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ABSTRACT 

A protein delivery method using freeze concentration was presented with a variety of 

polyampholyte nanocarriers. In order to develop protein nanocarriers, hydrophobically 

modified polyampholytes were synthesized by the succinylation of -poly-L-lysine with 

dodecyl succinic anhydride and succinic anhydride. The self-assembled polyampholyte 

aggregated form nanoparticles through intermolecular hydrophobic and electrostatic 

interactions when dissolved in aqueous media. The cationic and anionic nanoparticles were 

easily prepared by changing the succinylation ratio. Anionic or cationic proteins were 

adsorbed on/into the nanoparticles depending on their surface charges. The protein-loaded 

nanoparticles were stable for at least 7 d. When L929 cells were frozen with the protein-

loaded nanoparticles in the presence of a cryoprotectant, the adsorption of the protein-loaded 

nanoparticles was enhanced and can be explained by the freeze concentration mechanism. 

After thawing, proteins were internalized into cells via endocytosis. This was the first report 

that showed that the efficacy of protein delivery was successfully enhanced by the freeze 

concentration method. This method could be useful for in vitro cytoplasmic protein or peptide 

delivery to various cells for immunotherapy or phenotype transformations. 

  

Keywords: protein delivery, freeze concentration, polyampholytes, nanoparticles 
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1. Introduction 

Over the past few decades, a significant amount of progress has been made regarding drug 

delivery technologies, which have engendered biomaterials for the intracellular and endocytic 

delivery of various therapeutic agents [1]. Examples of carriers include polymeric micelles [2-

4], liposomes [5-7], microparticles [8], nanoparticles [9-11], nanogels [12,13], drug polymer 

conjugates [14], inorganic conjugations [15], and other supramolecular assemblies [16]. 

However, challenges such as low specific targeting, insufficient cellular uptake, and low 

therapeutic efficiency still exist in regard to the delivery of clinically optimal levels of 

therapeutic molecules [17]. There is a great need for the development of approaches that can 

transport drugs precisely and safely to a target site with a controlled release to achieve the 

maximum therapeutic effect [18]. Currently, nanocarriers are promising vehicles with highly 

improved pharmacokinetics [19], biodistributions, and toxicities, and they exhibit a number of 

other attractive features [13]. The intracellular delivery of proteins and peptides to living cells 

offers a powerful alternative to gene or siRNA transfections [20]. For such technology to be 

successful, the delivered protein needs to cross the plasma membrane to be efficiently 

released in the cytoplasm [21]. Methods such as electroporation, microinjection, or 

macromolecular systems have been adapted to introduce proteins into cells by penetrating cell 

membranes. Although the ability to introduce proteins into the cytoplasm of live cells was 

facilitated by the development of delivery reagents, the efficiency of the process remains low. 

Therefore, there is a pressing need to develop a novel method to enhance the intracellular 

uptake of drugs. Here, we propose an effective method using the “freeze concentration” 

mechanism [22-24].  

Freezing is commonly believed to be the best method for long-term cell preservation. 

During freezing, ice can form in the extracellular space. The formation of ice can exclude 

solute molecules, leading to increased concentrations of electrolytes in the remaining 
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extracellular solution via phase separation. The phenomenon is called freeze concentration 

[22]. Intracellular water can remain in a super-cooled unfrozen state, even at temperatures 

between -5 and -40 oC. The growing extracellular ice forms channels where the extracellular 

solution and the cells are displaced. In these channels, the target drug also can be concentrated 

around the cell membranes, and its adsorption might be enhanced if the drug molecules are 

encapsulated with cytocompatible carriers.  

In order to improve the survival of cryopreseved cells, cryoprotective agents (CPAs) like 

dimethyl sulfoxide (DMSO), glycerol, and ethylene glycol are often utilized. The effects of 

CPAs are determined by their ability to reduce the freezing and thawing points, and to lower 

the cooling rate to avoid lethal intracellular freezing.  

Previously, we developed a cryoprotectant as an alternative to DMSO. Cells were 

successfully cryopreserved using poly-L-lysine (PLL) reacted with succinic anhydride at an 

appropriate polyampholyte ratio [24-27]. The polyampholytes effected their cryoprotective 

properties by a different mechanism than DMSO, and the mechanism might be related to the 

control of freeze concentration. We attempted to use the freeze concentration method with 

polyampholytes by utilizing an enhanced concentration of peripheral solutes for the 

introduction of antigenic proteins into the cytosol of cells as an effective immunotherapy [28]. 

Cytocompatible nanocarriers have been widely studied. Moreover, many researchers have 

shown that polymer-peptide conjugates form self-assembled nanostructures based on the 

interactions of well-defined amino acid residues [29,30]. Polyampholytes have also gained 

great attention in various areas such as biotechnology, and have a promising future in the 

delivery of diagnostic agents. For example, Akashi and co-researchers reported amphoteric 

poly(amino acid) nanoparticles for protein delivery [31].  

