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The preparation of polyethylenimine (PEI) – polylactide (PLA) copolymer structures is promising as these materials may find use in gene 

and/or drug delivery applications. In the current work we have explored the utilization of linear polyethylenimine (L-PEI) as 

multifunctional initiator for the organocatalytic ring-opening polymerization of lactide. Evaluation of the effect of the amount of catalyst 

revealed that with high catalyst loadings mixtures of unmodified L-PEI and PEI-PLA were obtained while low catalyst loadings leads to 10 

efficient preparation of PEI-PLA graft copolymers. This difference is described to the enhanced polymerization time with lower catalyst 

loading enabling efficient initiation from up to every second ethylenimine unit. The resulting PEI-PLA were subsequently formulated 

into nanoparticles of ~400 nm by nanoprecipitation, which could be efficiently labeled with rhodamine octadecylester as model 

hydrophobic drug. These nanoparticles were efficiently taken up by DC2.4 cells as demonstrated by flow cytometry and fluorescence 

miscoscopy demonstrating their potential for gene and/or drug delivery applications. 15 

Introduction 

Polylactide (PLA) is a popular material for use in biomedical 

applications based on its biodegradability as well as its good 

mechanical properties1-3 The relatively high glass transition 

temperature of PLA of around 60 oC also facilitates its 20 

application in hydrophobic nanoparticle formulations, which have 

been utilized for controlled release gene delivery4,5 as well as 

controlled and sustained delivery of hydrophobic drugs.4,6-8 To 

enhance the applicability of PLA for use in drug delivery 

systems, a wide variety of modified and functionalized PLA 25 

(co)polymers have been and are being explored.9,10 In particular, 

the formulation of HB-PEI and oligonucleotides in PLA has been 

demonstrated to lead to controlled release of the 

oligonucleotides.11-13 Furthermore, hydrophobic cationically 

modified PLA has been utilized as nanoparticulate gene delivery 30 

formuation,14 as well as some examples of star-shaped PLA based 

on HB-PEI as initiator.15,16 It has been demonstrated that both 

primary and secondary amines of HB-PEI can act as initiator, but 

the resulting structures are rather ill-defined due to the broad 

molar mass distribution of the starting HB-PEI. To the best of our 35 

knowledge no reports have yet appeared on the utilization of L-

PEI as initiator for the polymerization of lactide to obtain defined 

PEI-PLA copolymer structures. 

Polyethylenimine (PEI) is frequently utilized as non-viral gene 

delivery vector.17,18 Despite the popularity of high molecular 40 

weight hyperbranched HB-PEI as gene transfection agents related 

to the so-called “proton-sponge” hypothesis,19,20 high molecular 

weight HB-PEI (25 kDa) suffers from an inherent 

cytotoxicity.18,21 Although low molecular weight HB-PEI 

congeners exhibit significant reduced cytotoxicity, they also  45 

 

 

present a much lower transfection efficiency.22,23 A systematic 

investigation of various PEI derivatives interestingly concludes 

that not only the amine content and functionality are of high 50 

importance for polyplex formation, but also the hydro-

/lipophilicity balance and the polymer constitution.24-27 

Furthermore, linear PEI (L-PEI) is less toxic than HB-PEI while 

still showing high transfection efficiency.  

Interestingly, the preparation of defined L-PEI is to date best 55 

achievable by living cationic ring-opening polymerization 

(CROP) of 2-oxazoline derivatives. The versatility of this 

polymerization techniques enables the preparation of highly 

defined poly(2-oxazoline)s with controlled degree of 

polymerization (DP) as well as chain-end functionalities that can 60 

be introduced during initiation and/or termination (Scheme 1).28-

32 Subsequent hydrolysis of the amidic side chains yields the L-

PEI derivatives.33-37 

 
Scheme 1. Linear PEI obtained via CROP of 2-substituted oxazoline (R = 65 

H, Me, Et, …; EX = electrophilic initiator). 

