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Abstract

Complement is one of the critical branches of innate immunity that determines the recognition of 

engineered nanoparticles by immune cells. Antibody-targeted iron oxide nanoparticles are a 

popular platform for magnetic separations, in vitro diagnostics, and molecular imaging. We used 

60 nm cross-linked iron oxide nanoworms (CLIO NWs) modified with antibodies against 

Her2/neu and EpCAM, which are common markers of blood-borne cancer cells, to understand the 

role of complement in the selectivity of targeting of tumor cells in whole blood. CLIO NWs 

showed highly efficient targeting and magnetic isolation of tumor cells spiked in lepirudin-

anticoagulated blood, but specificity was low due to high uptake by neutrophils, monocytes, and 

lymphocytes. Complement C3 opsonization in plasma was predominantly via the alternative 

pathway regardless of the presence of antibody, PEG, or fluorescent tag, but was higher for 

antibody-conjugated CLIO NWs. Addition of various soluble inhibitors of complement convertase 

(compstatin, soluble CD35, and soluble CD55) to whole human blood blocked up to 99% of the 

uptake of targeted CLIO NWs by leukocytes, which resulted in a more selective magnetic isolation 

of tumor cells. Using well-characterized nanomaterials, we demonstrate here that complement 

therapeutics can be used to improve targeting selectivity.

INTRODUCTION

Antibody-decorated superparamagnetic iron oxide (SPIO) nanoparticles hold an important 

niche in biomedical research and nanomedicine. On the one hand, they have been 

successfully utilized for magnetic isolation of a variety of targets, including immune cells 

and circulating tumor cells from blood and cell suspensions, as well as molecular targets in 

pulldown assays.1,2 Immunomagnetic isolation is frequently used in clinical procedures and 

assays, for example, in the production of Chimeric Antigen Receptor (CAR)-T cells3 and for 
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analysis of circulating tumor cells (CTCs).4 On the other hand, due to high magnetic 

resonance imaging contrast properties,2,5 there is a considerable interest in using iron oxide 

particles targeted to disease markers for molecular imaging.6

Dextran-coated SPIO has been used clinically in patients as an MRI contrast agent and iron 

supplement, in part due to the scalability and low cost of synthesis.2 Cross-linking the 

dextran coat with epichlorohydrin leads to the formation of three-dimensional hydrogel 

coated iron oxide (termed CLIO) with important chemical and biochemical properties: (a) 

cross-linked hydrogel improves NP stability in plasma and prolongs circulation time in 

mice;7,8 and (b) residual epoxy groups can be used for further functionalization of CLIO 

with amines, fluorophores, peptides, and antibodies. CLIO has been functionalized with 

radioisotopes, fluorophores, and sensor modules, which targeted antibodies for diagnostic 

and theranostic applications in cancer, inflammation, diabetes, and atherosclerosis.6,9–11 

While CLIO represents an impressive and highly versatile platform for in vivo imaging, and 

notwithstanding the success in preclinical mouse studies, there is a gap in the fundamental 

understanding of how surface functionalization of CLIO with antibodies and imaging 

molecules affects immune recognition in humans. Targeting specificity of NPs is usually 

validated by comparing antibody conjugated and control formulations, and using the cells 

with and without the targeting marker.12–14 However, another level of specificity, which is 

often overlooked for targeted nanoparticles, is the level of uptake by immune cells.15,16 It is 

highly important to reduce nonspecific recognition of targeted nanoparticles by immune 

cells to improve target/background ratio and specificity,15,17 but the strategies to avoid 

immune uptake are mostly limited to modifications of surface chemistry.

Complement is the critical arm of serum innate immunity responsible for neutralization of 

foreign pathogens. The exposure of foreign surfaces to serum results in a rapid generation of 

C3 and C5 convertases that promote opsonization through covalent attachment of C3b and 

the formation of anaphylatoxins (e.g., C3a and C5a).18 C3b and its cleavage products iC3b, 

C3dg, and C 3d promote recognition by complement receptors on neutrophils, monocytes, 

eosinophils, lymphocytes, erythrocytes, and resident tissue macrophages.19–21 Complement 

is one of the factors negatively affecting the hemocompatibility of nano- and biomaterials. 

Many reports have shown complement activation by nanoassemblies including carbon 

nanotubes,22,23 micelles,24 liposomes,25 polymeric nanospheres,26,27 gold NPs,28 and SPIO.
29 Here, we used previously described elongated CLIO nanoworms (CLIO NWs)7 to 

understand the involvement of complement in immune recognition of targeted iron oxides in 

humans. The easiest way to test hemocompatibility in different human subjects is to use 

donated anticoagulated blood. Lepirudin (recombinant hirudin) is the selective inhibitor of 

thrombin and to our knowledge is one of the few anticoagulants that does not interfere with 

complement activation, as compared to EDTA or citrate.30 CLIO NWs were modified with 

antibodies against tumor cell marker Her2/neu (over 20% of breast cancers31) and EpCAM 

(epithelial marker on circulating tumor cells32) and were rigorously characterized to 

correlate the composition to the biological outcome. Our results suggest that the alternative 

pathway plays the predominant role in the complement C3 opsonization regardless of 

surface functionalization and that addition of specific complement inhibitors can 

dramatically improve targeting selectivity in human blood. This study introduces a novel 
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notion of using complement inhibitors for improving stealth properties and the selectivity of 

targeted nanomaterials.