Here, we describe the development of a facile and effective protein delivery method to 

address the issues of inefficient cellular uptake and poor intracellular protein behaviors of 

protein-loaded nanoparticles using the freeze concentration mechanism and amphoteric 
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nanocarriers. Specifically, nanoparticles formed by the self-assembly of amphiphilic charged 

polyampholytes containing extensive cross-linking points showed a high drug trapping 

efficiency. Nanoparticles were characterized by particle size, zeta potential, and 

morphological observation and interacted via hydrophobic and electrostatic interactions.  

 

2. Experimental Section  

2.1 Preparation of polyampholytes and hydrophobically modified polyampholytes 

Polyampholyte cryoprotectants were synthesized using a previously reported method [24]. 

Briefly, an aqueous solution of 25 % (w/w) PLL (10 mL, JNC Corp., Tokyo, Japan) and 

succinic anhydride (SA) (1.3 g; Wako Pure Chem. Ind. Ltd., Osaka Japan) were mixed at 50 

oC for 2 h to convert 65 % of the amino groups to carboxyl groups. 

 To develop polyampholyte nanoparticles, hydrophobic moieties were introduced on the 

polyampholyte. An aqueous solution of PLL (10 mL; 25 % w/w) was added to different 

concentrations of dodecyl succinic anhydride (DDSA) (Wako Pure Chem. Ind. Ltd., Osaka, 

Japan) at 100°C and allowed to mix for 2 h to obtain hydrophobically modified PLL (Scheme 

1a). Subsequently, SA was added in 35-65 % molar ratios (COOH/NH2) and was allowed to 

react for 2 h at 50 °C (Scheme 1b). 

2.2 Characterization of polyampholytes  

1H NMR spectra were obtained at 25°C on a Bruker AVANCE III 400 spectrometer 

(Bruker BioSpin Inc., Switzerland) in D2O.  

2.3 Determination of critical aggregation concentration (CAC) 
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The critical aggregation concentrations (CACs) of the self-assemblies were investigated by 

measuring the excitation spectra of pyrene in polyampholyte solutions. The polyampholyte 

was dissolved in phosphate buffered saline without calcium and magnesium (PBS(-)) at 

different concentrations (0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 mg/mL). Next, 4 µL of 

pyrene (1.0 mM in acetone) was transferred to a 10 mL test tube and acetone was completely 

volatilized under a gentle steam of nitrogen. Different concentrations of polyampholyte were 

added (4 mL) to each tube. The resulting solutions were sonicated in an ultrasonic bath for 30 

min, then heated for 3 h at 65 °C to equilibrate the pyrene and the polyampholytes. 

Subsequently, the samples were left to cool overnight at room temperature. The emission 

spectra of pyrene were recorded from 300 to 360 nm on a JASCO FP-6500. The 

excitation/emission slits widths were set as 3/3 mm. Spectra were accumulated with a scan 

speed of 100 nm/min. The intensity of pyrene at 338 nm (I338) and 335 nm (I335) was plotted 

against the concentration of polyampholyte. 

2.4 Particle size and zeta potential measurements 

The mean hydrodynamic diameters and zeta potentials of the aggregated polyampholyte 

nanoparticles were determined by dynamic light scattering (DLS) method on a Zetasizer 3000 

(Malvern Instruments, Worcestershire, UK) with a scattering angle of 135°. Polyampholytes 

were diluted with PBS(-) at 10 mg/mL and were used for measurements.  

2.5 Morphological analysis 

The morphology of the polyampholyte nanoparticles was detected using a Hitachi H-600 

transmission electron microscope (TEM) operated at an accelerating voltage of 100 kV. A 
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drop of the polyampholyte nanoparticles was placed on a copper grid (200 mesh covered with 

carbon) and allowed to dry for 10 min prior to the measurement.  

2.6 Preparation of protein-loaded polyampholyte nanoparticles and determination of 

protein adsorption on/into nanoparticles 

To prepare the protein-loaded polyampholyte nanoparticles, bovine serum albumin (BSA) 

(Wako) and lysozyme (Wako) were chosen as model proteins. Polyampholyte nanoparticles 

(10 mg/mL) were mixed with the protein solutions (0.25, 0.5, 1.0, 2.0 mg/mL) of an equal 

volume, and were incubated for 2 h at room temperature and then centrifuged for 5 min at 

10000 rpm using a centrifugal filter off (cut-off: 100 kDa for BSA and 50 kDa for lysozyme) 

in order to separate adsorbed and un-adsorbed proteins [31]. The amount of un-adsorbed 

protein was quantified by the Bradford assay using Bradford Ultra reagent (Expedeon Ltd., 

Harston, UK) at 595 nm. The adsorption efficacy was calculated using Equation 3. 

Adsorption efficacy=(amount of protein adsorption/initial feeding amount of protein)*100  (3) 

2.7 Cell culture  

L929 cells (American Type Culture Collection, Manassas, VA, USA) were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis, MO) supplemented 

with 10% fetal bovine serum (FBS) at 37 oC under 5 % CO2 in a humidified atmosphere. 

When the cells reached 80 % confluence, they were removed by 0.25 % (w/v) trypsin 

containing 0.02 % (w/v) ethylenediamine tetraacetic acid (EDTA) in PBS(-) and were seeded 

on a new tissue culture plate for subculture. 

