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ABSTRACT: The success of gene therapy is enormously dependent
on an e cient gene carrier, and in this context, cationic polymers sttt =
continue to play a major role particularly with respect to the safety.cw-cn
issue compared to viral vectors. Developing @an¢ gene carrier

system having promising gene transfecticierecy with low toxicity =

is the foremost impediment associated with a nonviral carrier. Here, )
we explored amino acid based biocompatible polymers synthesi g =
reversible additioriragmentation chain transfer (RAFT) polymer=g «. Zf«*‘"
ization where glycine (Gly), leucine (Leu), and phenyl alanine (Phe); -
amino acids were used as the pendent groups of the polymg/r‘icl \ osccl
brushes. The presence of both a hydrophobic group (long ”i @ e ¢

Stpramolecular AssembN

aliphatic group associated with the RAFT agent) and hydrog# G SR A

amino groups was associated with the supramolecular assembly of th

polymeric chain having hydrodynamic sizes within the range of 150

300 nm with a positive zeta potential of ImV. All polymers showed very low toxicity and possessed >80% cell viability

even at a very high concentration of 1@00L against both normal and cancerous cells. In addition to this, the polymers also
showed excellent blood compatibility, and negligible hemolysis was observed at the concentrgfioh .cAb@olymers

showed ecient DNA complexation capability as well as excellent protection of DNA against highly negatively charged
surfactant and enzymatic digestion, although thieney was dependent on the N/P ratio of polymer/DNA complexes.
Interestingly, the phenyl alanine moiety containing polymer brush P(PEMKH,) showed a hexagonal shaped
nanoparticle after complexation with pDNA and consequently showed higher cellular uptake, resulting in a higher transfection
e ciency in a triple negative breast cancer cell, the MDA-MB-231 cell. Therefore, the synthesized polymer containing an amino
acid pendent group, especially the phenyl alanine moiety, may be a promising nonviral gene carrier system in gene therap
application in the future.

KEYWORDS:amino acid based cationic polymers, RAFT polymerization, triple negative breast cancer, gene therapy,
blood compatibility, low toxicity

IC=—CHZCHMCZ R=-CH;f
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e

INTRODUCTION Despite the development of several gene delivery vectors over

Triple negative breast cancer (TNBC) is considered as tﬁ%e gﬁg ;ﬁ\g’"gﬁa{ﬁ' ?Qrcfﬁéczggfjﬁfeer?ee?ﬁe?aeliveary \Iliigtt(i)(;n
most aggressive type of breast cance?: among all other formé (gecently nong\]/irgl gene deliverygvectors sEgh 22 cationic
) 0 A ,

breast cancers, with 8% contributiohDue to the lack of liids, liposomes, cationic polymers including polyethyleni-
the estrogen receptor (ER), progesterone receptor (PR), a ine (PEI)2 uorinated polyethylenimine (FPE!)and
human .e%]p![gerrtnaltgrm;vthf fl'al\(l:ltBoCr tr)eceptor 2h (IPER'Z)ponamidoa’mine dendrimer (PAMANY? uorinated cati-
cipressionne lreamert of TNBC pecomes chalendiSonic pohmert - graphent!chiosar.and s0 on have

) . . ained tremendous attention for gene delivery application
patients, the highly metastatic nature of the TNBC tumc% g y app

' h b f deaths invér€eln. additi ecause of their ease of synthesis, scope for versatile
Increases the number of deaths Iinversely. addition 10 44 cation, low toxicity, and nonimmunogenicity over their

this, the inherent toxicity of chemotherapeutic drugs limits the

long-term treatment of TNBC patiehts. _ _ _ _ i
Over the past decade, gene therapy has shown a great hgpec'a! IssueBiomaterials Research in India

as an alternative promising therapeutic technique for thesceived: July 16, 2019

treatment of genetic diseases such as AlZbePagkinsos Accepted: October 11, 2019

diseasécardiovascular diseases (CVa)d even cancet* Published: October 25, 2019
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viral counterparts.?* Over the past few years, various A DNase I (1 unit/L) assay kit was purchased from Fermentas,
nonviral vectors have been developed with improved trangiermo Scientc, India. Dulbect® modied Eagle medium
fection e ciency in various cells, butcgent gene carrier (PMEM), Dulbeccts phosphate-bered saline (DPBS), dimethyl
toward the TNBC cell remains undiscovered. Maincent et a'ﬂ‘ﬂ”?’?h‘_‘e EDMtSO' cell tCU““.EDgfde)i tm°'egg'§g(y9f?de water,
. . . enicilin streptomycin, trypsi solution . 0 trypsin
reporte_d only 47% transfection eiency in MD.A'MB'ZSJ‘ . gnd 0.02% EpDTAyin DPEYE), and fetal bovine serum (F)I/BpS) were
cel!s with Eudragit RS 100 and RL 100 cationic n_anopamcl.%ught from Himedia Laboras Pvt. Ltd., India. 3-(4,5-
which was corénpared to that of commercialized LipofectamiRgmethyithiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), ethi-
2000 (LF2KY> In another study, Martinez-Fengroup dium bromide, and Triton X-100 were obtained from Sisco Research
showed little improved transfectionciency ( 18%) in Laboratories Pvt. Ltd., India,64Diamidino-2-phenylindole (DAPI)
MDA-MB-231 cells using a neurotenpilyplex nano- and paraformaldehyde were procured from Sigma. pGL3 control
carrie® Therefore, there is a great demand for aept ~ Vvector (5.25 kb) with an SV-40 promoter was purchased from

nonviral gene carrier system for TNBC gene therapy. In thigomega (Madison, Wi, USA). Plasmid DNA (pDNA) encoded with
concern, amino acid based cationic polymers might be eghanced greemorescence protein (eGFP-N1) was kindly donated

promising candidate as an alternative nonviral vector beca? Dr. Kaushik Chatterjee, IS¢, Bangalore, India. pDNA was

oo o . . . . gpagated in &scherichia cdk. co)i DH5-Alpha strain and
of their biocompatibility, nontoxicity, stimuli responsivenesgg|ated by a QIAGEN Midiprep kit (USA) according to the

and biodegradable nattife?® manufactur&r protocol. The purity of pDNA was coned by
Reversible additiofragmentation chain transfer (RAFT) spectrophotometryMgsd Assd, and the corresponding concentration

polymerization is one of the most versatile methods afias determined from its absorbance at 260 nm.

controlled free radical polymerization, as it allows facile tuningSynthesis of Chain Transfer Agent (CTA).4-Cyano-4-

of the molecular architecture of the polymers along witkdodecylsulphanylthiocarbonyl)sulphanyl pentanoic acid (CDP) was

specic molecular weight, molecular weight distributions, andsed as a CTA for the RAFT polymerization here. CDP was

di erent architecturé®.Most importantly, it is compatible SYnthesized according to a previous report with slightatim*

with a wide range of reaction conditions and does not requi[&n brief, a measured amount of 1-dodecanethiol (5 g, 24.7 mmol) was

. . " . Ydded to a solution of sodium hydride (0.62 g, 25.8 mmol) in diethyl
any potentially toxic transition metal as used in atom transfgf, o, (50 mL) placed in a three-necked jacketed reactor kept in a

radical polymerization (ATRP). _ _ nitrogen environment at a temperature dfoSC. Immediately, a

In order to investigate theeet of the aromatic moiety and vigorous evolution of hydrogen was observed, while grayish sodium
aliphatic moiety on the gene complexation capability andydride was transformed to a thick white slurry indicating the
ultimately on transfection eiency, we synthesized three formation of sodium thiododecylate. After the reaction mixture was
di erent polymer brushes containing glycine, leucine, arf@oled to 0°C, carbon disutle (1.9 g, 24.9 mmol) was added
phenyl alanine as the pendent groups. The synthesis of gpPwise to the above reaction mixture, and a thick yellow precipitate

monomers and polymers was omed by FTIR, NMR, and of sodiuntS-dodecyl trithiocarbonate resulted. The yellow product of
DLS. In vitro cytotoxicity of the polymers Wés obs,erved o dodecyl trithiocarbonate wétered subsequently and used directly

_for the next step of the reaction after drying at room temperature
both cancerous and normal cells. The DNA complexatiofy,ger vacuum fgr overnight. ying P

capability of the polymers and the polymer/DNA complexes sojid iodine (2.54 g, 10 mmol) was added portion wise to a stirring
was also characterized by agarose gel electrophoresis assayohitidn of sodiurs-dodecyl trithiocarbonate (5.96 g, 19.8 mmol) in
TEM, respectively. Molecular docking analysis was used diethyl ether (41 mL). Thereafter, the reaction mixture was allowed to
study the binding mode and molecular interactions of thetir at room temperature for 1 h; the formation of white precipitation
polymers with pDNA at dérent sequences. Further molecularindicated the formation of sodium iodide as a byproduct, which was
dynamics simulation was also performed on the polymer/DN#Ibsequently removed Hyation. The yellowisfitrate was washed
complex to observe the stability of the interactions. In vitr&"th an aqueous solution of sodium thiosulfate in order to quench

t fect] N d int lul take Kineti excess iodine and dried over anhydrous sodium sulfate, a residue of
transiection eciency and Intraceliular uptake Kinetics Were‘ois(dodecylsuIfanylthiocarbonyl) ddelwas obtained after evapo-
investigated against MDA-MB-231 triple negative bre

i agltion of solvent, and the product was used in the next step without

cancer cells. The stability of the polymer/DNA complexegrther purication.

was further checked against negatively charged surfactant @&nally, 4,4-azobis(4-cyanovaleric acid) (2.27 g, 8.1 mmol) and

well as enzyme to observe its suitability for in vivo applicatiobis(dodecylsulfanylthiocarbonyl) (3 g, 5.4 mmol) were taken in ethyl
acetate (54 mL) and rexed for 18 h. After the solvent was removed,
the crude product was extracted with water (twice) to obtain 4-cyano-

EXPERIMENTAL SECTION 4-(dodecylsulfanylthiocarbonyl) sulfanyl pentanoic acid (CDP),
Materials. Boc glycine (BocGly OH, 99%), Boct-leucine which was further pudd by recrystallization from cold hexane.

