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Abstract

Background: The secretion and direct capture of proteins from the extracellular

medium is a promising approach for purification, thus enabling integrated biopro-

cesses.

MajorResults:Wedemonstrate the secretionof a nanobody (VHH) to theextracellular

medium (EM) and its direct capture by bare, non-functionalized magnetic nanoparti-

cles (MNPs). An ompA signal peptide for periplasmic localization, a polyglutamate-tag

(E8) for selective MNP binding, and a factor Xa protease cleavage site were fused N-

terminally to the nanobody. The extracellular production of the E8-VHH (36 mg L–1)

was enabled using a growth-decoupled Escherichia coli-based expression system. The

direct binding of E8-VHH to the bare magnetic nanoparticles was possible and could

be drastically improved up to a yield of 88% by adding polyethylene glycol (PEG). The

selectivity of the polyglutamate-tag enabled a selective elution of the E8-VHH from the

bare MNPs while raising the concentration factor (5x) and purification factor (4x) sig-

nificantly.

Conclusion: Our studies clearly show that the unique combination of a growth-

decoupled E. coli secretion system, the polyglutamate affinity tag, non-functionalized

magnetic nanoparticles, and affinity magnetic precipitation is an innovative and novel

way to capture and concentrate nanobodies.
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1 INTRODUCTION

Nanobodies, often termed single domain antibodies (sdAb) or vari-

able domain of heavy-chain antibodies (VHH), have attracted great

interest in recent years by showing remarkable advantages over usual

antibodies.[1,2] Themost obvious advantage is their small size enabling

an easier penetration of tissues. Additionally, they have access to
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antigenswhich are hardly accessible for bigger antibodies, for example,

active sites of enzymes.[3] Other beneficial properties have also pro-

pelled this research (e.g., the inherent thermal and chemical stability,

the expression in microorganisms, and their low immunogenicity).[4–7]

On top of that, nanobodies can be expressed in many different organ-

isms, including Escherichia coli.[8] In contrast, conventional antibodies

are mostly expressed in mammalian cell lines due to their need for

post-translational modifications (e.g., glycosylation).[9] The expression

in microorganisms, especially E. coli, is often faster and more cost-

efficient than other expression systems, like the expression in mam-

malian cell lines.[10] However, one problem is the inclusion body (IB)

formation of nanobodies when expressed in the cytoplasm and which

needs further processing to result in functional nanobodies.[8,11] The

IB formation can be bypassed through periplasmic expression, which is

themost popular route for nanobodies.[8]

For further purification, nanobodies secreted into the periplasm

need to be released.[10] To save an additional periplasmic release

step, various approaches exist to secrete proteins to the extracel-

lular medium for E. coli (e.g., a higher membrane permeability, co-

expression of lysis proteins, hemolysin secretion).[12,13] Recently, the

enGenes-X-press strain (E. coli BL21(DE3) derivative) has proven to

be highly promising for extracellular expression of proteins, especially

nanobodies.[14,15] The secretion mechanism of the enGenes expres-

sion system is ascribed to the outer membrane leakiness. This leaki-

ness is achieved by inhibiting the E. coli RNA polymerase and resulting

in growth-decoupled production of recombinant proteins.[14] After the

secretion, nanobodies are usually purified by immobilized metal affin-

ity chromatography or ion exchange chromatography.[11,12,16] How-

ever, chromatographic methods are often costly.[17,18] In contrast,

the use of magnetic nanoparticles (MNPs) is suggested to be a cost-

efficient and promising alternative as it combines magnetic proper-

ties with a high specific surface area, a fast and simple handling, and

easy upscale possibilities.[17,19–21] MNPs are applied in many nano-bio

applications with a functionalized surface, however, functionalization

is costly.[21,22] Therefore, the use of bare, non-functionalized MNPs

saves costs and appears to be worthwhile.[23] Especially for sustain-

ability reasons, it makes sense to use non-functionalized MNPs, since

no toxic ligandsareneeded. Inprevious studies, a peptide tag consisting

of repeating glutamates (E6) showedahigh affinity towards bareMNPs

and an adsorption behavior appropriate for purification.[24,25] The

strong binding can be ascribed to the bridging coordination and elec-

trostatic attractions of the glutamates and MNPs.[25,26] As in immo-

bilized metal affinity chromatography (IMAC), a peptide tag is added,

however, stationary phase functionalization is omitted, and a haz-

ardous substance, like imidazole, is not needed for elution.