State-of-the-art approaches to produce well-defined L-PEI-based 

copolymer structures are limited to multi-step post-

polymerization modification and coupling strategies.38-43  

Therefore, there is a clear need for the development of more 70 

straightforward methodologies to prepare advanced L-PEI based 

(block) copolymer structures. As far as we know, no report has 

been published on the possibility to use the PEI end-group and/or 

to use both the end-group and the secondary amino functions 
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present along the L-PEI backbone to directly initiate another 

polymerization process.  

Reasoning that the backbone secondary amines and chain-end 

hydroxyl group (resulting from water termination of the poly(2-

oxazoline) synthesis) of L-PEI have significant different pKas,
44 5 

and because N-heterocyclic carbenes (NHCs) are known to be 

sensitive to the hydrogen acidity during a proton transfer 

reaction,45 we reckoned that it might be feasible to obtain a 

selective interaction between NHCs with either the NH or the OH 

functions of L-PEI. Besides their selectivity, NHCs such as 1,3,4-10 

triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene (C) are known 

to react quantitatively and reversibly with both alcohols and 

secondary amines to form the corresponding alcohol or amino-

adducts (Scheme 2).46 We previously demonstrated the ability of 

alcohol and amino-adducts of C to act as initiators for the 15 

controlled polymerization of cyclic esters, either in solution47-49 

or in bulk.50  

 
Scheme 2. Reversible generation of alcohol- (with X = O) and amino-

adducts (with X = N) of C. 20 

In this paper, we report the preparation of various L-PEI/ PLA 

copolymers with proposed resulting topologies ranging from 

block copolymers to comb-like and grafted structures. The main 

aspect of this work is to investigate the effect of the amount of 

NHC catalyst C relative to the amount of L-PEI on the resulting 25 

copolymer structure (Figure 1). Moreover, the resulting PLA-PEI 

graft copolymers are formulated into nanoparticles and their 

cellular uptake is demonstrated.  
 

 30 

Figure 1. Proposed possible PLA-PEI polymer structures that may be 

obtained by adjusting the relative amount of polymerization catalyst. 

 

 

Experimental Section 35 

Materials. 

L-Lactide (LA; Boehringer-Ingelheim, 99+%) was recrystallized 

three times in dried toluene (20% wt/vol) at 70°C and then dried 

under vacuum overnight. 5-Methoxy-1,3,4-triphenyl-4,5-dihydro-

1H-1,2,4-triazol-5-ylidene (Acros,98%) was purified and 40 

degassed at r.t. by three nitrogen/vacuum treatments prior to any 

carbene generation. 

 

Polymerization Protocol 

In a previously flame-dried schlenk flask are introduced 16.5 mg 45 

of 5-methoxy-1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-

ylidene (1 eq.). After thermal stabilization at 90°C and a vacuum 

treatment of two hours (in-situ generation of C), the medium is 

cooled down, introduced in a dry box and complemented by the 

addition of 50 mg of L-PEI20 (1eq.). Out of the box, the entire 50 

medium is dried under vacuum at 60°C for an additional hour.  In 

the dry box, the dried schlenk was filled with 0.72 gr of 

recrystallized L-LA (100 eq.) and sealed under vacuum.  The L-

LA polymerization is then performed at 110°C for 5 hours.  

Conv.grav. = 99%, MnSECDMA = 14600 g.mol-1; Đ = 1.65. 55 

 

Characterization methods 

Proton nuclear magnetic resonance spectra (1H-NMR) of the 

polymers were recorded on a Bruker Avance 500 MHz 

spectrometer using CDCl3 as solvent. Data were acquired and 60 

processed by TOPSPIN 3.2 (Bruker, Germany). For all the 

samples 256 scans were used. All experiments were recorded at 

298 K. 

Size-exclusion chromatography (SEC) using 

hexafluoroisopropanol (HFIP) as eluent were performed on a 65 

Agilent 1260-series HPLC system equipped with a 1260 online 

degasser, a 1260 ISO-pump, a 1260 automatic liquid sampler, a 

thermostatted column compartment, a 1260 diode array detector 

(DAD) and a 1260 refractive index detector (RID). Analyses 

were performed on a PLHFIPgel column (250 x 4.6 mm) at 40oC. 70 

HFIP containing 3g/L of sodium trifluoroacetate was used as 

eluent at a flow rate of 0.3 ml/min. The spectra were analysed 

using the Agilent Chemstation software with the GPC add on. 

