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ABSTRACT 

Applications of nanoparticles (NPs) in nanodrugs, food additives, and cosmetics can result in the 

presence of nanomaterials in human circulatory system and their attachment to red blood cells 

(RBCs), which may lead to cytotoxic effects. To investigate the interactions of NPs with RBC 

membranes (RBCm), supported erythrocyte membranes (SRBCm) were developed on the 

piezoelectric sensors in a quartz crystal microbalance with dissipation (QCM-D)  at 25 °C. A well 

dispersed RBCm suspension at 1 mM NaCl and 0.2 mM NaHCO3 was obtained from whole blood, 

and comprised of colloidal membrane fragments with the average hydrodynamic diameter and zeta 

potential as 390 nm and -0.53 mV, respectively, at pH 7.0. The thin and rigid SRBCm was formed 

mainly through the deposition of RBCm fragments on the poly-L-lysine modified crystal sensor, 

leading to the average frequency shift of -26.2 Hz and the low ratio of dissipation to frequency 

shift (7.2 × 10-8 Hz-1). The complete coverage of SRBCm was indicated by the plateau of frequency 

shift in the stage of SRBCm formation and no deposition of negatively charged 106 nm polystyrene 

nanoparticles (PSNPs) on the SRBCm. Atomic force microscopy and immunofluorescence 

microscopy images showed that RBCm aggregates with the average size of 420 nm and 

erythrocyte membrane proteins existed on SRBCm, respectively. The methods of determining 

attachment efficiencies of model positively charged NPs (i.e., hematite NPs or HemNPs) and 

model negatively charged NPs (i.e., PSNPs) on SRBCm were demonstrated in 1 mM NaCl solution 

at pH 5.1 and pH 7.0, respectively. HemNPs exhibited a favorable deposition with an attachment 

efficiency of 0.99 while PSNPs did not show any attachment propensity toward SRBCm.  

 

 

KEYWORDS: Supported red blood cell membrane, phospholipid bilayers, QCM-D, cryo-TEM, 

immunofluorescence microscopy 

 

 

INTRODUCTION 

In recent years, nanoparticles (NPs) have been increasingly used in pharmaceutical and 

biotechnology industries for diagnosis, imaging, and targeted drug delivery. Orally administered 

Gastromark™ (silicone-coated superparamagnetic iron oxide NPs) has been used as contrast 

agents in gastrointestinal magnetic resonance imaging (MRI).1 Ferumoxytol also known as 
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Feraheme™ (carbohydrate-coated Fe3O4 NPs) has been approved by U.S. Food and Drug 

Administration (FDA) to treat iron deficiency anemia for adult patients through intravenous 

administration.2, 3 Liposomal nanodrugs like Doxil® and Onivyde® are injected for targeted drug 

delivery for cancer patients.2, 4 Administration of such drugs leads to direct contact of blood cells 

with the NPs.2 In addition, NPs, such as TiO2 NPs,5, 6 have been extensively added in food 

additives,6, 7 food packaging,8 and cosmetics,5, 8 likely resulting in the entry of NPs into human 

digestive systems via different routes.9, 10 Following the entry into the gastrointestinal system, NPs 

could penetrate through epithelial and endothelial barriers into the bloodstream and lymph 

stream.11, 12 Also, carbon black NPs that are released into the air from combustion engines and 

power plants can enter human respiratory systems, translocate from the lung to the circulation 

system,13-17 and easily be distributed to lymph nodes, liver, heart, kidney, and brain.18-21 Using 

gold NPs as model NPs, Miller et al.13, 22 detected ~35 ng/L gold in the urine of human subjects 

after 2-hour inhalation of the air containing 116 μg/m3 5 nm gold NPs.  

The NPs in the digestive, respiratory, and circulatory system will inevitably contact with 

and attach to human cells11, 23-25 such as epithelial, endothelial, and blood cells (i.e., red blood cells, 

white blood cells, and platelets). Such attachment of nanoparticles to cell membranes has been 

proposed to be crucial for NPs to exert cytotoxic effects,26-28 since it is a critical step toward the 

disruption of cell membrane and cellular processes.30 The attachment of hematite NPs (HemNPs) 

to human epithelial cell lines was shown to be a very important step for the uptake of HemNPs by 

the cells, which resulted in the loss of membrane integrity and the release of cytokines, e.g., 

interleukin-6 that is known to promote inflammatory responses.29 It was also reported that the 

contact of HemNPs with myoblast cancer cells formed small pores in the membrane through which 

NPs entered inside and damaged organelles, triggering cell death and apoptosis of cells.30 In 

addition, the attachment of polystyrene NPs (PSNPs), commonly used as model plastic NPs,31 to 

human intestinal epithelial cells resulted in cellular internalization of PSNPs and partial 

colocalization of PSNPs in lysosome,32 raising concerns on the chronic effects of ingested plastic 

NPs. In order to estimate the cytotoxic effects of NPs on human cells, it is crucial to first measure 

the probability of NPs attaching to the membranes of human cells upon contact. 

In particular, erythrocytes or red blood cells (RBCs), a dominant type of blood cells having 

the highest chance to encounter the NPs present in the blood stream, is vulnerable to toxicity like 

deformation, agglutination and membrane damage when they come to contact with the NPs.19 For 
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example, attachment of PSNPs to RBCs was found to increase the osmotic, mechanical and 

oxidative stress which resulted in sensitization and cell damage of RBCs.33 In addition, several 

methodologies have been proposed to utilize RBCs as drug carriers for the targeted delivery of 

nanodrugs in the human body,34, 35 due to the bioavailability, biocompatibility, and longevity of 

RBCs in the circulation system.33, 36
 Brenner et al.,35 used the surface of RBCs as a hitchhiking tool 

on which nanocarriers (e.g., nanogel, liposomes, etc.) were adsorbed and transported to the first 

organ downstream of the intravascular injection. In another study, doxorubicin-loaded poly(lactic-

co-glycolic acid) (PLGA) NPs were hitchhiked onto the surface of RBCs for targeted delivery of 

this chemotherapy drug for lung metastasis treatment.34  Thus, from both perspectives of 

nanoparticle toxicity and nanodrug delivery, it is important to quantitatively study the attachment 

of NPs to the membranes of RBCs.  

Some prior research works studied the attachment of different NPs to the surface of whole 

RBCs using various observational tools such as scanning electron microscopy (SEM), 

conventional optical microscopy, transmission electron microscopy (TEM), and confocal laser 

scanning microscopy (CLSM). For instance, TEM was used to locate TiO2-NP (~20 nm) 

aggregates attached to the membrane of RBCs.19 The attachment of PSNPs (200 nm) to RBCs was 

observed using SEM after incubation at the particle/RBC ratio up to 100:1.33, 37, 38 Nevertheless, 

quantitative information on the probability of NPs’ attachment to the membranes of human RBCs 

is still rare due to the lack of appropriate tools. 