(Boc L-Leu OH, 99%), Boct-phenylalanine (Boc-Phe OH, Finally, puried CDP was isolated as a pale yellow solid having a

99%), triuoroacetic acid (TFA, 99.5%), heparin sodium salt, andnelting point (mp) of 58C (Figure S2, Supporting Informajion

solid iodine were purchased from Sisco Research Laboratories PYield: 85%). FTIR Rigure S2, Supporting Informationcm %):

Ltd., India. Anhydroul,N-dimethylformamide (DMF, 99.9%), 4- 2920 and 2853 (CH str.), 1726 (C=0O str. of COOH), 2300

dimethylaminopyridine (DMAP, 99%), dicyclohexylcarbodiimidd CN str.)."H NMR (Figure S3, Supporting InformatiGDCk, ,

(DCC, 99%), 2-hydroxyethyl methacrylate (HEMA, 97%), 1-ppm): 0.882 (t, 3H, CH}, 1.24 (br s, 18H), 1.7 (m, 2H), 1.87 (s, 3H,

dodecanethiol (98%), sodium hydride (60% dispersion in mineral CHy), 2.64 2.7 (m, 4H, CHCH,), 3.31 (t, 2H, SCH).

oil), branched polyethylenimine (bPEI, 25 kDa), and 4,4-azobis(4- Synthesis of Amino Acid Based Vinyl MonomersAmino acid

cyanovaleric acid) 08%) were obtained from Sigma-Aldrich. based vinyl monomers were synthesized by aagten of a Boc-

Azobis(isobutyronitrile) (AIBN, Sigma, 98%) was recrystallizegrotected amino acid and HEMA in the presence of DCC according

from methanol prior to the use. Carbon disulwas purchased to a previously reported work with minor chaifgesthis work,

from Loba Chemie (99.9%). CR(99.8% D) and BD (99% D) three dierent Boc-protected amino acids such as@pdOH,

were procured from Cambridge Isotope Laboratories, USA. SorBec L-Leu OH, and BocL-Phe OH were used, and the reaction

common solvents such as hexanes, acetone, ethyl acetate, dichlietails with one amino acid are given hereyBHBe71 g of DCC

methane (DCM), and so on were ped by standard procedures (42.2 mmol) was dissolved in 35 mL of dry DCM in a 100 mL three

prior to use. necked round-bottomask. The ask was purged with dry nitrogen

5350 DOI:10.1021/acsabm.9b00639
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for 20 min followed by the addition of 5 g of HEMA (38.42 mmol) 'H NMR and FTIR spectroscopy. The number-average molecular
dropwise into it under continuous stirring, keeping the reactiomweight () and polydispersity index (PDI) were determined by gel

temperature below°€. Subsequently, 6.73 g (38.4 mmol) of Boc

permeation chromatography (GPC). A similar polymerization

Gly OH dissolved in 27 mL of DCM was added to the aboveprocedure was adopted for the polymerization ofHEdA Leu

solution dropwise with constant stirring. The esation reaction

and Boc HEMA Phe monomers to obtain the polymers of P(Boc

was carried out in the presence of DMAP (0.42 g, 3.4 mmol), and tldEMA Leu) (conversion 59.6%) and P(BBEEMA Phe) (con-

reaction was continued for 30 min &tC4followed by at room

version 68.4%), respectively.

temperature for another 24 h. After completion of the reaction, white Deprotection of Boc Moiety. In order to obtain free amine

precipitate of DCU was removed Hiyation, and the obtained

( NH,) terminated polymer, the Boc moiety was removed from the

colorless ltrate was washed with water twice followed by saturateBoc-protected polymers according to the following procedure.
sodium bicarbonate solution and then by brine solution. After th@ypically, 0.8 g of P(BoEIEMA Gly) was dissolved in 16 mL of
solution was dried over anhydrous sodium sulfate, a pale yell@CM followed by dropwise addition of TFA (8 mL) in an ice cold
colored viscous liquid was obtained after rotary evaporation. Finalbpndition. After that, the reaction was allowed to continue for 2 h at

the colorless Bo¢dEMA Gly monomer was obtained after
puri cation by column chromatography (2800 mesh silica gel)

room temperature with constant stirring. The completion of
deprotection was monitored by precipitating the reaction mixture in

using hexane/ethyl acetate (5% ethyl acetate in hexane) as the mobd&l diethyl ether. After complete deprotection, the precipitate was

phase followed by rotary evaporation. BE¢MA Leu and Boc

collected through centrifugation of the reaction mixture at 7000 rpm

HEMA Phe monomers were synthesized following a similar methddr 20 min followed by drying under vacuum &tCGi€r 10 h to

as described above.

Boc HEMA Gly. (Yield: 92%): FTIR Kigure S4, Supporting
Information , cm?): 3360 (N H str), 2981 and 2930 (CH str),
1717 (C=0 str), 1637 (C=C str), 1517 (M def), 1455, 1401,
1292, 1246, 1190, 1147 (O), 1064, 953, 865.

' NMR (Figure S5, Supporting Informai@DCL , ppm):
1.472 (s, 9H, Boc), 1.96 (s, 3H, C=C{H3.96 (s, 2H,
OCOCH,NHCO), 4.40 and 4.42 (s, 2H, COG¥H), 4.40 4.42
(m, 4H, OCHCH,0), 5.63 (s, 1H, NiBOO), 5.63 and 6.15 (s, 2H,
CH, C(CH5)CO).

14C NMR (Figure S6, Supporting Informatié®Cl_, ppm): 19
(b), 28.5 (k), 43 (h), 63 (f), 64 (e), 77.3 (CDg180.5 (j), 127 (a),
136.5 (c), 156.5(i), 168 (d), 171 (Q).

Boc HEMA Leu. (Yield: 81%): FTIR Kigure S4, Supporting
Information , cm?Y): 3375 (N H str), 2960, and 2933 (G str),
1714 (C=0 str), 1639 (C=C str), 1505 (M def), 1453, 1393,
1369, 1296, 1155 (©), 1049, 944.

' NMR (Figure S5, Supporting Informai@DCL , ppm):
0.87 (d, 6H, ((CH),CHCH,), 1.38 (s, 9H, Boc), 1.63 (t, 1H,
(CH3),CHCH,), 1.87 (t, 2H, (CH),CHCH,), 1.97 (s, 3H,
C=CCH,), 4.02 4.07 (m, 4H, OCHKCH,0), 4.25 (m, 1H,
(CHCH,CH(CH3),), 5.53 and 6.05 (s, 2H, GHC(CH5)CO).

13C NMR (Figure S6, Supporting Informafi@DCh, , ppm):
18.5 (b), 23 (n), 25 (M), 28.5 (k), 42 (1), 52 (h), 77.2 (CBDE8B0.5
@), 126.5 (a), 136.5 (c), 155 (i), 167 (d), 173(9).

Boc HEMA Phe. (Yield: 89%): FTIR Figure S4, Supporting
Information , cmY): 3367 (N H str.), 2974, and 2934 (G str.),
1716 (C=0 str.), 1635 (C=C str.), 1503 (N def), 1452, 1369,
1294, 1252, 1167 (©), 1056, 950.

IH NMR (Figure S5, Supporting Informati@DCL, , ppm):
1.29 (s, 9H, Boc), 1.83 (s,3H, C=C{H2.94 2.99 (m, 2H,
CH,C6H;), 4.19 4.25 (m, 4H, OCHKCH,O), 4.51 (s, 1H,
CHCH,CgHs), 4.9 (s, 1H, NKLOO), 5.49 and 6.01 (s, 2H,
CH,=C(CH5)CO), 7.008 7.186 (m, 5H, ¢Hs).

14C NMR (Figure S6, Supporting Informatié®Ck_ , ppm): 19
(b), 29 (k), 39 (1), 55 (h), 63 (f), 63.5(e), CDEL(77.2), 80.5 (j),
127 (a), 156 (i), 167.5(d), 172 (Q).

RAFT Polymerization. The polymerization was carried out
following a procedure depicted by Kumar twaith some minor

obtain a pale yellow solid of P(HEM3ly NH,). Similar process
was used to get the Boc-deprotected polymers of P(HEMA
NH,) and P(HEMA Phe NH,). The Boc deprotection was
con rmed by'H NMR and FTIR spectroscopy.

Characterization of the Polymers. 'H NMR spectra were
carried out on a Bruker DPX 500 MHz NMR spectrometer using
CDCL and DO as solvent. Chemical shifts were reported in ppm
using tetramethylsilane (TMS) as an internal standard. Fourier
transform infrared (FTIR) analysis was carried out with a
PerkinElmer Spectrum 100 FTIR spectrometer equipped with an
attenuated total rection (ATR) module. The sample was uniformly
mixed with potassium bromide (KBr) at a 1:10 weight ratio, and KBr
pellets were prepared using 10 ton of hydraulic pressure for 10 min at
room temperature. After that, FTIR spectra of the pellets were
recorded within the frequency range of 4800 cm? for eight
consecutive scans at 1 tnesolution.

The molecular weighiM() and molecular weight distribution or
polydispersity index (PDI) were determined by GPC using THF as a
mobile phase at 3& with a ow rate of 0.9 mL mih The system
consisted of one Polar Gel-M guard columnx(505 mm), two
Polar Gel-M analytical columns (30@0.5 mm), a Waters HPLC
pump (Model 515), and a Waters refractive index (RI) detector
(Model 2414). Poly(methyl methacrylate) (PMMA) was used as a
standard sample to produce the calibration curve.

The particle size of three elient polymers were determined by
dynamic light scattering (DLS). DLS measurement was carried out by
an argon ion laser system tuned at 514 nm using a Zetasizer Nano ZS
(Malvern Panalytical, UK). Prior to measurement, all samples were

Itered through a 0.2m (Millipore) syringe lter directly into a
cleaned DLS cuvette with a 10 mm path length. Then, the zeta
potential of all polymers was measured with the same instrument at
37 °C. Each measurement was repeated three times to obtain the
average value, and the data was represented as a mean of three
consecutive measurementS[D).