2.8 Cytotoxicity assay 
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Cells suspended in 0.1 mL medium at a concentration of 1.0 x 104 mL were placed in 96-

well culture plates. After 72 h incubation at 37 °C, 0.1 mL medium containing different 

concentrations polyampholytes was added to the cells, followed by 48 h incubation. To 

evaluate cell viability, 0.1 mL 3-(4,5-dimethyl thial-2-yl)-2, 5-diphenyltetrazalium bromide 

(MTT) solution (300 mg/mL in medium) was added to the cultured cells. The cells were then 

incubated for 4 h at 37°C. After incubating, the resulting color intensity was measured by a 

microplate reader (Versa max, Molecular Devices Co., CA, USA) at 540 nm, and was 

proportional to the number of viable cells. The cytotoxicity was represented as the 

concentration of the compound that caused a 50% reduction in MTT uptake by a treated cell 

culture compared with the untreated control culture (IC50)  [24]. 

2.9 Fluorescent labeling of polyampholytes and proteins 

Hydrophobically modified polyampholytes and model proteins were labeled with a 

fluorescent dye for allow for observation with a confocal laser scanning microscope (CLSM). 

For polyampholytes labeling, a solution of PLL (25 w/w%) was treated with fluorescein 

isothiocynate (FITC-I, Dojindo, Kumamoto, Japan) at a 1/100 molar ratio for 24 h at room 

temperature. FITC-PLL was purified by dialysis (molecular weight cut off 3 KDa; 

Spectra/Por, Spectrum Laboratories, Inc., CA, USA) against water for 3 days. The same 

procedure was used to obtain hydrophobically modified polyampholytes. For BSA and 

lysozyme labeling, Texas Red (TR) conjugation was carried out as described in Section 4.10. 

2.10 TR labeling of proteins (lysozyme/BSA) 
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Lysozyme or BSA (2 mg) was dissolved in chilled buffer (sodium bicarbonate, 0.1 M) and 

50 L of TR sulfonyl chloride solution (Dojindo, 1 mg in 50 µL in acetonitrile) was added 

with rapid mixing. After incubating for 1 h, the reaction mixture was desalted using a 

desalting column (for BSA; 30K, lysozyme; 3K) which was equilibrated by PBS buffer. 

2.11 Confirmation of freezing concentration 

4.11.1 Solid state 1H-NMR for determination of residual water 

In order to measure the residual water during freezing, solid-state NMR experiments were 

performed on a 700-MHz JEOL ECA spectrometer, using a Doty Scientific Inc. (DSI) 4 mm 

HXY CP/MAS NMR probe. A DMSO saline solution (10 w/v%) and a saline solution of 

7.5 % PLL-SA(65) were measured. The cryopreservation solution samples were sealed into 

DSI inner-sealing cells for an XC4 rotor and spun at 3.6-5.8 kHz at various temperatures 

ranging from 1 to -41 oC. The samples were cooled by replacing spinning and bearing gases 

with cooled N2-gas passed through a liquid nitrogen cryostat with a DSI cold gas supply unit. 

All data were processed with the program NMRPipe [32]. NMRViewJ [33] was employed for 

spectral visualization and analysis. The intensities and line widths of the peaks were analyzed 

by IGOR (WaveMetrics). The contribution from frozen components was eliminated by 

baseline correction and line-shape analysis. The amount of residual water in ice was estimated 

by the peak intensities of the H2O signal. 

4.11.2. Cryomicroscopic observation of cells during freezing 

The cryomicroscopy experimental procedures utilized here were similar to those described 

extensively in the literature [34,35]. We observed the L929 cells during freezing in the 
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cryopreservation solution (10% DMSO and 10% PLL-SA(65)) using the cryomicroscope. A 

small drop (4 L) of the cell suspension was pipetted in the center of a quartz crucible (15 

mm in diameter), covered, loaded on a cooling stage (Linkam 10002L Cooling Stage, Linkam 

Scientific Instruments, UK), and cooled to -80 oC at 1oC/min. Ice was seeded at -2oC using a 

needle, pre-cooled in liquid nitrogen to avoid supercooling. The morphology of the ice 

crystals was captured with a mounted photomicroscope (Digital Microscope, VHX-500, 

Keyence Corp., Tokyo, Japan). 

2.12 Cell freezing with protein-loaded nanoparticles 

To prepare protein-encapsulating polyampholyte nanoparticles, FITC-labeled 

polyampholyte nanoparticles (10mg/mL) and the same volume of TR-labeled protein 

(2mg/mL) were incubated for 2 h and centrifuged at 13200 g for 15 min. Un-adsorbed and 

adsorbed proteins were separated and washed by PBS(-) repeatedly. 

L929 cells were counted and re-suspended in 1 mL of 10% polyampholyte (PLL-SA(65)) 

cryoprotective solution or 10% DMSO culture medium solution with protein-loaded 

polyampholyte nanoparticles (10 mg) without FBS at 4 oC at a density of 1x106 cells/mL in 

1.9 mL cryovials (Nalgene, Rochester, NY) and were stored in a -80 oC freezer overnight. 