Recently, piezoelectric sensors, e.g., quartz crystal microbalance (QCM) sensors coated 

with supported lipid bilayer (SLBs) of synthetic phospholipids such as palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC), 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), etc. have 

been employed to conduct quantitative studies on interactions between NPs and model cell 

membranes.39-42 For example, Yi and Chen39 used DOPC SLBs on silica-coated QCM crystals for 

studying the deposition attachment efficiency (i.e., the probability of attachment upon contact) of 

carboxylated multiwalled carbon nanotubes on model cell membranes. The advancement has been 

seen in the field of SLBs by incorporating sterols,43 charged lipids such as phosphatidylinositol,44 

phosphatidylserine,45 and phosphatidylglycerol,46 and cell penetrating peptides46 in SLBs. 

Moreover, Melby et al.47 formed a lipid raft system incorporating highly ordered domains of 

sphingomyelin and cholesterol in a DOPC SLB. However, such SLBs still cannot fully replicate 

the complex characteristics of real cell membrane of a mammalian cell.  
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Some early efforts have been made in fixing real cell membranes on the surface of 

substrates. Himbert et al.48 deposited RBC membrane (RBCm) vesicles prepared via hypotonic 

treatment and sonication on hydrophilic silicon wafers. The RBCm seemed to form a smooth layer 

under an optical microscope after a slow drying process at 50 °C and a relative humidity of 

95.8 ± 0.5% for 5 days. In another study,49 the suspension of RBCm also prepared through 

hypotonic hemolysis and sonication, was dispensed on the Au screen printed electrode coated with 

enzyme composites. The RBCm layer with the electrode was dried in an oven at 50 °C for 50 min. 

The SEM and atomic force microscopy (AFM) images revealed that there were many bumps in 

the size of 0.1‒3 µm on the surface of the dry RBCm layer. In both studies, the drying processes 

at 50 ℃ may have increased the membrane fluidity and led to an irreversible change in membrane 

elasticity,50 protein denaturation51 and enzyme inactivation.52 Thus, the original biological features 

of RBCm may have been lost in those layers. Tanaka et al.53 deposited RBC ghosts (i.e., empty 

cells with only RBC membranes) on a poly-L-lysine (PLL) coated glass slide through 60 min 

incubation and the following rinsing both in a 0.5 mM phosphate buffer at room temperature. As 

a result, the surface of glass slide was partially covered by the patches of RBC ghosts. As for other 

cells, Ehrenhöfer et al.54 developed the technique to peel the membrane from kidney cells using 

the mica surface coated with positively charged iberiotoxin for subsequent AFM imaging in a 

physiological solution. Similarly, Perez et al.55 peeled ~30 × 30 µm2 membranes from swelled 

HEK-293 cells using PLL-coated glass coverslips which also served as the substrates during 

microscopic observations. The membranes peeled from various cells so far had areas of 100-1000 

µm2
 which is too small to be applied on conventional sensors.56 To the best of our knowledge, no 

piezoelectric sensor has been completely coated with real cell membranes for quantifying the 

attachment probability of NPs. 

In this study, supported RBCm (SRBCm) has been developed on piezoelectric sensors (i.e., 

QCM crystals) in aqueous solution at room temperature. The surface morphology of SRBCm has 

been characterized using AFM and the distribution of surface proteins of RBCs on SRBCm was 

characterized using immunofluorescence microscopy (IFM). The attachment efficiencies of the 

negatively charged nanoparticles (e.g., PSNPs) and positively charged nanoparticles (e.g., 

HemNPs) on SRBCm were quantified using QCM for demonstration purpose. Two different 

deposition behaviors of HemNPs were observed on SRBCm depending on the aggregation 

propensity of HemNPs.  
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RESULTS AND DISCUSSION 

Preparation and Characterization of RBC Membrane Suspension. In order to develop a 

SRBCm on the QCM sensor, RBCm suspension was first prepared. Erythrocytes were isolated 

from plasma and buffy coat after centrifugation of the whole blood, and then washed 3 times by 

phosphate-buffered saline (PBS) followed by the hypotonic treatment in 4-time diluted PBS and 

the resultant hemolysis. The remaining RBCm ghosts were sequentially washed by 4-time diluted 

PBS and deionized (DI) water before they were stored in DI water under static condition at 3°C in 

a refrigerator for 3 days. After that, the RBCm ghosts were fully dispersed into colloidal fragments. 

Right before use, probe sonication was applied to further reduce the size of RBCm fragments and 

the solution chemistry of the suspension was adjusted to be 1 mM NaCl and 0.2 mM NaHCO3. 

The final concentration of RBCm in the working suspensions was equal to 60% of the RBCm 

concentration in the original whole blood. More detailed information is available in the section of 

Materials and Methods. 

The photograph of dispersed RBC membranes in a solution of 1 mM NaCl and 0.2 mM 

NaHCO3 (pH 7.0) after sonication is shown in Figure 1a, which looks like a translucent colloidal 

suspension. The cryogenic transmission electron microscopy (cryo-TEM) images of RBCm 

suspension are presented in Figure 1b, 1c, and 1d, which reveal that erythrocyte membrane had 

been broken off into colloidal fragments in the suspension. Some small fragments were amorphous 

in size or shape, as pointed out by the yellow arrows in Figure 1b. Some fragments were attached 

to each another developing RBCm aggregates indicated by the red oval in Figure 1b. Its size was 

approximately 450 nm in short diameter and 700 nm in long diameter. A thin and large piece of 

RBCm fragment was observed in Figure 1c, with a length of 1200 nm and a width of 900 nm. 

Moreover, a vesicle-like structure with the RBCm thickness of 5 nm was observed in Figure 1d as 

pointed out by the green arrow. The intensity-weighted hydrodynamic diameter of the RBCm 

colloidal fragments including RBCm aggregates and vesicles in the suspension was determined by 

dynamic light scattering (DLS) as 390 ± 90 nm (avg. ± std. dev.). The zeta potential of RBCm 

fragments was determined as -0.53 ± 0.41 mV (avg. ± std. dev.) in the solution of 1 mM NaCl and 

0.2 mM NaHCO3 at pH 7.0. 
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Figure 1. (a) A photograph of RBCm colloidal suspension (at 60% of the original RBCm 

concentration in the whole blood) in a solution of 1 mM NaCl and 0.2 mM NaHCO3 (pH 7.0). The 

suspension was used for the formation of supported erythrocyte membrane. Cryo-TEM images 

of RBCm fragments dispersed in a solution of 1 mM NaCl and 0.2 mM NaHCO3: (b)  Small RBCm 

fragments indicated by yellow arrows and the RBCm aggregate outlined by the red oval, (c) a 

large piece of RBCm fragment, and (d) a vesicle-like structure with the RBCm thickness of 5 nm 

indicated by the green arrow. 