RESULTS

CLIO NWs Show High Targeting Efficiency in BSA and Plasma.

We used dextran SPIO NWs (62 nm, ζ −5 mV, Table 1)33,34 to synthesize cross-linked CLIO 

NWs (51 nm, ζ −5 mV, Table 1) by a modified “harsh” cross-linking method7,8 (see 

Methods). The cross-linked CLIO NWs were aminated by reacting the residual epoxy 

groups of epichlorohydrin with ammonia (56 nm, ζ +15 mV, Table 1).

To conjugate antibodies, we employed copper-free Diels–Alder click addition of strained 

trans-cyclooctene (TCO) and methyltetrazine (MTZ). This reaction is highly versatile due to 

very fast second-order kinetics and high stability of the resulting bond.35 In the first step 

(Figure 1, step 1), CLIO NWs-NH2 were reacted first with a 100-fold molar excess of 

fluorescent dye (Cy5-NHS or Cy3-NHS), followed by carbodiimide conjugation of MTz-

PEG3400-COOH (2000-fold molar excess). Acetyl groups were used to block the residual 

amines, which resulted in particles with slightly negative zeta-potential (Table 1). The 

particles were further conjugated with TCO-modified anti-Her2/neu or anti-EpCAM 

antibodies (Figure 1, steps 2–3). The addition of a 100-fold molar excess of the antibody 

resulted in 75 Her2/neu Abs and 60 EpCAM Abs per Cy5-labeled NP (see Table 1 and 

supplemental data for Ab/NP quantification).

In addition, we prepared nonlabeled CLIO NWs with 72 anti-Her2/neu Ab/NP and 57 anti-

EpCAM Ab/NP (Table 1), and Cy3-labeled CLIO NWs with 75 anti-Her2/neu-Cy5 Ab/NP 

and 54 anti-EpCAM-Cy5 Ab/NP (Table S1). The size and zeta potential were not changed 

by the dye conjugation, but the size was increased by ~4 nm after Ab conjugation (Table 1). 

According to flow cytometry analysis (Figure 2A), both Cy5-CLIO NWs-PEG-Her and 

Cy5-CLIO NWs-PEG-EpCAM (0.1 μg Fe/mL to 100 μg/mL) showed efficient binding to 

SKBR3 tumor cells in the presence of 10 mg/mL BSA (Figure 2B). Nontargeted Cy5-CLIO 

NWs-PEG-MTz showed some binding at 100 μg Fe/mL, but it was 30–60 times lower than 

the targeted NPs (Figure 2A,B). Both types of targeted NPs showed no uptake by MDA 

MB-231 cells, which do not express EpCAM and Her2/neu36 (Figure S1). The preparations 

with lower Ab/NP ratios (25 and 32) showed less efficient uptake by SKBR3 cells (Figure 

S2); therefore, we used targeted NWs with higher ratios for all subsequent binding studies. 

Both types of targeted particles showed an increase in binding from 0.2 to 20 μg Fe/mL 

(Figure 2C,D) in 10 mg/mL BSA and in lepirudin-anticoagulated human plasma, and the 

targeting efficiency in BSA and plasma was similar (Figure 2E), which suggests that the 

plasma protein “corona” does not interfere with the targeting.

To track intracellular accumulation of NPs and tethered Abs, we used CLIO NWs labeled 

with Cy3 and conjugated with Cy5-labeled anti-Her2/neu or anti-EpCAM Ab. Confocal 

microscopy showed that SKBR3 cells internalized both Cy3-CLIO NWs-PEG-Her-Cy5 and 

Cy3-CLIO NWs-PEG-EpCAM-Cy5 and there was a colocalization of NPs and Abs (Figure 

2F).
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CLIO NWs Show High Leukocyte Uptake in Whole Blood, Which Decreases Targeting 
Selectivity.

Targeting with CLIO NWs in BSA and plasma was highly selective; i.e., the uptake was 

antibody dependent, and there was no uptake by receptor-negative cells. Nonspecific uptake 

of iron oxide nanoparticles is one of the most serious drawbacks of immunomagnetic 

capture, especially for analysis of circulating tumor cells (CTCs).37–40 To test the targeting 

and uptake in whole blood, SKBR-3 cells were prelabeled with a lipophilic membrane dye 

DiR and spiked at 100 000 cells/mL blood, followed by Cy3-CLIO NWs-PEG-Her-Cy5 or 

Cy3-CLIO NWs-PEG-EpCAM-Cy5 at 0.1, 1, and 10 μg Fe/mL. Following incubation for 

15′, the intracellular particles were readily detectable inside blood-borne tumor cells (Figure 

3A for 1 μg/mL and Figure S3), which suggests fast and sensitive targeting in blood. We 

spiked lepirudin-anticoagulated blood from healthy donors with ~18 DiR-labeled SKBR 

cells per 5 mL, followed by CLIO NWs-PEG-Her. After the blood was passed through a 

MACS column, magnetic cells were eluted and captured on a nitrocellulose membrane 

(Figure 3B). High-resolution near-infrared scanning showed approximately 60% efficiency 

of recovery of DiR-labeled spiked cells (Figure 3C). At the same time, immunostaining of 

CLIO NWs-PEG-Her-isolated cells with CD45 showed a large number of contaminating 

leukocytes eluted from the MACS column (Figure 3D).

