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Abstract

Nanodiamonds are promising nanomedicines for distgmand therapeutic applications. As
nanodiamonds are mainly administered intravenousiy,critical to understand the humoral
immune response upon exposure to nanodiamonds.e, e report the interactions of
pristine, oxidized, and PEG-functionalized nanodiads with human complement, an
important part of our humoral innate immunity. particular, we report the nanodiamond
binding properties of the recognition protein ok thlassical complement pathway: Clq,
which also takes part in many other physiologiaadl @athological processes. Our results
show similar trends in the effects of C1qg on theehtypes of nhanodiamonds. Complement
activation assays using human serum show thatahediamonds trigger slight activitiega

the alternative pathway and no respomsethe classical pathway. Nevertheless, surface
plasmon resonance shows that Clg binds the nanoddsnand transmission electron
microscopy reveals their agglutination. Studieshwnacrophages further show that Clq
attachment affects their phagocytosis and cytoiesponse.
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1. Introduction

Nanodiamonds (NDs) are promising candidates fange of biomedical applications due to
their favorable physical, chemical, and biologipabperties:® Their potential fluorescence
and ease of functionalization make them excellentdates to combine diagnosis and
therapy within the same nanopartitfe. Nanodiamonds have also been used for implant
coating® Moreover, NDs are known to have the greatestdommatibility among carbon
nanomaterials in terms of cytotoxicity and prodewtiof reactive oxygen specits.
Interesting results in biomedical applications,eesally in challenging areas such as targeted
cancer therapy, prevention of Alzheimer's diseas® brain imaging, have been obtained

with NDs8 !

To be applied clinically, the safety of ND-basedsomedicines needs to be comprehensively
evaluated. To date, toxicology studies of NDs hanagnly focused oim vivo murine models
andin vitro cellular toxicity®"**® Since many potential biomedical applications @sN
entail their contact with the humors (bodily fluidst is important also to understand the
response of the human humoral immune system towthsdse nanomaterials. While there
have been studies involving the effect of NDs oméan blood components!® studies that

concern the human complement, the subject of theepit work, have not been reported.

The complement system forms a crucial part of aumdral immunity and is highly species
specific.  Contrary to acquired immunity, complemeim innate immunity reacts

spontaneously against foreign objects detectedhenbbdy. Complement activation occurs
through three pathways (classical, lectin, andrradiieve) and triggers an amplifying cascade

of enzyme activation and cytokine release. Theardes terminates in the formation of a cell-



killing membrane attack complex (MAC). Inappropeizomplement activation can lead to

inflammation and tissue injury with detrimental sequence¥’

Our present study focuses on the interaction of Wibls C1q, the recognition unit of the first
complement protein complex C1, which initiates thessical pathway of complement. The
C1 complex comprises C1qg bound non-covalently @ fglo-enzyme Cis, tetramer. C1
activates complement in innate immunity when Clglbito pathogens directly as well as in
acquired immunity when C1q recognizes bound antdsod The complement cascade is
triggered when C1q binds to an activator, whichseaua structural change that activates the
pro-enzyme C1s,. From a structural point of view, C1g resemblé®aquet with a collagen
stem branching out into six collagen arms eachrenii a globular head domain (gC%8).
The gClq domain binds to a range of targets thraeghgnition of charged groups. We

have previously shown that gC1q also binds to ggaptand carbon nanotutfés?

Apart from activating the complement in serum &lacomplex subunit, C1q is a ubiquitous
and versatile protein with many other functiong;luding the clearance of apoptotic cells,
modulation of immune cell functions, pregnancy, aadcer controf*?*> Importantly, C1q is
involved in physiological and pathological processethe brain, such as synaptic trimming
in brain maturation and pathogenesis of neurodegéne disease€:?’ Binding of C1q to

administered NDs may affect the functioning of @t@lter the intended effect of the NDs.

In addition, C1q is involved in the regulation dfggocytosis and cytokine production. Clq
has been shown to enhance microglial clearanceaptatic neurons and neuronal blebs and
to suppress the production of pro-inflammatory kites®® Clq binding on carbon

nanotubes can also modulate the phagocytosis antimg release of macrophad@sThus,



the binding properties of C1lg need to be investdato understand the clearance of

administered NDs.