 

Formation of Supported RBCm on a Silica-Coated Piezoelectric Sensor. The supported RBCm 

(SRBCm) layer was developed on a silica-coated piezoelectric sensor of a quartz crystal 

microbalance with dissipation monitoring (QCM-D). Figure 2 presents the representative 

(a)

(c)

(b) 

(d)
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normalized frequency and dissipation shifts at the third overtone, denoted as Δf(3) (i.e., Δf3/3)57, 58 

and ΔD(3), respectively, of the sensor during the formation of the SRBCm. A stable baseline was 

first obtained by rinsing the substrate surface with deionized (DI) water at 0.1 mL/min. Then, 

according to a well-established procedure,58, 59 the negatively charged sensor surface was 

completely coated by a cationic layer of PLL by sequentially introducing ~2 mL of HEPES buffer 

[i.e., 10 mM N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid) (HEPES) and 100 mM 

NaCl], ~2 mL of 0.1 g/L PLL dissolved in HEPES buffer, and ~2 mL of HEPES buffer across the 

sensor surface. After obtaining stable baselines of frequency and dissipation by rinsing the PLL-

modified surface with a background electrolyte solution of 1 mM NaCl and 0.2 mM NaHCO3 at 

pH 7.0, the RBCm suspension at the same solution chemistry was introduced into the measurement 

chamber.  

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Formation of supported erythrocyte membrane on a silica-coated piezoelectric sensor. 
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formation process of supported erythrocyte membrane on PLL-modified silica sensor at 1 mM 

NaCl and 0.2 mM NaHCO3, pH 7.0.  

 

As shown in Figure 2, Δf(3) decreased and ΔD(3) increased sharply due to the deposition of 

RBCm fragments on PLL-modified sensor surface. As the colloidal fragments of RBC membrane 

and PLL layer carried negative and positive surface charge,39, 58 respectively, at pH 7.0, the 

deposition of RBCm fragments on the PLL-modified surface was favorable due to electrostatic 

attraction. Both frequency and dissipation attained plateaus in 13 min after the starting of 

deposition, signifying that, the surface of sensor had been completely coated with RBCm 

fragments and no multilayer deposition took place. The overall Δf(3) and ΔD(3) of RBCm coating 

was determined as -26.2 ± 4.1 Hz (avg. ± std. dev.), and 1.87 ± 0.48 × 10-6 (avg. ± std. dev.), 

respectively, based on ten experiments. The low Δ𝐷 /Δ𝑓  of 7.2 ± 1.5×10-8 Hz-1 (avg. ± std. 

dev.) indicates that the deposited RBCm fragments formed a thin and rigid layer.60 Previous QCM-

D studies showed that the formation of SLBs comprised of just phospholipids led to Δf  of -25 ± 3 

Hz and ΔD of < 0.2 × 10-6
.
39, 60-63 When SLBs incorporated other types of biomacromolecules such 

as sterols, peptides, phosphatidylglycerol, etc., the normalized frequency shifts and dissipation 

shifts resulted from SLB formation were -26 ‒ -28 Hz and 0.51‒1.5 × 10-6, respectively.44, 46, 47 

The similarity of frequency and dissipation shifts of deposited layer of RBCm to that of SLBs, 

suggests that the supported RBCm layer had similar thickness and structure as SLBs. The thickness 

of egg phosphatidyl choline SLBs was estimated as ~4 nm from the Δf(3) ≈ -26 Hz and ΔD(3) ≈ 0 

using Sauerbrey equation and a density of 1.1 g/cm3.64 Thus, we speculate that the SRBCm was 

mainly a single layer of flattened fragments of RBCm which completely covered the surface of 

PLL-modified sensor, as illustrated by the cartoon in Figure 2, through primarily the deposition of 

RBCm fragments and possibly the spreading of RBCm upon the attachment of RBCm vesicles to 

the PLL layer. Since RBCm fragments were pieces of original erythrocyte membranes, the 

SRBCm should retain important biological components of cell membrane, i.e., phospholipid 

bilayer, sterols, proteins, etc.  

 

Completeness of Supported RBCm Coating. As mentioned in the previous section, the plateaus 

of Δf(3) and ΔD(3) that formed within the first 6-13 mins of SRBCm formation stages (Figure 2 and 

Figure S3-S5, in Supporting Information) indicate the complete coverage of SRBCm on the 
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underlying PLL layer and no multilayer deposition of RBCm. Otherwise, a continued decrease of 

frequency should have been observed. For the study of deposition of NPs on SRBCm, the complete 

coverage of SRBCm was further tested through deposition experiments of carboxylated 

polystyrene nanoparticles (PSNPs) on SRBCm. The hydrodynamic diameter of PSNPs was 

determined to be 106 ± 3 nm (avg. ± std. dev.) from the DLS measurements. As shown in Figure 

3a, a supported erythrocyte membrane was developed first using the same procedure as described 

earlier. Following the stable baseline in the background solution (i.e., 1 mM NaCl and 0.2 mM 

NaHCO3), 5 mg/L PSNPs in the same electrolyte solution were introduced across the supported 

RBCm. No noticeable PSNP deposition took place as no negative frequency shift was observed. 

PSNPs had the ζ potential of -43 ± 1 mV (avg. ± std. dev.) at 1 mM NaCl and 0.2 mM NaHCO3. 

Both RBCm and PSNPs carried negative surface charge and the electrostatic repulsion impeded 

the deposition of PSNPs on the SRBCm coating. On the contrary, in a control experiment the PLL 

layer was not covered by RBCm. As shown in Figure 3b, when 5 mg/L PSNPs in 1 mM NaCl and 

0.2 mM NaHCO3 was introduced into the measurement chamber, PSNPs readily attached to the 

positively charged PLL layer with a favorable deposition rate of -2.48 ± 0.08 (avg. ± std. dev.) 

Hz/min due to electrostatic attraction. The contrast between Figure 3a and 3b indicates that there 

was a complete coverage of RBCm on the PLL-coated surface regarding ~100 nm or larger NPs. 

For the researchers who are interested in the NPs much smaller than 100 nm, biomacromolecules, 

or drug molecules, similar tests for complete coverage may be needed in case there are unexpected 

defects in SRBCm. 
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Figure 3. Deposition of 5 mg/L PSNPs on (a) supported RBCm-PLL-modified surface and (b) 

PLL-modified sensor surface in a background solution of 1 mM NaCl and 0.2 mM NaHCO3. The 

contrast between no deposition on RBCm and favorable deposition of PSNPs on PLL indicated 

the complete coverage of SRBCm on PLL-modified surface regarding ~100 nm or larger NPs. 

The complete experimental data of (a) are shown in Figure S5a, Supporting Information (SI). 