Flow cytometry analysis of magnetically labeled cells demonstrated large numbers of 

neutrophils, monocytes, lymphocytes, and erythrocytes (Figure 3E), similar to our previous 

observations using larger 110 nm SPIO NWs and nontargeted CLIO NWs.20,41 For those 

larger particles, we previously found the leukocyte uptake to be almost entirely complement-

dependent.20,41 EDTA is the universal inhibitor of all complement activation pathways. We 

performed the same experiment in matched EDTA anticoagulated blood and found a 

dramatic decrease in the number of magnetic leukocytes (Figure 3E).

Specific Inhibition of Complement Improves Selectivity.

To investigate the involvement of the complement system in the uptake of CLIO NWs and to 

determine the activation pathway as a function of surface chemistry, we measured the level 

of C3 deposition for all nanoparticles listed in Table 1 in lepirudin plasma from three 

different donors (one female and two males). We used 10 mM EGTA/Mg2+ to inhibit 

calcium-sensitive classical and lectin pathways (CP and LP, respectively), 10 mM EDTA to 

inhibit all pathways, and 125 μg/mL of C1INH to inhibit the classical pathway (Figure 4A).

According to Figure 4B, all antibody-conjugated CLIO NWs showed significantly higher C3 

deposition as compared to control CLIO NWs-PEG-MTz (p-value < 0.0001 for all targeted 

particles vs control, with or without Cy5, Table S2). Labeling with Cy5 did not cause a 

significant change in C3 deposition on the particles (p-value > 0.1 for all particles). C1INH 

did not cause a significant decrease in C3 deposition on the particles (Figure 4B, p-value > 

0.1 for all particles), whereas EGTA/Mg caused a significant decrease only for CLIO NWs-

PEG-Her (Figure 4B, p-value = 0.0001). These data suggest that all particles activate 

complement predominantly via the AP, but exclude the role of the CP. These data also 

corroborate our previous findings that modifications of the nanoworms’ surface do not 

decrease complement activation.34 The reason for this is not necessarily the chemistries, but 
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the protein corona that always absorbs to the surface and provides binding sites for C3.42 

Interestingly, even in the presence of 10 mM EDTA, there was ~30% of C3 left on antibody-

conjugated CLIO NWs. The reason for the incomplete inhibition was not investigated but 

could be due to the binding of nascent C3b or hydrolyzed C3(H2O) to antibody-modified 

NWs in a convertase-independent manner. Indeed, the ability of IgG to bind C3b and to seed 

complement activation has been demonstrated previously.43–45

Complement control proteins (CCPs) are well-characterized natural complement 

regulators46 that consist of multiple domains called short consensus repeats (SCRs) or 

“sushi” domains of about 60–70 amino acids each. CD55 (decay-accelerating factor) is a 

glycosylphosphatidylinositol-anchored protein,46 and CD35 (complement receptor 1, CR1) 

is a transmembrane protein,47 while factor H is a serum protein (Figure 5A).

These proteins bind to C3b and lead to a disassembly (decay) of the AP convertase (Figure 

5B, left). Another complement inhibitor Cp40 (compstatin) is a small cyclic peptide (Figure 

5A) that binds noncleaved C3 and blocks its cleavage by convertases (Figure 5B, right).50 

We previously found that compstatin and the first three N-terminal SCR domains of CD55 

(soluble CD55, Figure 5A) potently inhibit complement C3 opsonization of different 

nanoparticles with high nanomolar to low micromolar IC50 values.41 We used a soluble CR1 

construct that contains the first 10 N-terminal SCRs of CR1 (sCR1, Figure 5A51) to measure 

the IC50 of C3 deposition on nontargeted and targeted CLIO NWs. According to Figure 5C, 

sCR1 showed low- to mid-nanomolar IC50 values in two plasma donors (one male and one 

female). Notably, while the opsonization of CLIO NWs-PEG-MTZ with C3 was completely 

inhibited, between 17% and 38% of C3 still remained bound to antibody-conjugated CLIO 

NWs even at micromolar concentrations, which again confirms that some of the C3 binds to 

the antibody-coated nanoparticles in convertase-independent fashion.

Next, we studied the ability of sCD55, sCR1, and Cp40 to block the leukocyte uptake of 

anti-Cy5-CLIO-NWs-PEG-MTz, Cy5-CLIO-NWs-PEG-EpCAM, and Cy5-CLIO-NWs-

PEG-Her (2 μg/mL blood). Because the levels of leukocyte uptake in a general population 

are variable,41 we used the blood of four healthy donors, two males and two females. 

According to flow cytometry analysis of blood after RBC lysis (Figure 6A,B), sCD55, 

Cp40, and sCR1 significantly affected the leukocyte uptake of all nanoparticles (ANOVA 

main effect of inhibitors p-value = 2.8 × 10−15, Table S3).