Preparation of Polymer/DNA Complexes. Polymer/DNA
complexes (polyplexes) were prepared by a complex coacervation
method according to the previous stidy.In brief, all polymers
and pDNA were dissolved in molecular biology grade solvent
separately. Thereafter, equal volumes of polymer solution and

changes. In brief, CDP (0.028 g, 0.069 mmol) was dissolved pDNA solution were mixed at eient N/P ratios (nitrogen to
anhydrous DMF (3.5 mL) in a 50 mL two necked round-bottomphosphate ratio) of 1:1, 5:1, 10:1, 15:1, 20:1, 40:1, 60:1, 80:1, 100:1,

ask. After the CDP solution was purged with dry nitrogen 2% 20

150:1, and 200:1 in such a way that each N/P ratio contaigsod.5

min, AIBN (2 mg, 0.014 mmol) dissolved in dry DMF was added by aDNA. Immediately, the polymer/pDNA solution mixtures were

5 mL syringe. After that, BAdEMA Gly (1 g, 3.48 mmol) was
added to the reaction mixture at@with constant stirring under a

vortexed for 1530 s with a cyclomixer (Vortexer, Heathrow
Scientic) and incubated at room temperature for 30 min to allow

nitrogen atmosphere for a predetermined time. Polymerization wiee formation of polyplexes.
quenched by cooling the mixture in an ice water bath and exposing itAgarose Gel Electrophoresis Assay.The formation of
to the atmosphere. The thick yellow solid was diluted with acetorpolyplexes was comed by an agarose gel electrophoresis assay.

and precipitated into cold hexane. The polymer PHEMA Gly)
was reprecipitatedre times in a similar technique andlly dried
under vacuum at 48C for 5 h to obtain a pale yellow solid
(conversion 73.2%). The synthesis of the polymer wasedrby

5351

Agarose gel (0.8%, w/w) was prepared in TA&r§d0 mmol/L of

Tris acetate, 1 mmol/L of EDTA) containing ethidium bromide (10
g/mL) as a pDNA visualizer. Freshly prepared polyplexes as

described above were loaded in the respective lanes after mixing with

DOI:10.1021/acsabm.9b00639
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loading dye (8 gel loading dye, Himedia). The gel was then run atAfter incubation at 37C for 90 min, the above solutions were
100 V for 40 min using a Consort power supply (Model: EV2650centrifuged at 2000 rpm for 15 min, and the corresponding
Cleaver Scienti, UK). The picture of the gel was captured by aabsorbance of the supernatant was recorded at 578 nm using an
BIOTOP gel doc system (Fluorshot EVO SC750, China). ELISA microplate reader (Erba Lisa Scan EM, TRANSASIA, India).

Characterization of the Polyplexes. The morphology and size The percentage (%) hemolysis was calculated according to the
of the polyplexes were determined by transmittance electrdnllowing equation
microscopy (TEM). Freshly prepared polyplexes at an N/P ratio of
100 were deposited on a 300 mesh carbon coated copper grid. Aftery, | 1o AsS An

) - : X ysis . x 100

the grid was dried at room temperature overnight, the images were A, S A,
taken by high resolution transmission electron microscopy (HRTEM)

(JEM 1010, JEOL, Japan) operated at 200 kV. whereA, A, andA, represent the absorbance of the sample, negative
The particle size as well as surface zeta potential of the polyplexgtrol, and positive control, respectively. All data are presented as a
100:1 were measured atedent pHs (pH = 5.5, 7.4, and 8.0).  \Molecular Docking. The DNA sequence of the cloning vector
Freshly prepared polyplexes atréint N/P ratios containing 1.8 pGL3-Control (U47296.2) in FASTA format was taken from the
of pDNA in each N/P ratio were diluted to 1 mL of DNase-free National Center for Biotechnology Information (NCBI) datdbase.
molecular grade water and thiéered through a 0.2n syringelter  The UCSF Chimef& tool was used to build the 3D structure of
prior to the measurement. DLS measurement was performed using$QA. Structures of P(HEMAGly NH,) (n = 35), P(HEMA
argon ion laser system tuned at 514 nm using a Zetasizer Nano £§, NH,) (n = 28), and P(HEMAPhe NH,) (n = 29) were
(Malvern Panalytical, UK). Then, the zeta potentials of all of therawn using MarvinSkef¢hAll the structures were then energy
polymers were measured with the same instrumenf@t Bach minimized using UCSF Chinfér correct the geometry.
measurement was carried out !n triplicate. - The structures were prepared for molecular docking by computing
Stability of the Polyplexes in Serum. The stability of the  Gasteigéf charges and merging nonpolar hydrogens using AutoDock
polyplexes in DMEM media was investigated by measuring thgols’* Because of a limitation of computational resources, only the
particle size of the polyplexes by dynamic light scattering. PolyplexssA sequence of the promotor region (base pair 48 to 250) was

namely P(HEMAGIly NH,)/pDNA, P(HEMA Leu NHy)/ considered for molecular docking. A grid for molecular docking was
PDNA, and P(HEMAPhe NH,)/pDNA, at an N/P ratio of  prepared at the center of the DNA with a size of 980 x 80.
100:1 were prepared and incubated for 30 min“& 8vorder to Finally, molecular docking was performed using the AutoDdék Vina

ensure complete polyplex formation. Each sample was then dilutgd). PolymerDNA docking was repeated based on a binding
with 900 L of supplemented DMEM (10% FBS) or serum-free sequence obtained by usingedint segments of DNA to verify the
DMEM to determine the serum or salt stability of the polyplexesjocking hypothesis.

Prior to measurement, all the samples Wered through a 0.2m Molecular Dynamics. Based on the binding free energy and
syringe lter, and particle size was measured by an argon ion las@eraction, the polymeDNA complex was selected from molecular
system tuned at 514 nm using a Zetasizer Nano ZS (Malvergocking for molecular dynamic (MD) simulation. Simulations of all
Panalytical, UK) at certain time intervals of 0, 30, and 90 min. Eagldmplexes were performed in Desmond pdCiglythe systems for
measurement was repeated thrice to obtain the average valuemi simulation were prepared by using a Desmond system builder. A
particle size, and the data have been represented as a mean of tyg@r box of orthorhombic shape was used to prepare each system.

consecutive measuremertSIp). _ The distance between the polyniEMA complex and water box was
Resistance of Polyplexes against HeparinP(HEMA Gly kept at 10 A to avoid overlapping of periodic infagé® TIP3P
NH,)/pDNA, P(HEMA Leu NH,)/pDNA, and P(HEMA Phe water model was used to solvate the water box followed by

NH,)/[pDNA complexes at an N/P ratio of 100:1 were prepared.neutralization of systems by an appropriate number of counterions.
After 30 min of incubation, & of heparin solution at dirent Optimized potential for liquid simulations (OPLS) forele!’
concentrations ranging from 0.01 to 2 mg/mL were added to th@arameters were assigned to each system. A periodic boundary
polyplexes and further incubated for 30 min &C3After that, all condition was applied to each system to avoid a bounetztryTee
the complexes were loaded into the predetermined lane of 0.8% (w/article mesh Ewald (PME)method was selected to measure the
agarose in a triscetateEDTA (TAE) bu er, electrophoresis was electrostatic interaction with a &@olerance. The bond length
performed at 100 V for 40 min, and corresponding images weftween the hydrogen-heavy atom and the internal geometry of the
captured by a BIOTOP gel doc systém. water molecules was constrained by using the SHAKE altjakithm.
DNase | Enzymatic AssayA DNase | enzymatic assay was the systems were then equilibrated/éndi erent steps. In thest
carried out by using DNase | as a model enzyme according to ostep, a simulation ran for 1000 ps in an NVT ensemble with Brownian
previous study.In detail, DNase | (1 unit/1g of pDNA) dissolved  dynamics at 10 K with small time steps, and solute non-hydrogen
in PBS containing 5 mM MgGilas added to the freshly prepared atoms were restrained. In the second step, the simulation ran for 120
polyplexes with dérent N/P ratios such as 10:1, 20:1, 40:1, 60:1,ps in an NVT ensemble using a Berendsen therfhkstgiing the
and 100:1. After incubation at 3Z for 10 min, 0.5 M EDTA  same conditions as irst step. In the third step, the simulation ran in
solution was added to the above solution mixture and subsequerdly NPT ensemble using a Berendsen thermostat and a Berendsen
heated at 68C for 10 min to inactivate the DNase | activity. After barostat; here, a pressure of 1 atm was applied while other conditions
that, the polyplexes and the digested naked pDNA were loadedwwere kept constant as in previous steps. In the fourth step, the system
0.8% agarose gel electrophoresis, and the corresponding imageweassimulated for 120 ps in an NPT ensemble with a temperature of
captured by a BIOTOP gel doc system after running the gel at 100300 K with other condition constants. Thal step of equilibration
for 40 min. was simulated in an NPT ensemble for 240 ps with no restraints. After
Blood Compatibility Assay. Human blood was collected from a equilibration and relaxation of all the systems was reached) the
healthy female adult (25 years old) in the presence of EDTA acting poduction of MD was performed for 100 ns by maintaining a 300 K
an anticoagulant agent. The whole blood was centrifuged at 2000 rpgmperature with the time step of 2 fs in the NPT ensemble. The
at 4°C for 10 min, and the supernatant plasma was discarded. Aftdose Hoover Thermostat method was used to maintain the
the red blood cells were washed with PBS through resuspension aahperature during the simulation with a relaxation time of 1 ps. The
centrifugation two times, 1000f diluted red blood cell solution was energy of each system was recorded every 1.2 ps, and the trajectory
added to polymer solution atelient concentrations of 10, 50, 100, was captured at every 4.8 ps of time interval.
200, 500, and 100@/mL, and the total volume was adjusted to 1  Circular Dichroism (CD).Circular dichroism (CD) spectra of
mL using sterile PBS solution (pH = 7.4). Triton X-100 (1% v/v) andpDNA, polymers, and the polymer/pDNA complexes were obtained
PBS solution were used as positive and negative controls, respectieglya JASCO spectropolarimeter (model J-815; JASCO International
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Figure 1.Schematic representation for the synthesis of amino acid based cationic polymers by RAFT polymerization for gene transfection.

