino ester (PBAE-447) system formulated 75 

with anti-CD3 is reported to transfect 80% of T cells in vitro and 8% of splenic T cells in vivo28. 76 

The Chang, Levy, Waymouth and Wender groups have also reported the use of charge-altering 77 
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releasable transporters (CARTs) for delivery of polyanionic cargoes including mRNA, plasmid 78 

DNA, circRNA and their combinations5,28,29,30. Prepared by organocatalytic ring-opening 79 

polymerization (OROP), CARTs are block oligomers consisting of an initiator, one or more lipid 80 

blocks and a polycationic block (Fig. 1b). The unique CART cationic block serves to 81 

electrostatically complex polyanions at acidic pH (<5.5) but at physiological pH (~7.4) the CART 82 

delivery system undergoes an oxygen-to-nitrogen (O-to-N) acyl shift29, resulting in its 83 

irreversible conversion to a neutral lactam which triggers release of the polyanionic cargo30.  84 

Using a combinatorial lipid screening strategy, we previously identified CARTs 85 

incorporating both oleyl and nonenyl lipids (termed Oleyl-Nonenyl Amino CARTs, i.e.,  ONA 86 

CARTs) that showed significantly improved (up to ~80 %) transfection efficiency in Jurkat cells, 87 

a T lymphocyte cell line31 (Fig. 1c). ONA CARTs have since been employed successfully in the 88 

clinical development of prophylactic (COVID) and therapeutic (cancer and metastatic disease) 89 

vaccinations32,33 and in the generation of CAR-NK cells34. Despite their encouraging 90 

performance (80 %) in Jurkat cell transfection, ONA CARTs were less effective (10-20 %) in the 91 

transfection of primary T cells. To address this problem, structural modifications of the CART 92 

cationic blocks and initiators have been investigated. Notably, we recently reported that CARTs 93 

employing fingolimod as the initiator35, a small molecule targeting sphingosine-1-phosphate 94 

receptor (S1P1) on T and B lymphocytes, exhibited improved Jurkat cell transfection in vitro. 95 

However, transfection of T cells in the murine model was not improved.   96 

To improve transfection efficiency, cell and organ selectivity and tolerability, CART 97 

structural studies have largely focused on variations in the lipid30, initiator35 and cationic 98 

subunits36. Much less attention has been directed at the CART polymeric backbone (main 99 

chain) and side chain spacing which would be expected to influence CART stability, 100 

hydrophobicity, flexibility, cargo release rates and cell and organ selectivity. For example, in our 101 

studies on oligo-arginine transporters, we previously reported that insertion of non-consecutive 102 

aminocaproic acid spacers in the oligomeric backbone resulted in better cellular uptake than 103 
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unspaced transporters37. More recently, we synthesized guanidinium-rich transporters 104 

functionalized with glycerol-derived polymeric backbones. Compared to methyl-trimethylene 105 

carbonate backbone (MTC) transporter analogs, glycerol backbone transporters improved 106 

nanoparticle stability when complexed with siRNA and allowed for control of siRNA release 107 

rates38. All of our previously reported CARTs, however, have been limited to the MTC backbone 108 

and its side chain spacing.  109 

Here we introduce a CART delivery system with a beta-amido carbonate backbone 110 

(bAC), which we have found can be accessed using an amido-variant of previously reported 8-111 

membered cyclic carbonates incorporating nitrogen as a tertiary amine or urethane39,40. 112 

Compared to the MTC backbone, the bAC backbone differs in composition and sidechain 113 

spacing (Fig. 1c). To investigate this system, we synthesized a library of 24 bAC CARTs with 114 

different lipid components using a step economical organocatalytic ring opening oligomerization. 115 

The best performing bAC-CARTs showed up to 70% primary T cell transfection in vitro, 116 

significantly improving on the performance of our lead ONA CART (<20%). Importantly, 117 

systemic in vivo delivery of the best bAC-CARTs yielded up to 97% spleen tropism and 118 

transfected 8% of primary splenic T cells without T cell targeting ligands. Moreover, a direct 119 

comparison of bAC-CART and MTC analogs with identical lipids and cationic structures 120 

indicated that the bAC backbone was the key contributor to enhanced protein expression in vitro 121 

(5-fold) and in vivo (10-fold).  122 

 123 

Results 124 

Organocatalytic ring opening synthesis of bAC CARTs.  125 

  Many polymeric backbones derive from 6- or 7-membered cyclic ester and carbonate 126 

monomers due to the ease of monomer synthesis and the favorable thermodynamics for 127 

polymerization. Based in part on our studies on cell-penetrating guanidinium-rich spaced 128 

molecular transporters (peptides and peptoids)41, we set out to determine whether cyclic 129 
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monomers of larger ring sizes could significantly impact transporter properties by changing the 130 

polymer flexibility, backbone composition and spacing of attached side chains. Yang, Hedrick 131 

and colleagues recently reported the synthesis and polymerization of a series of 8-membered 132 

cyclic carbonate monomers incorporating nitrogen in the ring as a tertiary amine or 133 

urethane39,40,42. We set out to determine whether attachment of the corresponding beta-amido 134 

carbonate oligomer (bAC) as a lipid block to an oligo-alpha-amino ester as a cationic block 135 

would produce a new class of CARTs, bAC CARTs, with improved transfection efficacy and 136 

organ selectivity. We first attempted to synthesize a bAC monomer functionalized with a lauroyl 137 

lipid linkage (bAC monomer 1, Fig. 2a). The lauroyl functionalized diol (Lauroyl DEA) was 138 

obtained in >99% yield by coupling lauroyl chloride with diethanolamine. Based on a related 139 

procedure, synthesis of bAC monomer 1 with ethyl chloroformate or triphosgene proceeded in 140 

only 25-30% yield39. After screening various cyclization reagents and conditions, we found that 141 

slow triphosgene addition to diluted diol reactants at -20°C improved the yield to 45-51%. The 142 

resulting bAC-1 was then copolymerized with Boc-protected morpholinone using our previously 143 

reported organocatalytic ring opening polymerization (OROP) methodology with benzyl alcohol 144 

as the initiator30 (Fig. 2b). After TFA deprotection to remove the Boc groups, the resulting bAC 145 

CARTs (bAC-1a) incorporated a block of ~17 lipid units and a block of ~10 cationic units.  146 

 147 

bAC CARTs mediate mRNA delivery into Jurkat cells with enhanced transfection efficacy. 148 

We complexed bAC CARTs with 200 ng of eGFP mRNA by simple mixing at pH 5.5 and 149 

used the resulting bAC CART complexes to transfect Jurkat cells (200 ng mRNA/100,000 cells). 150 

We evaluated transfection performance by flow cytometry 24 hours after transfection (Fig. 2c). A 151 

CART with a dodecyl lipid called MTC-1a (MTC analog of bAC-1a) and our most efficient 152 

previously reported CART for Jurkat cell transfection (ONA) were included for comparative 153 

analysis. The use of bAC-1a resulted in >70% eGFP transfection of cells, significantly 154 

outperforming both MTC-1a (8%) and ONA CART (46%). Encouraged by this result, we 155 
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synthesized seven additional bAC monomers (2-8) with different lipid attachments (Fig. 2d). In 156 

addition to previously reported straight chain and unsaturated lipids (bAC monomers 1-3), we 157 

included an isoprenoid lipid (bAC monomer 4) based on its improved performance in MTC 158 

CARTs. We also included four branched lipids derived from an MTC scaffold (bAC monomer 5-159 

8). These were included to probe lipid size effects and further motivated by recent LNP literature 160 

showing enhanced transfection and biodegradability by incorporating branched lipids with ester 161 

linkages2,43. Eight bAC monomers were prepared each with a different lipid and each was 162 

oligomerized as described above (polymerization conditions described in Supplementary Table 163 

1) with a Boc-protected morpholinone monomer to produce three lipidated bAC CARTs differing 164 

in the lengths of the lipid and cation blocks as determined by 1H NMR. Specifically, block length 165 