Using post hoc testing, all three inhibitors significantly decreased leukocyte uptake as 

compared to control in all three CLIO NW types. The only exception was the comparison 

between sCD55 and control for Cy5-CLIO-PEG-MTz where there was a decrease in 

leukocyte uptake, but it did not reach statistical significance (p-value = 0.24). In some 

subjects, Cp40 and/or sCR1 blocked the uptake by up to 99% (Figure 6B). A separate 

aliquot of lepirudin blood was spiked with DiR-labeled SKBR3 cells (100 000/mL), 

followed by the particles (2 μg/mL). The inhibitors did not affect the uptake of CLIO NWs 

by SKBR3 (ANOVA main effect of inhibitors p-value = 0.23; ANOVA interaction effect p-

value > 0.99), although there was a significant difference in uptake between particles 

(ANOVA main effect of particle type p-value = 4.1 × 10−10; Figure 7A,B, Figure S4 for 

gating of tumor cells). In this comparison, expectably, Cy5-CLIO-PEG-EpCAM and Cy5-
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CLIO-PEG-Her had a significantly higher uptake than did Cy5-CLIO-PEG-MTz (p-value < 

0.001 for all comparisons). The same results were observed for 10 μg/mL of CLIO NWs 

with the inhibitors (Figure S5).

Last, we tested the purity of MACS-isolated SKBRs using Cp40. We added 10 μg/mL of 

Cy5-CLIO NWs-PEG-Her and 30 μg/mL of Cp40 to lepirudin blood spiked with ~30 

SKBR3 cells/mL, isolated cells with MACS as described in Figure 3, and analyzed the 

magnetically isolated cells after immunostaining for cytokeratin and CD45. Addition of 

Cp40 reduced the number of magnetic CD45+/DAPI+ leukocytes, which resulted in 

relatively pure isolated tumor cells (Figure 7C). We used flow cytometry to measure the 

number and mean fluorescence of magnetically labeled leukocytes after elution of the cells 

from MACS column with or without the inhibitor. The number of eluted leukocytes (per 30 

μL of eluate) and Cy5 fluorescence of magnetically labeled leukocytes was decreased by 

80–90% in Cp40 and 10 mM EDTA blood for nontargeted and targeted CLIO NWs (Figure 

7D).

CONCLUSIONS

We prepared and characterized 60 nm CLIO NWs with controlled modifications on the 

surface: cross-linking, amination, PEGylation, fluorescent labeling, and two different 

humanized monoclonal antibodies. CLIO NWs showed efficient and sensitive targeting of 

tumor cells in BSA, plasma, and blood. Despite that, specificity was compromised due to 

complement-dependent immune uptake by blood leukocytes. We further measured 

complement C3 opsonization and found that, regardless of the surface chemistry, all 

formulations were opsonized with C3 via the AP. Antibody conjugation generally enhanced 

complement activation, but there was no involvement of the CP in C3 opsonization of these 

particles. Complement played a predominant role in the uptake by blood leukocytes. To our 

knowledge, this is the first report in that synthetic complement inhibitors significantly 

improved the targeting selectivity in human blood. C3b can covalently bind to 

immunoglobulins on the NP surface,45 and C3 opsonization could theoretically inhibit the 

antibody function. However, we did not observe differences in targeting in BSA versus 

plasma, which suggested that C3 binding to particles does not affect the targeting efficiency.

Biocompatibility and selectivity are the critical issues of nanomedicines.52,53 Complement 

therapeutics is a highly active field in pharmaceutical development, due to the ubiquitous 

role in many diseases and abundance of druggable proteolytic targets.54,55 Our research 

demonstrates a novel approach that can be applied to improve hemocompatibility and 

selectivity of nanomaterials. Further experiments will be needed to elucidate the feasibility 

and safety of this approach in vivo.

MATERIALS

Chemicals used for CLIO NW synthesis, including iron salts, epichlorohydrin 10 kDa 

bifunctional hydroxy PEG, and 12–25 kDa dextran, were purchased from Sigma-Aldrich (St. 

Louis, MO). NH2-PEG3400-VA was from Laysan Bio (Arab, AL). TCO-PEG4-NHS, MTz-

Cy3, and MTz-NHS were obtained from Click Chemistry Tools (Scottsdale, AZ). EDC (1-
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ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride) was from Chem-Impex 

Int’l, Inc., and sulfosuccinimidyl acetate was from Thermo Fischer. The nanoparticle size 

distribution and zeta potential were measured using a Malvern Zeta Sizer Nano ZS (Malvern 

Instruments, U.S.). Cy5 and Cy3 NHS esters were from Lumoprobe. DiR (1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide) was from Biotium (Hayward, 

CA) and was stored as 2 mM stock in ethanol. Zeba Spin Desalting Columns were 

purchased from Thermo Fisher Scientific. Bovine serum album was from Sigma-Aldrich. 