Co., Ltd., Tokyo, Japan), using a 1 cm path length cuvette in doubMhere OR7y (sampiey@Nd ORy7o (controy re the absorbance of the
distilled water at 25C. Prior to the CD spectra measurement, the sample and control, respectively, at 570 nm.
polyplexes such as P(HEM&ly NH,)/pDNA, P(HEMA Leu In Vitro Transfection. For in vitro transfection, the cells were
NH,)/pDNA, and P(HEMA Phe NH.)/pDNA complexes were seeded at a density ofx11C® cells per well in a 24-well plate
prepared at an N/P ratio of 100:1 and were diluted with water beforeontaining a sterile coverslip and incubated &C3in a CQ
CD spectra were recorded. Each N/P ratio containegldf@DNA incubator maintained at 5% £&nhd 95% humidity. After reaching
for complexation. While CD spectra were recorded, the ellipticitys 80% conuency, the complete media was discarded, and the
values are given in millidegrees (mdeg). The settings for theolyplexes at dirent N/P ratios of 40:1, 80:1, and 100:1 containing
measurement were 2.0 nm bandwidth, 5 mdeg sensitivity, and threeg of DNA in each weight ratio diluted in serum-free media were
accumulations. Spectra were recorded from 400 to 200 nm at a se@ftled to each well after being washed with DPBS twice. After
rate of 100 nm/min. . incubation at 37C for 4 h, the transfection solution was removed
Cell Culture. Triple negative breast cancer cells, MDA-MB-2313nd washed with DPBS twice followed by the addition of complete
cells, were purchased from the National Centre for Cell Sciencgfedia and incubation for another 20 h. Only pDNA and
(NCCS), Pune, India. The cells were cultured in DMEM | jhofectamine 2000 (LF2K) were used as the negative and positive
supplemented with 10% fetal bovine serum (FBS), 1% antibiotiggntrol, respectively. After 24 h of post-transfection, the cells were
(penicillin, 100 g/mL and streptomycin, 10@/mL), and 1% of 2 yaq with 4% paraformaldehyde solution after the complete media

mM L-glutamine at 37C in a CQ incubator (CelCulture, ESCO, \ya5 removed and then washed with PBS twice. The transfection
Singapore) maintained at 5%,G0d 95% humidity. Cells were o iancy was cormed by observing the greemrescence protein

subcultured or seeded after reachin@®@® conuency using 0.25%  ypiained by eGFP-N1 pDNA using a confocal laser scanning

(w/v) trypsin/0.53 mM EDTA solution. Mmicrosco ;

. . . pe (CLSM, Olympus FV3000) after the coverslip was

cuIIPuZ}Itg?a;ygt(g(lggsﬁisgisig;lievl\llsrge?ev?/gﬁd AI?tteOr 3 49?] V(‘;?” mounted on a glass slide in the presence of glycerol as mounting

) : . - . media. The transfection @ency was further quamid by

Icnocnucbearﬂ?art]t,ior}gguLchagguloés ng 5pO0 Iylnggr Zséc:)lug%gs aitd;i%gto uorescence-activated cell sorting (FACS) analysis (Beckton-Dick-
iy ' ’ ’ on) using X 10 cells per analysis.

were ad_d_ed to the ceIIs._ PEI, 25 kDa, and u_ntreated cells were usea_ tracellular Kinetics. For intracellular kinetic studys 1@ cells

the positive and negative control, respectively. After 24 h of p0$$tus ended in 500 of complete DMEM media were seeded on

treatment, 100L of MTT solution (5 mg/mL) was added to each rl?le lass coverslips Iaged in each well of a 24-well plate and

well after removing the treated solution followed by washing with pierle g TSips_p . p

and incubating at 3T for 4 h. Afterward, MTT solution in each well Clltured for o_vermght. FITC cor!jugated ponmer/p_DNA complexes

was replaced with 100 of DMSO and fu'rther incubated for 30 min at an N/P ratio of 100:1 diluted in serum-free media were added to

at 37 °C to dissolve the purple colored formazan crystals. Théhe gach yvell aiter the culiure media was re”!o"ed followed by

absorbance was then recorded at 570 nm by an ELISA microp%’@smng with DPBS twice. At the predetermined time points such as

reader. The experiment was carried out in triplicate. The cell viabili 0.5, 2, and 4 h, the treated solution was discardfed, and the c_eIIs
(%) was calculated according to the following equation ere xed by 4% paraformaldehyde solution after being washed with
DBPS twice. The cells were permealized with 1% Triton X-100

ODs70 (sample) solution, and the nuclei were stained with DAPI. The corresponding
cell viability (%¥ 5 x 100 images were captured by CLSM after the coverslip was mounted on a
D570 (control) glass slide using glycerol as mounting media.
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Statistical Analysis. All the experiments were carried out in P(HEMA-Gly-NH,)
triplicate for reproducibility, and the data are presented as the average(a)
value+ standard deviation (SD). Two-way ANOVA was used for
statistical analysis, d@nd* , ***  and**** were used fqrvalues of
<0.05, <0.01, <0.001, and <0.0001, respectively.

P(HEMA-Leu-NH,)
RESULT AND DISCUSSION

Polymer Synthesis and Characterization.Amino acid
based vinyl monomers were synthesized by czgten of
HEMA and Boc-protected amino acids through a carbodiimide
coupling reagent. Here, three amino acids such as glycine,
leucine, and phenyl alanine were used. The synthesis of
monomers was camed by FTIR spectroscopy as shown in

P(HEMA-Phe-NH,)

Figure S1, Supporting Informatiéiigure S1, Supporting 4000 3500 3000 2500 2000 1500 1000 500
Informationshows typical peaks at around 3360, 2980, 1720, Wavenumber (cm™1)

1635, and 1145 ch which correspond to the M bond (2 N

amine), the CH bond of CH,, the C=0 bond of the ester o0es s D,0

group, the C=C bond of the vinyl group, and thd @d C dg cde "
O bonds, respectively. This result suggests the synthesis ol (b) e jj a
amino acid based vinyl monomers such asHBddA Gly, —

Boc HEMA Leu, and BocHEMA Phe. The synthesis of V’Nﬂ

monomers was further comed by 'H and *C NMR W0 .
spectroscopy, and the corresponding NMR spectra are shown (¢) et Lj\,‘}\f *abe b
in Figures S2 and S3, Supporting Informatibme “*“bﬂw

corresponding proton and carbon peaks of the respective 2

monomers are summarized above iEtperimental Section (d) = ‘%Jf©g | ocde e a b

The typical proton peaks for vinyl protons are found at 5.5 and
6.0 ppm, whereas the proton peak for the Boc group is
obtained at 3.5 ppm. These peaks are also well correlated to
the previous reports:? Therefore, the above data gomthe Figure 2.FTIR spectra of P(HEMAGly NH,), P(HEMA Leu
successful synthesis of amino based vinyl monomers. He¥d,), and P(HEMA Phe NH,) (a) and 'H NMR spectra of

CDP was used as a RAFT reagent because of the presencé(8pc HEMA Gly) (b), P(Boc HEMA leu) (c), and P(Boc

the hydrophobic dodecyl group, which would help for thé!EMA Phe) (d).

formation of a supramolecular assembly. The synthesis of CDP

was conrmed by DSC, FTIR, and NMR, and the d. InFigure S8, Supporting Informatitive presence of the
corresponding results are showfignres S4S6, Supporting  typical peak for protons present in the Boc group at 1.4 ppm
Informationrespectively. The results support well the previousdicates the synthesis of Boc-protected polymers, i.e., P(Boc
study;® which conrms successful synthesis of CDP. TheHEMA Gly), P(Boc HEMA Leu), or P(BocHEMA
schematic representation of polymer synthesis by RAMIhe). However, the peak completely disappeared after
polymerization using CDP as a RAFT reagent and amirdeprotrection of the Boc-protected polymers by TFA as
acid based vinyl monomers is shoviaigare 1 The synthesis  shown inFigure B d. Apart from this, the presence of the
consisted of two consecutive steps including the RAFpeaks for the protons c, d, and e (assigned for the protons as
polymerization of Boc-protected amino acid based vinghown in the chemical structure of polymEigu(e S8,
monomers (BocHEMA Gly, Boc HEMA Leu, or Boc Supporting InformatioandFigure B d)) in both polymers
HEMA Phe) to prepare Boc-protected polymers (P(Boc conrms the synthesis of a polymer containing a pendent

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
ppm

HEMA Gly), P(Boc HEMA Leu), or P(BocHEMA amino acid moiety with a free amine group.

Phe)) followed by deprotection of the Boc group using TFA The molecular weight of the polymers, i.e., P(HEBIA

to get amine terminated cationic polymers (P(HEGIA NH,), P(HEMA Leu NH,), and P(HEMA Phe NH,),

NH,), P(HEMA Leu NH,), or P(HEMA Phe NH))). was determined by GPC, and the corresponding values are

The synthesis of the Boc-protected polymers wasneon  shown inTable 1 For all polymers, the ratio of [M]:[CTA]:

by FTIR and NMR spectroscopy, and the correspondinfAIBN] ([monomer]:[chain transfer agent]:[initiator]) was
spectra are shown iRigures S7 and S8, Supporting kept constant, i.e., 50:1:0.2, and the obtained molecular
Information respectivelyfrigure S7, Supporting Information weights (number-average molecular whightf P(HEMA

shows a sharp absorption peak a125 cm?!, which Gly NH,), P(HEMA Leu NH,), and P(HEMA Phe
corresponds to NH stretching of a secondary amine presentNH,) were 10.5, 10.0, and 11.3 g fhalespectively, which

in a Boc-protected polymer. But after deprotection of the Baagree well with the molecular weights predicted from
groups, the absorption peak became broad, which may be dheoretical calculation as shown Tiable 1 The low

to the absorption of moisture by the free primary amine groupolydispersity index (PDI) of all polymers indicates the
as shown ifrigure a. In addition to this, a new peak appearednarrow molecular weight distribution, i.e., equal chain length ,
at 1676 cmt, which is attributed to the M bending of the  which is the main advantage of RAFT polymerization over
primary amine group (highlighted by light red color). Theconventional free radical polymerization. Because of the
FTIR data of both polymers was well supported by NMR dataresence of a hydrophobic dodecyl group and a hydrophilic
as shown ifigure S8, Supporting InformagmaFigure B pendent primary amine group containing an amino acid
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Table 1. Details of Dierent Polymers Including Reactants Feed Ratio, Extent of Conversion, Molecular Weight of Polymers,
Hydrodynamic Micelle Size, and Surface Zeta Potential

polymers [ML:[CTAJ[AIBN]  conV? (%) Mythea’ (@ molY) M, epS (@ mol?)  PDI®  micelle siZé(nm) zeta potentidi(mV)
P(HEMA Gly NH,) 50:1:0.2 73 10923 10548 1.15 3530 31+ 3
P(HEMA Leu NH,) 50:1:0.2 60 10637 10017 1.15 2384 25+ 5
P(HEMA Phe NH,) 50:1:0.2 68 13312 11343 1.29 2580 27+ 4