In a proof of principle, an E6-tagged GFP (E6-GFP) was purified

with bare MNPs in a high gradient magnetic separation (HGMS).[27]

Recently, researchers observed improved capturing efficiency with

magnetic particles by combining it with precipitation, naming that

approach ‘affinity magnetic precipitation’.[28] Santos et al. could

enhance the yield and purity of captured antibodies by adding

polyethylene glycol (PEG).[28] The approach by Santos et al. is based on

functionalizedmagnetic particles, whereas themagnetic nanoparticles

in this study are non-functionalized.[28] The combination of PEG and

magnetic particles is also known in magnetic aqueous two-phase sys-

tems (ATPS),wheremagnetic particles are known toenhance thephase

separation[29,30] or bind proteins when being functionalized.[31–33]

Aside those two downstream applications, PEG is commonly known

to precipitate proteins by steric exclusion and even allows for an

improved retention of proteins to the chromatographicmaterial.[34–36]

In this manuscript, we molecularly fused the signal peptide ompA,

the polyglutamate-tag (E8) and a factor Xa cleavage site to the N-

terminus of a nanobody. This allowed the nanobody to be secreted,

to adsorb to bare magnetic nanoparticles and to enable the cleav-

age of the polyglutamate-tag. We have joined several highly promis-

ing approaches into one, resulting in a low-cost capturing approach

for nanobodies with improved yields and distinctly enhanced purifi-

cation and concentration factors. We achieved that by secreting the

polyglutamate-tagged nanobody (E8-VHH) with the enGenes-X-press

system, capturing it by non-functionalized magnetic nanoparticles in

the presence of PEG and selectively eluting the E8-VHH. The unique

symbiosis of the X-press strains, the magnetic nanoparticles and the

polyglutamate-tag system promises a low-cost, rapid and transferable

approach, not limited to nanobodies.

2 MATERIALS AND METHODS

2.1 Materials

All materials were used as supplied. E. coli BL21(DE3) (E. coli str. B

F− ompT gal dcm lon hsdSB(rB−mB−) λ(DE3 [lacI lacUV5-T7p07 ind1

sam7 nin5]) [malB+]K-12(λS)), enGenes-X-press-V1 (E. coli B F− ompT

gal dcm lon hsdSB(rB− mB−) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7

nin5]) attTN7:: < Para-Gp2 > ΔaraABCD),[15] and enGenes-X-press

V2 (E. coli B F− ompT gal dcm lon hsdSB(rB−mB−) [malB+]K-12(λS)
araB::T7RNAP-tetA attTN7:: < Para-Gp2 >)[37] were used as expres-

sion organisms (enGenes Biotech GmbH, Austria). Magnetic nanopar-

ticles were synthesized by co-precipitation of iron salts as described in

previous work.[38] The provided silica-coated magnetic nanoparticles

were synthesized and characterized, which is further described in the

supplementary information (see SI). Oleate-coated magnetic nanopar-

ticleswere generatedbyassemblingoleate andmagnetic nanoparticles

as described in Schwaminger et al.[39]

2.2 Cloning

The VHH gene was integrated in a pET30 plasmid from enGenes.[15]

The polyglutamate-tag (E8) and the factor Xa protease cleavage site

were fused between the ompA signal peptide and the N-terminal

start codon of VHH via the Gibson assembly approach. A polymerase

chain reaction (PCR) was performed to linearize the vector at the

desired location (Fwd: GAAGTACAACTGCTGGAGA, Rev: GGCCT-

GCGCTACGGTA) using the Q5 High-Fidelity DNA Polymerase (New

England Biolabs, USA). The NEBuilder HiFi DNA Assembly Kit was
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used to assemble the linearized fragment with an oligo assembled

fragment containing the polyglutamate-tag and the Xa protease

cleavage site, as well as complementary ends to ompA-end and

VHH-start nucleotides (TACCGTAGCGCAGGCCGAGGAAGAGGAA-

GAGGAAGAGGAAATTGAAGGCCGTGAAGTACAACTGCTGGAGA).

The resulting plasmid was transformed in E. coli DH5α cells with

the TSS transformation protocol[40] and subsequently verified via

sequencing (Eurofins Genomics GmbH, Germany). For further expres-

sion studies, the cloned pET30a_E8-Xa-VHH plasmid was transformed

(TSS transformation protocol) into different E. coli-derived strains

(BL21(DE3), enGenes-X-press V1, enGenes-X-press V2).