These vials were thawed at 37°C, diluted with DMEM medium and cells were washed 3 times 

with DMEM. All cells were counted using a haemocytometer and the tryptan blue staining 

method. The reported viability values are the ratios of living cells to total cells. The 

adsorption of polyampholyte and encapsulated proteins onto L929 cells before and after 

freezing was observed using a CLSM (FV1000-D; Olympus, Tokyo, Japan). 
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2.13 Intracellular uptake of protein via endocytosis 

After thawing, cells were again seeded in a glass bottom dish with DMEM and incubated 

for 3 days. Then they were washed with PBS(-) 3 times and were observed by a CLSM.  

2.14 Statistical analysis 

All data are expressed as the mean standard deviation (SD). Measurements for post-thaw 

viability were collected with n=5. All experiments were conducted in triplicate. Data among 

the different groups were compared using a one-way analysis of variance (ANOVA) with a 

post-hoc Tukey–Kramer test. 

 

3. Results and Discussion 

3.1 Synthesis of hydrophobic polyampholytes  

In order to develop nanocarriers to load proteins, hydrophobically modified 

polyampholytes were synthesized by the reaction of DDSA and SA (Scheme 1) into PLL and 

were characterized by 1H-NMR in D2O. The degree of substitution of DDSA and SA was 

obtained by 1H-NMR using Equation (1) and (2): 

Degree of substitution for DDSA (%) = (2*A0.74/3* A1.5-1.8)*100    (1) 

Degree of substitution for SA (%) = (2*A2.4/4* A1.5-1.8)*100           (2) 

A0.74 is the integral of the methyl peak from DDSA located at 0.74 ppm and A2.4 is the 

integral of the methylene peak of SA located at 2.4 ppm. A1.5-1.8 is the integral of the b-

methylene peak of poly-lysine main chain located at from 1.5ppm (intact PLL) to 1.8ppm. 

The introduction rate of DDSA and SA was well controlled and is listed in Table 1. The 1H-

NMR spectra are shown in Fig.S1. In this study, we denoted the modified PLL as PLL-
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DDSA(n)-SA (m), where n and m indicate the substitution value of DDSA and SA against the 

molar ratio of the amino groups, respectively. For example, PLL-DDSA(3)-SA(65) indicates 

that 3% of the amino groups have been substituted with DDSA and 65% of the amino groups 

have been substituted with SA, and PLL-SA(65) indicates that 65% of the amino groups have 

been substituted by SA without addition of DDSA. According to Huang et al., [36] PLL 

hydrophobically modified with octenyl succinic anhydride self-assembled into micelles. The 

term ‘micelles’ in their report indicated self-assembled polycore particles. Generally, the term 

‘polymer micelles’ is used to represent self-assembled aggregates of amphiphilic block 

copolymers with a hydrophobic core and hydrophilic shell [37]. However, when 

modifications were carried out using DDSA or octenyl succinic anhydride, the hydrophobic 

moieties must have been introduced randomly in PLL. Therefore, the self-assembled 

aggregates should have had a hydrophobic poly-core as the cross-linking point, similar to 

nanogels [38]. As such, we describe the aggregation of hydrophobically modified PLL as 

nanoparticles in this study. 

3.2 Characterization of polyampholyte nanoparticles 

3.2.1 Nanoparticle size and morphology measurements 

The size of nanoparticles has a strong influence in nanomedicines and can affect drug 

loading, drug release, and the stability of nanoparticles [39]. In terms of nanoparticle 

internalization into cells by endocytosis to achieve targeted delivery, an increase in particle 

size will decrease the uptake and affect the bioavailability and efficacy of drugs. 

Polyampholyte nanoparticles (10 mg/mL) were formulated by adding PBS(-). DLS 
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measurements revealed that that PLL-DDSA(3)-SA(35), PLL-DDSA(5)-SA(35), PLL-

DDSA(3)-SA(65), and PLL-DDSA(5)-SA(65) had average sizes of 16.2, 15.7, 18.4, and 13.5 

nm, respectively, with narrow size distributions (PDI 0.1-0.2) (Fig. 1a, Table 1). The DLS 

measurements correlated with TEM observations (Fig.1b), in that the hydrodynamic radius 

measured by DLS was almost equal to the size of the polyampholytes nanoparticles seen via 

TEM. Increased substitution of DDSA and SA led to smaller particles (around 13 nm) due to 

the compact packing of the hydrophobic groups. Characterization of the polyampholyte 

nanoparticles is summarized in Table 1. 

TEM was used to visualize polyampholyte nanoparticles that were fabricated in PBS(-) at 

1w/w %. The morphology of the nanoparticles was spherical as seen by TEM (Fig. 1b), and 

the nanoparticles were smooth with nearly homogeneous structures. The size of the particles 

was smaller than those reported by Yu et al., [36] in which PLL was treated with octenyl 

succinic anhydride (diameter c.a. 100 nm). This was likely due to the fact that the present 

nanoparticles exhibited intermolecular hydrophobic and electrostatic interactions which led to 

a more compact aggregation as compared to polycationic nanoparticles. 