Here, we investigate the potential of NDs to triggemplement activation through the three
complement pathways and the binding properties@$ Mith C1g. We used three types of
NDs with different physiochemical properties — (@ their original forms without
modification (pristine), (ii) oxidized with surfaagarboxylic groups, and (iii) functionalized
with polyethylene glycol (PEG). Unmodified and dized NDs have found various
biomedical applications, such as implant coating @rug delivery, respectiveR?® Oxidized
NDs have also been proposed as a neuroprotectarg against Alzheimer's diseaSe.As
PEG is commonly used to evade the mononuclear plyigosystem and increase the
circulation time of nanomedicines, PEG-grafted Nis/e been developed for selective
cancer drug deliverst We used an enzyme immunoassay to test the NDateedi
complement activation in human serum. Surfacenpbas resonance (SPR), transmission
electron microscopy (TEM), and dynamic light saatig (DLS) were employed to study ND
interaction with C1q. Silica nanospheres were istuavith TEM to better understand the
results of the NDs. We also studied the effecCafj on the capacity of macrophages to
engulf the NDs and to secrete cytokines IL-6 aneéB.IL The cytokine IL-6 is involved in
cancer signaling, angiogenesis and tumor prolitemathrough modulation of macrophage
polarization, and confers resistance toward som@motherapeutic agents>* The pro-
inflammatory IL-8 cytokine, on the other hand, msimportant mediator in the response of the
innate immune system. Modifications on carbon ha#m® surface such as oxidation and
PEGylation have been shown to ameliorate the aiivaf IL-6-hepcidin signaling® The
IL-6 and IL-8 release induced by the pristine, @ed, and PEGylated NDs with and without

the addition of C1q was measured by immunosorbessyes.



2. Methods

2.1.Preparation of nanopatrticles

High-pressure high-temperature Syndia® SYPO0-0.G8 wingle crystal NDs of less than 30
nm were purchased from Van Moppes (Geneva, Swatzé)yl Silica nanospheres (Ludox®

SM colloidal silica) were purchased from Sigma-Adtirand used without any modifications.

2.1.1.NDs with surface carboxylic groups

To generate carboxylic groups on the ND surface,nt of NDs were stirred in a
H>SO/HNO; 3:1 mixture (10 mL) for 1 h at 130 €. The reaction mixture was then diluted
with water and centrifuged for 5 min at 8000 rpirhe pellet was collected and washed twice

with water, and the residue was dried under vactauyeld oxidized NDs (ND-COOH).

2.1.2.PEG-conjugated NDs

Oxidized NDs were activated by reacting 50 mg ef ND-COOH (as prepared above) with
SOCh (20 mL) and anhydrous dimethylformamide (1 mLY@at°C for 24 h. The NDs were
recovered by centrifugation and the pellet was wdshith dry tetrahydrofuran (THF). The
activated NDs (ND-COCI) were dried under vacuunhe ND-COCI were then mixed with
PEG-NH (170 mg, average M= 500 g mof) and triethylamine (TEA, 1 mL) in 5 mL of
anhydrous dimethylformamide (DMF) and stirred fof B at 60 °C under a nitrogen
atmosphere. The resulting solution was centrifuged 0 min at 8000 rpm and the pellet was
repeatedly washed with methanol (x5) to removeetteess of PEG. A dark residue of PEG-

grafted NDs (ND-PEG) was obtained after drying unadeuum.



2.1.3.NDs characterization

The ND samples were characterized using thermapetvic analysis (TGA) and X-ray
photoelectron spectroscopy (XPS). Thermogravimeatnalysis was performed with Q50
(TA Instruments) under nitrogen flow at a heatiaterof 10 °C mif. X-ray photoelectron
spectroscopy was performed with a Kratos Axis UIDAD using a high-resolution
monochromatic Al K line X-ray source at 1486.6 eV. Core level scarge carried out at
fix analyzer pass energy of 20 eV and survey speauére captured at pass energy of 160 eV.
To provide an integrated sampling depth of ~15 tha,photoelectron takeoff angle was kept
normal to the surface. An external gold substreds used as a reference with a binding
energy of 84.0 eV for Au 4f. Zeta potential measoents were performed on a Wallis

instrument from Cordouan Technologies equipped wi@35 nm laser diode.