2.3 Growth experiment

The different strains’ growth behavior (BL21(DE3), X-press V1, and X-

press V2, all transformed with pET30a_E8-VHH plasmid) was investi-

gated in a BioLector (m2p Labs GmbH, Germany) micro fermentation

system. The experimental procedure was carried out analogously to

the studies by Stargardt et al.[15]

2.4 Expression

Assessing the VHH expression in different strains, the transformed

BL21(DE3) and X-press V1 were cultivated at 30◦C for several hours

in shaking flasks (40 mL) containing semisynthetic (SS) medium with

30 mg L–1 kanamycin. The composition of the SS medium is described

elsewhere.[41] Expression was induced by the addition of 0.5mM IPTG

and 100 mM Arabinose (only X-press V1) after reaching an OD600

between 0.6 and 0.9. X-press V2 strains were cultivated in autoinduc-

tion medium (20 g L–1 Tryptone, 5 g L–1 Yeast extract, 5 g L–1 NaCl,

6 g L–1 Na2HPO4, 3 g L–1 KH2PO4, 10 mL 60% Glycerol, 5 mL 10%

Glucose) with varying arabinose concentrations (1.5%, 1% (w/v)) for

3 days at 30◦C and at different scales (40 and 300 mL). The cultiva-

tion broth was centrifuged (3000 × g, 30 min), resulting in a pellet and

a supernatant (designated as the extracellular medium, EM). The pel-

let was further treated with chloroform for periplasmic release and

centrifuged (17,000 × g, 30 min) to separate the periplasmic fraction

(supernatant) from the spheroplast (pellet).[42] The chloroform treat-

ment includes the resuspension of the pellet in 99% chloroform (vol-

ume: 1% of total cultivation volume), incubation for 15 min at RT, and

the addition of Tris buffer (50 mM, pH 8.0, 10% of cultivation volume).

The different fractions were analyzed with sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). The protein concen-

tration of the EMwas obtained by the Bradford assay.[43]

2.5 Batch adsorption experiments

The binding of the proteins from the EM to theMNPs was assessed by

mixing different concentrations of EM to a final concentration of 1 g

L–1 MNPs. The MNPs stored in Tris (50 mM, pH 7.0) or acetate buffer

(50 mM, pH 7.0, 6.0, 5.5) were poured into a 2mL Eppendorf tube. The

storage buffer was removed by applying a magnetic field and the EM

was added, resulting in a final volumeof 1.8 or 0.5mL. ThepHof theEM

wasadjustedwithHCl beforehand. PEG6000 (10% (w/v))was added to

the EM before pH adjustment, in the case of PEG-containing samples.

The EM-MNPmixture was incubated for 1 h (25◦C, 1000 rpm), a mag-

netic field was applied, and the supernatant was removed. The remain-

ing MNPs were washed twice and resuspended in Tris buffer (50 mM,

pH 7.0, initial volume). Samples were taken for BCA analysis and SDS-

PAGE.

The total amount of the proteins bound to the MNPs was deter-

mined with a particle BCA (PBCA, described in Section 2.6), and was

related to the MNP amount (total protein load, gProtein gMNP
–1). The

bound VHH was calculated from the load multiplied with the purity

of VHH. The purity of VHH was obtained by densitometric analy-

sis via SDS-PAGE. If not stated otherwise, every sample was per-

formed as technical duplicates, and measured as analytical triplicates

for the PBCA and SDS-PAGE as one analytical replicate. Elution of

MNP-bound proteins was performed by resuspending the MNPs in

phosphate-buffered saline (100mMphosphate, 137mMNaCl, 2.7mM

KCl, pH8.5, 5%of initial volume), incubating themixture over night and

magnetically separating the supernatant (eluate) from theMNPs.

Reference experimentswereperformedwithoutmagnetic nanopar-

ticles and with silica- and oleate-coated magnetic nanoparticles,

respectively. Furthermore, the reference experimentswere carried out

at 10% PEG 6000 and pH 5.5. The oleate-coated magnetic nanoparti-

cles were separated by centrifugation (5000× g, 5min).