3.2.2 Aggregation of polyampholyte nanoparticles  

CAC of the polyampholytes suggested the formation of self-assembled aggregates. The 

CACs of the hydrophobically modified PLLs were determined using the pyrene fluorescence 

excitation spectra method at 25°C [40,41]. Specifically, the excitation spectra of pyrene in 

PLL-DDSA(3)-SA(65) and PLL-DDSA(5)-SA(65) in PBS(-) are shown in Fig. 2a,c. Based 

on the excitation spectra of pyrene and the red shift of the spectra, the ratio of the intensities 



 
 

14 
 

of 338 nm to 335 nm (I338/I335) versus the concentration of PLL-DDSA(3)-SA(65) and PLL-

DDSA(5)-SA(65) were plotted (Fig. 2b,d). The intensity and spectra of other polyampholytes 

are shown in Fig. S2. The CAC value was estimated as the cross-point when extrapolating the 

ratio of I338/I335 at low and high concentration regions and was found to be 0.5 mg/mL for 

PLL-DDSA(3)-SA(35) and PLL-DDSA(3)-SA(65). However, the value decreased for PLL-

DDSA(5)-SA(35) and PLL-DDSA(5)-SA(65) to around 0.1 mg/mL (Table 1). These results 

can be explained by the fact that the more hydrophobic polyampholytes (PLL-DDSA(5)-

SA(35), or -(65)) had increased intermolecular interactions, which led to aggregate formation 

at a lower concentration. 

3.2.3 Surface charges of nanoparticles 

Zeta potential is an important characteristic for drug delivery. Surface charges can be 

governed by hydrophobicity and can influence particle stability [42]. To investigate the 

distribution of carboxyl groups on the surface, nanoparticles were suspended in PBS and the 

zeta potential was determined. The zeta potential of all polyampholytes was greatly affected 

by the balance between the amount of carboxyl groups and amino groups. Their surface 

charges were manipulated by the feed ratio of DDSA and SA. The zeta potentials of PLL-

DDSA(3)-SA(35), PLL-DDSA(5)-SA(35), PLL-DDSA(3)-SA(65), and PLL-DDSA(5)-

SA(65) were +4.08, +2.61, −13.1, and -14.0 mV, respectively (Table 1). The zeta potential of 

hydrophobically modified PLL decreased with increased substitution of SA, and the change 

was due to the carboxyl groups of SA near the surface. Moreover, it was confirmed that PLL-

DDSA(3 and 5)-SA(35) were cationic nanoparticles and PLL-DDSA(3 and 5)-SA(65) were 
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anionic nanoparticles. On the other hand, PLL-SA(65) did not aggregate or have a zeta 

potential. As a comparison, it was previously reported that polyampholytes derived from 

poly(amino acids) without any hydrophobic modifications aggregated and showed negative 

and positive zeta potentials [31]. However, those polyampholytes had a molecular weight of 

more than 700000 and exhibited significant aggregation, whereas the current polyampholytes 

have a molecular weight of around 5000. The difference in molecular weight might explain 

why the nanoparticles required modification with hydrophobic moieties to induce aggregation. 

3.3 Adsorption of proteins on/into polyampholyte nanoparticles  

In order to evaluate protein adsorption on/into polyampholyte nanoparticles, we selected 

BSA (anionic protein) and lysozyme (cationic protein) as model proteins. The adsorption 

efficiency of lysozyme was greater with anionic nanoparticles (PLL-DDSA(5)-SA(65)), 

whereas the adsorption efficiency of BSA was more effective with cationic nanoparticles (Fig. 

3a,c). This was ascribed to the strong electrostatic interactions between the hydrophobically 

modified nanoparticles and the proteins. The adsorption efficiency of BSA was almost 100% 

at 2 mg/mL, whereas lysozyme showed a 90% efficiency (Fig. 3b,d). These results revealed 

that we successfully developed two types of protein-loaded nanoparticles by electrostatic 

interactions.  

3.4 Characterization of protein-loaded polyampholyte nanoparticles 

2.4.1 Particle size of protein-loaded polyampholyte nanoparticles 
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The particle size of the protein-loaded nanoparticles (20 nm) was slightly larger than the 

bare nanoparticles. The particles sizes increased due to the strong electrostatic interactions 

between the nanoparticles and proteins, as shown in Fig. S3 and Table 2. 

2.4.2 Stability of protein-loaded polyampholyte nanoparticles  

We measured the average size of bare and protein-loaded polyampholyte nanoparticles 

stored at 25˚C for 7 d. The stability of polyampholyte nanoparticles was mainly affected by 

the particle size and distribution. Specifically, the size of bare polyampholyte nanoparticles 

did not change after incubation for 7 d in PBS(-), highlighting the stability of the 

nanoparticles (Fig. 4a). However, the size of the BSA-loaded PLL-DDSA(3 or 5)-SA(35) 

increased up to 3-fold during storage(Fig. 4b). In contrast, lysozyme-loaded PLL-DDSA(3 or 

5)-SA(65) did not change in size. Notably, the zeta potential of PLL-DDSA(3 or 5)-SA(35) 

was a smaller absolute value than that of PLL-DDSA(3 or 5)-SA(65), and PLL-DDSA(3 or 

5)-SA(35) nanoparticles aggregated. 