3Calculated bjH NMR spectroscop§Theoretical molecular weight,(hed = (IM] /[CTA] ( x molecular weight (MW) of [M]x conversion
+ (MW of CTA). Measured by GPC using poly(methyl methacrylate) (PPMA) standards fiMelstsured by DLS using Zetasizer NanoZS.
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Figure 3.In vitro cytotoxicity of P(HEMAGly NH,), P(HEMA Leu NH,), P(HEMA Phe NH,), and PEI (25 kDa) at dérent
concentrations of 10, 20, 50, 100, 200, 500, andd/@@l0on MDA-MB-231 (a) and NIH 3T3 (b) cells. Untreated cells were used as a negative
control. In vitro cytotoxicity of P(HEM&ly NH,)/pDNA, P(HEMA Leu NH,)/pDNA, and P(HEMA Phe NH,)/pDNA complexes at

the N/P ratios of 10:1, 20:10, 40:1, 60:1, 80:1, 100:1, and 200:1. pDNg) @ds used in each N/P ratio (c).

moiety, it is expected that the polymer will form abetween the positively charged polymer and negatively charged
supramolecular self-assembly micelle in aqueous solutionD&A. N

shown irFigure 1 The hydrodynamic diameter of the micelle In Vitro Cytotoxicity of Polymers. The assessment of

was measured by DLS as showrabie ] and it is observed —Cytotoxicity is an important parameter for any material prior to
that all polymers formed a nanosized micelle having a sig€ in the biomedicaeld. The in vitro cytotoxicity of the
within 100 300 nm. Among all the polymers, P(HEMA polymers was measured by an MTT assay on triple negative
Gly NHZ) showed a smaller micelle with a size of:188 breast cancer Ce”s, MDA-MB'231, dmdblast Ce”S, NIH

nm, but the size slightly increased tat234 and then to 253 3T3,and the corresponding results are shokigune a,b,

+ 60 nm with the proton of the glycine moiety substituted byrespectlvely. Itis observed fiogure 2 that all the polymers

“showed almost negligible toxicity even at a very high

an ifsopropyl_group and the protn O.f the p_henyl g9roup Moncentration of 1000g/mL. However, the glycine based
leucine subsituted by a phenyl alanine moiety, respectiv lymer, i.e., P(HEMAGly NH.,), showed a slightly higher

Because of the presence of free primary amine group in ficity at that concentration compared to the other two
pendent amino acid moiety of the polymer brush architecturgglymers, although the cell viability was around 70%, which
all polymers showed a positive zeta potential within the rangigay be due to a higher zeta potentiat:(31mV, Table ) of

of 25 35 mV as shown ihable 1 Therefore, the polymers P(HEMA Gly NH,) compared to those of P(HEMAeu

may be eective as a nanocarrier of a gene or pDNA througiNH,) (25 + 5 mV) and P(HEMAPhe NH,) (27 + 4 mV).
complexation with a gene or pDNA by electrostatic interactiofis cancer cells are more stable compared to normal cells, a cell
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viability study using any material on cancer cells may not gi P(HEMA-Gly-NH,) P(HEMA-Leu-NH,)
assurance of a similar toxicity on normal cells. Therefore, \ P I S N
further carried out the cytotoxicity assay lmoblast cells, o &0 e ’&%@ @@\“@v oF o oF o o
NIH 3T3 cells, as shownhigure B. A similar result was also (a) (b)

observed on normal cells as found on cancer cells at

polymer concentrations from 10 to 10§@nL. However, the

cell viability slightly decreased at higher concentrations such
500 and 1000g/mL, which may be associated with a higher
zeta potential, as a higher zeta potential destabilizes the cell

4444"444!'

membrane and consequently results in poor cell viabi P(HEMA-Phe-NH,) PEI (25 kDa)
ity >5°%°* PEI (25 kDa) is considered as theld standad fF e e sd
for a nonviral gene carrier because of its higherirm RS RN NI I o oY T oV T
capacity and high transfectiorciency;>>° so it was used as 0 (d)
the positive control. Even at a very low concentration of 1
g/mL, PEI showed sigeiant cytotoxicity against the TNBC - f
cel, but the cell viability did not decrease samily with an R R ' gy oy ' '
increase in the concentration, which may be due to th S
aggressiveness of the TNBC cell. But the cell viabilit & é\@ (f) 1257
signi cantly decreased against normal cells, i.e., NIH 3T & AN LI - -
. . ) . . & & ¥ 100+ 1
cells, with an increase in the PEIl concentrations, whic Q’%\&\é &
] < 754

suggests the severe toxicity of PEI (25 kDa). Therefore, ti
synthesized polymers can be used safely because of €
negligible toxicity to both the cancerous as well as normal ce 25 )
where all the polymers showed >70% cell viability even at ' '
very high concentration, i.e., 1060nL. e 0
Blood Compatibility. Before any biomaterial is used in
Vivo, it is necessary to check its blood compatibility, as tt
material will come into contact with blood, and the materia &
should be blood compatible for clinical application. Tonson
the blood compatibility of the synthesized polymers, &igure 4. Digital photograph of blood compatibility assay by
hemolysis assay was carried out according to the previd§lEMA Gly NH,) (a), P(HEMA Leu NH,) (b), P(HEMA
studiee®?” using the polymers at dient concentrations of Phe NH,) (c), and PEI (25 kDa) (d) at derent concentrations of

10, 50, 100, 200, 500, and 10§@nL and X PBS (used as negative
10, 50, 100, 200, 500, and 1000mL. PBS and water or of "0 2o ™D riion-X-100 (used as positive control) (€). The

Triton X-100 were used as the positive and negative contrgly) «canted bar graph of % hemolysis by P(HEMWANH.)

respectively. The blood compatibility of the polymers was alsgEma Leu NH,), P(HEMA Phe NH,), and PEI (25 kDa) at
compared with that of PEI at the same concentrations, and tgeerent concentrations of 10, 50, 100, 200, 500, andg{6a0(f).

corresponding data are showRigure 4
Figure 4 d shows the digital photograph of the hemolysis
of red blood cells (RBCs) in the presence of P(HEMA of nonviral gene carriéf$sromFigure 4, it is found that PEI
NH,), P(HEMA Leu NH,), P(HEMA Phe NH,), and (25 kDa) started to show a hemolytieat at a concentration
PEI (25 kDa) at the concentration range from 10 to 100(f 200 ug/mL, which is a much lower contraction than the
g/mL. It is observed that the hemolysis of RBC was startdtemolytic concentration of RAFT polymers. The higher
by P(HEMA Leu NH,) at the concentration of 50@/mL positive zeta potential of PElI may destabilize the cellular
(Figure #), whereas the polymer P(HEM2he NH,) membrane of RBC through electrostatic interaction and
showed hemolysis at the concentration of @€ (Figure consequently cause hemolysis of RBC at a comparatively low
4c). In comparison, P(HEMAGly NH,) did not show any  concentration. The bar graph as show#imre #shows the
hemolysis at any concentration within the concentration ranggantitative hemolysis of RBC by themint polymers. From
of 10 1000 g/mL (Figure 4). Because of the presence of anFigure 4, it is observed that the polymers P(HEM&u
aliphatic isobutyl group in the leucine-moiety-containingN\H,) and P(HEMA Phe NH,) are safe in vivo with a
polymer (P(HEMALeu NH,)), the interaction of this negligible hemolytic @ct up to the concentration of 2a§/
polymer was more with the outer membranes of RBCsiL, whereas P(HEMAGly NH,) can be used safely
through a hydrophobitiydrophobic interaction, as RBCs comparatively at a higher concentration of 1GM0L.
mainly contain hydrophobic phosphatidylcholine and sphingo- Agarose Gel Electrophoresis AssayThe basic concept
myelin in the outer membrane, which results in moref a cationic polymer as nonviral vector is to form a complex
hemolysis compared to the other two polyfielhe with ne ativelg/ charged DNA through electrostatic inter-
presence of a phenyl group in P(HENAe NH,) also  actior?>*> 3">*>°> The complexation capability of P(HEMA
showed little interaction with the RBC membrane andsly NH,), P(HEMA Leu NH,), and P(HEMA Phe
consequently caused hemolysis at a higher concentrationN#,) with pDNA was evaluated using an agarose gel
1000 g/mL. In contrast, P(HEMAGly NH,) does not retardation assay according to previous réports,and
possess any such hydrophobic groups, and as a result, it didthet corresponding gel images are shoviagiure 5 From
show any hemolytic &ct at any concentration. The blood Figure 5it is observed that the electrophoretic mobility of
compatibility of PEI (25 kDa) was also compared with thespDNA was completely retarded by all the polymers, as the
polymers, as PEI (25 kDa) is considered‘gsla standafd polymers possess a positive zeta potential as shiawleifh

50+

% Hemolysis
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P(HEMA-Gly-NH,) P(HEMA-Leu-NH,) and corresponding molecular dynamics to understand the
N/Pratio N/Pratio molecular interaction of polymer with the pDNA.