Anti-human EpCAM (epithelial cell adhesion molecule) antibody ING-156 was provided by 

XOMA Corp. (Emeryville, CA). HERCEPTIN (trastuzumab, hereafter), the anti-human 

Her2/neu antibody (hereafter Her), was obtained from the pharmacy of the University of 

Colorado Hospital. Alexa Fluor 488 mouse anti-pan Cytokeratin antibody (clone AE1/AE3) 

was purchased from eBioscience (San Diego, CA). Alexa Fluor 594 mouse anti-CD45 was 

purchased from BioLegend (San Diego, CA). BD Cytofix/Cytoperm kit was purchased from 

BD Biosciences (San Diego, CA). DAPI/antifade mounting media were from Vector 

Laboratories. Nitrocellulose membrane (0.45 μm pore) was from Bio-Rad. MACS Midi 

column was Miltenyi Biotech. Human leupuridin and K2 EDTA whole blood were obtained 

from consented healthy donors at the University of Colorado Blood Donor Center under the 

Center’s Institutional Review Board protocol for anonymous collection as described 

previously;42 only age and gender were made available to the investigators. Mouse anti-

human C3 was from Quidel Corp. (San Diego, CA). Secondary goat anti-mouse IgG labeled 

with IRDye 800CW was from Li-COR Biosciences (Lincoln, NE). EGTA/Mg2+ and C1 

inhibitor were from Complement Technology (Tyler, TX). Cp40 (compstatin) was 

generously provided by Dr. John Lambris, University of Pennsylvania, and stored as 1 

mg/mL aliquots in water. Soluble CD55 (SCR1–3 of CD55) with His6 tag was expressed in 

E. coli as described by us before41 and aliquoted at 3 mg/mL in PBS. Soluble sCR1 (SCR1–

10 of CD35) was generously provided by Alexion Pharmaceuticals, Inc. (New Haven, CT) 

as described51 and aliquoted at 6 mg/mL in PBS. All proteins were stored at −80 °C with 

less than three freeze–thaw cycles per aliquot.

METHODS

Synthesis of CLIO NWs-NH2.

SPIO NWs and CLIO NWs were prepared by the previously described method7,34 with 

some modifications. Briefly, SPIO NWs (10 mg Fe/mL in DDW) were mixed with 10 kDa 

PEG (100 mg/mL in DDW), epichlorohydrin, and sodium hydroxide (10N) at the volume 

ratio of 1:1:1:1. The mixture was stirred for 24 h at 37 °C and then stirred with ammonium 

(final concentration 2.5%) overnight at 4 °C. The samples were ultrafiltrated against DDW 

using a Pall reverse osmosis system (Pall Corp.), filtered through a 0.2 μm membrane disk 

filter (Millipore), and finally stored in DDW at 4 °C.

Synthesis of Fluorescently Labeled CLIO NWs-NH2.

Aminated CLIO NWs-NH2 (5 mg Fe/mL) were combined with a 100-fold excess of Cy5-

NHS or Cy3-NHS over NWs (in 4 μL of DMSO). The reaction mixture was incubated at 4 

°C for 12 h and purified using a 40 kDa cut-off Zeba spin column. Conjugation efficiency 
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was about ~90 fluorophores/CLIO as determined by UV absorbance and the dye extinction 

coefficients of 250 000 M−1 cm−1 for Cy5 and 150 000 M−1 cm−1 for Cy3.

Synthesis of MTz-PEG3400-COOH.

A mixture of NH2-PEG3400-VA (50 mg, 0.015 mmol, 1 equiv), methyl tetrazine NHS (7.21 

mg 0.022 mmol, 1.5 equiv), and DIEA (N,N-diisopropylethylamine) (8 μL, 0.044 mmol, 3 

equiv) was stirred in THF at room temperature for 4 h. The solvent was then evaporated 

under reduced pressure, and the resulting dark pink residue was purified by using preparative 

HPLC and eluted with 40–50% methanol/water, to obtain MTz-PEG3400-COOH as a pink 

solid. Yield 68.3%. 1H NMR (400 MHz, CDCl3): δ 9.98 (bs, 1H, NH), 8.51 (d, J = 8.3 Hz, 

2H, Ar–H), 7.48 (d, J = 8.3 Hz, 2H, Ar–H), 3.38–3.81 (m, 330H, CH2), 3.05 (s, 3H, CH3), 

2.31 (t, J = 7.2 Hz, 2H, CH2), 1.53–1.72 (m, 4H, CH2).

Synthesis of Fluorescently Labeled and Nonlabeled CLIO NWs-PEG3400-MTz.

MTz-PEG3400-COOH (1.44 mg, 2000-fold molar excess), EDC (0.24 mg, 6000-fold 

excess), and NHS (0.15 mg, 6000-fold excess) were mixed in PBS for 30 min, and then 

Cy5-CLIO NWs-NH2 (2 mg Fe) was added to the mixture. The reaction mixture was stirred 

at 4 °C for 12 h, then 10 000-fold excess of sulfosuccinimidyl acetate (0.5 mg) was added, 

and the mixture was stirred for 2 h at 4 °C. The reaction mixture was purified using a 40 kDa 

cut-off Zeba spin column. Nonlabeled CLIO NWs-PEG3400-MTz and Cy3-CLIO NWs-

PEG3400-MTz were synthesized similarly.

Synthesis of Her-TCO and EpCAM-TCO.