‘a’ CARTs contained ~17 lipids and ~10 cations, block length ‘b’ CARTs contained ~10 lipids 166 

and ~10 cations, and block length ‘c’ CARTs contained ~10 lipids and ~17 cations, giving a total 167 

of 24 bAC CARTs (bAC-1a, - 8c) to evaluate the effects of both lipid type and lipid-to-cation 168 

ratios on the performance of the bAC CART system.  169 

To allow head-to-head comparison of bAC and MTC CARTs for mRNA delivery, we 170 

additionally synthesized four MTC monomers, each of which was subsequently polymerized to 171 

provide the corresponding MTC-1b, MTC-4b, MTC-7b, and MTC-8b CARTs (Fig. 2e). The 172 

polydispersity of the synthesized bAC CARTs and MTC CARTs were evaluated by gel 173 

permeation chromatography (Supplementary Table 1) and ranged from 1.14 to 1.37. The size of 174 

nanoparticles formed by CART/mRNA complexes was evaluated by dynamic light scattering 175 

(DLS). bAC CART/mRNA complexes formed particles ranging in size from 130 to 280 nm (Fig. 176 

2f), with no apparent trend across lipid types or block lengths. The bAC backbone did not have 177 

a major effect on CART/mRNA complex size (Fig. 2g). The bAC CARTs were subsequently 178 

evaluated for Jurkat cell transfection as described above but using a lower mRNA dose (100 179 

ng). Top performers bAC-4b, bAC-4c, and bAC-7c were identified and reached a maximum of 180 

78% eGFP+ cells (100 ng mRNA/100,000 cells) (Fig. 2h). The transfection performance of each 181 
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CART was also evaluated by integrating fluorescence intensity of all eGFP+ cells, here termed 182 

Area Under the Curve or AUC (Fig. 2i), which indicated the strength of protein expression. 183 

Based on this AUC comparison, the bAC CARTs outperformed the ONA CART in transfecting 184 

Jurkat cells (Fig. 2i). Minimal toxicity was observed for all bAC CARTs during the transfection 185 

studies (Supplementary Fig. 1).   186 

 187 

bAC polymeric backbone improves primary T lymphocyte transfection in vitro.   188 

While the Jurkat cell line is commonly used as a proxy to evaluate T cell transfection 189 

efficacy due to its ease of access and maintenance, it is still significantly different from primary T 190 

lymphocytes44, which are more relevant to clinical applications. For example, we previously 191 

reported up to 80% transfection with ONA CART and eGFP mRNA (200 ng mRNA/25,000 cells) 192 

in Jurkat cells, but <20% of primary T lymphocytes were transfected under the same conditions. 193 

Others have similarly reported reduced transfection of primary T lymphocytes compared to 194 

Jurkat cells27. To address this issue, we evaluated bAC CARTs 1b-8b for delivery of eGFP into 195 

human T lymphocytes freshly isolated from peripheral blood mononuclear cells (PBMC) (Fig. 196 

3a). Compared to ONA CART, which transfected only ~10% of primary T cells, we observed up 197 

to 65% transfected cells with bAC-7b and >40% transfection with several other bAC CARTs 198 

(bAC-5b, -6b, -8b), indicating that bAC CARTs transfect more primary T cells than the ONA 199 

CART complexes. In addition, bAC-7 resulted in a 5-fold increase of AUC over ONA, indicating 200 

the amount of protein expression was also increased. All CARTs showed a slight preference for 201 

CD8+ T cell transfection (Supplementary Fig. 2). To determine if the improved delivery was 202 

influenced by lipid type or the polymeric backbone and lipid spacing, we compared the 203 

transfection efficiency of bAC-1b, -4b, -7b, and -8b with MTC-1b, -4b, -7b, and -8b in primary T 204 

lymphocytes (Fig. 3b). bAC-1b, -4b, -8b significantly outperformed their corresponding MTC 205 

analogs in terms of percentage of eGFP+ cells (e.g., bAC-1b vs. MTC-1b). All bAC CARTs also 206 



9 
 

outperformed all MTC analogs in AUC, suggesting that the bAC backbone and side chain 207 

spacing are crucial for improving primary T cell transfection, regardless of lipid identity.   208 

We next sought to further optimize primary T lymphocyte transfection with the bAC 209 

CARTs. Activation is typically required for efficient T lymphocyte transfection, but activation 210 

methods (choice of ligands or beads type) and time of cell activation could significantly impact 211 

delivery efficacy. We tested the effect of different activation times on CART delivery and protein 212 

translation and found the efficacy of mRNA delivery to be time-dependent for both ONA and 213 

bAC CARTs (Fig. 3c). bAC CARTs achieved a peak of expression after 24 hours of activation 214 

(65% transfection rate) and significantly outperformed ONA at every time point. Interestingly, 215 

bAC CARTs also transfected >25% of non-activated T cells (Fig. 3c), which could be useful for 216 

research when cell activation needs to be avoided. With the optimal activation procedure, we 217 

next evaluated the delivery efficacy of bAC CARTs with the four most potent lipids (Lipids 4, 5, 218 

7, 8) with varying block lengths (a, b, c) (Fig. 3d). All bAC CARTs with block length b 219 

demonstrated efficient T cell transfection, while block length ‘a’ analogs overall showed 220 

comparatively decreased transfection. Three selected bAC CARTs (bAC-4b, bAC-5b, and bAC-221 

7c) were further optimized by varying their charge ratios (CART Nitrogen to RNA Phosphate, 222 

N:P). A 10:1 charge ratio for bAC CARTs led to the highest rate of transfection (Supplementary 223 

Fig. 3). The best performing CART, bAC-7c, was then evaluated with various mRNA doses. 224 

50% transfection of primary T cells was achieved with as little as 50 ng of mRNA and a 225 

transfection plateau of 70% was realized with 400 ng of mRNA (Fig. 3e). No cell toxicity was 226 

observed at any dose (Supplementary Fig. 4).  To assess the state of activation and 227 

functionality of T cells after CART transfection we measured the levels of activation markers 228 

CD25 and CD69, and exhaustion marker PD1. Our results show no difference in phenotype and 229 

activation state between CART transfected T cells and untreated controls (Supplementary Fig. 230 

5a). We measured the capacity of transfected T cells to produce effector cytokines IFN-γ and 231 

TNF-α after 24h stimulation with Dynabeads Human T-Activator CD3/CD28 and observed no 232 
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significant differences between bAC-7c and untreated samples (Supplementary Fig. 5b). Finally, 233 

we measured the T cell proliferation potential after non-specific activation with anti-CD3/CD28 234 

and the cytokine IL-2 and found no significant differences in cell growth and viability after CART 235 

transfection (Supplementary Fig. 5c). These data show the maintenance of phenotype and 236 

functionality of human T cells after transfection with bAC-7c CART.  237 

To evaluate the performance of bAC CARTs relative to existing delivery methods, we 238 

compared bAC-7b with commercially available transfection reagents (Supplementary Fig. 6a) 239 

and electroporation (Fig. 4a). We observed higher protein expression based on the eGFP+ AUC 240 

fluorescent signal when mRNA was delivered with bAC CART compared to all other transfection 241 

methods. All bAC delivery systems maintained good cell viability after treatment (Supplementary 242 

Fig. 6b, 6c).  243 

In addition to delivery performance, the stability of bAC CART/RNA formulation is also 244 

critical for broader clinical applications. While beyond the scope of this initial study, the addition 245 

of 20% sucrose as a cryoprotectant to bAC CART/mRNA complexes allowed for their storage at 246 

-80°C for at least one week without loss of delivery efficacy (Supplementary Fig. 7). Further 247 

studies on optimal formulations are actively underway.  248 

 249 

bAC CARTs delivery enables ex-vivo generation of highly cytotoxic CAR-T cells.   250 

To demonstrate the therapeutic potential of bAC CARTs, we transfected activated CD8 251 

T cells with anti-human CD19 (hCD19) mRNA and assessed the function of the resulting anti-252 

hCD19 CAR T cells by co-culturing with Nalm6-GL, a B cell precursor leukemia cell line that 253 

stably express GFP and firefly luciferase (Fig. 4b). 20 hours after transfection we observed 254 

significantly higher levels of anti-hCD19 CAR expression using bAC-7c compared to ONA 255 