2.6 Protein analytics (SDS-PAGE, BCA, Bradford,
mass spectrometry)

A modified bicinchoninic acid (BCA) assay was carried out to deter-

mine the concentration of protein bound to the MNPs. The BCA on

particles (designated as particle BCA (PBCA)) required the separation

of the MNPs from the BCA assay after reaction using a 96-well fil-

ter plate (0.2 μm). The reagents from the Pierce BCA protein assay

kit (Thermo Fisher Scientific Inc., USA) were used. The obtained val-

ues were blanked with references (MNPs incubated with autoinduc-

tion medium, PEG, and washed with Tris buffer). The protein concen-

tration of the EMwas obtained via Bradford assay. For this, 10 μL sam-

pleswere loadedonto a96-wellmicrotiter plate as analytical quintupli-

cates, 300 μL of the Bradford reagent was added, and the optical den-
sity at 595 nm was measured via an Infinite M200 Microplate Reader

(Tecan Deutschland, Germany). The purity of E8-VHHwas determined

by densitometric analysis of SDS-PAGE. The samples were prepared

by mixing the sample with 2x SDS loading buffer (containing 10 mM

DTT) and boiled for 5 min at 95◦C. 10 μL of the prepared samples

were loaded onto a 15% polyacrylamide gel. After the run (150 V,

100 min), the gel was scanned with an Amersham Typhoon NIR Plus

(GE Healthcare Europe GmbH, Germany) and densitometrically ana-

lyzed with the Image Quant TL software. Samples of the SP or pellet

were loaded with a final concentration of OD 8, MNP bound samples



4 of 12 ZANKER ET AL.

with 10 g L–1, periplasmic fraction, and EM were concentrated with

5000 Da Vivaspin columns (Sartorius AG, Germany). Samples for mass

spectrometry were prepared according to the protocol described by

Shevchenko et al.[44] The prepared samples were analyzed with LC-

MS as published by Wiśniewski and Mann.[45] The yield was calcu-

lated from the E8-VHH amount bound to the magnetic nanoparticles

and divided by the E8-VHH amount present in the EM. The purifica-

tion factor was the ratio of the MNP-bound E8-VHH purity to the E8-

VHH purity in the EM. The concentration factor specified the ratio of

E8-VHH concentration in the EM divided through the E8-VHH concen-

tration in the eluted sample.

2.7 Particle characterization (Zeta, DLS, FT-IR)

The agglomeration behavior and zeta potential of the magnetic

nanoparticles in different environments was determined via a Zeta-

SizerUltra (MalvernPananalytical, UnitedKingdom). Thedynamic light

scattering of 1 mLMNPs (1 g L–1) was measured in a standard cuvette

as technical duplicates and analytical triplicates each. The accessi-

ble specific surface area (Sm) of particle agglomerates was estimated

assuming the agglomerate as a sphere and 5.18 g cm–3 as the den-

sity (Sm =
6

d∗𝜌
). The zeta potential of MNPs was measured in technical

duplicate and analytical quintuplicate each in a DTS1080 cuvette (dis-

posable folded capillary cell). To calculate the zeta potential, a refrac-

tive index of 1.330, a dynamic viscosity of 0.887 mPa s, and a dielec-

tric constant of 78.5 F m–1 were used. For PEG-containing samples,

the dynamic viscosity was altered (2.545 mPa s).[46] Infrared spectra

(4000–400cm–1) ofMNPsamples (two timeswashedand resuspended

in Tris buffer (50 mM, pH 7.0) in a final concentration of 5 g L–1) were

recordedwith aBruker FT-IRAlpha IIwith a single reflection Platinum-

attenuated total reflection (ATR) accessory (BrukerOpticsGmbH,Ger-

many). The baselines were corrected (concave rubber band method)

using the software OPUS 8.1.

3 RESULTS AND DISCUSSION

3.1 Extracellular expression of E8-VHH by
X-press strains

The first goal was to secrete the polyglutamate-tagged nanobody

(ompA-E8-VHH, see Figure 1A) to the EM. This secretion is achieved

by secreting the E8-VHH to the periplasm (SEC-pathway), which then

leaks into the EM through the leaky outer cell membrane of the

enGenes-X-press system (see Figure 1B).[14]

The growth of the enGenes-X-press strains and the secretion of the

E8-VHH were compared with the well-known E. coli BL21(DE3), which

served as a benchmark.Without arabinose and IPTG, all strains showed

a similar growth behavior, with all having a final biomass of approx. 10–

12 g L–1 in BioLector micro fermentation experiments (see Figure 1C).