 

Characterization of Surface Morphology of Supported RBCm using AFM. AFM images of 

the surface morphology of a supported RBCm on the silica crystal sensor of QCM-D has been 

obtained in a solution of 1 mM NaCl and 0.2 mM NaHCO3. In Figure 4a and 4c, the surface 

morphology of the SRBCm is shown in two-dimensional (2D), and three-dimensional (3D) AFM 

images, respectively. A control AFM image of the bare surface of a silica crystal sensor was 

obtained in DI water, as shown in Figure 4d in which the inherent surface roughness of ~10 nm on 

the bare silica surface can be observed. Figure 4a and 4c show that most area of SRBCm had the 

height of a few nanometers whereas there were also many protrusions (height: 30‒50 nm) which 

were likely the aggregates of RBCm fragments embedded in or deposited on the SRBCm. The 

aggregates had the oval or dumbbell-like shape with the size (i.e., longest diameter) ranging from 

150 nm to 1500 nm (Figure 4b), the average of which (i.e., 420 nm) is consistent with the average 

hydrodynamic diameter (i.e., 390 nm) of RBCm aggregates measured by DLS. The size range of 

0.15-0.30 µm had the maximum number of RBCm aggregates, 54, out of the total, 129. The imaged 
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SRBCm and aggregates of RBCm were stable upon repeated imaging and no lateral movement 

was detected.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Characterization of surface morphology of a supported RBCm on a silica crystal sensor 

of QCM-D in a solution of 1 mM NaCl and 0.2 mM NaHCO3. (a) 2D AFM image of supported 

RBCm. (b) Size distribution of RBCm aggregates on SRBCm based on the 2D AFM images 

shown in Figures 4a. (c) 3D AFM image of supported RBCm. (d) 3D AFM image of the bare 

surface of a QCM-D silica crystal sensor in DI water. 
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Characterization of Membrane Proteins on SRBCm using Immunofluorescence Microscopy 

(IFM). In order to test whether the surface of SRBCm retain the biological feature of the 

membrane of original erythrocytes, the distribution of surface proteins of erythrocytes on the 

surface of SRBCm was analyzed by indirect IFM. In these experiments, transparent glass slides 

were used as the substitutes of opaque silica crystal sensors for optical microscopy. To form 

SRBCm, the glass slide surface was incubated in 0.1 g/L PLL in HEPES buffer for 20 min and 

subsequently in the suspension of RBCm fragments in 1 mM NaCl and 0.2 mM NaHCO3 for 30 

min. Then, the surface of glass slide was incubated sequentially in the solutions of bovine serum 

albumin (BSA) for blocking non-specific binding of antibodies, primary rabbit anti-RBC antibody, 

and secondary antibody of donkey anti-rabbit conjugated with the fluorophore Alexa Fluor (AF) 

594. During the incubation the surface proteins of erythrocytes would have been labeled by AF 

594 if there was any on SRBCm. AF 594 is a bright, red-fluorescent dye upon excitation at 561 

nm or 594 nm wavelength. Thus, the membrane proteins of erythrocytes would show red color 

under the microscope when excited. The intact red blood cells were used in place of SRBCm as 

the positive control. As shown in Figure 5b, surface proteins expressed on intact red blood cells 

exhibited red color under a confocal fluorescent microscope. In contrast, BSA was deposited on 

the PLL-modified glass slide for the negative control which showed no red color (Figure 5c). In 

Figure 5a, the well distributed red dots and clusters are the evidence that the surface proteins of 

erythrocytes were retained and properly distributed over the surface of SRBCm.           

                                         

                                                                 

Figure 5: Immunofluorescence microscopy (IFM) images of erythrocyte surface proteins on (a) 

supported RBCm, (b) deposited intact erythrocytes as the positive control, and (c) bovine serum 

albumin coating as the negative control. Glass slides were used as the substitutes of silica crystal 

sensors to serve as the transparent substrates of all three layers above. 

(c) (b) (a) 
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Deposition Kinetics and Attachment Efficiency of Model Positively Charged Nanoparticles 

on Supported RBCm. HemNPs were used as the model positively charged nanoparticles and 1 

mM NaCl was used as the electrolyte concentration during deposition for method demonstration 

only. To quantify the probability of HemNPs attaching to erythrocyte membranes upon collision, 

the deposition attachment efficiency (𝛼 ) of HemNPs on SRBCm was derived through QCM-D 

deposition experiments on both SRBCm and bare silica surface. The HemNPs suspended in the 

solution of 1 mM NaCl (pH 5.1 adjusted by 10 µM HCl), had the ζ potential of 14.6 ± 3.2 mV 

(avg. ± std. dev.) and the hydrodynamic diameter of 83‒160 nm right before the deposition 

experiments. The point of zero charge (PZC) of HemNPs was pH 6.0 at 1 mM NaCl.65
 Figure 6a 

and 6b show the representative normalized frequency shifts, Δf(3),  and dissipation shifts, ΔD(3), of 

the third harmonic during deposition experiments of HemNPs on SRBCm. A SRBCm was first 

developed on the PLL-modified silica surface as described before. Then, the SRBCm was rinsed 

with the solutions of 1 mM NaCl and 0.2 mM NaHCO3 (pH 7.0) and 1 mM NaCl (pH 5.1), 

sequentially, until the normalized frequency and dissipation responses were stabilized. Afterwards, 

8.8 mg/L HemNPs suspended in 1 mM NaCl was introduced into the measurement chamber. Since 

RBCm fragments in 1 mM NaCl (pH 5.1) had the negative zeta potential of -0.78 ± 0.73 mV (avg. 

± std. dev.), deposition occurred when the positively charged HemNPs approached the negatively 

charged SRBCm surface. The shift rate of Δf(3) during the initial 2.3 to 5 min deposition of 

HemNPs on SRBCm was -0.73 ± 0.40 Hz/min (avg. ± std. dev.), based on five experiments 

including Figure 6a, 6b, S3, and S4. The deposition of the positively charged HemNPs on 

negatively charged silica surface was conducted as favorable deposition experiments during which 

the attachment probability of HemNPs was 100% due to the electrostatic attraction between 

particles and surfaces. As shown in Figure 6c, when the favorable deposition of 8.8 mg/L HemNPs 

took place, a sharp decrease in Δf(3) and a concurrent quick increase in ΔD(3) were observed. The 

shift rate of Δf(3) during the initial 5 mins of favorable deposition was determined to be -0.74 ± 

0.43 Hz/min (avg. ± std. dev.) from triplicate experiments including Figure 6c. Since frequency 

shift is proportional to the deposited mass of NPs,58 𝛼  was calculated using a classic 

methodology57, 59 by taking the ratio of shift rate of frequency during the deposition on the SRBCm 

(i.e., -0.73 Hz/min) to that during the favorable deposition on silica (i.e., -0.74 Hz/min), as shown 

by Eq. 1 in the section of Materials and Methods. The 𝛼  of HemNPs at 1 mM NaCl and pH 5.1, 

was thus determined as 0.99 ± 0.45 (avg. ± std. dev.), as shown in Figure 6d. The large standard 
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deviation of 𝛼  is partially due to the inherent difference in the colloidal stability of 8.8 mg/L 

HemNPs since the deposition rate is lower when the NPs are less stable to aggregation.59 Another 

possible reason for the large standard deviation of 𝛼  is the variation of RBCm aggregates present 

on different SRBCm. Removal of RBCm aggregates from the RBCm suspension through filtration 

or centrifugation in future studies may improve the consistency of surface morphology of SRBCm 

and 𝛼 .     