2.2.Complement activation assay

The ability of NDs to activate complement was meagdwsing the Wieslab complement
system screen COMPL300 (Euro Diagnostica), an eazymmunoassay based on the
detection of a neo-antigen expressed during the M#&@ation. Normal human serum was
incubated with the nanoparticle solutions diluted.20 pg mr* in Tris-Buffer-Saline (TBS)
(Euromedex) at a ratio of 6:1 (v/v) for 45 min & € with occasional shaking. The residual
functional activities of the classical pathway, M8L (mannose-binding lectin)-dependent
lectin pathway, and the alternative pathway werasuesd following the kit instructions.
IgG-ovalbumin aggregates (immune complexes IC) weepared and used as a positive
control for the activation of the classical compé&rhpathway (final concentration 0.5-1 mg
mL™), as described previously. Zymosan (1 mg mt) was used as a positive control for the

activation of both the lectin and alternative patlyg: Control incubations for complement
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activation contained only TBS buffer and were useddefine the reference of 100%
complement activity of the serum. Three indepehdexperiments in duplicate were
performed for each assay. The means of the malltigasurements are presented with the

error bars representing the standard deviatiotiseofneasurements.

2.3.Purification of protein C1q and gC1q

The C1q subunit of C1 was purified from human pladmThe globular head domain gCiq
was generated from purified C1q as described pusilyd® Briefly, C1q was treated with
collagenase (100 units collagenase fiGhastridium histolyticuntype Il (Sigma) per mg of
Clq) for 16 h at 37 °C, and the gC1g obtained waigd by high-pressure gel permeation
on a TSK-G3000 SW column (Tosoh Bioscience) eguatdd in 50 mM Tris-HCI, 250 mM
NaCl at pH 7.4. As molecules of gClq tend to agate with time, only freshly prepared

samples were used in the experiments.

The proteins were dialyzed in TBS and the finalasirations were around 0.8 mg thiL
The homogeneity of the purified proteins was asxbsby sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) asialyinder reducing and non-reducing

conditions and also by TEM.

24.TEM

For negative staining TEM, ~4 pL of the sample wapplied to a mica sheet covered with a
film of evaporated carbon. The carbon film wastfieated off the mica in ~100 pL of 2%

sodium silicotungstate (SST) solution and retriewedo a 400-mesh copper TEM grid.

Imaging was performed on an FEI T12 microscope2étKV and recorded on an Orius 832
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charged-coupled device, or on an FEI F20 microsed@90 kV and recorded on an Eagle or

a Gatan One View camera.

For cryo-TEM, ~4 pL of the sample was applied tgl@awv-discharged Quantifoil grid and
plunged frozen in liquid ethane using an FEI VitsbbFrozen grids were observed on the FEI
F20 microscope at 200 kV or on an FEI Polara maope at 300 kV. Images on the Polara

were recorded on an Ultrascan 4000 charge-cougedeal

2.5.DLS of the NDs in interaction with C1q
Dynamic light scattering was performed on a Wyath&Pro NanoStar with Wyatt disposable
4 pL cuvette. Three measurements of DLS data wellected for 10 acquisitions (5 s for

each acquisition) at 25 °C for each experimente pérticles were all modeled as globular.

2.6.SPR

Analyses were performed at 25 °C using a Biacorasttument (GE Healthcare). Clq and
human serum albumin (HSA) were diluted to 33 ang@®Lin 10 mM sodium acetate pH
5.5 and pH 4.0, respectively, and immobilized c@BM5 sensor chip (GE Healthcare) using
the amine coupling chemistry in 10 mM Hepes, 150 misICl, 3 mM EDTA, 0.005%
surfactant P20, pH 7.4. Binding of the NDs to infmfized C1q (15000-16000 RU) and HSA
(7500-8000 RU) was measured at a flow rate ofi2@nin™ with 10 and 20 ug mt NDs in
TBS, 0.005% surfactant P20, pH 7.4. The specifiding signal was obtained by subtracting
the signal recorded over the HSA surface. InjestiqlO uL) of 10-20 mM NaOH
regenerated the surfaces. For competition expatsnehe NDs were pre-incubated with
HSA (0.2 mg mL*) for 10 min at room temperature before injectioerothe surfaces. Data

were analyzed with the BlAevaluation 3.2 softwae& (Healthcare).
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2.7.Phagocytosis of NDs by THP-1 macrophages

THP1 monocytes were cultured in RPMI-1640 mediunvi{ffogen)supplemented with 10%
(v/v) heat-inactivated fetal calf serum FCS, pdliic{3 U mL™), and streptomycin (g mL
1. Differentiation into macrophage-like cells was @steid by treatment with 10 nM PMA