Number average molar mass (Mn,SEC,HFIP) and dispersity (Ð) 

values were calculated against PMMA standards.  75 

Size-exclusion chromatography (SEC) using DMA (N,N-

dimethylacetamide) as eluent were performed on a Agilent 1260-

series HPLC system equipped with a 1260 online degasser, a 

1260 ISO-pump, a 1260 automatic liquid sampler, a 

thermostatted column compartment, a 1260 diode array detector 80 

(DAD) and a 1260 refractive index detector (RID). Analyses 

were performed on a PSS Gram30 column in series with a PSS 

Gram1000 column at 50 oC. DMA containing 50 mM of LiCl was 

used as eluent at a flow rate of 0.593 ml/min. The spectra were 

analysed using the Agilent Chemstation software with the GPC 85 

add on. Number average molar mass (Mn,SEC,DMA) and dispersity 

(Ð) values were calculated against PMMA standards. 
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Nanoparticle formation 

PEI-PLA (entries 3 and 5) were dissolved in THF at a 

concentration of 50 mg/mL. To this solution 1 µL of a 10 mg/mL 

rhodamine octadecylester solution in ethanol was added as a 

fluorescent marker. 100 µL of the resulting solution was added 5 

drop wise to 5 mL of a stirring solution of 1% PVA (85% 

hydrolyzed, 85-124 kDa) in PBS. This leads to a final polymer 

concentration of 1 mg/mL. After 1 min stirring the solution was 

placed in a heating bath set at 40 °C to evaporate the THF. After 

4h, the particles were stored at 4°C prior to further use. Particle 10 

size was measured by dynamic light scattering using a Malvern 

Nano S in backscatter mode. 

 

In vitro cell uptake 

The immortalized dendritic cell line DC2.4 was a kind gift from 15 

Prof. Dr. Ken Rock, Dana-Farber Cancer Institute and University 

of Massachusetts. Cells cultured in DMEM supplemented with 

10% FBS. For flow cytometry, the cells were plated at a density 

of 105 cells per well in a 25 well plate and allowed to adhere 

overnight. Subsequently cells were pulsed for 1h with different 20 

concentrations of PEI-PLA nanoparticles (i.e. 5, 25 and 50 µL of 

a 1 mg/mL nanoparticle formulation). Afterwards the cells were 

washed with PBS and detached from the well plates by treatment 

with trypsin-free cell dissociation buffer. Particle uptake was 

measured by flow cytometry using a BD Accuri flow cytometer 25 

and data processing was done in FlowJo. Statistical analysis was 

done in GraphPad. 

For microscopy, cells were plated in culture dishes with a flat 

optical bottom at a density of 50.104 cells per well and allowed to 

adhere overnight. Subsequently cells were pulsed for 1h with 20 30 

µL PEI-PLA nanoparticle formulation. Afterwards the cells were 

washed with PBS, fixated with 4 % PFA and stained with 

Hoechst (cell nuclei) and AlexaFluor488-conjugated cholera 

toxin subunit B (Life Technologies) (cell membrane.) 

Fluorescence microscopy images were recorded on a 35 

LeicaDM2500P microscope equipped with a 63x (1.40 NA) oil 

immersion objective and a 360FX camera. Image processing was 

done in ImageJ. 