As the deposition of HemNPs proceeded beyond the initial a few minutes, two types of 

deposition behavior were observed depending on the aggregation propensity of HemNPs which 

can be quantified by aggregation attachment efficiency (𝛼 ). The 𝛼  of HemNPs was derived 

using a classic methodology as detailed in SI and calculated using Eq. S2.57, 66 Briefly, the 𝛼  at 1 

mM NaCl (pH 5.1) is the ratio of initial rate of increase in hydrodynamic diameter (Dh(t)) of 

HemNPs at 1 mM NaCl to that under favorable aggregation condition, usually at high electrolyte 

concentrations, in this case at NaCl concentration higher than 100 mM (Figure S2, SI).  
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Figure 6. Frequency shift, Δf(3) and dissipation shift, ΔD(3) during  deposition of 8.8 mg/L HemNPs 

on SRBCm when (a) 𝛼 < 0.0002 and (b) 𝛼  = 0.074 and (c) on bare silica sensor, all at 1 mM 

NaCl and pH 5.1. (d) Deposition attachment efficiencies (𝛼 ) on SRBCm of 5 mg/L PSNPs at 1 

mM NaCl and 0.2 mM NaHCO3 (pH 7.0) and 8.8 mg/L HemNPs at 1 mM NaCl (pH 5.1). The error 

bar represents the standard deviation. 

 

The change in the aggregation attachment efficiency could result in significant difference 

in the deposition behavior of HemNPs on SRBCm. The variation of 𝛼  was likely due to the 

inherent differences in the colloidal stability of different batches of 8.8 mg/L HemNPs. When 𝛼  

≤ 0.0002, HemNPs had almost no propensity to attach to each other. As shown in Figure 6a for 

one of duplicate experiments ( 𝛼 = -0.0032 due to the slight negative drifting of DLS 

measurements), Δf(3) dropped quickly and reached a plateau at the frequency shift of -1.96 ± 0.84 

Hz (avg. ± std. dev.) within 3 min, indicating that HemNPs quickly saturated all the available sites 

on SRBCm. Another duplicate result ( 𝛼 = 0.0002) with the data of the entire deposition 

experiment of HemNPs on SRBCm is presented in Figure S3, SI. It is likely that HemNPs formed 

a monolayer on the SRBCm and no multilayer deposition occurred since HemNPs could not attach 

to other HemNPs at such low 𝛼 , as illustrated by the cartoon in Figure 6a. The Δ𝐷 /Δ𝑓  of 

the HemNP monolayer on SRBCm was 0.23 ± 0.02×10-6 Hz-1 (avg. ± std. dev.) suggesting its 

viscoelasticity.67 

When 𝛼  was in the range of 0.074 to 0.173, HemNPs had noticeable propensity, although 

still low, to attach to other HemNPs at 1 mM NaCl, and continuous deposition of HemNPs was 

observed on SRBCm. As shown in Figure 6b, the deposition of HemNPs (𝛼 = 0.074) did not have 

a plateau even after the frequency shift due to deposition reached -17 Hz in a long duration (ca. 81 

min). A complete QCM-D data of a duplicate deposition experiment of HemNPs (𝛼 = 0.173) on 

SRBCm is shown in Figure S4, SI. The continuous deposition of HemNPs was possibly due to the 

multilayer deposition of HemNPs on SRBCm, as illustrated by the cartoon in Figure 6b. We 

speculate that after the saturation of the surface of SRBCm by the first layer of HemNPs, the 

following HemNPs were able to attach to the first layer NPs. As this multilayer deposition 

proceeded, Δf(3) kept decreasing and ΔD(3) kept increasing.  
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Deposition Kinetics and Attachment Efficiency of Model Negatively Charged Nanoparticles 

on Supported RBCm. Carboxylated polystyrene NPs were used as the model negatively charged 

NPs. The 𝛼  of 5 mg/L PSNPs on SRBCm at 1 mM NaCl and 0.2 mM NaHCO3 (pH 7.0) has been 

derived using the methodology similar to that for HemNPs and the data presented in Figure 3a and 

3b, and their respective duplicate experiments. As shown by Figure 3a, no frequency decrease was 

observed when 5 mg/L PSNPs flowed across SRBCm indicating no deposition of PSNPs upon the 

collisions with SRBCm. Figure S5 in SI presents the entire frequency and dissipation data for the 

QCM-D experiment shown in Figure 3a and the duplicate experiment, both of which show no 

deposition or 𝛼  = 0 (Figure 6d). One of the reasons for no deposition of PSNPs on SRBCm was 

the electrostatic repulsion between them since both were negatively charged. Moreover, as the 

head groups of phospholipids are highly hydrophilic, water layers may have formed on the SRBCm 

resulting in repulsive hydration force which may have also deterred the attachment of PSNPs to 

SRBCm.68-70 

CONCLUSION 

In this work, we have successfully developed supported red blood cell membranes (SRBCm) on 

QCM-D piezoelectric sensors in aqueous solution at room temperature. Membranes of RBCs were 

isolated from whole blood and well dispersed. The hydrodynamic diameter of the dispersed 

membrane fragments was 390 ± 90 nm and their zeta potentials were -0.53 ± 0.41 mV at 1 mM 

NaCl and 0.2 mM NaHCO3, pH 7.0. The formation of SRBCm was achieved mainly through the 

deposition of RBCm fragments on the PLL-modified silica crystal sensor under the above solution 

chemistry. The frequency shift of -26.2 ± 4.1 Hz and the low ratio of dissipation to frequency shift 

(7.2 ± 1.5×10-8 Hz-1) suggests a thin and rigid membrane layer comprised of a monolayer of 

flattened fragments of erythrocyte membranes. The complete coverage of SRBCm on the sensor 

was indicated by the plateau of frequency in the SRBCm formation stage and no deposition of 

polystyrene nanoparticles on SRBCm. The AFM surface morphology of SRBCm showed that 

aggregates of RBCm with the mean size of 420 nm were present on SRBCm. Indirect 

immunofluorescence microscopy showed that the erythrocyte surface proteins were adequately 

distributed on SRBCm. The deposition attachment efficiencies (𝛼 ) of model nanoparticles, 

namely positively charged HemNPs and negatively charged PSNPs, on SRBCm were obtained at 

1 mM NaCl (pH 5.1) and 1 mM NaCl and 0.2 mM NaHCO3 (pH 7.0), respectively, for method 
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demonstration only. While PSNPs did not have any deposition, HemNPs experienced favorable 

deposition on SRBCm due to electrostatic attraction. The HemNPs with negligible aggregation 

propensity (αA ≤ 0.0002) quickly saturated the surface of SRBCm whereas the HemNPs with 

noticeable aggregation propensity (αA = 0.074 or 0.173) had continuous deposition on SRBCm 

possibly due to multilayer deposition.  