(Phorbol 12-myristate 13-acetate) for 4§’

Solution of NDs was sonicated for 45 min, diluted 30 pg mC* (~10" particles mr*
assuming ND size of 50 nm) in cell medium in thesence of C1q (10 - 100 pg Mlwhen
specified and then added to THP1-derived macroghageulture medium for 24 h at 37 °C
and 5% CQ. After incubation, cells were washed and handeskgth 0.25% trypsin/
ethylenediaminetetraacetic acid (EDTA), re-suspdnde PBS, and analyzed by flow
cytometry. Phagocytosis efficiency was evaluateadll size and granularity by measuring
the light scatteringroperties (forward scatter (FSC) and side sc&88C)). Flow cytometry
analyses were performed with MACSQuant VYB cytomédtdiltenyi Biotech, M4D cell
imaging platform). For each sample, 10000 evantke analysis gate were collected and the

data was treated with the MACSQuantify software.

2.8.Quantification of Cytokine Release

Supernatants of THP1 macrophages incubated for \2hhNDs in the presence or absence
of C1qg (100 pg mt') as mentioned above were collected and then agdffgr IL-6 and IL-8
contents by enzyme-linked immunosorbent assay (KLI&cording to the manufacturer

instructions (Covalab).

3. Reaults
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3.1.Characterization of NDs

The ND samples were characterized using TGA tofywéhie presence of functional groups
appended on the ND surface. Results are showigurd=1 for the oxidized NDs (red curve)
and the PEG-grafted NDs (blue curve). The PEGtgnaND sample undergoes a moderate
weight loss (ca. 5%) at around 350 °C, which cquesls to the degradation temperature of
the PEG chain (green curve). The oxidized ND san{pdd curve) does not show this
behavior, further confirming that the weight lo$s380 °C observed for the ND-PEG sample

is attributable to the degradation of PEG units.

The chemical composition of the ND samples wasyaedl by XPS. As shown in Table 1,
the increase in the oxygen content after oxidabbrihe NDs reflects the introduction of
carboxyl-groups at the already oxidized surfacehef particles. The oxygen and nitrogen
contents further increase (+1.1% and +0.6%, res@dgl upon conjugation with the PEG-
NH unit. The XPS results are in good agreement thighweight loss observed by TGA that

indicates effective PEG functionalization.

Dynamic light scattering analysis of the differddDs indicated that their hydrodynamic
diameter in water is in the 40-50 nm range, regasllof the sample (see for example
Supplementary Figure 3A). It is to be noted thet hydrodynamic diameter of the same
samples increases when in serum, as the mean diaofethe pristine and PEG-NDs is

ca.100 nm and that of ND-COOH is ca.110 nm (Supeteary Figure 1).

3.2.Complement activation capacities of the NDs
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Samples of NDs were incubated with human serum rasdlual complement activation
capacityvia each of the three complement pathways was measulréglire 2 shows the
results for the non-modified and modified NDs. NiAtexperimental uncertainty, none of the
nanoparticles activate the classical or the MBLeatwent lectin pathways for the
concentrations tested. However, all the NDs sheteatable activityvia the alternative

pathway.

To confirm that the NDs did not interfere with thenctioning of the activation assay, we
tested the complement activation by adding prigibs to the positive contral.e. IC for the
test of activation through the classical pathwayl a0 the zymosan for the lectin and
alternative pathways. The complement was activeted these cases as in the case of IC or

zymosan alone, indicating that the NDs did notrfete with the assay (data not shown).

3.3.Binding of NDs to C1q

3.3.1.SPR

The interaction between NDs and Clq was analyze&RiR. Human serum albumin was
used as a reference for non-specific binding. étetC1q and HSA were immobilized on the
surface of the sensor chip and two concentratiéméDs (10 pg mLC* and 20 pg mt) were
injected to flow over the surface. As shown inUfegg3A, the raw binding signals show that
the three types of NDs bind to both C1qg and HSA ®milar extend. Pre-incubation of the
NDs with HSA strongly inhibited subsequent binditegHSA but only partially inhibited
subsequent binding to C1q (Figure 3B). As we iadithat HSA alone did not bind to C1q
under these conditions, the results suggest teabitiding sites of NDs for HSA and C1qg do

not completely overlap.
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3.3.2.TEM

Figure 4A shows transmission electron micrographgristine NDs alone. We found well-
isolated particles of size ranging from ~30 nm &6 nm. Close inspection shows these
particles to be aggregates of smaller crystals/o-JIEM was also performed on the NDs and

no difference in the size distribution of the NDasabserved.