 

Results and discussion 40 

The L-PEI was prepared following our previously reported 

methodology.20 In brief, poly(2-methyl-2-oxazoline)s with DP 20 

and 40 were prepared by microwave-assisted living cationic ring-

opening polymerization at 140 oC using methyl tosylate as 

initiator and acetonitrile as solvent.51,52 The polymerization was 45 

quenched by the addition of water. Subsequent hydrolysis of 

these polymers by refluxing in 6N HCl yielded well-defined 

hydroxy-functionalized L-PEIs (no remaining oxazoline units 

could be detected by 1H NMR spectroscopy). In the following, 

these two L-PEIs will be named L-PEI20 and L-PEI40 for which 50 

values of 20 and 40 correspond to their DP. Due to their partial 

insolubility in usual organic solvents, SEC analysis was 

performed with hexafluoroisopropanol (HFIP) as eluent revealing 

their well-defined nature (Table 1). 

 55 

 

Table 1. Molecular characterizations of L-PEI/PLA copolymers as 

obtained from bulk ROP of LA from L-PEI in bulk at 110°C and 

catalyzed by C. 

a)Number of initiated PLA chains from 1H-NMR spectroscopy using the 60 

following formula DPth/(a/a’)). b)Experimental number-average molecular 
weight and dispersity determined by SEC in HFIP at 40 oC and referenced 

to PMMA standard. c) Experimental number-average molecular weight 

and dispersity determined by SEC in DMA at 50 oC and referenced to 
PMMA standard. Note that L-PEI is not soluble in DMA and these data 65 

therefore correspond to the pure L-PEI-PLA copolymers. *not measured 

 

As the L-PEIs are also insoluble in the common solvents used for 

ring-opening polymerizations (ROP), L-PEI20 and L-PEI40 have 

been used to initiate the ROP of L-lactide (LA) in bulk at 110°C 70 

in presence of C as catalyst. As already demonstrated by some of 

us,50 performing the LA ROP at such temperature allows 

maintaining a high level of control by eradication of backbiting 

and reshuffling (transesterification) reactions. The first set of 

experiments were performed with L-PEI20, a ratio of LA to L-75 

PEI20 of 100 (= 5 LA units per L-PEI repeat units) and varying 

amounts of C with regard to the L-PEI. The polymerization times 

were adapted to collect samples with a LA conversion higher than 

90% (Table 1; entries 2-5). 1H NMR spectroscopic analyses, after 

purification by precipitation, revealed remarkably different 80 

spectra for the L-PEI-PLA copolymers obtained with different 

ratios of C (Figure 2). All spectra show the characteristic PLA 

signals at 5.2 ppm (a; CH from the backbone) and 4.3 ppm (a’; 

CH from the final monomer unit) confirming successful 

polymerization of LA in presence of L-PEI. The characteristic L-85 

PEI signals at 2.8-3.2 ppm are still clearly visible for the L-PEI-

PLA samples prepared with low [PEI]0/[C]0 ratios of 1/5 and 

1/10. In addition there is a broad signal in between 3.2 and 4.0 

ppm, which is very similar to the chemical shift of poly(2-

oxazoline) backbone protons demonstrating that partial initiation 90 

from the secondary amine groups occurred. When lowering the 

amount of C to 1, 0.3 and 0.1, the initiation from the secondary 

amines becomes more efficient and almost no original L-PEI 

signal is retained. A more quantitative analysis results from the 

integral ratios of a and a’, which in combination with the 95 

assumption of full monomer conversion, that is 100 LA units, 

provides the average number of PLA chains initiated by the L-

PEI20. It is evident that decreasing the amount of C from 10 to 

0.3 leads to a gradual increase in the initiation efficiency from 2.8 

chains per L-PEI20 to 10 chains per L-PEI20, whereby these 100 

entry PEI 
type 

DPth 
in LA 

[PEI]0

/[C]0 
Pol. 
time 

(h) 

Number 
of PLA 

chains a) 

Mn 

SECHFIP 
b) 

(g/mol) 
 

ĐHFIP

b

) 

Mn 

SECDMA 
c) 

(g/mol) 
 

ĐDMA
c) 