Molecular Docking. In the rst attempt, a DNA sequence
of 48 250 was used for docking of all polymers. The binding
DNA sequences with a binding free energy of each polymer for
this region are listed ifable 2 P(HEMA Phe NH,) has
shown the highest binding ity with a binding energy of

2.9 kcal/mol followed by P(HEMAeu NH,) and P-
(HEMA Gly NH,). A lower binding free energy of the
polymer DNA complex suggests a greatenity of the
polymer. Molecular docking analysis shows P(HEN&A
NH,) has a nity toward the DNA base pair adenosine and
PCHEMA-Phe NH,) thymine. In the case of P(HEM@ly NH,) and P(HEMA

—— Leu NH,), the binding DNA sequence is found to be mixed

with all bases. Based on the binding sequence obtained from
this molecular docking experiment, the polymer binding DNA
sequencesSTTTTTT” for P(HEMA Phe NH,) and
“GCTGACTAATT for the other two polymers are found to
be repeated multiple times in DNA after the whole sequence is
scanned. Using this information, the DNA sequence of 3282
3323 f = 41) was selected for P(HEMRhe NH,), while
for the other two sequences, a length of 38M f = 43)
was selected to verify polymer binding to the same sequence.
Figure 5.Agarose gel electrophoresis assay of P(HEMANH,) oblgetcgdst?gzr:gerg?riz?#g;asre?q%%kr:ggse(;‘pF?(rll—T K-;Eatﬂ,\ lllt Hh;):ls been

a), P(HEMA Leu NH,) (b), and P(HEMA Phe NH,) (c) at . .
gi)eregt N/P ratios of%:g,)B:l, 10:1(, 15:1, 20:1, 45?1,( 6)50:1, go:1and P(HEMA Leu NH,) very much remain the same with a

100:1, 150:1, and 200:1.pDNA (0gj was used in each N/P ratio. fmarginal increase in binding free energy. In the case of
P(HEMA Phe NH,), the binding free energy increased
signicantly from 2.9 to 3.5 kcal/mol with a change in

the DNA binding sequence with the addition of cytosine and
although the retardation of DNA movement was dependent @juanine base pairs. PolyndA complexes with a binding

the N/P ratio. Among all the polymers, P(HENBAy NH,) free energy obtained from molecular docking are depicted in
showed a better complexation capability with pDNA andigure 6 Polymers established contact with DNA through
showed complete pDNA complexation at an N/P ratio of 10hydrogen bonding, cation, and salt bridge interactions.
where the electrophoretic mobility of pDNA was completely
retarded as shownHkigure a. In comparison, the movement P(HEMA-GlyNH,) P(HEMA-Leu-NH,;)  P(HEMA-Phe-NH,)
of pDNA was completely inhibited comparatively at higher N/ (@)
P ratios of 80 and 40 by P(HEMkeu NH,) (Figure b)

and P(HEMA Phe NH,) (Figure 8), respectively. This fact

may be attributed to the respective surface zeta potentials of
the polymers. As shown Table 1 P(HEMA Gly NH,)

exhibits a higher positive zeta potential (mV) followed by
P(HEMA Phe NH,) ( 27 mV) and P(HEMALeu NH,)

(25 mV). The higher positive zeta potential of P(HEMA

Gly NH,) might help to bind more eiently the negatively
charged pDNA at a low N/P ratio of 10. A similar
phenomenon was also observed in the previous study, where
the magnitude of the positive zeta gotenm:ltad the pDNA

complexation capability of the ca fleks the dierence in Figure 6.Molecular docking analysis of threeerdint polymers:

the positive zeta potentials of the polymers was N EmA GIv NH.) (a) P(HEMA Leu NH.) (b). and P-
signicantly dierent, the pDNA complexation by the (I—gEMA PheyNHz)ch)(. ) P 2 (0,

polymers should not vary so much. The molecular architecture
of the polymers may have ara on the complexation with
pDNA. Therefore, we further carried out molecular docking

Table 2. Docking Results of PolymddNA Complex with DNA Sequence (Base Pair Length) Used for Docking, Actual
Binding Sequence with Binding Aty of Each Polymer

binding a nity binding a nity
polymers sequence binding sequence (kcal/mol) sequence binding sequence (kcal/mol)
P(HEMA Gly NH; 48 250 CGCTGACTAATTTT 2.6 32613304 CTGACTAATTGA 2.7
P(HEMA Leu NH, 48 250 TCGCTGACTAATTT 2.8 32613304 GACTAATTGAGA 2.9
P(HEMA Phe NH, 48 250 TAATTTTTTTTATT 29 32823323 AGCGGTGGTTTT 3.5
5357 DOI:10.1021/acsabm.9b00639
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Molecular Dynamics (MD).The polymerDNA complex average Coulomb and van der Waaleraction energy of
with the highest binding aity was selected for molecular each polymer with DNA are calculated using MD trajectories,
dynamics simulation. The root mean square deviatioas listed inTable 3 A lower interaction energy indicates a
(RMSD) of each polymer and respective binding DNA are
calculated from the MD trajectories, as depicteidume S9,  Table 3. Average Interaction Energy of Polymer with DNA
Supporting Informatiomhe RMSD indicates deviation of the Calculated from Trajectories Obtained from Molecular
molecule from the initial binding position. The RMSD Dynamics
trajectories of the polymers remained very stable throughorit
the MD simulation. The RMSD trajectory of P(HEN&u polymers a"erage(ﬁg;,')omb energy a"erag(ﬁc‘gf)w energy
NH,) has shown the least deviation followed by P(HEMA

Phe NH,). The RMSD of P(HEMAGly NH,) is observed "ty O 66.11 4.82
to be very high compared to the others. The RMSD of DNApHEMA Leu 82.58 4.37
when bound with polymers is found to be high acidiating. NH,)

It is due to the loose end of DNA, which is free to move. AP(HEMA Phe 81.96 7.26

change in the conformation of the polyrD®A complex

over a period of MD simulation is depicteBigure 7 Both

P(HEMA Phe NH;) and P(HEMA Leu NHjy) have  stable interaction by the polymers. In the case of P(HEMA
shown stable interactions, while P(HEM&u NHy) started ~ Phe NH,), both coulomb and vdW interaction energies are
to loosen its hold on DNA as the MD simulation progressedewered compare to others. The RMSD trajectories, visual
All the polymers have shown hydrogen bonchtion, and  observation, and interaction energies indicate that complexes
salt bridge interactions with DNA during MD simulation. Theof P(HEMA Phe NH,) and P(HEMA Leu NH,) are more

stable than P(HEMAGIly NH,).

CD Spectra of Polymers and Polymer/pDNA Com-
plexes. CD spectra help with understanding conformational
changes in biomolecules. As observedjime 8the typical
CD spectra of the B form of pDNA exhibited a negative peak
at 240 250 nm and a positive peak at 2ZZ&0 nm. The
negative peak represents a helical structure, and the positive
peak indicates a base pair stacking interaction of pDNA. It was
observed inFigure 8 that P(HEMA Leu NH,)/pDNA
showed the highest deviation from the negative followed by the
P(HEMA Phe NH,)/pDNA and P(HEMA Gly NH,)/
pDNA complexes, indicating P(HEMAu NH,)/pDNA
and P(HEMA Phe NH,)/pDNA complexes deviated from
helical formation of pDNA more compared to the P(HEMA
Gly NH,)/pDNA complex. (However, in terms of degrees,
the deviation is marginal.) The positive peak deviation was
highest in the P(HEMAPhe NH,)/pDNA complex com-
pared to the other two polyplexes, suggesting a disturbance in
the base pair stacking interaction during complexation. In
Figure ®,c, P(HEMALeu NH,) and P(HEMA Phe
NH,) before pDNA complexation individually showed a
positive peak around 22fBO nm, indicating that the
polymers were forming a secondary or helical structure due
to intramolecular interaction. figure &, P(HEMA Gly
NH.) in the absence of pDNA did not show any positive peak
like other polymers, which means that intramolecular
interactions were low, and hence, P(HEMI NH.,)
could not arrange itself in a secondary structure. CD spectra
at 0 and 10 min for P(HEMAGly NH,)/pDNA and
P(HEMA Leu NH,)/pDNA complexes Kigure &,b) ex-
hibited similar patterns, indicating that no conformational
changes occurred over period of 10 min. Howeéguire
8c, at 0 min, P(HEMAPhe NH,)/pDNA showed signcant
conformational change around 228D nm but slowly settled
and tried to get to its original conformation after 10 min. To
conclude, CD spectra indicated a high amount of conforma-
tional change in P(HEMA.eu NH,)/pDNA P(HEMA
Phe NH,)/pDNA complexes compared to the P(HEMA

Figure 7.Snapshots of a molecular dynamics simulation study &f!Y NH2)/pPDNA complex because of the high binding
P(HEMA Gly NH,) (a), P(HEMA Leu NH,) (b), and P- a nity, which was also indicated by molecular docking and
(HEMA Phe NH,) (c) at di erent time points of 0, 10, 20, 30, dynamics study. Henceforth, CD, molecular docking, and
40, 50, 60 70, 80, 90, and 100 ns. molecular dynamics study complement each other nicely.
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Figure 8.CD spectra of pDNA only, P(HEM&ly NH,) only, and the P(HEMAGIly NH,)/pDNA complex at an N/P ratio of 100:1 after O
and 10 min of complex formation (a), pDNA only, P(HEM&AI NH,) only, and the P(HEMALeu NH,)/pDNA complex at an N/P ratio of
100:1 after 0 and 10 min of complex formation (b), pDNA only, P(HEREANH,) only, and the P(HEMAPhe NH,)/pDNA complex at
an N/P ratio of 100 after 0 and 10 min of complex formation (c), and pDNA only as well as the RFHENA,)/pDNA, P(HEMA Gly
NH,)/pDNA, and P(HEMA Gly NH,)/pDNA complexes at an N/P ratio of 100:1 after 10 min of complex formation (d).