Figure 4B shows the negative staining results ofMidxed with C1q (0.9 mg mENDs and
50 pg mL* Clq final concentration). Aggregates of over I8 were formed. Electron
microscopy of C1g with ND-COOH, ND-PEG showed sanidggregations (Supplementary

Figure 2A-B).

Figure 4C shows a higher magnification image oftibged region in the negatively stained
image in Figure 4B. Molecules of C1g can be foarmlnd the aggregate. Upon inspection,
irregularly shaped particles with straight edgesaiund 5-20 nm are bound to the globular
regions of these C1q molecules (Figure 4D). Tlesmd particles are likely to be ND single
crystals in the sample. Figure 4D shows drawinggialing C1q molecules bonded to the
particles. From these congregations, we can infev C1gq molecules aggregate the NDs.
The C1g molecule consists of six globular domag1(Q) that can each interact with a ND.
Conversely, a ND can attract gCl1q domains belongmgnultiple C1g molecules. A

conglomerate is thus assembled.

As it was difficult to discern details in the aggates with the accumulation of stain in the

negatively stained image (Figure 4B), we perforraga-TEM on the sample. The ND-C1q
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solution was vitrified in liquid ethane. The frazbydrated sample showed large aggregates
as in the negatively stained sample. Howeverhaws in the example in Figure 4E, we can
now visualize individual ND particles of ~50 nm tlae connected by structures of very low
contrast (white arrow heads in Figure 4E) withia #ggregates. While cryo-TEM preserves
the sample in its native hydrated state, contrpratein molecules is low due to their close
density to that of buffer and the lack of stainxaBination of the low contrast structures
shows clusters of uniform globular particles of nrh, characteristic of C1q, which is

recognizable by its set of globular regions (cifufe 4D).

We repeated the experiments with isolated gClqgyreatically generated from C1q
molecules by digesting the collagen-like regionghe C1q molecules (each C1lg molecule
yields six gC1q molecules.). We found ND clustefr$0-100 nm decorated with gC1q (0.9
mg mL* NDs and 60 pg mit gClq final concentrations) but no formation ofjaggregates
(Figure 4F). These results suggest that the Cllgvalent binding mode is the cause of the

ND aggregation observed.

Analogous experiments with ND-COOH and ND-PEG hawdded similar results (see

Supplementary Figure 2C-D).

To investigate the generality of agglutination ahoparticles by C1q, we performed electron
microscopy of SiQ nanospheres mixed with whole C1g molecules or wattated gClq
molecules. Compared to NDs, the Si@anospheres are monodisperse and are easily
recognized in electron micrographs. Results amvehin Figure 5. Figure 5A shows the
micrographs of C1qg and Si@nixed in buffer to yield final concentrations & g mL* C1q

and 20 mg mL* Si0,. Once again, large aggregates of Sie observed but, compared to
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the aggregates formed with NDs, C1g molecules eadligtinguished by the different contrast
due to the different elemental compositions from®,Si Closer inspection clearly shows
nanospheres brought together by C1qg molecules rgigB). Figure 5C shows the case of
gC1lq mixed with the Si©nanospheres (final concentration of 45 ugngC1q and 20 mg
mL™? Si0,) and similar to the case of NDs, nanospheres dembrwith isolated gClq
molecules were present but no large aggregated beubbserved, providing further evidence

that agglutination comes from the multivalent birglof C1q.

3.3.3.DLS

To further confirm the aggregation observed by TEM, performed DLS experiments on
ND-PEG with C1q (Supplementary Figure 3). Nanodiads alone diluted in TBS up to the
concentration used in EM experiments showed areasa of their hydrodynamic diameter up
to 90-100 nm whereas C1q showed two main peakd@mnm and ~100 nm, plus a minor
peak (< 10 %) at ~1 um. As NDs and C1q were migdihal concentrations of 0.9 mg ML
NDs and 50 pg mt C1g mimicking the conditions in the TEM experingrthe peaks under
100 nm diminished and a broad peak between 1 pni@ndn became the main peak (~ 90

% intensity), consistent with the TEM observations.