CART (Fig. 4c, Supplementary Fig. 8a). To assess the impact of anti-hCD19 CAR on CD8 T cell 256 

function, we analyzed the levels of CD107a, an indicator of degranulation activity, as well as the 257 
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expression of cytokines IFN-γ and TNF-α in transfected and untransfected CD8 T cells during 258 

co-culture with Nalm6-GL cells at an E:T ratio of 1:4. Compared to untransfected CD8 T cells 259 

and cells transfected with mCherry (irrelevant) mRNA, CD8 T cells transfected with anti-hCD19 260 

and both ONA or bAC-7c showed a higher frequency of CD107a expression (as a marker of 261 

degranulation) and an increased frequency of IFN-γ and TNF-α expression (Fig. 4d, 262 

Supplementary Fig. 8b), suggesting elevated activation and function due to CAR expression. In 263 

addition, we co-cultured wild-type or CD19 knock-out Nalm6-GL cells with CAR T cells 264 

transfected with ONA/hCD19 or bAC-7c/hCD19 at 10:1 effector-to-target (E: T) ratio and 265 

demonstrated that anti-hCD19 CAR T cells had significantly increased killing of Nalm6-GL cells 266 

after 13 hours compared to untransfected cells or cells transfected with mCherry mRNA (Fig. 267 

4e, Supplementary Fig. 8c). In contrast, co-culturing with anti-hCD19 CAR T cells did not lead to 268 

increased killing of CD19 knock-out Nalm6-GL cells (Fig. 4e), indicating the dependence of 269 

Nalm6-GL cell killing by anti-hCD19 CAR T cells on CD19 expression. Overall, these findings 270 

demonstrate that bAC-7c transfection enables high expression of anti-hCD19 CAR in CD8 T 271 

cells, leading to specific targeting of Nalm6 leukemia cells through CD19-CAR interaction. 272 

 273 

bAC CARTs induce a faster change in nanoparticle surface charge and earlier protein 274 

expression.   275 

 We next sought to probe what factors contributed to the better T lymphocyte delivery 276 

efficacy of bAC CARTs compared to MTC CARTs. One distinct characteristic of the CART 277 

system is its ability to transform from polycationic oligomers to neutral products through a 278 

charge-alteration process (O-to-N acyl shift) (Fig. 5a). This transformation is monitored by 279 

measuring the change of surface charge (zeta-potential) of CART/mRNA complexes. Compared 280 

to ONA and MTC-7b CART, bAC-7b CART exhibited a significantly faster decrease in zeta 281 

potential (Fig. 5a-b), which correlated with the transfection efficacy of the three CARTs (bAC-7b 282 

> MTC-7b > ONA). Since the charge alteration process reduces available cationic charges 283 
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binding to polyanionic mRNA, we hypothesized that bAC-7b could lead to faster mRNA release 284 

due to its faster charge neutralization. To investigate this, we developed an assay to measure 285 

RNA release with a commercial dye (Qubit RNA HS assay kit). In essence, the Qubit dye 286 

induces fluorescence upon binding to free mRNA, which is blocked by CART/mRNA 287 

complexation (Fig. 5c). As CARTs degrade, more mRNA becomes accessible and the release 288 

kinetics could be monitored by measuring the increase in fluorescence. We observed <4% 289 

fluorescence signal compared to control with free mRNA for all three CARTs immediately after 290 

formulation, suggesting >96% mRNA was encapsulated. Surprisingly, MTC-7b had the fastest 291 

RNA release rate (Fig. 5d), followed by bAC-7b which released mRNA slightly faster than ONA 292 

CART. This indicates that the kinetics of surface charge change differs from the kinetics of RNA 293 

release. This is not unreasonable as charge change involves a single N-to-O acyl shift whereas 294 

release requires multiple shifts. In addition, the surface and internal microenvironments differ. 295 

This could potentially explain why bAC-7b has faster surface charge change but slower mRNA 296 

release kinetics. This difference in the kinetics of surface and internal processes is not 297 

unexpected as lipid type and side chain spacing could alter particle packing, particle viscosity 298 

and proton exchange differentially in different particle domains.   299 

Several studies have suggested that mRNA uptake is positively correlated with protein 300 

expression in T lymphocyte after transfection31,45. To assess if bAC-7b might enable greater 301 

mRNA uptake, we complexed CARTs with a 1:1 ratio of Cy5-labeled non-translatable mRNA 302 

and non-labeled eGFP mRNA and delivered them into primary T lymphocytes, which allowed us 303 

to independently measure mRNA uptake (Cy5+) and protein translation (eGFP+). Interestingly, 304 

there was no significant difference in mRNA uptake between MTC-7b and bAC-7b CARTs in 305 

primary T cells at different timepoints, even though both were higher than ONA (Fig. 5e). This 306 

suggests that improved mRNA uptake is not the cause of delivery enhancement for bAC 307 

CARTs. Notably, MTC-7b had higher Cy5+ mRNA uptake than bAC-7b in Jurkat cells 308 

(Supplementary Fig. 9a), highlighting a difference of Jurkat and primary T cells, and the 309 
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limitations of using Jurkat cells as a model to evaluate T cell transfection reagents. When 310 

evaluating eGFP protein expression at different timepoints, we found that bAC-7b delivery 311 

induced significantly faster translation kinetics, resulting in eGFP+ cells as early as 30 min after 312 

transfection, a time at which MTC-7b and ONA CART delivery showed no eGFP expression 313 

(Fig. 5e, Supplementary Fig. 9b). These results suggested that bAC CARTs induce faster 314 

change of surface charge compared to MTC CARTs and result in earlier onset of protein 315 

expression (i.e. the time between administration and detectable reporter signal). 316 

To gain deeper insights into the potential reasons for the earlier onset of protein 317 

expression in bAC CARTs, we employed confocal microscopy to track Cy3-labeled mRNA 318 

delivered by CARTs. The results were intriguing, revealing that bAC-7c exhibited notably more 319 

localized mRNA distribution compared to ONA CART and MTC-7c in Jurkat cells 320 

(Supplementary Fig. 10). This correlation aligns with the observed trend in protein expression 321 

onset. The detailed mechanism behind this phenomenon is currently under active investigation. 322 

 323 

bAC CARTs efficiently transfect T lymphocytes in vivo with good tolerability. 324 

Encouraged by their efficient delivery to primary T lymphocytes in vitro, we sought to 325 

determine if bAC CARTs could transfect T cells in vivo. We first individually complexed six bAC 326 

CARTs (bAC 4a-c, 7a-c) with luciferase mRNA and delivered each complex intravenously (i.v.) 327 

to BALB/c mice (Fig. 6a-b). After administration of D-luciferin, luciferase protein expression was 328 

evaluated 6 hours post-injection by whole-body imaging with a charged-coupled device camera. 329 

bAC-4b had a stronger luciferase signal than bAC-4a and -4c, while bAC-7c outperformed bAC-330 

7a and -7b, all consistent with results from the in vitro transfection of primary T cells. However, 331 

luciferase expression with bAC-4b delivery was 2.5-fold higher than that with bAC-7c, even 332 

though bAC-7c slightly outperformed bAC-4b in vitro. The effect of charge ratios was evaluated 333 

for bAC-4b and bAC-7c, and a 10:1 charge ratio was found to be optimal for delivery 334 

(Supplementary Fig. 11). We then investigated if the bAC backbone could improve in vivo 335 
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delivery by comparing bAC-4b with MTC-4b and bAC-7b with MTC-7b (Fig. 6c). Encouragingly, 336 

both bAC-4b and bAC-7b significantly outperformed their MTC analogs, exhibiting up to 10-fold 337 

more luciferase expression.  338 

To evaluate payload biodistribution following bAC CART delivery, we isolated spleens, 339 

lungs, and livers and quantified their luciferase activity (Fig. 6d-e). Both bAC-4b and bAC-7c 340 

showed excellent selectivity for spleen uptake (>90 %), comparable to ONA CART as previously 341 

reported33. Importantly, bAC-4b led to splenic luciferase activity 3-fold higher than ONA CART, 342 

suggesting that bAC-4b is a more efficient mRNA delivery system in vivo.  343 

To address the cell specificity of CART complexes when delivered in vivo, we used a 344 