1 PEI20 - - - - 3300 1.17 - - 

2 20 100 1/10 0.5 2.9 5800 2.37 n.m.* n.m.* 

3 20 100 1/5 1 4.4 6100 3.45 17600 1.90 

4 20 100 1/1 5 7.4 5900 2.73 14600 1.65 

5 20 100 1/0.3 12 10.0 6900 2.39 16950 1.55 

6 20 100 1/0.1 24 7.7 7300 2.29 20600 1.33 

7 20 200 1/0.1 48 7.9 12700 2.28 17200 2.15 

8 20 400 1/0.1 72 11.1 16500 2.40 24900 2.06 

9 PEI40 - - - - 5600 1.29 - - 

10 40 100 1/0.3 24 10.2 7100 2.96 15000 1.90 

11 40 200 1/0.3 48 21.2 8500 2.88 12300 2.73 

12 40 400 1/0.3 72 12.9 15100 2.95 23000 2.38 

Page 3 of 9 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

numbers include initiation from the terminal alcohol group of the 

L-PEI20. The value of 10 corresponds to a L-PEI-PLA graft 

copolymer in which one out of every two secondary amine 

groups has initiated a LA polymerization. 

To understand this large difference in initiation efficiency by 5 

variation of the amount of C we need to consider the higher 

reactivity of alcohol groups compared to secondary amine groups 

for ROP of LA. During the fast polymerization with a large 

amount of C, the faster ROP on the alcohol group of the chain 

end and those resulting from a first LA addition to a secondary 10 

amine will be kinetically favored over further LA addition to the 

remaining secondary amine groups. Slowing down the 

polymerization by using much less of C leads to better control 

over the ROP, whereby LA addition to alcohol groups and 

secondary amines will simultaneously proceed.  15 

 
Figure 2. 1H NMR spectra of the L-PEI-PLA copolymers in different 

quantity of carbene C to the L-PEI initial macroinitiator content for the 

targeted DPs of LA 100. 

Further analysis of the resulting copolymers was performed by 20 

SEC analysis. The SEC traces in HFIP are shown in Figure 3 

demonstrating bimodal peaks with a low molecular weight 

shoulder around 19-20 minutes corresponding to the starting L-

PEI20 (the signals at 25 minutes are solvent peaks). However, 

this shoulder is most apparent with high C loading (10 25 

equivalents) while only a minor shoulder is present with 0.3 

equivalent of C. The presence of this low molar mass shoulder is 

largely responsible for the high dispersities (Ð) that were 

obtained as demonstrated by the large decrease in Ð when 

measuring in N,N-dimethylacetamide (DMAc) in which the L-30 

PEI is not soluble. As such, the SEC analysis in DMA is 

representative for the resulting PLA-PEI copolymers in absence 

of L-PEI. To confirm whether the shoulder is due to pure low 

molar mass L-PEI20 or PLA oligomers, the copolymer 5 was 

dissolved in chloroform and extracted with water. Subsequent 1H 35 

NMR analysis showed a strong enrichment in PLA content 

confirming that there was a significant amount of free L-PEI 

present after the ROP of LA with 10 eq of C. The fact that some 

unreacted L-PEI also remains after the polymerization with 0.3 eq 

of C suggests that besides the kinetic control over initiation and 40 

polymerization, also the limited solubility of L-PEI20 plays a role 

in the secondary amine initiation efficiency. These results 

demonstrate that utilization of L-PEI as initiator for the ROP of 

LA is feasible for the efficient preparation of graft copolymers as 

comb polymers are restricted by steric crowding and block 45 

copolymer synthesis with large quantities of catalyst C leads to a 

major fraction of L-PEI that does not initiate the LA 

polymerization.  