As intended, the presence of arabinose had an inhibitory effect on the

X-press strains showing higher cell dry masses at lower arabinose con-

centrations and the highest cell dry mass being in the absence of ara-

binose and IPTG (see Figure S1). These findings are in good agree-

ment with the literature explaining the arabinose influence on X-press

strains leading to a growth-decoupled expression of the protein of

interest.[15,37] The VHH producing strain and the untransformed con-

trol strain showed no growth limitations in shaking flask experiments

(see Figure S2). E8-VHH was strongly expressed as inclusion bodies in

all three different strains (Figure 1D), which is indicated by the intense

spot at around 18 kDa in the SP samples and is a common phenomenon

for nanobodies.[8,48,49] While the BL21(DE3) strain could not secrete

the E8-VHH to the EM, both X-press strains succeeded showing aweak

spot in the height of around 15.7 kDa (see Figure 1D, lanes 6 and 9).

Periplasmic expression of the E8-VHH, though, was also possible with

BL21(DE3) (see Figure S3). For unambiguous identification of the E8-

VHH, the colored curls in Figure 1Dwere analyzed via mass spectrom-

etry. The E8-VHH could be identified in the 18 kDa (red, SP) and in the

15.7 kDa spot (blue, EM) with the highest scores (see Figure S4). Addi-

tionally, the E8-tag was found in both spots. The 37 kDa spot (orange,

EM) was identified as porine gram-negative type. In addition to secre-

tion, the straightforward expression of the E8-VHH in autoinduction

medium using X-press V2 was advantageous as it required minimal

effort and enabled a strong expression representing up to 62% of total

protein in the SP and 36 mgVHH Lcultivation
–1 (in shaking flasks) in the

EM (see Figure S5). The expression yield is comparable or higher than

references which also expressed VHH in E. coli.[5,11,50,51] Furthermore,

expressions using the BioLector micro fermentation system yielded

75 mgVHH Lcultivation
−1 with X-Press strains which was about twice as

high as the corresponding BL21(DE3) yield (see Table S1). Our findings

strongly suggest the usage of X-press strains for extracellular expres-

sion. The secretory potential of the X-press strains has already been

shown for other proteins and promises a superior behavior over the

commonly used BL21(DE3).[14]

3.2 Capturing of E8-VHH by affinity magnetic
separation

A protein with relatively low concentration faces tremendous compe-

tition in an EM when binding to magnetic nanoparticles. Despite the

relatively low abundance of E8-VHH (8% purity), we were able to cap-

ture the E8-VHH with bare MNPs directly from the EM. However, the

yieldwas low (20%), and apHadjustment did not enhance the yield (see

Figure 2).