3.5 Freeze concentration 

When cells are frozen with the appropriate concentration of cryoprotectant, ice crystal 

formation excludes solutes and the remaining solution can be concentrated. The cells located 

in the residual solution are exposed to a high osmotic pressure, leading to dehydration. By 

avoiding intracellular ice formation, cells can survive freezing [43-45]. Cryomicroscopic 

observations revealed that after ice crystal formation, residual water can exist in the 

cryoprotectant solutions and cells are located in the residual concentrated solution (Fig. 5a).  
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The residual water ratio during freezing in the presence of two types of cryoprotectants, 

10% DMSO and 10% PLL-SA(65), was determined by solid-state 1H-NMR and is given in 

Fig. 5b. The cells were in the highly concentrated residual water during freezing. Kataoka et 

al. reported that this freeze concentration mechanism was useful in a click chemistry reaction 

by the condensation of the reactants [46]. We also expected that the proteins in the medium 

were concentrated around the cell membranes, and could enhance the adsorption of the 

concentrated proteins. 

3.6 Enhancement of protein adsorption by freeze concentration   

3.6.1 Cell viability after freezing 

L929 cells were frozen with protein-loaded polyampholyte nanoparticles (2 mg protein and 

1 w/w% nanoparticles in the cell suspension) with 10 % PLL-SA(65) as a cryoprotectant. The 

cell viability after freeze-thawing is given in Fig. 6. Over 80 % of cells survived freezing with 

10 % DMSO and with 10 % PLL-SA(65). This result agreed with previous reports [24,47,48]. 

However, the cell viability after freezing with protein-loaded polyampholyte nanoparticles 

tended to decrease even with the addition of 10 % PLL-SA(65) as a cryoprotectant. 

Specifically, a significant decrease in the cell viability with PLL-DDSA(3 or 5)-SA(35) was 

observed. PLL-DDSA(5)-SA(65) showed less of a decrease, regardless of the nature of the 

cryoprotectant (i.e., 10 % DMSO or PLL-SA(65)). These results might be explained by the 

cytotoxicity of the nanoparticles. The viability with various concentrations of nanoparticles 

was plotted (Fig. S4) and the IC50 was 0.8 % (PLL-DDSA(3)-SA(35)), 1.0 % (PLL-

DDSA(5)-SA(35)), 2.0 %(PLL-DDSA(3)-SA(65)), and 2.6 % (PLL-DDSA(5)-SA(65)). The 
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high cytotoxicity of PLL-DDSA(3 or 5)-SA(35) may be due to the positive zeta-potential of 

the nanoparticles. The viability of cells with the positively charged nanoparticles was 60 %, 

whereas it was 80 % with the negatively charged nanoparticles. Therefore, we chose PLL-

DDSA(3 or 5)-SA(65) for use in protein delivery by freeze concentration, as described in the 

following section.  

3.6.2 Cellular delivery and uptake of BSA/Lysozyme delivered by the nanoparticles 

 Fig. 7a,b,c show the confocal microscope images of L929 cells before and after freezing in 

the presence of TR-conjugated, protein-loaded FITC-conjugated polyampholyte nanoparticles 

with 10% PLL-SA(65) as a cryoprotectant. When cell were frozen in the presence of the 

FITC-conjugated PLL-SA(65) (TR-conjugated lysozyme), almost no fluorescence was 

observed around the cell membrane (Fig. 7a). Without DDSA, PLL-SA(65) did not form 

stable nanoparticles (Table 1) and showed no aggregation with lysozyme. Even if freeze 

concentration occurred, the concentrated polyampholyte and lysozyme might have had a weak 

affinity towards the cell membrane after thawing, and the protein would have diffused into the 

thawed solution. However, a high florescence (both FITC and TR) was observed on the cells 

after thawing (Fig. 7b,c), clearly indicating that the protein-loaded nanoparticles were 

condensed on the peripheral cell membrane by freeze concentration because of the high 

affinity between the cell membrane and the hydrophobic moieties of the nanoparticles. When 

poly(vinyl alcohol) and poly(ethylene glycol) modified with hydrophobic alkyl chains were 

added to cells, the micelle-like nanoparticles easily adsorbed on the cell membrane [49]. In 

the present study, the concentrations of the nanoparticles and the proteins were too low to 
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identify the fluorescence on the cells, but the hydrophobicity of the polyampholyte 

nanoparticles was strong enough to facilitate absorption onto the cell membrane, preventing 

diffusion into the medium after thawing. The enhanced protein adsorption to cells by freeze 

concentration occurred not only when PLL-SA(65) was used as a cryoprotectant, but also 

when DMSO was used (Fig. S5). The fluorescence intensity with the two cryoprotectants was 

evaluated quantitatively using confocal microscopy. As shown in Fig. 8, the fluorescence of 

TR, which was normalized by the intensity of each unfrozen control (white bar =100%), was 

significantly higher than that of the unfrozen cells with PLL-DDSA(3)-SA(65) and PLL-

DDSA(5)-SA(65). The intensity was higher when PLL-SA(65) was used as compared to 

when DMSO was used, possibly because of a higher freeze concentration (Fig. 5b). When the 

cells were frozen without cryoprotectants, cells did not survive and a very high fluorescence 

was observed because of cell membrane rupture (Fig. S6). In addition, when PLL-DDSA(3 or 

5)-SA(35) was used as a nanocarrier for BSA, enhanced TR-conjugated BSA adsorption was 

observed (Fig. S7). However, the cytotoxicity of the cationic nanoparticles resulted in the low 

viability of the cells (viability 60%, Fig. 6). 