10 15 20 25

  

Elution volume (min)

 [PEI]0/[C]0 = [1]/[10]
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 [PEI]0/[C]0 = [1]/[5]

  

 [PEI]0/[C]0 = [1]/[1]

 

 

 

 [PEI]0/[C]0 = [1]/[0.3]

 
Figure 3. SEC traces of the L-PEI-PLA copolymers in different quantity 50 

of carbene C to the L-PEI initial macroinitiator content for the targeted 

DPs of LA 100 (eluent: hexafluoroisopropanol; solvent peaks appear at 

25 minutes). 

Based on the observation that a low amount of catalyst C can be 

utilized for the preparation of relatively defined L-PEI-PLA graft 55 

copolymers, the scope of these optimal conditions was further 

explored with L-PEI20 and L-PEI40 as initiators with 0.1 and 0.3 

equivalents of C per L-PEI polymer chain and varying amounts 

of LA. It should be noted that the amount of catalyst C was even 

further lowered in an attempt to further suppress the presence of 60 

unreacted L-PEI after the ROP. The SEC traces (HFIP) in Figures 

4 and 5 clearly demonstrate the possibility of both extending the 

L-PEI main chain length as well as the PLA graft side chain 

lengths, albeit the longer L-PEI results in a somewhat larger 

amount of retaining L-PEI in the final precipitated sample. 1H 65 

NMR spectroscopy revealed that the L-PEI20 initiated 8-11 PLA 

chains per L-PEI chain while the L-PEI40 initiated 10-21 PLA 

chains per L-PEI, confirming that one PLA chain per two 

secondary amines is the maximum attainable grafting density 

with this synthetic approach. 70 
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Figure 4. SEC traces of the L-PEI-PLA copolymers for the targeted DPs 

of LA 100, 200 and 400 respectively (L-PEI20 was used to initiate the 

ROP of L-lactide in bulk at 110°C in presence of C). 
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Figure 5. SEC traces of the L-PEI-PLA copolymers for the targeted DPs 

of LA 100, 200 and 400 respectively (L-PEI40 was used to initiate the 

ROP of L-lactide in bulk at 110°C in presence of C). 

 

 10 

The newly developed synthetic methodology provides access to 

hydrophobic L-PEI-PLA graft copolymers that still have a 

significant number of secondary amine groups in the structure 

making them potentially interesting for gene delivery applications 

or the encapsulation and release of (negatively charged) 15 

hydrophobic drug molecules. Therefore, an initial assessment of 

the formation nanoparticles as well as their cellular uptake was 

undertaken with two L-PEI/PLA graft copolymers based on L-

PEI20 having on average 4 and 10 PLA side chains (entries 3 and 

5 in Table 1; referred to as L-PEI-PLA3 and L-PEI-PLA 5). 20 

Nanoparticles were prepared by nanoprecipitation, whereby a 

polymer solution in tetrahydrofuran containing rhodamine 

octadecylester as fluorescent marker and as model for 

hydrophobic drugs was first prepared leading to a turbid solution 

due to insolubility of the remaining L-PEI in the polymer sample, 25 

which could easily be removed by filtration. This filtered, and 

thus purified, L-PEI-PLA solution in THF was added dropwise to 

a solution of poly(vinyl alcohol) (PVA) in PBS, followed by 

evaporation of the tetrahydrofuran by stirring at 40°C. Note that 

the role of PVA is to stabilize the precipitated L-PEI-PLA 30 

nanoparticles as is commonly used for the preparation of PLGA 

(i.e. poly(lactic-co-glycolic acid)) nanoparticles. This procedure 

led to the formation of defined nanoparticles (without filtration) 

with a hydrodynamic size of 435 nm ± 10 nm for L-PEI-PLA3 

and 395 nm ± 6 nm for L-PEI-PLA5 as determined by dynamic 35 

light scattering (DLS; Figure 6). The narrow size distributions 

indicate that spherical particles are formed as the mathematical 

correlation of the DLS correlation curve into a size distribution is 

only valid for spherical particles. The particles remained stable 

over prolonged periods of time under refrigerated conditions. 40 

Fluorescence microscopy confirmed the incorporation of the 

rhodamine fluorescent marker as bright red nanoparticles were 

clearly visible (Figure 6). It should be noted that due to the 

limited resolution of optical microscopy the particles appear 

larger than observed by DLS. Also the amount of hydrophobic 45 

dye was taken sufficiently low to avoid precipitation of non-

encapsulated dye. 