Particle Size, Zeta Potential, and Morphology of through the hydrophobibydrophobic repulsion ect. The
Polymer/pDNA Complexes.The hydrodynamic particle size lesser binding capability of P(HEM&u NH,) showed a
and zeta potential of polymer/DNA complexes (polyplexedprger hydrodynamic size of polyplexes at pH = 7.4. At basic
are important parameters that facilitate the cellular uptakH, i.e., pH = 8.0, the negative zeta potential of P(HEMA
through endocytosis and ultimatelgce the transfection Gly NH,)/pDNA complexes again decreased the hydro-
e ciency’™’ Therefore, the particle size and zeta potential oflynamic size of the polyplexes due to a decrease of the
the polyplexes at dirent N/P ratios were measured, and aggregation ect. In comparison, the higher negative zeta
corresponding values are representeahile 4 Figure @ c, potential of P(HEMAPhe NH,)/pDNA polyplexes in-
andFigures S10512, Supporting Informatiorhe e ect of creased the hydrodynamic sizes because of a poor complex-
pH on the particle size and zeta potential of the polyplexes watson capability with pDNA. FroRigure @, it is found that
also determined, and the corresponding data are shownthe zeta potential of the P(HEM®&ly NH,)/pDNA
Table 4 FromTable 4 it is observed that P(HEMRhe complex at pH = 7.4 changed from a negative zeta potential
NH,)/pDNA complexes showed smaller particle sizes amor(g 3.3+ 2 mV) at an N/P ratio of 1 to a positive zeta potential
the other polyplexes at pH = 7.4. However, the particle sizes(@23 £ 3 mV) at an N/P ratio of 5, which indicates the
all polyplexes were decreased at pH = 5.5. At a lower pH, tf@mation of polyplex through neutralizing the all negative
zeta potential might be increased signily (although the charges of pDNA, and the overall positive zeta potential
zeta potential was not determined due to a higher conductivitgsulted in the retardation of the electrophoretic mobility of
value) through the protonation of primary amine groups andDNA as shown iigure &. In comparison, P(HEMAeu
resulting smaller complexdsotigh strong electrostatic NH,)/pDNA and P(HEMA Phe NH,)/pDNA complexes
interaction between the positively charged polymer anshowed a positive zeta potential at N/P ratios oFigiré
negatively charged pDNA. At pH = 7.4, the size of th&b) and 10 Figure 8), respectively. It is noticed that the
P(HEMA Gly NH,)/pDNA complexes was increased sig- positive zeta potential value gradually increased with an

ni cantly, and it may be due to the aggregatient ef increase in the N/P ratios and plateaued after a particular N/P
polyplexes @red by the higher positive zeta potential. Despiteatio, which indicates the complete complexation of all pDNA
the almost similar zeta potentials of P(HERKe NH,)/ by the polymer chain. The plateau was observed for

pDNA polyplexes, the particle size did not changecaitty. P(HEMA Gly NH,)/pDNA, P(HEMA Leu NH),)/
The presence of a phenyl group in the polymer backbone pDNA, and P(HEMAPhe NH,)/pDNA complexes at N/P
P(HEMA Phe NH,) might inhibit the aggregation eet ratios of 10:1, 80:1, and 40:1, respectively, which corroborated
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Table 4. Particle Size, Polydispersity Index (PDI), and Zeta Potential (ZP) of P(HEMA NH,)/pDNA, P(HEMA Leu
NH,)/pDNA, and P(HEMA Phe NH,)/pDNA Complexes at the N/P Ratios of 0, 5, 10, 20, 40, 60, 80, and 100 atet
pHs of pH= 5.5, 7.4, and 8.0

pH =55
P(HEMA Gly NH,) P(HEMA Leu NH),) P(HEMA Phe NH,)

N/P ratio siz& (nm) PDI? ZP* (mV) siz& (nm) PDI? ZP* (mV) siz& (nm) PDI? ZP* (mV)
0 412+ 36 0.75+ 0.1 3+3 412+ 36 0.75 0.1 3+ 3 412+ 36 0.75+ 0.1 3+ 3
2 246+ 61 0.56+ 0.1 NR 14% 43 0.38 0.1 NR 103 6 0.33¢£ 0.1 NR
10 251+ 73 0.61x 0.2 NR 18% 5 0.47+ 0.1 NR 86+ 10 0.38 0.1 NR
20 224+ 5 0.54+ 0.1 NR 176 27 0.55+ 0.2 NR 80+ 40 0.33: 0.1 NR
40 241+ 34 0.51+ 0.1 NR 19% 76 0.38 0.1 NR 112 75 0.34+ 0.2 NR
60 179+ 142 0.76t 0.2 NR 192+ 76 0.51+ 0.1 NR 136 71 0.38t 0.1 NR
80 198+ 49 0.56+ 0.1 NR 23% 6 0.58+ 0.1 NR 208 69 0.42+ 0.1 NR
100 232+ 49 0.66+ 0.2 NR 152 55 0.45+ 0.1 NR 116 58 0.39+ 0.1 NR

pH=7.4
0 209+ 9 0.37+£ 0.1 22+ 3 209+ 9 0.37+£ 0.1 22+ 3 209+ 9 0.37£ 0.1 22+ 3
5 711+ 56 0.87+ 0.1 +23t 2 335+ 6 0.34+ 0.1 24+ 3 620+ 90 0.80+ 0.1 6+1
10 379+ 14 0.33 0.1 +28+ 2 455+ 14 0.24+ 0.1 28+ 3 509+ 55 0.65 0.1 +14+ 3
20 606+ 50 0.41+ 0.1 +26+ 2 574+ 18 0.33 0.1 5+ 2 499+ 27 0.53 0.1 +30+ 1
40 556+ 36 0.38 0.1 +27+ 3 750+ 16 0.27+ 0.1 3+x1 547+ 63 0.59+ 0.2 +25+ 1
60 625+ 15 0.49t 0.1 +33t 3 828+ 31 0.24+ 0.1 +9+ 3 345+ 19 0.31+ 0.1 +27+ 3
80 644+ 50 0.47+ 0.1 +30+ 3 963+ 40 0.3+ 0.1 +21+ 3 335+ 10 0.33+ 0.1 +33t 4
100 707+ 41 0.53+ 0.1 +30+ 2 977+ 31 0.21x 0.1 +16+ 3 470 54 0.33: 0.1 +28t 4

pH =8.0
0 995+ 60 0.92+ 0.1 6+ 4 995+ 60 0.92+ 0.1 6+ 4 995+ 60 0.92+ 0.1 6+ 4
5 739+ 163 0.7% 0.1 10+ 3 333+ 81 0.64+ 0.1 73 439+ 18 0.48+ 0.1 72
10 400+ 39 0.58+ 0.1 7+ 2 151+ 2 0.44+ 0.1 6+1 875+ 58 0.52+ 0.2 13+ 2
20 401+ 36 0.57+ 0.1 8+ 2 169+ 2 0.23+ 0.1 61 723+ 17 0.57+ 0.1 19+ 3
40 329+ 3 0.38+ 0.1 5+ 4 215+ 1 0.20+ 0.1 13+ 4 534+ 87 0.60+ 0.1 12+ 3
60 351+ 24 0.42+ 0.1 5+ 2 268+ 4 0.20+ 0.1 25+ 2 339+ 38 0.30+ 0.1 5+ 3
80 371+ 9 0.32+ 0.1 5+ 3 280+ 0.5 0.18 0.1 25+ 2 637+ 24 0.95+ 0.1 25+ 4
100 401+ 6 0.31+ 0.1 5+ 1 318+ 4 0.26x 0.1 25+ 3 356+ 9 0.28+ 0.1 25+ 14

Measured by DLS using Zetasizer NanoZS (Malvern) at pH = 5.5, 7.4, and 8.0. NR: No result (at pH = 5.5, all the polyplexes showed very hig
conductivity (>8 ms/cm), which is not measurable by the instrument).

well with the retardation of electrophoretic mobility of pDNAformed comparatively larger nanocomplexes with pDNA with
as shown iirigure 5 particle sizes of 20250 and 400450 nm, respectively.

The pDNA loading eciency in polyplexes at pH = 7.4 was The stability of the polyplexes formed by pDNA and
also calculated, and the corresponding data are shi@ablein polymers such as P(HEM@&ly NH,), P(HEMA Leu
5. As a result of the better DNA complexation capability oNH»), and P(HEMA Phe NH,) was studied in the presence
P(HEMA Gly NH,) compared to P(HEMALeu NH.,) of DMEM media containing serum (10% FBS) and serum-free
and P(HEMA Phe NH,) as shown in the agarose gel DPMEM medium. This study is sigrant in order to
electrophoresis assayigure 5, P(HEMA Gly NH.,) understand how the polymer structurects tf_1e polyplex
showed the highest DNA loadingciency, and more than stability during complexation. As shownFigure S13,

95% pDNA was loaded in the complex at higher N/P ratiog>UPPOrting Informatiorin complete DMEM (10% FBS),
whereas P(HEMALeu NH,) and P(HEMA Phe NH.,) the P(HEMA Gly NH,)/pDNA complex exhibited the

showed almost similar pDNA loadingiencies. smallest particle size (391 to 45+ 3 nm) followed by

The morphology of the gene carrier system plays ag(HEMA Leu NH,)/pDNA (73 £ 1 to 76+ 2 nm) and

important role on cellular uptake, the endocytosis mechanisngHE'\/I'A‘hphr(]a N.HZ)/pDNA (91 * 1to QJi 1h nm). I.t IIS . f
which aects the transfection eiency’>® Therefore, we noteworthy that in serum-containing media, the particle size o

the polyplexes did not alter much with incubation time, which
observed the morphology of all polymer/pDNA complexes eapnsy?he polyplexes remained invariably stable in FBS-

an N/P ratio of 100 by TEM, and the corresponding imageg,,pjemented DMEMF{gure S13a, Supporting Information

are shown irrigure @ f. FromFigure @ f, it is observed  pg;;0ji et al. also observed the same thing while the presence
that both the polymers P(HEM&Ily NH,) (Figure @#)and  of FBS blunted the aggregation of polyplexes, which was
P(HEMA Leu NHy) (Figure @) formed spherical shaped re ected by the modest increase of the hydrodynamic diameter
nanocomplexes at an N/P ratio of 100, whereas interestingdythe polyplexes by 5000 nm within therst few minutes of
P(HEMA Phe NH;) formed a hexagonal shaped nano-incubation and then subsequent stabilizitidiney had
complex at the same N/P ratisiqure 9. Among all the  explained that this behavior might be due to the prompt
polymers, P(HEMAGly NH,) formed smaller complexes adsorption of serum proteins onto polyplexes, which resulted
with pDNA having a particle size around 180 nm. In in a small initial increase in hydrodynamic diameter, but with
contrast, P(HEMALeu NH,) and P(HEMA Phe NH,) further increasing incubation time, long-term aggregation was
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Figure 9.Zeta potential of P(HEMAGly NH,)/pDNA (a), P(HEMA Leu NH,)/pDNA (b), and P(HEMA Phe NH,)/pDNA complexes
(c) at di erent N/P ratios of 0:1, 1:1, 5:1, 10:1, 15:1, 20:1, 40:1, 60:1, 80:1, and 100:1. In each N/ ctipDMA was used during the
complex formation. TEM images of the P(HERK NH,)/pDNA complex (d), P(HEMALeu NH,)/pDNA complex (e), and P(HEMA
Phe NH,)/pDNA complex (f) at an N/P ratio of 100:1.