 

MATERIALS AND METHODS 

Preparation and Characterization of Hematite Nanoparticles (HemNPs) and Carboxylated 

Polystyrene Nanoparticles (PSNPs). The 4.4 g/L of HemNP stock suspension was synthesized 

through forced hydrolysis of FeCl3
71, 72 and used in a previous study65 of our group. The TEM 

images show that the spherical HemNPs had an average size of 75 nm.65  Before experiments, 8.8 

mg/L HemNPs in 1 mM NaCl was prepared from the stock suspension and then sonicated in a 

bath sonicator (Branson M3800, USA; output power 120 W, frequency 40 kHz) for 30–60 minutes 

to break up aggregates of HemNPs. The carboxylated PSNPs with the average size of 107 nm were 

purchased from Polysciences, Inc.65 5 mg/L PSNPs in 1 mM NaCl and 0.2 mM NaHCO3 (pH 7.0) 

were prepared for experiments and sonicated using the same bath sonicator for five minutes to 

break up aggregates. 

The intensity-weighted hydrodynamic diameters of NPs were measured by dynamic light 

scattering (DLS) using a Zetasizer (Nano ZS90, Malvern Instruments, UK). 1 mL working 

suspension of NPs at the solution chemistry of interest was transferred into a transparent 

polystyrene cuvette (Sarstedt AG & Co. KG, Germany) for size measurement. The specifications 

of Zetasizer include scattering angle of 90°, measurement position in the center of the cell, 

accumulation time of 15 s for autocorrelation, and attenuation value as 10 or 11 to make scattered 

light intensity 150 to 350 kcps.  

The zeta (ζ) potential of NPs was measured using a ‘dip’ cell kit (ZEN1002, Malvern, UK) 

and was calculated from the electrophoretic mobility using the Smoluchowski model. Three to five 

measurements were taken at 25 °C for NP samples.  

 

Reagents and Solution Chemistry. All experiments were conducted at 25 °C, except for the 

preparation of RBCm suspension. NaCl and NaHCO3 electrolyte stock solutions were prepared 

using ACS-grade chemicals (VWR, PA). A stock solution of 10 g/L cationic poly-L-lysine (PLL) 
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hydrobromide (P-1274, Sigma-Aldrich, St. Louis, MO) was prepared in HEPES buffer solution 

made up of 10 mM N-(2-hydroxyethyl) piperazine-N'-(2-ethanesulfonic acid) (HEPES) (H4034, 

Sigma-Aldrich, St. Louis, MO) and 100 mM NaCl. Both HEPES and PLL (molecular weight of 

70,000-150,000) stock solutions were filtered through 0.2 μm polypropylene syringe filters (VWR, 

PA). All experiments with PSNPs were conducted at 1 mM NaCl and pH 7.0 buffered with 0.2 

mM NaHCO3. All experiments with HemNPs were conducted at 1 mM NaCl and pH 5.1 (adjusted 

by 10 µM HCl). All solutions were prepared with DI water (Millipore, MA) that had a resistivity 

of 18.2 MΩꞏcm.  

 

Preparation of Colloidal Suspension of RBCm Fragments from Human Blood. The whole 

blood (O negative) was purchased from the Continental Blood Bank (Fort Lauderdale, FL). The 

samples were preserved with dipotassium ethylenediaminetetraacetic acid (K2EDTA) to prevent 

the coagulation of blood cells. At first, the RBC pellets were isolated from plasma by centrifuging 

(centrifuge 40R, Thermo Scientific, Danville, IN) the whole blood at 4 °C and 800 g for 10 min. 

The resulting precipitates of erythrocytes were collected and washed three times through 

centrifugation, withdrawing supernatants, and refilling with phosphate-buffered saline (PBS) 

(Amresco Inc., OH) at pH 7.4. Then, 4-time diluted PBS (0.25×PBS) was added to trigger 

hemolysis of erythrocytes (hypotonic treatment). The hemolyzed cell suspension was centrifuged 

at 2500 g and 4 °C for 10 min to separate the cellular contents (i.e., hemoglobin) from the RBC 

membranes. The supernatant was discarded via a micropipette. The process of refilling with 

0.25×PBS, centrifugation, and discarding supernatant was repeated three times. The resulting RBC 

ghosts were further washed with DI water three times using the above process. Vortex was used 

to redisperse the settled RBC ghosts every time during washing with either 0.25×PBS or DI water. 

After washing with 0.25×PBS, less than 1 mL of pink RBC ghosts were produced; after DI water 

washing, RBC ghosts turned white in color as shown in Figure S1, SI. The centrifuge tubes 

containing white RBC ghosts in DI water were kept at 3˚C and allowed for static diffusion for 3 

days until the erythrocyte membranes spontaneously dispersed into the DI water and formed the 

homogenous stock of RBCm suspension. To preserve the RBCm suspension for longer duration, 

they were stored at -20 ˚C. Approximately, 10 ml RBCm suspension was harvested from 6 ml 

whole blood resulting in the membrane concentration in RBCm suspension equal to 60% of that 

in whole blood. Before use, certain amounts of NaCl and NaHCO3 stock solutions were added to 
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the 10 mL stock RBCm suspension to have 1 mM NaCl and 0.2 mM NaHCO3 at pH 7.0. Then, the 

RBCm suspension was sonicated with probe sonicator (Q55, Qsonica, Newtown, CT) for ten 

cycles of 10 second sonication to further reduce the size of RBCm pieces. The photographs 

showing each step of preparing RBCm suspension from whole blood are shown in Figure S1, SI. 

 

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D). The formation of 

SRBCm and the deposition of NPs on SRBCm were conducted using a QCM-D (E1, Q-Sense, 

Västra Frölunda, Sweden) with a QFM 401 flow module. A 5-MHz AT-cut quartz crystal sensor 

with SiO2 surface (QSX 303, Q-Sense) was mounted in the module. Details on the cleaning of the 

measurement chamber and sensor surface, and the preparation of solutions are provided in the SI. 

For all QCM-D experiments, the sensor surface was first rinsed with DI water for 30 to 90 min 

until stable baselines were reached. Baselines of any solution were considered stable when the 

shifts in the normalized frequency and dissipation were less than 0.2 Hz and 0.15 × 10-6, 

respectively, over a time period of 10 min. During the experiments, the flow rate was maintained 

at 0.1 mL/min controlled by a peristaltic pump (ISM935C, Ismatec, Wertheim, Germany). The 

temperature was maintained at 25 °C. All the experiments were repeated at least twice. The QCM-

D data were analyzed with the help of QTools software.  