Human anti-Her2/neu or anti-EpCAM in PBS (100 μL, 10 mg Fe/mL) was combined with a 

10-fold excess of TCO-PEG4-NHS (in 4 μL of DMSO). The reaction mixture was incubated 

at 4 °C for 12 h and purified using a 7 kDa cut-off Zebra spin column. Conjugation 

efficiency was about ~2 TCO/mAb as determined by UV absorbance after conjugation with 

Cy3-MTz and the dye extinction coefficient of 150 000 M−1 cm−1.

Conjugation of mAb-TCO to CLIO NWs-PEG3400-MTz.

Human anti-Her2-TCO or anti-EpCAM-TCO in PBS (100 μL, 10 mg Fe/mL) at a 100-fold 

excess was combined with fluorescently labeled or nonlabeled CLIO NWs-PEG3400-MTz 

(100 μL, 5 mg/mL). The reaction mixture was incubated at 4 °C for 12 h and purified using a 

MACS Midi column and concentrated using 100k Amicon Ultra Centrifugal Filters. To 

determine the number of Abs per nanoparticle, CLIO NWs were loaded in 2 μL triplicates 

on a 0.45 μm nitrocellulose membrane, the membrane was blocked in 5% milk/0.1% 

Tween-20/PBS, and the antibody was detected with IRDye 800CW anti-human antibody. 

The membrane was scanned at 800 nm using Li-COR Odyssey. The integrated density of 

dots in 8-bit TIFF images was measured with ImageJ. Number of Abs/NP was calculated 

using a standard curve for the respective Ab applied on the same membrane (supplemental 

data). The concentration of nanoparticles used for calculations was assumed as 6 × 1013 

particles per mg Fe.33
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SKBR3 Uptake of CLIO NWs.

SKBR3 breast carcinoma cells were obtained from ATCC and maintained in McCoy’s 5A 

medium (Corning Life Sciences, Tewksbury, MA) supplemented with 10% fetal bovine 

serum (FBS) (Corning Life Sciences). No more than 20 passages were allowed. To label 

SKBR3 cells with DiR, 2 × 107 cells were resuspended in 400 μL of 1% BSA/PBS and 

incubated with DiR at a 10 μM concentration for 30 min at room temperature in the dark 

with slow mixing. Cells were washed three times with 1% BSA/PBS at 300g for 5 min. 

Finally, the cells were resuspended in 300 μL of 1% BSA/PBS. For cell uptake experiments, 

2 × 106 cells in 1% BSA/PBS or lepirudin plasma were incubated with indicated 

concentrations of CLIO NWs. After 1 h of incubation at 37 °C, cells were washed three 

times in 1% BSA/PBS. For flow cytometry analysis, cells were resuspended at ~0.5 

million/mL, and 20 000 events were detected with a Guava EasyCyte HT flow cytometer 

(Merck KGaA). DiR fluorescence was detected in the near IR-R fluorescence channel using 

the red (647 nm) laser, Cy3 fluorescence was detected in the Yellow-B fluorescence channel 

using the blue (488 nm) laser, and Cy5 fluorescence was detected in the Red-R fluorescence 

channel using the red (647 nm) laser. FSC threshold was set to exclude debris. The data were 

analyzed using FlowJo software version V10. For internalization of particles, cells were 

imaged with a Zeiss Axio Observer 5 epifluorescent microscope (20× and 10× Apochromat 

objectives) equipped with an Exelitas near-infrared light source and five filter cubes 

including NIR (760 nm excitation/780 nm emission) and Axiocam 506 monochromatic 

camera. Alternatively, cells were imaged with a Nikon Eslipse AR1HD confocal microscope 

(20× Nikon Plan Apo objective).

SKBR3 Targeting in Human Blood.

Freshly drawn lepirudin anticoagulated whole human blood was spiked with DIR-labeled 

SKBR3 cells and incubated with nanoparticles at 37 °C with mixing. Following incubation, 

blood was either imaged with microscope directly on a slide or passed through a MACS 

Midi column and washed with 10 mL of PBS (1% BSA). The magnetic cells were eluted on 

a 0.45 μm nitrocellulose membrane (Bio-Rad) connected to a vacuum line. The membrane 

was scanned at the highest resolution (21 μm) at 800 nm using Li-COR Odyssey. For 

immunostaining, cells were fixed with 4% formalin, permeabilized using BD Cytoflx/

Cytoperm kit for 4 h at rt, and then stained using AlexaFluor 488 labeled anti-cytokeratin 

antibody and AlexaFluor 594-labeled anti-CD45 antibody overnight at 4 °C. After being 

washed, cell nuclei were stained with DAPI/antifade media. The tumor cells “CTCs” were 

identified on the basis of previously published criteria,57 including CK+/CD45-/DAPI+ 

staining, the presence of a defined nucleus, and dimensions larger than 4 × 4 μm. Leukocytes 

were identified as CK−/CD45+/DAPI+ cells.

Leukocyte and SKBR3 Uptake Efficiency Following Inhibition.