At least, the pH adjustment did increase the yield to 20% from ini-

tially 8% in a not pH-adjusted EM (pH 7.8).We could enhance the yield

significantly by adding 10% (w/v) PEG 6000 and applying an acidic pH

resulting in 88% of captured E8-VHH (see Figure 2). Improved yields

upon PEG addition were also reported by Santos et al. who combined

protein precipitation through PEG with affinity interactions of anti-

bodies and triazine-functionalized magnetic particles.[28] We chose

10% PEG 6000 since smaller proteins tend to precipitate with larger

PEG sizes and higher concentrations, and we found 10% PEG 6000 to

be sufficient.[35,36] We investigated the influence of the PEG on the
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F IGURE 1 Scheme of the E8-VHH, the secretion and data to the growth of X-press strains and extracellular expression of E8-VHH. (A) The
chemical structure of the E8-tag (Glu-Glu-Glu-Glu-Glu-Glu-Glu-Glu) and the tertiary structure of the ompA-E8-VHH using Robetta for simulation
and PyMol for visualization.[47] Purple= ompA, red= E8-tag, green=VHH. (B) Scheme of secretion of E8-VHH via the SEC-pathway to the
periplasm and the subsequent leaking into the extracellular medium. (C) Comparison of the growth behavior of BL21(DE3) and both X-press
strains (V1 and V2) bearing the E8-VHH plasmid. Strains were grown in biological duplicates in a BioLector micro fermentation systemwith
48-well flower plates. Cultivation in a feed-in-time (FIT) fed-batchmediumwithout arabinose and IPTG addition. Samples weremeasured every
10min, and the cell dry mass (CDM)was calculated by linearly regressing scattered light signals. (D) SDS-PAGEs of E8-VHH cultivated in E. coli
BL21(DE3), X-press V1, X-press V2, and untransformed X-press V2. BL21(DE3) and X-press V1were cultivated in semisynthetic medium, X-press
V2 samples in autoinductionmedium. Different fractions (spheroplast and periplasmic fraction after chloroform treatment, extracellular medium)
were loaded on a 15% polyacrylamide gel. The thick black line between the lanes 3 and 4 (left gel) indicates that three additional lanes were
cropped. The original gel is displayed in the SI. The colored curls were analyzed withmass spectrometry (fingerprinting) additionally. The black
curls show the E8-VHH expressed in X-press V2. No such spots in the reference (lanes 10–12)
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F IGURE 2 Yield of E8-VHH bound toMNPs dependent on pH and
PEG. E8-VHHwas expressed in X-press V2, the extracellular medium
separated from the cells, the pH adjusted, and a final protein
concentration of 0.25 g L–1 was incubatedwith 1 g L–1 MNPs (1 h,
1000 rpm, 25◦C). PEG samples contained 10% (w/v) PEG 6000, added
before pH adjustment. The yield was obtained by the ratio
mVHH, bound/mtotal VHH in EM. The total protein load was obtained from
technical duplicates measured in analytical triplicate via particle-BCA
each. The amount of E8-VHH is the product of the total protein
amount and the purity of E8-VHH. The latter derives from technical
duplicates analyzed densitometrically with SDS-PAGE

magnetic nanoparticles and on the proteins to further evaluate the

observed phenomenon. The alteration of pH and the addition of PEG

influenced the total protein binding, and in return, the yield of cap-

tured E8-VHH. Clearly, the presence of PEG led to higher total pro-

tein (125 mg g–1) and E8-VHH load (17 mg g–1), which resulted in

the observed higher yields (see Figure 3A). The results further show a

higher total protein load at the more acidic pH (pH 5.5) than at pH 7.0

for PEG- and noPEG-containing samples (see Figure 3A). Schwaminger

et al. and Blank-Shim et al. have also observed an increasing load at

decreasing pH for the polyglutamate peptide tag and a polyglutamate-

tagged GFP.[25,27]

The question arises if the higher protein loads and yields were a

consequence of the changed magnetic nanoparticle and / or protein

behavior. The behavior of the magnetic nanoparticles was analyzed

with a ZetaSizer. When resuspended in Tris or autoinduction medium,

theMNPsagglomerate and formsizes of around2700 to3400nm, con-

trasting to a size of approx. 96 nm in water (Table S2). The presence

of PEG led to smaller MNP agglomerates (see Figure 3B). However,

no significant change of the zeta potential occurred (see Figure 3C,

see Table S3). The agglomerate sizes were comparable to reference

values.[52,53] Smaller agglomerates caused by PEG are supported by

references attributing this effect to steric stabilization.[54–56] Smaller

agglomerates lead to a higher accessible surface area, which could lead

to higher protein binding capacities. Nevertheless, the surface-related

loading increased, too (see Table S3). Hence, it seems that the higher

loading could not be attributed to the changed properties of theMNPs,

but mainly to the PEG influence on the proteins. In a reference experi-

ment, it was observed that E8-VHH precipitated at 10% PEG 6000 and

pH 5.5 (see Figure S7).

The precipitation of proteins via PEG is well known and ascribed to

a higher excluded volume.[34] Lee et al. found out that the protein pre-

cipitation via PEG enhances the adsorption of proteins towards chro-

matographic material, which is caused by steric exclusion [35]. Gagnon

et al. described improved capturing of IgM with starch-coated mag-

netic particles after adding PEG.[57] According to our findings, the

effects described by Lee and Gagnon et al. are also true for bare mag-

netic nanoparticles and are explaining the higher loads at PEG pres-

ence. In addition, proteins tend to precipitate at a pH near their iso-

electric points.[58,59] As most E. coli cell proteins have a pI between

4 and 7, proteins will more likely precipitate at pH 5.5.[60] Adsorp-

tion is evenmore enhanced at the isoelectric points of the proteins.[35]

As a consequence, this effect leads to the observed higher loads at

pH 5.5 in our studies. This is in good agreement with another refer-

ence, which used the latter effect to obtain higher loads on magnetic

nanoparticles.[61] Further reference experiments on silica- and oleate-

coated MNPs were performed to validate the influence of the MNP

surfaceonbindingPEGprecipitatedproteins.Wecouldobservealmost

no protein binding to the silica-coated MNPs (3 mg g–1), but a similar

binding to the oleate-coatedMNPs (130mg g–1) (see Table S4).