In order to acquire the deposition kinetics of PSNPs and HemNPs on SRBCm in their 

corresponding electrolyte solution, both deposition experiments on SRBCm and favorable 

deposition experiments were performed. For deposition experiments on SRBCm, the crystal 

surface was first coated by PLL by successively rinsing the surface with HEPES buffer, 0.1 g/L 

PLL solution, and additional HEPES buffer. During the PLL adsorption process, there were sharp 

decrease and increase of the frequency and dissipation, respectively, until they reached a plateau 

suggesting the crystal surface was completely coated with PLL.58, 66 Then, the PLL layer was 

covered by SRBCm as described before. After rinsing with the corresponding background 

solution, NP suspension was introduced into the measurement chamber for the deposition of NPs 

on SRBCm. The favorable deposition experiments of positively charged HemNPs was conducted 

on bare silica surface. The negatively charged silica surface was rinsed by 1 mM NaCl (pH 5.1) 

for stable baselines. Then, the HemNPs suspension was directed across the silica surface for 

deposition to occur at 1 mM NaCl (pH 5.1). For PSNPs, the favorable deposition was conducted 

on PLL-modified silica surface at 1 mM NaCl and 0.2 mM NaHCO3 (pH 7.0).  
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The probability of HemNPs and PSNPs attaching to SRBCm upon collision was quantified 

using the deposition attachment efficiency, 𝛼 . Since the shift of frequency was found to be 

proportional to the mass of deposited NPs,58  𝛼  was calculated by taking the raito of the initial 

rates of normalized frequency shift (dΔf(3)/dt) during NP deposition on SRBCm to the (dΔf(3)/dt)fav 

during the favorable deposition at the same solution chemistry:39, 59  

                                                    𝛼
∆

∆                                                              (1) 

 

Cryogenic Transmission Electron Microscopy (Cryo-TEM). Cryo-TEM imaging was 

employed to examine the RBCm fragments in the erythrocyte membrane suspension at 1 mM NaCl 

and 0.2 mM NaHCO3. Three microliters of the suspension were applied to carbon grids 

(Protochips, Inc., Morrisville, NC) and vitrified using a Vitrobot (Mark IV, FEI Co., Hillsboro, 

OR) which operated at 4°C and ~90% humidity in the control chamber. Then, the vitrified sample 

was stored under liquid nitrogen and transferred into a cryo-holder (Model 626/70, Gatan, Inc., 

Pleasanton, CA) for imaging. The sample was inspected using a camera (4k × 4k CCD, Gatan, 

Inc., Pleasanton, CA) on a TEM (Tecnai G2 F20-TWIN, FEI Co., Hillsboro, OR) operated at a 

voltage of 200 kV using low dose conditions (~20 e/Å2). Images were recorded with a defocus of 

approximately -3 µm to improve contrast. 

 

Atomic Force Microscopy (AFM) Imaging. AFM imaging of SRBCm and bare silica surface 

were performed using an atomic force microscope (5420, Agilent Technologies, Inc, Santa Clara, 

CA) in aqueous solutions (i.e., RBCm suspension for SRBCm or DI water for silica surface). A 

cleaned silica quartz crystal sensor was soaked in 0.1 g/L PLL in HEPES buffer for 20 min and 

then subsequently soaked in RBCm suspension at 1 mM NaCl and 0.2 mM NaHCO3 for at least 

30 min to form SRBCm on the PLL-modified sensor before observation. Bare silica surface was 

just soaked in DI water for imaging. The petri dish with the prepared sensor in the respective 

solution was mounted on the stage of AFM. Triangular silicon nitride cantilever with a nominal 

spring constant of 0.088 N/m (HYDRA4V-100NG, Applied Nanostructures, Inc., Mountain View, 

CA) was mounted in the AFM cell. The images were acquired in AC mode with 30 % drive, a 

scanning speed of 2.02 in/s, and manual tuning. The images were further processed using Pico 

image tool. 
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Immunofluorescence Microscopy (IFM) of Supported RBCm. Due to the opacity of silica 

quartz crystal sensors, pre-cleaned microscopic glass slides (Inkjet, Fisher brand™, Hampton, NH) 

were used instead as an amorphous silica substrate for the indirect immunofluorescence (IF) 

imaging. For SRBCm, positive control (i.e., intact erythrocytes), and negative control (i.e., bovine 

serum albumin, BSA), the surface of glass slide was first incubated with 0.1 g/L PLL in HEPES 

buffer for 20 min and then with corresponding samples, i.e., RBCm suspension, RBCs in Roswell 

Park Memorial Institute (RPMI) medium, and 2% BSA in PBS, respectively, for 30 min at room 

temperature. PLL and sample solutions were removed from the slide using a micropipette after 

incubation. Afterwards, the glass slide was then incubated in BSA solution at 37 ℃ for 30 min, as 

a blocking process to prevent non-specific binding of antibodies to the sample surfaces in the 

following steps. Then, the glass slide was successively incubated with the solution of 1°Ab, i.e., 

primary rabbit anti-human RBC antibody (Cat# 209-4139, Rockland) diluted by 1000 times in 5% 

donkey serum, and the solution of 2°Ab, i.e., secondary antibody of donkey anti-Rabbit 

Immunoglobulin G Alexa Fluor (AF) 594 (Cat# 711-585-152, Jackson ImmunoResearch 

Laboratories, Inc.) diluted by 100 times in 5% donkey serum, both at 37 ℃ for 60 min. The glass 

slides were washed with PBS for three times after the incubation with BSA, 1°Ab, and 2°Ab. For 

the negative control, 5% donkey serum was used instead of 1°Ab. Images were acquired through 

a confocal laser scanning microscope (Zeiss, Pleasanton, CA) with 63× (oil) objective and ZEN 

software was used to process the raw images. 
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Additional Information on Materials and Methods 
 

Determining Aggregation Attachment Efficiency of HemNPs using Time-Resolved Dynamic 

Light Scattering (DLS). The Zetasizer (Nano ZS90, Malvern Instruments, UK) is equipped with 

a He-Ne laser with a wavelength of 633 nm and a DLS system which was used to determine the 

hydrodynamic diameter and the aggregation kinetics of nanoparticles. The DLS system measures 

the diffusion coefficient of nanparticles which is converted to the hydrodynamic diameter using 

the Stokes-Einstein equation.1 For each aggregation experiment of HemNPs, a predetermined 

amount of electrolyte stock solution was introduced into the centrifuge tube containing 8.8 mg/L 

HemNPs suspension at 10 µM HCl such that the total volume of the final suspension was 1 mL. 

Immediately after that, the tube was swirled gently by a hand for less than ca. 10 s. The suspension 

in the centrifuge tube was quickly transferred to a dust free polystyrene cuvette (Sarstedt AG & 

Co. KG, Germany) which was then inserted into the chamber of DLS system for measurements. 

The intensity-weighted hydrodynamic diameters of HemNPs were monitored over time periods of 

20-120 min. The time between the introduction of electrolyte stock solution and the start of the 

first DLS measurement was ca. 60 s.  