Fresh lepirudin whole blood (plain or with complement inhibitors) with or without SKBR3 

cells was incubated with Cy5 labeled CLIO NWs at 37 °C for 2 h. Magnetically positive 

leukocytes and cells were isolated from whole human blood with MACS column and 

analyzed with flow cytometry or microscopy as described above. Alternatively to MACS 

isolation, erythrocytes were lysed with the RBC lysis buffer per the manufacturer’s 
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instructions, and the cells were centrifuged at 200g for 10 min, resuspended in 1% BSA/

PBS, analyzed with flow cytometry, and plotted with Prism 8 (GraphPad, San Diego, CA). 

The fluorescence values of cells (leukocytes and SKBR3) without particles (baseline) were 

subtracted from the plotted values.

Dot Blot Assay to Measure C3 Deposition.

The assay was performed as described previously.33 Briefly, 10 μg of Fe in 10 μL of PBS 

was mixed with 30 μL of lepirudin plasma supplemented with inhibitors or PBS (in 2 μL 

volume) and incubated at 37 °C for 30 min. Particles were washed three times in 1 mL of 

PBS in a TLA-45 rotor (Optima Beckman ultracentrifuge) at 44 000 rpm for 8 min. Particles 

were resuspended in PBS, blotted as 2 μL dots on nitrocellulose membrane, and C3 was 

detected with anti-human C3 antibody and secondary anti-mouse IRDye800 antibody. The 

same amount of Fe was loaded on the membrane across the samples. The integrated density 

of dots was measured in triplicate and plotted in Prism 8. For IC50, log-transformed 

concentrations of the inhibitors were plotted versus normalized responses (no inhibitor = 

100%) and fitted into inhibition curves using Prism 8 software.

Statistical Analyses.

Differences in bound C3 were explored using a repeated measures three-way ANOVA model 

with fixed factors for type of nanoparticle, Cy5 inclusion, and type of inhibitor and random 

subject effects using the lme4 (version 1.1–21)58 and lmerTest (version 3.1–1)59 packages of 

R Statistical Software (version 3.6.1). Pairwise differences were examined using estimated 

marginal means calculated using the emmeans package (version 1.4.4) for R. The p-values 

were adjusted for multiple testing within a research question, for example, the effect of the 

C1INH inhibitor for each of the nanoparticles, using a Bonferroni correction. Leukocyte 

uptake and SKBR3 uptake as a function of the particle type and inhibitors were analyzed in 

a similar manner using a repeated measure two-way ANOVA and natural log transformation 

of the outcomes.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CLIO NWs cross-linked iron oxide nanoworms

Her2/neu HERCEPTIN (Trastuzumab)

EpCAM epithelial cell adhesion molecule
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PEG polyethylene glycol

SPIO superparamagnetic iron oxide

NPs nanoparticles

BSA bovine serum albumin

TCO trans-cyclooctene

MTz methyltetrazine

NHS N-hydroxysuccinimide

sCR1 soluble complement receptor 1

RBC red blood cells
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Figure 1. 
Synthesis of targeted CLIO NWs. Synthetic steps: (1) Conjugation of methyltetrazine (MTz) 

PEG to CLIO NWs. Aminated CLIO NWs were synthesized from dextran SPIO NWs as 

described.34 (2) Synthesis of trans-cyclooctene (TCO) modified IgG. (3) Click reaction and 

nanoparticle purification.
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Figure 2. 
Validation of targeting efficiency in BSA and plasma. (A) Flow cytometry analysis shows 

antibody-conjugated CLIO NWs binding to SKBR3 cells in 10 mg/mL BSA and low 

binding of nontargeted CLIO NWs. (B) Mean fluorescence of cells. Inset shows the linear 

increase between 0.1 and 10 μg/mL. (C) Flow cytometry analysis of binding to SKBR3 cells 

in lepirudin plasma. (D) Linear increase in the binding between 0.2 and 10 μg/mL. (E) Side-

by-side comparison of binding of Cy5-CLIO NWs-PEG-Her in 10 mg/mL BSA and plasma 

shows no difference in targeting efficiency. (F) Confocal microscopy shows uptake of Cy3-

CLIO-PEG-Her2-Cy5 and Cy3-CLIO-PEG-EpCAM-Cy5 by SKBR3 cells in 10 mg/mL 

BSA. Nanoparticles are localized on the membrane and inside the cells.
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Figure 3. 
Targeted CLIO NWs are efficiently taken up by tumor cells, but also by leukocytes in 

lepirudin blood. (A) Fluorescent microscopy of whole blood smear following incubation of 

targeted CLIO NWs in lepirudin anticoagulated blood shows that DiR-labeled SKBR3 cells 

internalized Cy3-CLIO NWs-PEG-Her-Cy5 and Cy3-CLIO NWs-PEG-EpCAM-Cy5 (1 

μg/mL, 15 min incubation). (B) MACS setup for isolation and capture of magnetically 

labeled blood cells and detection of DIR-labeled tumor cells on a nitrocellulose membrane 

with Li-COR Odyssey. (C) DiR-labeled SKBR3 cells (spiked ~18 cells per 5 mL of blood) 

were isolated with CLIO NW-PEG-Her and scanned with Li-COR as described in the 

Methods. The same number of spiked cells was added directly to membrane as a loading 

control and scanned along with the isolated cells. Each bright dot is a DiR labeled cell. The 

presence of the cells was confirmed via fluorescent microscopy (not shown). The graph 

shows a summary of two independent experiments in triplicate. (D) Numerous leukocytes 

were coeluted together with tumor cell (arrow) from MACS column. CK (cytokeratin) labels 

tumor cells, CD45 antibody labels leukocytes, and DAPI stains nuclei. Size bar 50 μm. (E) 

Flow cytometry analysis (forward scattering-side scattering plot) of MACS eluted blood 

cells shows neutrophils (N), monocytes (M), lymphocytes (L), and red blood cells (RBCs). 