3.6.3 Internalization of protein-loaded nanoparticles by endocytosis 

To evaluate the endocytotic uptake of BSA- and lysozyme-loaded polyampholyte 

nanoparticles by L929 cells, cells were seeded and incubated after thawing. Confocal 

microscopic images of cells frozen in the presence of lysozyme and PLL-SA(65) and 

lysozyme-loaded PLL-DDSA(3 and 5)-SA(65) nanoparticles are given in Fig. 9. From the 

four photos of the upper row, weak FITC and TR fluorescence was observed for the cells 



 
 

20 
 

frozen without nanoparticles. In contrast, when cells were frozen with protein-loaded PLL-

DDSA(3 and 5)-SA(65), a much higher fluorescence was obtained (middle and lower rows in 

Fig. 9). This clearly indicated that adsorbed protein and nanoparticles were internalized by 

endocytosis during culture. The mean intensity of the red fluorescence of cells is shown in Fig. 

10. Each intensity was normalized by the intensity of the red fluorescence of the internalized 

TR-loaded lysozyme frozen without nanoparticles. This showed that a significantly higher 

internalization occurred when proteins were loaded with hydrophobically modified 

polyampholyte nanoparticles. The higher hydrophobicity enhanced the endocytosis of the 

protein-loaded nanoparticles. This result agreed the results of a previous study which showed 

that hydrophobic nanoparticles were easily internalized into cells by endocytosis [50,51]. 

When BSA-loaded PLL-DDSA(3 and 5)-SA(35) were used, similar results were obtained (Fig. 

S8).  

4. Conclusions 

Here we demonstrated the successful, efficacious, and safe delivery of proteins to cells using 

freeze concentration. First, we developed self-assembled hydrophobic polyampholyte 

nanoparticles as delivery vehicles. These nanoparticles had narrow size distributions, 

exhibited positive and negative surface charges, and were used to adsorb and encapsulate 

model proteins lysozyme and BSA. Confocal fluorescence micrographs revealed that 

nanoparticles delivered their contents efficiently into the cytosol of cells after freezing. These 

results provided encouraging evidence for the development of an effective method for the 

cytoplasmic introduction of proteins. This technique might be useful for antigen cytoplasmic 
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delivery to immune cells for immunotherapy or for gene delivery for gene therapy. In 

conclusion, freezing appeared to be a promising and versatile system for enhanced adsorption 

and internalization of drugs in vitro. Although further optimization of the cytotoxicity and 

protein adsorption onto the carriers should be conducted, we expect that this methodology can 

be globally applicable for the facile enhancement of protein delivery with nanocarriers. 
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Scheme 1. Preparation of hydrophobically modified polyampholytes.  

Figure 1. Size of polyampholyte nanoparticles prepared in PBS buffer (10 mg/mL). (a) Size 

distribution of different substituted polyampholyte nanoparticles as measured by DLS. (b) A 

typical TEM image of polyampholyte nanoparticles. The bars: 100 nm. 

Figure 2. Determination of CACs of different nanoparticles. Pyrene excitation spectra of (a) 

PLL-DDSA(3)-SA(65) and (c) PLL-DDSA(5)-SA(65) solutions at different concentrations 

(A-J) 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 mg/mL, respectively. Plot of the ratio of 

I338/I335 against the logarithm of the concentration of (b) PLL-DDSA(3)-SA(65) and (d) PLL-

DDSA(5)-SA(65). The change in slope corresponded to the CAC of each polyampholyte. 

Figure 3. Protein adsorption on/into nanoparticles. Amount of (a) BSA and (c) lysozyme 

adsorption on/into polyampholyte nanoparticles and their adsorption efficiency with different 

concentrations of (b) BSA and (d) lysozyme. Data are expressed as the mean ± SD. ***P < 

0.001. 

Figure 4.  Size change of (a) bare and (b) protein-loaded polyampholyte nanoparticles versus 

the incubation time at 25oC. 

Figure 5. Freeze concentration during cell freezing with a cryoprotectant. (a) 

Cryomicrophotographs of cell suspension from -10 oC to -80 oC in the presence of 10 % 

DMSO. Cells were located in the remaining concentrated solution. The bar: 10m. (b) Ratio 

of residual water during freezing with 10% DMSO and PLL-SA(65) measured by solid state 

1H-NMR. 
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Figure 6. Cell viability after being frozen at -80 oC for 1 d with various protein-loaded 

nanoparticles in the presence of 10% PLL-SA(65) as a cryoprotectant. Cells were also frozen 

with cryoprotective solutions (10% DMSO and 10% PLL-SA(65); left two columns) alone. 

Data are expressed as the mean ± SD. ***P < 0.001, **P<0.01. 