Table 5. pDNA Loading Eciency (%) in P(HEMA Gly explained by the irreversible aggregation of polyplexes with
NH,)/pDNA, P(HEMA Leu NH,)/pDNA, and time. Of note, the larger the dimensions of the polyplexes (in
P(HEMA Phe NH,)/pDNA Complexes at Dierent N/P the nano- to micrometer range), the higher and faster the
Ratios of 0, 5:1, 10:1, 20:1, 40:1, 60:1, 80:1, 100:1, 150:1, sedimentation rate and therefore the greater th@aney in

and 200:1 vitro>® Therefore, the larger particle size of the P(HEMA
S & SOV L ST 2 Phe NH,)/pDNA complex when compared to other two
( NHY ( NHy ( NHy polyplexes might also play a key role towards a promising

N/P pDNA loading in ~ pDNA loading in  pDNA loading in transfection eciency with the P(HEMAPhe NH;) poly-

ratio polypleg (%) polyple (%) polypleg (%) mer. .

0 0 0 0 Resistance of Polymer/pDNA Complexes against

1 82+ 3 80+ 2 78+ 3 Anionic Surfactants and Enzyme.For successful in vivo

5 93+ 2 79+ 3 96+ 1 gene therapy, the carrier/DNA complex should be stable in

10 97+ 1 80+ 2 94+ 1 body uid, as it consists of lots of negatively charged protein

15 98+ 1 79+ 3 93+ 1 and enzymes. Therefore, we characterized the stability of the

20 08+ 1 73+ 3 88+ 2 polymer/pDNA complexes against the negatively charged

40 96+ 2 83+ 2 80+ 3 heparin and DNase | as model protein and enzyme,

60 08+ 1 86+ 2 80+ 3 respectively, and the corresponding results are shown in

80 09+ 1 88+ 1 70+ 3 Figures S14 and S15, Supporting Informaiespectively.

100 96+ 2 68+ 3 68+ 2 The stability of the polyplexes toward anionic surfactant was

150 97+ 2 65+ 3 65+ 2 further investigated by heparin, as it is more physiological than

200 99+ 1 69+ 3 69+ 2 SDS. As shown ifrigure S14, Supporting Information
#Measured by Nanodrop, Thermo Scienf000/2000C. P(HEMA Gly NH; was able to protect pDNA against

decomplexation in the presence of heparin, at a concentration
of 0.05 mg/mL, and beyond this concentration, the pDNA
prevented by reducing partigarticle interactions. There- started decomplexation from the polyplex through electrostatic
fore, we also hypothesized that in complete DMEM, théeepulsion between heparin and pDNA. In contrast, P(HEMA
presence of serum prevented the aggregation of polyplexes) NH,)/pDNA and P(HEMA Phe NH,)/pDNA com-
thus keeping them stable over time. plexes were disrupted at qamatively lower heparin

In contrast to what we observed in serum-supplementembncentrations of 0.01 mg/mEigure S14b,c, Supporting
media, upon dilution in serum-free medium, the size dhformation. This result is a rection of the agarose gel
P(HEMA Leu NH,)/pDNA and P(HEMA Phe NH,)/ electrophoresis assajg(re 3 where P(HEMAGIly NH,)
pDNA complexes enhanced over time from 80to 70+ showed better complexation and hence resulted in better
5 nm, while the particle size of the P(HENMY NH,)/ protection of pDNA against the anionic moiety.
pDNA complex atrst increased and then decreased with time Figure S15, Supporting Informatshows the DNase |
(Figure S13b, Supporting Informakjowhich can be  assay of polymers/pDNA complexes in the presence of DNase
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| enzyme. The rst lane ofFigure S15a, Supporting showed the ect of the nanoparticle shape, size, charge, and
Informationshows the DNA digestion activity of DNase | aggregation on cellular aké¢ by coarse-grained MD
where naked pDNA was completely digested and resultedsimulationS® They observed that the aggregated nanoparticles
the complete disappearance of DNA band. It is observed frastowed down the cellular uptake compared with nonaggregated
Figure S15a, Supporting Informatibat P(HEMA Gly nanoparticles. The smaller particle size (around3@&m)
NH,) completely protected pDNA against DNase | digestiomf P(HEMA Gly NH,)/pDNA complexes might help to
at an N/P ratio of 20:1, whereas P(HEMA&u NH,) and form aggregation because of the higher surface activation
P(HEMA Phe NH,) showed complete protection at a charge and resulting lowest cellular uptake after 4 h of cellular
slightly higher N/P ratio of 40:1. The higher DNA uptake kinetic studyrigure 16). Lunnoo et al. also noticed
complexation capability of P(HEMBly NH,) showed that the hexagonal shapedhaparticle (nanohexapoid)
better pDNA protection against enzyme digestion comparggbssessed the lowest free energy bar@er (80.25+ 5.75
to P(HEMA Leu NH,) and P(HEMA Phe NH,). How- kJ/mol) and consequently showed the highest cellular uptake
ever, all the polymers showed complete protection of pDNéompared to those of the nanosphei® £ 260.85 6.04
against enzyme digestion at a higher N/P ratio of 100, at whi&d/mol), nanocage G = 443.97+ 40.34 kJ/mol), nanorod
higher transfection eiency was observed. Therefore, the( G=310.56 8.91 kJ/mol), and nanoplate® = 321.16
polymers/pDNA complexes at a higher N/P ratio may givés.81 kJ/mol). Therefore, we also hypothesized that the
better transfection €iency in vivo also. hexagonal shaped P(HEMZhe NH,)/[pDNA complex
Intracellular Uptake Kinetics. As the morphology of the  showed a higher cellular uptake because of the lower free
nanoparticle has aneet on cellular uptake, we measured theenergy barrier compared to that of the spherical shaped
intracellular uptake kinetics using the FITC conjugate¢/(HEMA Gly NH,)/pDNA and P(HEMA Leu NH,)/

polymer/pDNA (PGL3 control vector was used) complexepDNA complexes, and the phenomenon is schematically
at an N/P ratio of 100 with dérent time intervals such as 0.5, shown inFigure 11

2.0, and 4.0 h, and the corresponding confocal images are
shown inFigure 10 The P(HEMA Gly NH,)/pDNA

Figure 11.Schematic representation of the cellular uptake kinetics of
spherical shaped and hexagonal shaped nanoparticles through the
cellular membrane.

In Vitro Transfection E ciency. The transfection
e ciency of all polymers/pDNA complexes at the N/P ratios
of 10, 50, and 100 was investigated on MDA-MB-231 cells by
using pDNA encoded with the enhanced graerescence

Figure 10.Representativeuorescence images of the intracellularprOteln (eGFP) gene. Poor greemrescence was observed

kinetics of the cellular uptake of FITC conjugated P(HEWMA for all polymers at low N/P ratios of 10 and 50 (data not

NH,)/pDNA complex (ac), P(HEMA Leu NH,)/[pDNA com- shown), but the greenuorescence intensity sigaintly

plex (alcl), and P(HEMAPhe NH.,)/pDNA complex (a2c2) increased at the N/P ratio of 100 for all polymers as shown in

at the predetermined time intervals of 0.5, 2, and 4 h at an N/P ratibigure 12, a c. Incomplete pDNA complexation at a low N/

of 100:1 against MDA-MB-231 cells. P ratio might result in the poor transfectiorciency.
Interestingly, it is observed that the polymer P(HEMA

complex showed the lowest cellular uptakpirg 18 c) Phe NH,) showed superior transfectiorcency as shown in

compared to that of other two polymers. In contrast, thé-igure 12, ¢ where overexpression of greemescence was
cellular uptake of the P(HEMRhe NH,)/pDNA complex observed compared to P(HEM3ly NH,) and P(HEMA

was signcantly higher, although the cellular uptake was timeeu NH,). In comparison, the transfectionciency of
dependentKigure 182 c2). The hexagonal morphology of P(HEMA Phe NH,) was also higher than that of LF2K
the P(HEMA Phe NH,)/pDNA complex might better help  (Figure 1A, g). The transfection eiency was further
cellular uptake compared to the spherical shaped morpholagyantied by FACS, and the corresponding data are shown
of both the P(HEMAGIy NH,)/pDNA and P(HEMA in Figure 1B. From Figure 1B, it is found that the
Leu NH,)/pDNA complexes. In a recent study, Lunnoo et al.transfection eciency of P(HEMAPhe NH,) was signi
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hemolysis at slightly lower concentration of §0@L. All
polymers showed excellent pDNA complexation capability,
better resistance toward anionic surfactant, and also appreci-
able gene protection capability against enzymatic degradation,
although it was dependent on the N/P ratio. Interestingly,
P(HEMA Phe NH,) formed a unique hexagonal shaped
nanoparticle through complexation with pDNA, whereas other
polymers formed spherical shaped nanoparticles. The
hexagonal morphology of the P(HENPAe NH,)/pDNA
complex signtantly improved the cellular uptake through
endocytosis and resulted in a superior transfectieney
against triple negative breast cancer. Therefore, these polymers
may constitute a promising gene carrier system in gene therapy
in the future.
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