Cre recombinase murine model (Ai14 mice)46 to measure specific cell recombination after i.v. 345 

delivery of mRNA Cre complexed with different CARTs (Fig. 7a). With this mouse model, we 346 

can detect the cells that internalize mRNA and efficiently translate the Cre recombinase protein 347 

as they will express the fluorescent protein tdTomato following Cre-mediated recombination. 348 

After i.v. delivery of 15 ug of mRNA Cre in Ai14 mice, we observed Cre-mediated recombination 349 

(tdTomato+) in most subsets of CD45+ leukocytes in the spleen, including T cells (CD4+ and 350 

CD8+) and antigen-presenting cells such as dendritic cells (CD11c+), macrophages (F4/80+), 351 

and B cells (CD19+) (Supplementary Fig. 12). As expected, most of the recombined cells were 352 

B cells (40-50%), which represent >55% of the cells in the mouse spleen. No significant 353 

difference in cell proportions was observed between CARTs (Fig. 7b). Importantly, we achieved 354 

up to 8% Cre-mediated recombination in CD4+ and CD8+ T cells in the spleen with bAC-7c 355 

CART without any targeting ligands. Interestingly, bAC-7c resulted in a 2-fold increase in T cell 356 

transfection compared to bAC-4b (Fig. 7c), even though bAC-4b resulted in higher luciferase 357 

activity.  358 

As the A14 model only provides information on the percentage of cells transfected but 359 

not on protein expression levels, we measured protein translation directly on T cells after in vivo 360 

delivery of mRNA with bAC or ONA CARTs. We injected luciferase mRNA and isolated T cells 6 361 
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hours after injection and measured luciferase expression in a plate format (Fig. 7d). Delivery of 362 

mRNA luciferase with bAC CART demonstrated a 3-fold increase in luciferase expression in 363 

splenic T cells compared to ONA CART (Fig. 7e). These data indicates that bAC-7c induces 364 

more protein expression in splenic T cells than ONA CART. We further tested different doses (2, 365 

5, 10 ug) of luciferase mRNA and observed dose-dependent luciferase activity in splenic T cells, 366 

indicating transfection could be boosted with a higher mRNA dose (Fig. 7f). These doses are 367 

comparable to those used clinically (e.g. 6 ug mRNA for a 20 g mouse, corresponding to 0.3 368 

mg/kg). 369 

To determine the intra-spleen biodistribution of mRNA after delivery with bAC CART we 370 

used mRNA covalently labeled with Cy5. Briefly, 2 hours after i.v delivery of Cy5-mRNA with 371 

bAC-7c, spleens were isolated and the levels of Cy5-mRNA in splenocytes was quantified by 372 

flow cytometry. We showed that on average 85 % of Cy5-mRNA is internalized by CD45+ 373 

splenocytes (Supplementary Fig. 13a), which is equally distributed among dendritic cells, 374 

macrophages, and B cells (20 %). Only a small proportion is localized to CD8+ T cells (5 %) and 375 

CD4+ T cells (1 %) (Supplementary Fig. 13b).  376 

Assessing in vivo tolerability is a critical aspect in determining the clinical viability of drug 377 

delivery systems. Hence, we conducted a comprehensive pre-clinical toxicology blood analysis 378 

following the administration of bAC CART/mRNA formulations. For comparison, we formulated 379 

FDA-approved MC3 LNP components with mRNA luciferase and utilized them as a 380 

benchmark13. When compared to MC3 formulations, bAC formulations exhibited similar levels of 381 

blood metabolites, which serve as indicators of liver (ALT, AST, ALP) or kidney (blood urea 382 

nitrogen, calcium, and phosphorus) damage (Supplementary Fig. 14a). These findings suggest 383 

the absence of clinical signs of acute toxicity or alterations in clinical pathology. Furthermore, we 384 

examined whether bAC CART delivery prompted any dysregulation in blood counts or 385 

undesirable inflammatory responses post-administration. Blood counts remained normal and 386 

were comparable to the MC3 formulation (Supplementary Fig 14b).  Similarly, the levels of 387 
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inflammatory cytokines, including IL-1b, IL-6, and TNFa, remained similar 24 hours before and 388 

after bAC CART delivery (Supplementary Fig 14c).   389 

These results demonstrate that bAC CARTs are promising vectors for in vivo delivery. 390 

They are well-tolerated, exhibit spleen tropism without the need for targeting ligands, and can 391 

mediate efficient mRNA delivery to T lymphocytes.  392 

 393 

Discussion 394 

We designed, synthesized, and characterized a library of 24 bAC CARTs and identified 395 

several that exhibit efficient primary T cell transfection in vitro and selective spleen tropism in 396 

vivo, outperforming comparative ONA and MTC CARTs. A further advantage of these bAC 397 

CART delivery systems is that they are readily assembled through a step economical 398 

organocatalytic ring opening oligomerization and deprotection, a two-step process that allows 399 

for rapid exploration of variations in initiators, lipid type and block length, charge block length 400 

and CART-cargo ratios. bAC CART/mRNA complexes are readily formed by mixing the carrier 401 

and cargo components and exhibit a size range (130-280 nm) suitable for various applications. 402 

bAC CART complexes are stable upon formulation at pH ≤ 5.5 but readily release their 403 

polyanionic cargo at physiological pH. 404 

T cells represent important mediators of immune protection, and are a key target for cell 405 

reprogramming, vaccination, and immunotherapy. Notwithstanding their clinical importance, 406 

efficient and selective delivery systems for T cell transfection are still lacking, prompting our 407 

investigation of whether the CARTs could address this need. Like some LNP delivery systems, 408 

polycationic CARTs form electrostatic complexes with polyanionic cargos, protecting the latter 409 

while allowing for cell entry. A unique feature of the CART system is its ability to irreversibly 410 

convert to neutral byproducts through an O-to-N acyl shift, thereby releasing its polyanionic 411 

cargo. CARTs have been shown to efficiently transfect several different cell types including in 412 

vivo, leading to preclinical candidates for COVID and cancer vaccines33,47,48. Compared to 413 
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previous CART systems, bAC CARTs possess a distinct polymeric backbone and sidechain 414 

spacing and exhibit highly effective T cell delivery in vitro, outperforming current transfection 415 

methods such as electroporation and lipid-mediated delivery reagents in our comparative 416 

studies. We also demonstrated that bAC CART delivery mediates efficient ex vivo CAR-T cell 417 

engineering, and the resulting engineered CAR-T cells exhibit antigen-specific killing. While all 418 

CARTs systems are candidates for preclinical advancement, ONA CART employs lipids that 419 

contain unsaturated double bonds (oleyl, nonenyl), which could be susceptible to oxidation or 420 

isomerization during extended storage or interfere with acid catalyzed removal of the Boc 421 

protecting group as required for the ONA CART preparation. In contrast, neither of the leading 422 

bAC candidates (bAC-4b, bAC-7c) contain unsaturated lipids, making them easier to access 423 

synthetically and to formulate, and potentially more stable for storage and clinical use. 424 

Novel LNP structures and formulations for non-liver delivery have been recently 425 

discovered13,49,50. The emergence of LNP delivery systems that exhibit organ tropism without a 426 

targeting ligand opens significant new opportunities for RNA and DNA delivery. Notably, we 427 

showed that bAC CARTs exhibit nearly exclusive spleen tropism (97 %) without the use of 428 

targeting ligands and enable efficient transfection of B and T lymphocytes in vivo, which is 429 

distinct from many LNP delivery systems targeting liver46,47. Since the spleen is the major 430 

secondary lymphoid organ, the exclusive spleen tropism of bAC CARTs may be highly favorable 431 

for biomedical applications such as T cell immunotherapy while minimizing off-target effects. 432 