PEG and magnetic nanoparticles are also used in magnetic ATPS.

Our manuscript focused on the precipitation of proteins by PEG and

not the partitioning of the proteins in the PEG-rich phase. Precipita-

tion of proteins occurs mainly in ATPS at higher protein concentra-

tions,which results in an additional phase (solid precipitates).[62] In this

regard, wewould be operating in anATPS-like system at increased pro-

tein precipitation conditions binding the precipitates to the magnetic

nanoparticles.

VHH was bound to functionalized magnetic particles by other

groups before.[51,63] Khalegi et al. showed a load of approximately

27 mg g–1.[64] A polyglutamate-tagged GFP (E6-GFP) could be bound

from lysatewith a load of 60mg g–1 in a similar experimental setup.[27]

In this regard, it is necessary to mention that the E6-GFP has a signifi-

cantly higher relative concentration in the lysate than the VHH.[27]

The binding of the proteins was further verified by infrared spec-

troscopy. MNPs incubated with EM showed distinct IR peaks at

1550 and 1628 cm–1, indicating the presence of proteins in both sam-

ples with and without PEG (see dark blue and dark orange line at Fig-

ure 4A and B). Those two specific peaks have often been ascribed to

the amide II band and amide I, respectively.[65] It is further assumed

that medium components bind to MNPs, indicated by distinct peaks

at 1508 and 1601 cm–1 for the reference samples (light blue and light

orange line at Figure4AandB). Additionally, the adsorptionof PEGwas

assumed because of the sharp peaks at 1108 and 1343 cm–1, as they

appear in the PEGpowder blank aswell (see Figure 4B).[66] In the pres-

ence of proteins, no characteristic PEG peaks could be observed. The

infrared spectrum from4000–500 cm–1 can be found in the SI (see Fig-

ure S6).
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F IGURE 3 Influence of PEG and pH (5.5, 6, 7) on the binding of E8-VHH and total proteins to theMNPs. (A) Total protein and E8-VHH load on
MNPs. Same experimental conditions as explained in Figure 2. (B) Size distribution (by number) ofMNPsmeasured in autoinductionmedium at
different pH andwith or without PEG 6000 (10%w/v) added. DLSmeasurement with a ZetaSizer. (C) Zeta potentials ofMNPs in conditions
described in (B). Standard deviations derive from technical duplicates determined as analytical quintuplicates each

3.3 Selective elution of the polyglutamate-tagged
nanobody

The polyglutamate-tag showed a distinct selective behavior when

increasing the concentration ratio of EM to magnetic nanoparticles

without PEG. By increasing this ratio, the load on the MNPs and the

purity of E8-VHH could be increased (see Figure 5A and Figure S8).

Conversely, the yield was highest at the lowest rate (0.16) (see Fig-

ure S8). The higher purity of E8-VHH at overloading conditions indi-

cates the high selectivity of the E8-tag, enabling the VHH to outcom-

pete other proteins. In protein corona discussions, the replacement of

proteins with lower affinity by proteins with a higher affinity at higher

ratios is well known.[67,68] This becomes particularly clear when look-

ing at Figure 5B. At a ratio of 1.8, the E8-VHH purity jumped from 7.7%

to 50% resulting in a purification factor of 6.5 (see Figure 5B, lane 2),

whereas a ratio of 0.31 revealed a lower purification factor (see Fig-

ure 5B, lane 1).

For an improved purification protocol, we adsorbed E8-VHH with

supplemented PEG (see Figure 5C, lane B) and eluted the E8-VHH

selectively with phosphate buffer (see Figure 5C, lane E). With this

approach, the E8-VHH could be eluted (at 100 mM PBS pH 8.0),

whereas82%of the total proteins remainedbound (Figure5C, laneBE).