Figure 7. Confocal microphotographs of L929 cells before and after freezing with various 

protein-loaded polyampholyte nanoparticles with 10% PLL-SA(0.65) as a cryoprotectant. (a) 

Cells were frozen with lysozyme (2mg) and PLL-SA(65). (b) Cell were frozen with protein-

loaded PLL-DDSA(3)-SA(65) (lysozyme 2 mg, nanoparticles 10 mg in 1 mL DMEM). (c) 

Cells were frozen with protein-loaded PLL-DDSA(5)-SA(65) (lysozyme 2 mg, nanoparticles 

10 mg in 1mL). Nanoparticles were stained with FITC and lysozyme was stained with TR. 

The bars: 10m.  

Figure 8.  Quantitative analysis of fluorescence ratio of lysozyme adsorbed onto cells before 

and after being frozen with various protein-loaded nanoparticles. Data are expressed as the 

mean ± SD. ***P < 0.001. 

Figure 9. Protein internalization via endocytosis during culture after being frozen with 

lysozyme and PLL-(SA) and lysozyme-loaded PLL-DDSA(3 or 5)-SA(65) nanoparticles with 

10% PLL-SA(65) as a cryoprotectant. The bars: 10m.  

Figure 10.  Quantitative analysis of fluorescence ratio of lysozyme internalized into cells 

after being frozen with various protein-loaded nanoparticles, against that with only PLL-

SA(65). Data are expressed as the mean ± SD. ***P < 0.001. 
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Table 1. Summary of composition of polyampholyte nanoparticles including 1H-NMR, 
diameter, polydispersity, zeta-potential, and CAC.  
 

a) Determined by1H-NMR, ND: Not detected. 
b) Determined by DLS. 
c) Determined using excitation spectra of pyrene.  
 

Table 2. The size of hydrophobically modified polyampholyte nanoparticles before and after 

protein adsorption. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

Samples  Composition 
in feed 
(molar %) 

Composition 
in polymer 
(molar %)a 

Diameterb 
(nm) 

polydispersityb  Zeta 
potentialb 
(mV) 

CACc 
(mg/mL)

DDSA  SA  DDSA SA 

PLL‐SA(65)  0  65  0  63.5 ND  ND  ND  ND 

PLL‐DDSA(3)‐
SA(35) 

3  35  2.7  34.8 16.15±0.23 0.165  +4.08  0.52 

PLL‐DDSA(5)‐
SA(35) 

5  35  2.8  33.7 15.72±0.15 0.171  +2.61  0.14 

PLL‐DDSA(3)‐
SA(65) 

3  65  4.8  64.2 18.56±0.44 0.167  ‐13.1  0.50 

PLL‐DDSA(5)‐
SA(65) 

5  65  4.6  63.8 13.48±0.41 0.177  ‐14.0  0.11 

Samples  Diameter before protein 
adsorption (nm) 

Diameter after protein 
adsorption (nm) 

PLL‐DDSA(3)‐SA(35)  16.15±0.23  22.61±0.16 

PLL‐DDSA(5)‐SA(35)  15.72±0.15  19.57±0.28 

PLL‐DDSA(3)‐SA(65)  18.56±0.44  22.40±0.17 

PLL‐DDSA(5)‐SA(65)  13.48±0.41  24.65±0.38 
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Figure S1. 1H-NMR spectra of hydrophobically modified polyampholytes and intact PLL. 
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Figure S2. Determination of the CACs of different nanoparticles. Excitation spectra of pyrene 

of (a) PLL-DDSA(3)-SA(35) and (c) PLL-DDSA(5)-SA(35) solutions of different 

concentrations (a-j) 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 mg/mL, respectively. Plot of 

the ratio of I338/I335 against the logarithm of the concentration of (b) PLL-DDSA(3)-SA(35) 

and (d) PLL-DDSA(5)-SA(35). 
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Figure S3. Size distribution of polyampholyte nanoparticles before and after protein 

adsorption. 
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Figure S4. Cytotoxicity of nanoparticles. L929 cells were incubated with the indicated 

concentration of nanoparticles for 48 h, followed by the MTT assay. Data are described as the 

percentage of untreated cells. Mean values and standard deviations for independent triplicate 

experiments (8 samples each) are shown. IC50 represents the concentration of nanoparticles 

that caused a 50% reduction in MTT uptake by a treated cell culture compared with the 

untreated control culture.  
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Figure S5. Confocal microphotographs of L929 cells after freezing with various 

protein-loaded polyampholyte nanoparticles with 10% DMSO as a cryoprotectant. The bars: 

10m. 
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Figure S6. Confocal microphotographs of L929 cells after freezing with various 

protein-loaded polyampholyte nanoparticles without a cryoprotectant. No cells survived and a 

high fluorescence was observed because of cell membrane rupture. The bars: 10m. 
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Figure S7. Confocal microphotographs of L929 cells after freezing with various BSA-loaded 

PLL-DDSA(3 or 5)-SA(65) nanoparticles with 10% PLL-SA(65) as a cryoprotectant. The 

bars: 10m. 
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Figure S8. Protein internalization via endocytosis during culture after being frozen with BSA 

and PLL-(SA) and BSA-loaded PLL-DDSA(3 or 5)-SA(35) nanoparticles with 10% 

PLL-SA(65) as a cryoprotectant. The bars: 10m. 
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