In conclusion, we demonstrate that changes in the composition of the CART polymeric 433 

backbone and spacing of side chains result in improved transfection of primary T lymphocytes in 434 

vitro and highly selective organ tropism in vivo without the need for targeting ligands. Further 435 

directions include the use of bAC CARTs to deliver other polyanions such as siRNA, saRNA 436 

and circRNA for both research and therapeutic applications.  437 
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Methods  438 
 439 
CART Co-Oligomer synthesis 440 
Synthesis of all monomers are described in Supplementary Information. All CARTs were 441 
prepared without a glove box using standard Schlenk techniques. A representative procedure to 442 
synthesize Boc-protected CART-1a starts by adding bAC-A monomer (49.27 mg, 17 equiv, 157 443 
umol) and thiourea catalyst (7.00 mg, 19.76 umol, TU, TU = 1-(3,5-bis(trifluoromethyl)phenyl)-3-444 
cyclohexylthiourea)) into a glass GPC vial with a stir bar. The vial was flushed with nitrogen, and 445 
solids were then dissolved in 75 ul DCM. 30 mg/mL benzyl alcohol solution was prepared in a 446 
separate vial, and 34.3 ul was added to the monomer solution (1.00 mg, 1 equiv). 3.01 mg of 447 
DBU (2 equiv, 19.76 umol, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene) was added to start the 448 
polymerization. 3 hours later, 20.47mg Boc-morpholinone (11 equiv, 101.72 umol) was added 449 
as a solid. After 3 hours, the reaction was quenched with 6 drops of AcOH and transferred to a 450 
2 kDa dialysis bag and dialyzed against MeOH for 4 hours. The dialyzed solution was 451 
concentrated to yield a clear oil as the product. The block length (DP) and number average 452 
molecular weight (Mn) was determined by 1H-NMR end group analysis. Dispersity (Ð) was 453 
determined by gel permeation chromatography (GPC). 454 
Boc groups were removed to yield the deprotected oligomer as the active vehicle as follows. In 455 
a 1-dram vial, oligomers (0.5 µmol) were deprotected in a trifluoracetic acid/ distilled DCM 456 
solution (1:4 v/v, 500 µL) under slow stirring and ambient atmosphere for 1 hour. Solvent was 457 
removed in vacuo and the samples were stored under high vacuum for 18 hours. The 458 
deprotected oligomer, as a thin film, was dissolved in DMSO to achieve 30 mM cation 459 
concentrations and stored at -20°C ready to use. 460 
 461 
Dynamic light scattering (DLS) for size analysis and Zeta-potential for surface charge 462 
analysis   463 
CARTs were added to PBS 5.5 containing 420 ng of eGFP mRNA (Trilink L-7601) at 10:1 464 
charge ratio (cation: anion). The formulations were mixed for 20 seconds using a micropipette 465 
(drawing and dispensing 100 ul twice/second). The formulations were then immediately 466 
transferred to a disposable clear plastic cuvette, and the sizes measured by NanoBrook Omni 467 
(Serial No: 280097). Surface charge was monitored at 0, 10, 20, 30 min after formulation using 468 
the same instruments. 469 
 470 
mRNA delivery in Jurkat cell studies 471 
Jurkat cell line Clone E6-1 was acquired from ATCC (TIB-152). Cells were maintained in 472 
suspension culture with RPMI 1640 medium supplemented with 2 mM glutamine, 10% FBS, and 473 
1% penicillin-streptomycin. Cells were sub-cultured when cell concentration reached 8x105 474 
cells/mL. All cell lines were kept in culture at 37°C in a humidified incubator with 5% CO2, and 475 
regularly tested for mycoplasma contamination (Lonza LT07-318). Before CART transfection 476 
Jurkat cells were washed twice with serum-free media and resuspended in serum-free medium 477 
at 4 x106 cells/ml, 25 ul of cell suspension were added into a 96-well round bottom plate 478 
(100,000 Jurkats per well). The following CART transfection protocol of eGFP mRNA was 479 
performed using the described amount (100 or 200 ng) of mRNA per condition. CARTs were 480 
complexed with 420 ng of mRNA in PBS (pH 5.5) to a total volume of 8.4 μl at a 10:1 N:P ratio. 481 
The formulations were mixed for 20 seconds using a micropipette and immediately 2 ul was 482 
transferred to each well (100 ng per well, n=4). After 2-4 hours, 150 ul of complete media was 483 
added to each well. Flow cytometry was performed 24 hours after transfection. Viability was 484 
measured with Near-IR viability dye (Invitrogen L34992). Data were collected on a Attune Nxt 485 
Flow Cytometer. 486 
Jurkat cells were also used to test the stability of CARTs complexed with mRNA. CARTs were 487 
complexed with mRNA in PBS (pH 5.5) with 20% sucrose to a total volume of 16.8 μl at a 10:1 488 
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N:P ratio. The formulations were immediately frozen in dry ice and transferred to -80°C for 489 
short-term storage. After seven days, formulations were thawed, and 8 ul were transferred to 490 
each well (96-well round bottom plate, 200 ng/100,000 Jurkats per well, n=4). In parallel, the 491 
same formulations were newly prepared, and 8 ul were immediately transferred to each well 492 
(n=4) to compare the transfection efficiency between “fresh” and “frozen” formulations. After 2-4 493 
hours, 150 ul of complete media was added to each well. Flow cytometry was performed 24 494 
hours after transfection. Viability was measured with Near-IR viability dye (Invitrogen L34992). 495 
Data were collected on a Attune Nxt Flow Cytometer. 496 
 497 
mRNA delivery in human primary T cells 498 
Fresh PBMCs were obtained from de-identified healthy donors at the Stanford Blood Center. 499 
Human PBMCs were isolated from whole blood by density gradient centrifugation using 500 
SepMate tubes (StemCell Technologies) with Lymphoprep following manufacturer instructions. 501 
PBMC’s were counted and resuspended in CryoStor CS10 freezing medium (StemCell 502 
Technologies) at 10x106 cells/ml for long-term storage in liquid nitrogen. PBMCs were thawed 503 
and counted on the day of transfection to isolate total human T cells by following manufacturer 504 
instructions from Pan T cell isolation kit, human (Miltenyi Biotec). Isolated T cells were counted 505 
and activated with Dynabeads Human T-Activator CD3/CD28 (Gibco). Briefly, in a 24-well plate, 506 
isolated T-cells were activated with 25 ul of Dynabeads for every 1x106 T cells in 1ml of 507 
complete medium (RPMI 1640 medium containing 10% FBS, 1% penicillin/streptomycin, 50 μM 508 
β-mercaptoethanol, and 1% L-glutamine).  Dynabeads were removed after the indicated time 509 
points (6 h, 24 h, and 48 h) using DynaMag magnet, and T cells were washed twice with serum-510 
free RPMI medium. After counting, cells were resuspended in serum-free medium at 4 x106 511 
cells/ml, and 25 ul of cell suspension were added into a 96-well round bottom plate (100,000 T 512 
cells per well). The CART transfection protocol of eGFP mRNA was then followed as described 513 
in the Jurkat transfection section, using the indicated amount of mRNA per condition (50 ng, 100 514 
ng, 200 ng, and 400 ng). CARTs were complexed with mRNA in PBS (pH 5.5) at a 10:1 N:P 515 
ratio (formulations with 4:1 and 25:1 charge ratios were also tested). After 2-4 hours, 150 ul of 516 
complete media was added to each well. Flow cytometry was performed 24 hours after 517 
transfection, distinguishing CD4+ (BV650 anti-human CD4, BD 563876) and CD8+ T cells 518 
(PerCP-Cy5.5 anti-human CD8, BD 560662) by surface marker staining. Viability was measured 519 
with Near-IR viability dye (Invitrogen L34992). Data were collected on a Attune Nxt Flow 520 
Cytometer. 521 
 522 
Primary T cells were also transfected with several commercial reagents. TransIT-mRNA 523 
transfection kit (Mirus Bio MIR 2225), Lipofectamine 2000 Transfection Reagent (Invitrogen 524 
11668030), Lipofectamine 3000 Transfection Reagent (Invitrogen L3000008) or Invitrogen™ 525 
Neon™ Transfection System 10 μL Kit (Invitrogen MPK1096). RNA delivery was performed 526 
following the manufacturer’s instructions for primary T cells (program #24: 1600 V/10 ms/3 527 
pulses). All experiments were performed in parallel using 100 ng of mRNA and 100,000 cells 528 
per condition from the same batch of activated primary T cells (24h activation). Flow cytometry 529 
was performed 24 hours after transfection, distinguishing CD4+ (BV650 anti-human CD4, BD 530 
563876) and CD8+ T cells (PerCP-Cy5.5 anti-human CD8, BD 560662) by surface marker 531 
staining. Viability was measured with Near-IR viability dye (Invitrogen L34992). Data were 532 
collected on a Attune Nxt Flow Cytometer. 533 
 534 
CD8 T cell isolation and stimulation 535 
Peripheral blood mononuclear cells (PBMCs) of healthy donors were isolated from 536 
leukoreduction systems (LRS) chambers that were obtained from the Stanford Blood Center. 537 
PBMCs were cryopreserved with FBS containing 10% DMSO in liquid nitrogen. CD8 T cells 538 
were isolated from the thawed PBMCs with an EasySep human CD8+ T cell isolation kit 539 