The aggregation attachment efficiency (𝛼𝛼A),2 also known as the inverse stability ratio, 1/W,1, 3  

during the initial stage of HemNP aggregation under Brownian motion can be attained from time-

resolved DLS measurements using the following equations:1-4 

𝑘𝑘11 ∝
1
𝑁𝑁0
�𝑑𝑑𝐷𝐷h(𝑡𝑡)

𝑑𝑑𝑡𝑡
�
𝑡𝑡→0

               (S1) 

where k11 is the second-order aggregation rate constant of primary nanoparticles for doublet 

formation, N0 is the initial primary particle concentration, and Dh (t) is the intensity-weighted 

hydrodynamic diameter at time t.   

                 𝛼𝛼A = 𝑘𝑘11
(𝑘𝑘11) 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

=
1
𝑁𝑁0
�d𝐷𝐷ℎ

(𝑓𝑓)
d𝑓𝑓 �

𝑓𝑓→0
1
𝑁𝑁0
�d𝐷𝐷ℎ

(𝑓𝑓)
d𝑓𝑓 �

𝑓𝑓→0,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

                 (S2) 

The term “fast” refers to the fast diffusion-limited or favorable aggregation at high concentrations 

of inert electrolytes. A linear least squares regression of the increase in 𝐷𝐷h(𝑡𝑡) with t was used to 

obtain the initial rates of increase of  𝐷𝐷h(𝑡𝑡). The (dDh(t)/dt)t→0 in favorable (or diffusion-limited) 

regime was determined using the initial 15 min of aggregation at 100, 300, and 500 mM NaCl, 

during which the 𝐷𝐷h(𝑡𝑡)  became 1.3 to 2.0 times the initial hydrodynamic diameter, 𝐷𝐷h(0). At 1 
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mM NaCl, the aggregation continued for 20‒120 min since  𝐷𝐷h(𝑡𝑡) increased much slower than the 

favorable regime, to 1.0‒1.2 times  𝐷𝐷h(0) at the end. 

 

Preparation for QCM-D Experiments. Before QCM-D experiments, the flow module was 

cleaned by a thorough rinsing with 2% Hellmanex III (Z805939, Sigma-Aldrich, MO), a surfactant 

solution, for 30 min and DI water for another 30 min at a flow rate of 0.6 mL/min. Then, the flow 

module was dried with ultrapure nitrogen gas (NI UHP300, Airgas, PA). The silica-coated sensors 

were soaked in 2% Hellmanex III for 30 min. Then, they were cleaned by thoroughly rinsing the 

sensor surface with ample amount of 2% Hellmanex and DI water, consecutively, followed by 

drying with ultrapure nitrogen gas, and oxidization in a UV-ozone chamber (Procleaner 110, 

BioForce Nanosciences, Inc., Ames, IA) for 20 min to remove organic impurities from the surface.  

All the solutions were degassed by ultrasonication (Branson M3800, output power 115 W, 

frequency 40 kHz) for 10 min before introducing to the flow chamber. The temperature of the 

solutions was maintained at 27 °C in a water bath, 2 °C above the experimental temperature to 

avoid the formation of gas bubbles and temperature related artifacts.  
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Figure S1. Photographs at each step of the preparation of RBCm suspension: (a) Isolation of 

erythrocytes from whole blood via centrifugation; (b) washed erythrocytes in PBS; (c) hemolysis 

of erythrocytes after the hypotonic treatment using 0.25×PBS solution; (d) the pink RBC ghosts 

after the final wash with 0.25×PBS; (e) the RBC ghosts after the first time wash with deionized 

(DI) water ; (f) whitish RBC ghosts after the final wash with DI water; (g) dispersed RBCm after 

keeping the whitish RBC ghosts in DI water at 3 °C in a refrigerator for three days; (h) sonication 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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of RBC membrane suspension in 1 mM NaCl and 0.2 mM NaHCO3 using a probe sonicator in ice 

bath. 
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Figure S2. Aggregation attachment efficiencies of HemNPs as a function of NaCl concentration 

at pH 5.1. 
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Figure S3. Complete profiles of frequency and dissipation of a QCM-D deposition experiment of 

8.8 mg/L HemNPs (𝛼𝛼A = 0.0002) on SRBCm at 1 mM NaCl (pH 5.1), as a duplicate experiment 

for ‘Figure 6a’. The stages are denoted by A to G. A: Rinsing silica surface with DI water; B: 

Formation of PLL coating on the silica surface; C: Rinsing PLL layer with 1 mM NaCl and 0.2 

mM NaHCO3; D: Formation of SRBCm at 1 mM NaCl and 0.2 mM NaHCO3; E: Rinsing SRBCm 

with 1 mM NaCl and 0.2 mM NaHCO3; F: Rinsing SRBCm with 1 mM NaCl (pH 5.1); G: 8.8 

mg/L HemNPs at 1 mM NaCl (pH 5.1) was introduced, and the deposition of HemNPs on SRBCm 

occurred.  
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Figure S4. A complete frequency and dissipation profile during a QCM-D deposition experiment 

of 8.8 mg/L HemNPs (𝛼𝛼A = 0.173) on SRBCm at 1 mM NaCl (pH 5.1) which is a duplicate 

experiment for ‘Figure 6b’. The stages of the QCM-D experiment are denoted by A to G. A: 

Rinsing silica surface with DI water; B: Formation of PLL coating on the silica surface; C: Rinsing 

PLL layer with 1 mM NaCl and 0.2 mM NaHCO3; D: Formation of SRBCm at 1 mM NaCl and 

0.2 mM NaHCO3; E: Rinsing SRBCm with 1 mM NaCl and 0.2 mM NaHCO3; F: Rinsing 

SRBCm with 1 mM NaCl (pH 5.1); G: 8.8 mg/L HemNPs at 1 mM NaCl (pH 5.1) was introduced, 

and continuous deposition of HemNPs on SRBCm occurred.  Figure 2 presents Stage A, B, C, and 

D for the demonstration of SRBCm formation. 
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Figure S5. The entire frequency and dissipation profiles of QCM-D deposition experiments of 5 

mg/L PSNPs on SRBCm at 1 mM NaCl and 0.2 mM NaHCO3 (pH 7.0), for (a) the experiment 

shown in ‘Figure 3a’ and (b) another duplicate experiment. The stages are denoted by A to F.  A: 

Rinsing silica surface with DI water; B: Formation of PLL coating on the silica surface; C: Rinsing 

PLL layers with 1 mM NaCl and 0.2 mM NaHCO3; D: Formation of SRBCm at 1 mM NaCl and 
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0.2 mM NaHCO3; E: Rinsing SRBCm with 1 mM NaCl and 0.2 mM NaHCO3; F: 5 mg/L PSNPs 

at 1 mM NaCl and 0.2 mM NaHCO3 was introduced and no deposition took place. 
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