3.4.Engulfment by macrophages and cellular response

It has been shown that macrophages readily engufiodified NDs'**'* To investigate the
immune impact of the modified NDs, which has noerbereported, we analyzed the
interaction of ND-COOH and ND-PEG with macrophagad compared the results with that
of pristine ND. Uptake of the NDs by macrophages wssessed by flow cytometry and the
cellular response of the macrophages was assess@ytdkine assays. The ability of

macrophages to internalize NDs was evaluated byuoneg cell size and granularity through
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their light scattering properties (FSC and SSCh afbitrary window corresponding to higher
granularities was taken as a reference. This windncompassed 1.5% of the cells in the

initial measurements before the incubation (Supplaary Figure 4).

The density dot plots of the scattering parameiéthe macrophages incubated with NDs are
shown in Figure 6. After 24 h incubation time, |cgtanularity increases slightly for
macrophages incubated with ND and ND-PEG, and derably for macrophages incubated
with ND-COOH, which indicates ND accumulation irsidhe macrophages (Figure 6).
Interestingly, when added at a physiological cotregion (10 to 100 pg mit) to NDs, Clq
enhances cell granularity in a dose dependent mammdicating that C1g increases ND
engulfment by macrophages. In the case of pridtiDe significant increase in engulfment
was observed with the addition of 100 ughtlg. Although internalization is not marked
for pristine ND and ND-PEG in the presence of lawoant of C1q, the percentage of cells
lying within the higher granularity window with 100y mL* C1q increases from 4% to 38%
and from 3% to 9.5% for pristine ND and ND-PEG,pexgively. These results show that
binding of Clg to nanoparticles can modify the tesc of macrophages towards the

nanoparticles.
To gain further insight into the effect of the N@& macrophages, supernatants of the
phagocytosis assays (without added C1qg and withubd®L* added C1q) were collected and

analyzed for their contents in cytokines IL-6 aheBlI

Our results showed that modified NDs behaved diffdy from the pristine NDs. As shown

in Figure 7, pristine NDs induce a notable releak#_-6 and efficient release of IL-8 by
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macrophages. The overall IL-6 increase, howeeenains low in comparison to the effect of,
for instance, lipopolysaccharide (LPS), a commatiogoxin known to boost proinflammatory
signaling (Supplementary Figure 5). Surface modifon of the NDs significantly reduces
the IL-6 and IL-8 cytokine secretions, even for IDOH, which were efficiently engulfed
(Figure 6). The levels of cytokine production icdd by the modified NDs are comparable to
those induced by C1q alone (C1qg has been repartstimulate IL-6 and IL-8 in different cell
types®™9. The results also show that addition of C1lgeases the cytokine production in
all the three ND samples for IL-6 and in the twodified ND samples for IL-8. The effect of
C1g on pristine ND may be masked by the high letalady expressed without the addition

of C1q.

4. Discussion

Our enzyme immunoassay results showed that prisixidized and PEGylated NDs did not
activate the classical or the MBL-dependent lep@thway of complement. On the other
hand, activities through the alternative pathwayendetected. Whereas the classical pathway
and the lectin pathways of complement depend oogration proteins (C1q for the classical
pathway, MBL and ficolins for the lectin pathwayat bind pathogens, the alternative
pathway maintains a constant low level of actiwtfich is inhibited by the presence of self-
markers. These results are similar to our previmsults on other nanoparticles (PEG-
functionalized carbon nanotubes and micelles temtashwith carboxylic groups), which have
also shown no significant activities through thassical or MBL-dependent lectin pathways
but detectable activities through the alternatimthpray?>*’ The results suggest that the NDs
do not contain motifs that are actively soughtrdfethe activation proteins of the classical or
the MBL-dependent lectin pathways. Complementwds, nonetheless, can be triggered by

the NDsvia the alternative pathway.
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Despite the lack of activities of the NDs throudpe tlassical pathway, results from surface
plasmon resonance showed that all ND samples @tr&1q. The similar binding signals for
HSA and C1q suggested that the binding of NDs @itq was non-specific, consistent with
the results that C1 was not activated by the Ntishas been proposed that the level of
complement activation depends on the ligand-bindig within the C1q globular regions.
For instance, the gClg binding site for immunoglot®) which are strong activators, is
located at the opposite side of the binding sitesklf-derived ligands such as heparin or
DNA, which are weak activatofé. The binding site on gC1q for ND may be closehat for
other carbon nanomaterials such as graphene oprcaranotube, which are also non-

activators of the classical pathw&y.