20 
 

(Stemcell Technologies) and stimulated with 25 ml Dynabeads Human T-Activator CD3/CD28 540 
(Gibco, 11131D) per 1x106 CD8 T cells in 1 ml of complete RPMI1640 medium [RPMI 1640 541 
medium (Gibco, 21870092) supplemented with 1X PSA (Gibco, 15240062), 2 mM L-glutamine 542 
(Gibco, 25030081), and 10% FBS (Corning, 35-016-CV)] in each well of a 24-well plate for 18 543 
hours. CD8 T cells were collected and Dynabeads were removed with a magnet before CART 544 
transfection. 545 
 546 
CART transfection of anti-hCD19 547 
Activated CD8 T cells were washed with serum-free RPMI 1640 medium supplemented with 1X 548 
PSA and 2 mM L-glutamine twice, resuspended with serum-free RPMI 1640 medium, and 549 
plated in a U-bottom 96-well plate at a density of 1x105 cells per 25 ml per well. Formulation of 550 
CART/mRNA complex was performed by mixing bAC-7c and ONA with mRNA that encode anti-551 
human CD19-41BB-CD3ζ CAR (hCAR) (a generous gift from Ronald Levy Lab in Stanford 552 
University) 33 or mCherry (TriLink L-7203) in PBS (pH 5.5). CART and mRNA were complexed 553 
at N:P ratio 10:1 except that bAC-7c and anti-hCD19 CAR mRNA were complexed at an 554 
optimized N:P ratio 4:1. Formulated CART/mRNA complex was added into each well of CD8 T 555 
cells rapidly at a dosage of 200 ng mRNA per well. Same volume of PBS (pH 5.5) was added 556 
into untransfected cells as a control. Medium was changed to serum-containing medium by 557 
adding 175 ml of RPMI1640 medium supplemented with 11.4% FBS, 1X PSA, and 2 mM L-558 
glutamine 2 hours after transfection and the cells were cultured for another 18 hours. 559 
Transfection efficiency was evaluated by staining of anti-hCD19 CAR with soluble human CD19-560 
FITC (Acrobiosystems, CD9-HF2H2) using flow cytometry. 561 
 562 
Co-culture of CD8 T cells and Nalm6 cells 563 
Transfected CD8 T cells were collected from the 96-well plate and counted. Wild-type (WT) and 564 
CD19 knock-out (KO) Nalm6-GL cells that constitutively express GFP and firefly luciferase 565 
(generous gifts from Crystal Mackall Lab in Stanford University)51,52 cultured in complete RPMI 566 
1640 medium were collected from T75 flasks and counted. CD8 T cells and Nalm6-GL cells 567 
were co-cultured in a U-bottom 96-well plate at the indicated effector-to-target (E:T) ratios 568 
starting with 6.7x104 cells in total in 200 ml complete RPMI 1640 medium per well for 13 hours. 569 
Cells were stained with eFluor 780 fixable viability dye (Invitrogen, 65-0865-14), as well as anti-570 
human CD3-Brillian Violet (BV) 421 (clone OKT3, BioLegend) and anti-human CD8-APC (clone 571 
SK1, BioLegend), for flow cytometry analysis. Samples were analyzed with Aurora flow 572 
cytometer (Cytek Biosciences) and cell populations were characterized with FlowJo 10.9.0. To 573 
evaluate the killing of Nalm6-GL cells, number of viable Nalm6-GL cells (e780lowCD3-CD8-574 
GFP+) in each sample was quantified by adding precision count beads (BioLegend, 424902) 575 
into the flow cytometry samples before sample analysis and calculated as Nalm6-GL cell count 576 
x precision count beads volume (μl) x precision count bead concentration as in stock (beads/μl) 577 
/ precision count beads count. Killing of Nalm6-GL cells was calculated as the reduction of 578 
Nalm6-GL cell count in each co-culture group compared to Nalm6-GL cells alone. 579 
 580 
For the evaluation of functional markers in CD8 T cells, anti-human CD107a-BV711(clone 581 
H4A3, BioLegend), brefeldin A (eBioscience 00-4506-51) and monensin (eBioscience 00-4505-582 
51) were added to the cells along with the co-culture. Cells were stained with anti-human CD3 583 
and anti-human CD8 antibodies as described above, fixed with BD FACS lysing solution (BD 584 
Biosciences, 349202), permeabilized with BD FACS permeabilizing solution II (BD Biosciences, 585 
340937), and stained for IFN-γ and TNF-α with anti-human IFNγ-BV785 (clone 4S.B3, 586 
BioLegend) and anti-human TNFα-BV650 (clone MAb11, BioLegend). Expression of anti-587 
hCD19 CAR was detected with soluble human CD19-FITC (Acrobiosystems, CD9-HF2H2). The 588 
expression of functional markers (CD107a, IFN-γ and TNF-α) were analyzed in the cells with or 589 
without anti-hCD19 CAR expression in the CD8 T cells (CD3+CD8+) transfected with anti-590 
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hCD19 CAR mRNA as well as in mCherry+ and mCherry- CD8 T cells in the mCherry mRNA 591 
transfected group and in total cells of untransfected group. 592 
 593 
Cy5-labeled mRNA uptake and translation by flow cytometry 594 
Cy5-labeled mRNA was generated with the Label IT Nucleic Acid Labeling kit, Cy5 (Mirus Bio 595 
MIR3700) following manufacturer instructions.  A 1:1 mix of Cy5-labeled and unlabeled mRNA 596 
encoding eGFP was complexed with CARTs, using 200 ng of mRNA per condition, and 597 
delivered to either Jurkat or primary T cells. Both Cy5-labeled mRNA uptake and eGFP 598 
translation were measure at different time points (30 min, 2 hours and 24 hours) by flow 599 
cytometry. Viability was measured with Near-IR viability dye (Invitrogen L34992). Data were 600 
collected on a Attune Nxt Flow Cytometer. 601 
 602 
Confocal microscopy 603 
Cy3-labeled mRNA was generated with the Label IT Nucleic Acid Labeling kit, Cy3 (Mirus Bio 604 
MIR3600) following manufacturer instructions. 200 ng of Cy3-labeled mRNA was complexed 605 
with CARTs and delivered to Jurkat cells. After 2 or 6 hours, cells were washed twice with PBS 606 
and fixed with 4% paraformaldehyde in PBS for 20 minutes at room temperature to preserve 607 
cellular structures and mRNA localization. Subsequently, cells were rinsed three times with PBS 608 
to eliminate any traces of fixative. Hoechst 33342 staining was then performed to label cell 609 
nuclei, and the cells were washed again with PBS to remove excess staining dye. Cytospin was 610 
used to create a thin and even monolayer of fixed cells for microscopy analysis. Approximately 611 
100 μl of cell suspension was aliquoted into each Cytospin well and centrifuged at maximum 612 
speed for 3 minutes. Cells were imaged on a Zeiss LSM 880 confocal laser scanning 613 
microscope using a 63X oil objective lens. The percent area of each cell expressing Cy3 was 614 
calculated in ImageJ using nuclei staining to approximate Jurkat cell boundaries. Binary 615 
thresholds were applied to the red and blue channels to identify Cy3-labeled mRNA and 616 
Hoechst-labeled nuclei, respectively, and the borders of each nucleus delineated with the wand 617 
tool. Within each nucleus, the Cy3+ area was then measured, with more or less Cy3+ area 618 
attributed to more diffuse versus more localized expression. To ensure representative results, 619 
we analyzed at least 20 cells from 5 different fields for each experimental condition. 620 
 621 
RNA release assay by Qubit RNA HS dye 622 
The 1X Qubit RNA HS solution was prepared in water from a 200X stock solution provided by 623 
the vendor (Thermo Fisher Q32852). CART/ luciferase mRNA complexes were formulated as 624 
described above. To measure Qubit fluorescence at 0 min, 4.2 ul of formulation was 625 
immediately diluted in 75 ul water and pipetted to mix well. 20 ul of the dilution was 626 
resuspended in 180 ul 1X Qubit solution and fluorescence measured by a Qubit fluorometer. To 627 
measure other timepoints, the same procedure was followed except for replacing water with 628 
PBS 7.4 to allow CARTs to charge-alter. Fluorescence was measured at 1 min, 2.5 min, 5 min, 629 
10 min, and 15 min after PBS 7.4 addition, with mRNA release calculated as:  630 