 

 
 50 
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Figure 6. Confocal microscopy images and DLS size distributions of L-

PEI-PLA3 (A) and L-PEI-PLA5 (B) nanoparticles prepared by 

nanoprecipitation. 5 

 
Next qualitative cell uptake was determined by fluorescence 

microscopy. Therefore, DC2.4 cells (an immortalized mouse 

dendritic cell line) were incubated with the nanoparticle 

suspensions and the fluorescence microscopy images clearly 10 

show that a significant number of red-labelled nanoparticles 

appear inside the cells, demonstrating that the L-PEI-PLA 

nanoparticles are efficiently taken up by cells (Figure 7).  

 

 15 

Figure 7. Confocal microscopy images of DC2.4 cells pulsed with (A) L-

PEI-PLA3 and (B) L-PEI-PLA5 nanoparticles. Nanoparticles were 

labeled red fluorescent with rhodamine-octadecylester, cell nuclei were 

labeled blue fluorescent with Hoechst and the cell membrane was labeled 

green fluorescent with AlexaFluor488-conjugated cholera toxin subunit 20 

B.  
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Figure 8. (A) Flow cytometry histograms of DC2.4 cells, untreated 

(blank) and pulsed with different amounts of L-PEI-PLA nanoparticle 5 

suspensions. (B) Quantification of nanoparticle uptake by cells measured 

by flow cytometry and expressed as the fraction of cells that have 

internalized nanoparticles. n=3. 

 

Subsequently, the nanoparticle uptake was quantified by flow 10 

cytometry as shown in Figure 8. It is clearly seen that the L-PEI-

PLA nanoparticle uptake is dose dependent and that with 50 µL 

of nanoparticle suspension already close to 100% of the cells 

contain the nanoparticles. Furthermore, there is no significant 

difference in cellular uptake for nanoparticles prepared from L-15 

PEI-PLA3 and L-PEI-PLA5. Note than when the hydrophobic 

rhodamine dye was diluted from THF into water, i.e. similarly as 

for the L-PEI-PLA nanoprecipitation, macroscopic precipitation 

of the dye occurred. Thus, due to its hydrophobicity it was not 

possible to perform a free dye control experiment. This further 20 

attributes to the attractiveness of the L-PEI-PLA nanoparticles 

that do allow for intracellular delivery of a hydrophobic payload. 

Conclusions 

In this work we have demonstrated the successful use of L-PEI as 

initiator for organocatalytic ROP of lactide, whereby it was found 25 

that low concentration of NHC catalyst C (0.1 or 0.3 equivalents) 

should be used to obtain well-defined graft copolymers in which 

on average one secondary amine group on two of the L-PEI has 

initiated a PLA chain. Using higher amounts of catalyst leads to 

the formation of hetereogeneous product mixtures containing L-30 

PEI-PLA copolymers as well as pure unreacted L-PEI, which is 

ascribed to a too fast propagation/initiation on alcohol groups 

compared to initiation on secondary amine groups. Furthermore, 

it was demonstrated that the optimized polymerization protocol 

allows tuning of the resulting L-PEI-PLA copolymer structure 35 

with regard to both main chain and side-chain lengths. Finally, 

nanoparticles were prepared from the L-PEI-PLA via 

nanoprecipitation and the resulting nanoparticles were taken up 

by DC2.4 cells in a dose dependent manner. 

All together, these results clearly indicate that the developed 40 

synthetic methodology and the resulting L-PEI-PLA graft 

copolymers are interesting candidates to be further explored for 

drug and/or gene delivery purposes, whereby the remaining 

secondary amine groups may be exploited for interactions with 

DNA, RNA or other (negatively charged) hydrophobic drug 45 

molecules. 
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