The observation that C1q binds to PEG-functiondlidbs, similarly to the non-modified
NDs, may be a bit surprising since functionalizatizwith PEG is often used to coat
nanomaterials so as to evade the immune systenere& the TGA and XPS results clearly
showed that the surface of the NDs was functiogdlizhe moderate weight loss shown by
TGA at the PEG degradation temperature and thatsligrease in the oxygen and nitrogen
contents for ND-PEG indicated that functionalizatimnly partially covered the ND surface.
Such results are expected as the functionalizadepends on defect sites, which are not
abundant on ND surface. Since PEG coverage ofuHace of the functionalized NDs was
only partial and C1qg bound readily on non-modifieds, C1g might have interacted with
non-functionalized regions of the modified NDs. isTimterpretation would be consistent with
our recently reported findings that neither C1q g@lq bind to carbon nanotubes fully

coated with PEG but do bind to carbon nanotubesaitesonly partially covered with PEG.
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Our TEM results showed that C1qg agglutinates NDsabge of their multivalent binding
mode. The six gC1q domains on each C1q molecelalae to bind to distinct ND patrticles,
which in turn can attract gC1q from distinct C1lgleanles with their multiple facets. It is
interesting to note that C1q binding causes diffeedfects in carbon nanotubes. Whereas
Clq binding results in ND aggregation, C1q disaggtes carbon nanotube bundles for
nanotubes with diameter over ~10 AimRather than attaching to discrete carbon nanstube
gC1lg domains on the same C1lg molecules attachetsutiace of the same carbon nanotube
of large diameter because of the nanotube geoméfhe multivalent binding in this case
strengthens the attachment of the C1q moleculd@wrarbon nanotube. The Clqg attachment
can overcome the attraction among the nanotubesresudts in nanotube dispersion (see

Supplementary Figure 6).

Our studies further showed that the binding of Gfitp NDs increased their phagocytosis by
macrophages. With the addition of 100 pghit1q, pristine ND and ND-COOH were very

efficiently internalized. Engulfment of ND-PEG alscreased but remained moderate with
the same amount of added C1q. As TEM results stidlagd the polyvalent binding mode of

C1q agglutinated the NDs studied, the increasdearance efficiency may be a result of the
agglutination. The increase may also have conmma fite interaction of bound C1q with its

partners on the macrophage surface. The highewuignity observed in the case of ND-

COOH even without C1q addition may be due to laqggticle size, as observed by DLS
(Supplementary Figure 1B). The observation coldt de due to the surface carboxylate
groups; cellular uptake of carbon nanotubes has ®wn to increase with surface

carboxylate groups, the effect of which is neutedi by PEGylatiol’ Correspondingly, we

found that the engulfment of ND-PEG was modest arenbto pristine ND and ND-COOH,
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even with the addition of 100 pg mMIC1g. The presence of PEG may have affected the
accessibility of the attached Cl1q for its partnargl contributed to the lower clearance

efficiency for ND-PEG compared with the cases adtpre ND and ND-COOH.

Results from immunosorbent assays showed thatcguftenctionalization diminished the IL-
6 and IL-8 release by macrophages induced by the. NIhese results are in the same line as
that for carbon nanotubes, whose toxicity has bslkeown to decrease with increased
functionalization densit§® We found that addition of C1q prompted increasedretion of
the cytokines in all the ND studied except in thsecof IL-8 with pristine ND, which might
be close to saturation already without the addibbi€1gq. Whereas IL-6 levels with added
Clg remained low and comparable to the secretioluced by Clqg alone, IL-8 levels
approximately doubled with added Cl1lq in the caskghe modified NDs and were
considerably higher than the level attained by @itlpout NDs, especially for ND-PEG.
Studies with carbon nanotubes have also shown @i binding affects cytokine
secretion$? Thus, even though surface functionalization, acPEGylation, may shield the
nanoparticles from certain immune response, adsorpff proteins, especially proteins with
an active role in the immune system, may alter dnecome when the nanoparticles are

introduced into the body.

In conclusion, our findings show that Clq agglu#saNDs and C1q binding alters the
macrophage response towards the NDs. Attractiddlof onto the NDs may locally deplete
the multifunctional protein C1q and affect the meges that involve C1q. Considering the
extensive presence of C1q in the body and itsirolfiverse physiological and pathological
processes, Clq binding onto NDs warrants attentiefore applying nanomedicines

constituting NDs in the clinical setting.
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Figure Legends
Figure 1. Thermogravimetric analysis of functionalized nanodiamonds (NDs).
Nanodiamonds functionalized with PEG showed weligés at ~350 °C, corresponding to the

degradation temperature of PEG.