mRNA	release	(%) =
Fluorescence	(Time!) − Fluorescence(no	mRNA)

Fluorescence(free	mRNA) − Fluorescence(no	mRNA)
	631 

 632 
Luciferase mRNA biodistribution 633 
C57BL/6J (#000664), BALB/cJ (#000651) and Ai14 (#007908) were purchased from Jackson 634 
Laboratory. All mice were 6 to 8 weeks old at the time of the experiments. All mice in this study 635 
were maintained under specific pathogen-free conditions, a 12-h light/12-h dark cycle and 636 
temperatures of ~18–23 °C with 40–60% humidity. All mice were maintained under specific-637 
pathogen-free conditions and handled according to the approved institutional animal care and 638 
use committee (IACUC) protocols of Stanford University. 639 
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 640 
Female BALB/c mice were purchased from Jackson Laboratory and housed in the Laboratory 641 
Animal Facility of the Stanford University Medical Center. CARTs were complexed with 5 μg of 642 
luciferase mRNA (Trilink L-7202) in PBS 5.5 to a total volume of 100 μl at 10:1 N:P ratio 643 
(formulations with other charge ratios were also tested), with the same formulation procedure 644 
described above. The formulations were mixed for 20 seconds using a micropipette (drawing 645 
and dispensing 100 ul twice/second) before retro-orbital injections. 6 hours after injection, D-646 
luciferin solution (100 μl, 30 mg/mL) was injected intraperitoneally, and luminescence was 647 
measured using AMI Imaging system charged-coupled device camera and analyzed with Aura. 648 
Spleen, liver, and lung were also imaged as isolated organs.  649 
 650 
Isolated spleens were additionally processed to obtain single-cell suspensions. Spleen tissues 651 
were gently mashed to achieve a homogenous cell population. To remove red blood cells, 652 
suspensions were subjected to red blood cell lysis. Total T cells were isolated from the cell 653 
suspension using the Pan T Cell Isolation Kit II, mouse (130-095-130) following manufacturer 654 
instructions. Following cell counting, 2 million T cells per well were plated in a 96-well format. 655 
Subsequently, D-luciferin was added to each well, and the plate was immediately read for 656 
luminescence using a BioTek Microplate Reader. 657 
 658 
Cell-Specificity of mRNA delivery with CART 659 
To determine the cell-specificity of mRNA delivery with CART, mice were injected with 7.5 µg of 660 
Cy5-labeled mRNA encoding luciferase. After 2 hours, spleens were isolated and processed 661 
into a single-cell suspension, followed by red blood cell lysis. Single-cell suspensions were 662 
stained with Zombie NIR (BUV570, BioLegend 423103) to exclude dead cells and labeled with 663 
antibodies against various cell surface markers: anti-CD45 (clone 145-2C11, BioLegend) for 664 
total leukocytes, anti-CD8α (clone 53-6.7, BioLegend) for CD8+ T-cells, anti-CD4 (clone RM4-5, 665 
BioLegend) for CD4+ T-cells, anti-CD11c (clone IM7, BioLegend) for dendritic cells, anti-CD19 666 
(clone 30-F11, BioLegend) for B-cells, and anti-F4/80 (clone H1.2F3, BioLegend) for 667 
macrophages. After staining, cells were washed twice and subjected to flow cytometry analysis. 668 
Data acquisition was performed using an Attune Nxt Flow Cytometer. The percentage of Cy5+ 669 
cells per cell type was then calculated. 670 
 671 
Ai14 Cre-mediated recombination  672 
Female Ai14 mice were purchased from Jackson Laboratory and housed in the Laboratory 673 
Animal Facility of the Stanford University Medical Center. CARTs were complexed with 15 μg 674 
Cre mRNA (Trilink L-7211) in PBS 5.5 to a total volume of 100 μl at 10:1 N:P ratio, with the 675 
same formulation procedure described above. Spleens were isolated 48 hours after transfection 676 
to measure Cre-mediated recombination. Spleens were smashed with a 100 μm strainer to 677 
make a single-cell suspension. Red blood cells were lysed before staining. Single-cell samples 678 
were then stained with Zombie NIR (BUV570, BioLegend 423103), anti-CD45 (clone 145-2C11, 679 
BioLegend), anti-CD8α (clone 53-6.7, BioLegend), anti-CD4 (clone RM4-5, BioLegend), anti-680 
CD11c (clone IM7, BioLegend), anti-CD19 (clone 30-F11, BioLegend), and anti-F4/80 (clone 681 
H1.2F3, BioLegend). Cells were then washed twice and analyzed by flow cytometry. Data were 682 
collected on a Attune Nxt Flow Cytometer. 683 
 684 
Pre-clinical toxicology analysis 685 
Mice were dosed with 7.5 mg of luciferase mRNA complexed with bAC CART or LNP. Blood 686 
samples were collected from the mice 24 hours after treatment. Around 500 ml of blood per 687 
sample were submitted to the Stanford Diagnostics Lab for hematological analysis. Assessed 688 
parameters included Complete Blood Count (CBC) with white blood cell differential, electrolytes, 689 
liver function tests, kidney function tests, and glucose. Blood samples collected 24 hours after 690 
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CART/mRNA injection were also processed to isolate serum for Luminex analysis conducted by 691 
the Human Immune Monitoring Center at Stanford University. This analysis was performed 692 
using the Mouse 48 plex Procarta kit (Thermo Fisher/Life Technologies) following manufacturer 693 
instructions. 694 
 695 
Statistical analysis 696 
All statistical analysis was performed with Prism (GraphPad Software 9.2.0). For comparing 697 
more than two groups, 2way ANOVAs were applied. Differences between groups were 698 
considered significant for P values < 0.05. No statistical methods were used to predetermine 699 
sample sizes. Mice were assigned to the various experimental groups randomly. Data collection 700 
and analysis were not performed blind to the conditions of the experiments. 701 
 702 
Data availability  703 
All the data generated in this study are provided in the Source Data file. 704 
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Figure Legends 868 
 869 
Fig. 1: Summary of non-viral delivery systems for primary T lymphocyte delivery.  870 
a Representative non-viral delivery systems for primary T cell transfection. b CART-mRNA 871 
complexes and their pH-driven nitrogen-to-oxygen acyl shift triggering charge-cancellation and 872 
mRNA release. c bAC-CARTs possess a polymeric backbone with distinct lipid spacing, leading 873 
to improved T cell delivery.  874 
 875 
Fig. 2: bAC CARTs mediate highly efficacious mRNA delivery to Jurkat cells.  876 
a Schematic representation of bAC monomer synthesis. b Polymerization scheme of bAC 877 
CARTs with TU/DBU catalyst system (see Methods section). c Jurkat transfection with eGFP 878 
mRNA (200 ng/100,000 cells) comparing MTC-1a, ONA, and bAC-1a CARTs. (n=3, bars 879 
represent mean values +/- SD). Statistical significance was calculated using 2way ANOVA. d 880 
Chemical structures of bAC CART library. e Chemical structures of MTC CART analogs. In d 881 
and e, the numbers in red indicate lipidic block length, represented by the subindex ‘m’, and 882 