The same experiment in EDTA anticoagulated blood showed a dramatic decrease in MACS 

eluted cells, which suggested the involvement of complement. A representative experiment 

out of three is shown.
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Figure 4. 
Comprehensive analysis of complement C3 opsonization pathways as a function of surface 

properties of NWs. (A) Complement activation can be inhibited by 10 mM EDTA (all 

pathways), 10 mM EGTA/Mg2+ (classical and lectin pathway), or C1INH (classical 

pathway). (B) Formulations described in Table 1 were incubated in plasma from three 

donors (two males and one female). C3 deposition was directly measured with dot blot assay 

(one female and two males; age and gender are shown in red above each graph). All particles 

activate complement via the AP with no involvement of the CP. Conjugation of targeting 

antibodies increases C3 deposition. EDTA does not fully inhibit C3 deposition on targeted 

CLIO NWs, which suggests that some C3 binds to IgG without complement activation. Data 

show triplicates with mean and SD. Details of statistical analysis are given in the Methods.
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Figure 5. 
Complement therapeutics for inhibition of opsonization of CLIO NWs. (A) Top, cell 

membrane-anchored complement control proteins CD35 and CD55 and their soluble serum 

counterpart FH. Each protein is composed of short consensus repeats (SCRs). Bottom, short 

synthetic derivatives sCD55 and sCR1 and the cyclic peptide inhibitor Cp40 (compstatin, 

adopted from ref 48). (B) Mechanisms of action of the inhibitors. Left, three N-terminal 

SCRs of CD55, CD35, and FH accelerate the disassembly (decay) of the AP convertase. The 

crystal structure of the C3b-FH complex (PDB ID: 2WII) was superimposed with CD55 

(PDB ID: 1OJV) and CD35 (PDB ID: 1GKG) on the basis of sequence similarity as 

described previously.41 Right, Cp40 binds to C3 and prevents cleavage by convertases. For 

the C3-compstatin complex, PDB ID 1A1P (compstatin) and PDB ID 2A73 (C3) were 

aligned as described.49 (C) Inhibition of C3 opsonization of nontargeted and targeted CLIO 

NWs by sCR1 in two plasma donors (one male and one female; gender, age, and IC50 values 
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are shown above each graph). Targeted CLIO NWs show residual C3 deposition at 

micromolar concentrations of the inhibitor.
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Figure 6. 
Inhibition of leukocyte uptake by soluble complement inhibitors: Nontargeted and targeted 

Cy5-CLIO NWs were incubated in blood at 2 μg/mL with or without inhibitors (30 μg/mL), 

and the uptake was determined with flow cytometry after RBC lysis. (A) Representative dot 

plots show inhibition of the leukocyte uptake of Cy5-CLIO NWs-PEG-Her. (B) Summary of 

the leukocyte uptake in blood of four healthy donors (two males and two females; gender 

and age are shown above each graph). There was a significant decrease by sCD55, sCR1, 

and Cp40 for all particles, but sCR1 and Cp40 were more effective. Details of statistical 

analysis are given in the Methods.
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Figure 7. 
Complement inhibitors increase targeting selectivity and improve purity of magnetic 

isolation. DiR-labeled SKBR3 cells were spiked into aliquots of lepirudin blood used for 

experiments in Figure 6 (~100 000 cells/mL), and the uptake of targeted and nontargeted 

Cy5-CLIO NWs (2 μg/mL) was determined. (A) Representative histograms of SKBR3 mean 

fluorescence after lysis of RBCs and gating out leukocytes (Figure S4). SKBR3 and “blood

+SKBR3” are samples without added particles. (B) Summary of experiments in the blood of 

four healthy donors (two males and two females; gender and age are shown above each 

graph). There was no decrease in the uptake of targeted CLIO NWs after addition of the 

Gaikwad et al. Page 23

Bioconjug Chem. Author manuscript; available in PMC 2021 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inhibitors. (C) Rare SKBR3 cells were spiked in lepirudin blood (~30 cells/mL) and isolated 

with MACS using Cy5-CLIO NWs-EpCAM (10 μg/mL) with or without 30 μg/mL Cp40 as 

described in Figure 3. Immunostaining of the membrane shows single tumor cells and a 

decrease in contaminating leukocytes (CK−/CD45+/DAPI+) by Cp40. Size bar 20 μm. (D) 

Flow cytometry analysis of leukocytes eluted from MACS column with or without Cp40 

shows a decrease in the number of magnetically labeled leukocytes and mean fluorescence 

intensity for nontargeted and targeted CLIO NWs (10 μg/mL). Repeated twice.
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