Figure 2. Complement activation assays of NDs. Normal human serum (NHS) was
incubated for 45 min at 37 °C with the ND solutioas 120 pg mt and the residual

functional activities of the classical pathway, thiBL-dependent lectin pathway, and the
alternative pathway of complement were measurg&-dvalbumin immune complexes (IC)
were used as a positive control for complementvattn via the classical pathway, and
zymosan (Zym) for the lectin and alternative patysva Measurement of reference NHS
complement activity was performed in the buffer §)Bvithout NDs. Results are expressed
in percentage (%) of NHS activity (mean +/- staddaeviation of three independent

experiments performed in duplicate).

Figure 3. Surface plasmon resonance analysis of the interaction of NDs with C1q and
human serum albumin (HSA). (A) The three types of NDs at two indicated coniions
were injected over immobilized C1q and HSA, whickswised as a reference for non-specific
binding. The binding signals obtained over eacbtgdn and the specific binding signal
obtained after subtraction of HSA are shown. (Bnbdiamonds (10 pg ni) were pre-
incubated with HSA (200 pg nil) or buffer (negative control) before injection ove
immobilized C1g and HSA. Results are represerdgat¥’ two independent experiments

performed on different sensor chips.
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Figure 4. Transmission electron micrographs of non-modified NDs and their
interactions with C1q and gC1g. (A) Nanodiamond particles show size distributadr-30-
100 nm. (B) Negatively stained sample of NDs mineth C1q shows aggregates of over 10
um. (C) Higher magnification image of boxed region(B) showing molecules of C1q
around the large ND-Clg aggregate. (D) Close-upsame negatively stained Clq
molecules with bound NDs and their schematic diagrashowing the mechanism of
aggregation. Individual ND may bind multiple gldéu domains of one or more C1q
molecules. (E) Cryo-electron micrograph of the saample as in (B) with no heavy metal
staining shows that the large aggregates are miolyspacked but consist of separated ND
particles of ~50 nm. Although the contrast is lmamhe unstained specimen, molecules of
C1lg (white arrowheads) can be recognized by clsistetheir globular domains (gC1q) in the
space in between the ND patrticles. (F) Interactibthe isolated gC1g molecules with NDs

(negative staining). White arrowheads point tonegies of bound gC1qg on ND patrticles.

Figure 5. Transmission electron micrographs of silica nanospheres interacting with C1q

and isolated gC1lg. (A) Sample of silica nanospheres mixed with Clwmpves large
aggregates of nanospheres. The globular domaitiseo€1g molecules can be recognized
among the nanosphere aggregates as bright reguiler dB) Higher magnification images
and schematic representations of small clustermobspheres linked by C1g molecules. (C)
Interaction of the isolated gC1q with the nanospierNanospheres are decorated with gC1q

but no large aggregations are observed. The seate applies to (A) and (C).

Figure 6. Nanodiamond uptake by THP1 macrophages. Density dot plots of forward

scattering (FSC) and side scattering (SSC) paraméebitrary values) of pristine ND, ND-

COOH and ND-PEG added to THP1 macrophages with witkdout addition of C1q.
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Percentage of events in gate corresponding to higjla@ularities that lie in the boxed region

is indicated in each case. Results are representitthree independent experiments.

Figure 7. Cytokine secretion by THP1 macrophages incubated with NDs with and
without C1q. Supernatants of THP1 macrophages incubated wghne ND, ND-COOH or
ND-PEG, in the presence or absence of C1q, wetectetl at 24 h and quantified for their
content of IL-6 and IL-8 by ELISA. The mean ofdébrmeasurements is presented in each

case with the error bars representing the starakardtions of the measurements.

TableLegend

Table 1. Element contents (%) of the three ND samples based on the XPS analysis.
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with no added Clq +C1q 10 pg/ml

ND 4% | 5%
ND-COOH

1&3: le
ND-PEG 1 3% 3%

ler

Granularity (SSC)

Cell size (FSC)

+C1qg 100 pg/ml

9.5%
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Sample Cils Ols N1s
ND 91.8 8.2 --
ND-COOH 89.9 10.1 --

ND-PEG 88.2 11.2 0.6
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