numbers in blue indicates cationic block length, and represented by the subindex ‘n’. f Particle 883 
size of bAC CART/mRNA complexes (n=3, bars represent mean values +/- SD) and g Particle 884 
size comparison to MTC CART/mRNA complexes (n=3, bars represent mean values +/- SD). h 885 
eGFP expression of bAC CARTs in Jurkat cells (100ng/100,000 cells). Dotted line indicates 886 
ONA eGFP expression level as baseline, and red arrows indicate the top 3 performers (n = 4, 887 
bars represent mean values +/- SD). i Area under the curve (AUC) computation of eGFP 888 
expression (left) and eGFP+ AUC (right) levels among the best CARTs (n = 4, bars represent 889 
mean values +/- SD). Statistical significance was calculated using one-way ANOVA with 890 
Tukey’s multiple comparisons test.   891 
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Fig. 3: bAC polymeric backbone improves primary T lymphocyte transfection in vitro.  892 
a bAC CART screening in primary human T cells. Percentage of eGFP+ cells (left) and AUC 893 
fluorescent signal (right) 24h after transfection. (n = 4, bars represent mean values +/- SD). 894 
Statistical significance was calculated using one-way ANOVA with Tukey’s multiple 895 
comparisons test. b Percentage of eGFP+ cells (top) and AUC fluorescent signal (bottom) 24h 896 
after transfection of CARTs with bAC backbone versus MTC backbone. (n = 4, bars represent 897 
mean values +/- SD). Statistical significance was calculated using 2way ANOVA. c Effect of 898 
activation time on T cell transfection with CARTs. (n = 4, bars represent mean values +/- SD). 899 
Statistical significance was calculated using 2way ANOVA. d Effect of lipid length screen on T 900 
cell transfection with bAC CARTs (n = 4, bars represent mean values +/- SD). e Effect of mRNA 901 
dose (in ng) on CD8+ T cells transfection with CARTs. (n = 4, bars represent mean values +/- 902 
SD).  903 
 904 
Fig. 4: bAC CARTs delivery enables ex-vivo generation of highly cytotoxic CAR-T cells.  905 
a CART delivery of mRNA with 10:1 N:P ratio compared to electroporation (EP) of naked mRNA 906 
previously optimized for primary T cell delivery based on manufacturer’s recommendations (see 907 
Methods section) (n = 4, bars represent mean values +/- SD). Statistical significance was 908 
calculated using unpaired two-tailed t-test with Welch’s correction. b Schematic representation 909 
of CD8 T cells transfected with ONA and bAC-7c CARTs complexed with anti-human CD19 910 
CAR mRNA and co-culture assay with Nalm6-GL cells (labeled as Nalm6 in the figure) cells to 911 
assess antigen specific killing and functional phenotype. Created with BioRender.com. c 912 
Percentage of anti-hCD19 expression 20 hours post-transfection of anti-hCD19 mRNA with 913 
ONA and bAC-7c (n=6, bars represent mean values +/- SD). Statistical significance was 914 
calculated using two-tailed Mann Whitney test. d Percentage of cells expressing degranulation 915 
marker CD107a and activation markers IFN-γ and TNF-α after co-culture with Nalm6-GL cells at 916 
1:4 effector: target (E: T) ratio. The data in the groups treated with CART/mRNA complex was 917 
normalized by the baseline marker expressions of untransfected T cells in the same co-culture 918 
well, and the raw data before normalization can be found in Supplementary Fig. 8d. (n = 6, bars 919 
represent median). Statistical significance was calculated using 2way ANOVA. e Percent of cell 920 
killing (Nalm6-GL cells) after co-culture with anti-hCD19 expressing CAR T cells at 10:1 effector: 921 
target (E: T) ratio (n = 6, bars represent median). Statistical significance was calculated using 922 
2way ANOVA. 923 
 924 
Fig. 5: bAC CARTs induce faster change in nanoparticle surface charge and earlier 925 
protein expression.  926 
a Structures of CARTs included in this study. b Kinetics of surface charge change upon 927 
CART/mRNA complexation (top, n=3, bars represent mean values +/- SEM). The bar graph on 928 
the bottom represents the average rate of surface charge change from 0-30 min. (n=3, bars 929 
represent mean values +/- SEM). Statistical significance was calculated using one-way ANOVA 930 
with Tukey’s multiple comparisons test. c Schematic representation of methods to monitor RNA 931 
release from CART/mRNA nanoparticles. Created with ChemDraw. d Kinetics of mRNA release 932 
upon CART/mRNA complexation (n=3, bars represent mean values +/- SEM). e Kinetics of 933 
Cy5+ labeled mRNA uptake (top) and eGFP mRNA protein expression (bottom) in primary T 934 
cells with CART delivery (n=4, bars represent mean values +/- SEM).   935 
  936 
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Fig. 6: bAC CARTs efficiently transfect T lymphocytes in vivo.  937 
a Schematic representation of mRNA delivery in vivo to assess biodistribution. Created with 938 
BioRender.com. Briefly, 5 ug of Luciferase mRNA were complexed with each CART and 939 
delivered retro-orbitally. Bioluminescence imaging was acquired 6 hours after transfection. b 940 
Effect of bAC CARTs block length (a, b, c) on luciferase mRNA delivery efficiency (n=2, bars 941 
represent median). c bAC CART delivery of luciferase mRNA outperforms MTC CART analogs 942 
(n=3, bars represent mean values +/- SD). MTC CART activity was normalized to 1-fold. 943 
Statistical significance was calculated using 2way ANOVA. d Biodistribution of luciferase protein 944 
expression after i.v. mRNA delivery with selected CARTs. e Quantitation of luminescence signal 945 
in spleen after i.v. delivery with selected CARTs (n=3, bars represent mean values +/- SD). 946 
Statistical significance was calculated using a two-tailed unpaired t-test.   947 
 948 
Fig. 7: Cell-specificity after i.v. delivery of bAC CARTs.  949 
a Schematic representation of mRNA delivery in vivo to assess cell-specificity. Created with 950 
BioRender.com. Briefly, 15 ug of Cre mRNA were complexed with each CART and delivered 951 
retro-orbitally. Flow cytometric analysis of isolated spleens was performed 48 hours after 952 
transfection. b Percentage of Cre-mediated recombination in CD45+ subsets in vivo (n=3, bars 953 
represent mean values +/- SD). c Percentage of Cre-mediated recombination in CD4+ and 954 
CD8+ T cells in vivo (n=3, bars represent mean values +/- SD). Statistical significance was 955 
calculated using one-way ANOVA with Tukey’s multiple comparisons test. Cell icons were 956 
created with BioRender.com. d Schematic representation of mRNA delivery in vivo to assess T 957 
cell specific luciferase expression. Created with BioRender.com. e Quantitation of luminescence 958 
signal in untreated (Unt.) splenic T cells or 6 hours after transfection of 5 ug mRNA luciferase 959 
with ONA or bAC-7c (n=3, bars represent mean values +/- SD). Statistical significance was 960 
calculated using one-way ANOVA with Dunnett's multiple comparisons test. f Effect of mRNA 961 
dose in isolated splenic T cells 6 hours after transfection with bAC-7c (n=3, bars represent 962 
mean values +/- SD).  963 