In contrast, the E8-VHHdid not refold/elute selectively after being pre-

cipitatedwithoutMNPs (w/10%PEG6000, pH5.5) or bound tooleate-

coatedMNPs (see Figure S7 and S9). Additionally, the polyanionic tags

are known to increase the solubility of its fusion protein, and thus, the

E8-tag could also help desorbing/ resolubilizing the VHH from the bare

MNP surface.[69,70] Without any optimization, we could bind 60% of

E8-VHHandelute44%of theboundVHH,while having a concentration

factor of 5.1 and a purification factor of 4.0 (see Table S5). We hypoth-
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F IGURE 4 Infrared spectra ofMNPs incubatedwith extracellular medium and blanks. Infrared spectra ofMNPs contacted with different
surroundings (autoinductionmedium pH 7, (A) and autoinductionmediumwith 10% PEG and pH 5.5, (B), washed two times and resuspended in
Tris (pH 7.0, 50mM). Bound EM= Extracellular medium of E8-VHH expressed in X-press V2, Ai= autoinductionmedium blank, PEG= 10% (w/v)
PEG 6000 added. The IR spectra were related to theMNP peak at around 590 cm–1 except for the PEG powder which was related to the peak at
1341 cm–1

esize that the E8-VHHbinds specifically because of the polyglutamate-

tag via monodentate and bidentate bridging coordination.[25] In con-

trast, the other proteins bindmainly by hydrophobic interactions to the

magnetic nanoparticles (see Figure 5D). By being bound via the polyg-

lutamate tag, the tag’s characteristic elution behavior with phosphate

buffer can be used[27] to elute the E8-VHH selectively (see Figure 5C,

lane E, Figure 5D). The phosphate ions form strong complexeswith iron

oxides.[71] These bonds are caused by di- and trivalent anions and are

stronger than the binding of the polyglutamate tag, which is mainly

caused via monodentates.[25,27,71] As a consequence, the phosphate

elutes the E8-VHH by displacement. The other proteins remain bound

as their attraction to the magnetic nanoparticles is higher than to the

hydrophilic solvent. This hypothesis was further supported by the elu-

tion behavior of bound proteins on oleate-coated magnetic nanopar-

ticles, where E8-VHH did not elute selectively. In detail, the purity of

E8-VHH in the elution fraction of oleate-coated MNPs is 3.3 times

lower compared with non-functionalized MNPs (see Figure S9). Selec-

tive elution has been previously reported to be a highly efficient purifi-

cation technique.[72,73] The commonly used His-tag purification strat-

egy yields higher purities than theonesobserved in this study.[74] How-

ever, a fewconsiderations need to be taken into account. Firstly, the E8-

VHH had a very low initial purity in the lysate, and our approach could

enhance the purity significantly (up to 6.5-fold). Secondly, the purifica-

tion via IMAC requires functionalized matrices (in most cases Ni-NTA

functionalization),whichare costly.[74] In contrast, no functionalization

is needed with our approach as it only requires low-cost magnetic iron

oxide nanoparticles originating from a cheap and straightforward co-

precipitation synthesis. Additionally, the elution of the polyglutamate-

tagged protein can be performed by simply switching the buffer to

phosphate, whereas the common elution in IMAC is performed with

the hazardous substance imidazole.

4 CONCLUSION

We are the first to demonstrate the efficient capture of a

polyglutamate-tagged nanobody with low-cost, non-functionalized

magnetic nanoparticles after being secreted by the enGenes-X-press

strain. Like Kastenhofer et al. it was observed that the enGenes-X-

press system is a highly potent expression strain that can replace con-

ventional E. coli strains since it enabled secretion of the nanobody.[14]

We could significantly increase the yield of bound VHH through

affinity magnetic precipitation. For this, we added 10% PEG 6000 and

decreased the pH of the medium. It was observed that PEG hardly

changed the behavior of the magnetic nanoparticles, whereas the

proteins precipitated in the presence of PEG. The combination of pH

adjustment and PEG addition led to an almost irreversible binding of

the host cell proteins, whereby the E8-VHH could be eluted selectively

with phosphate buffer. Selective elution or selective refolding was

not possible when bound to oleate-coated magnetic nanoparticles or

precipitated without MNPs. The selectivity of the polyglutamate-tag

was further seen at overloading conditions, which increased the

purification factor up to 6.5. We could bind 60% of E8-VHH while

raising the concentration factor (5x) and purification factor (4x) after

eluting the E8-VHH. Our proof of principle emphasizes using the

polyglutamate-tag as fusion tag for extracellularly produced proteins

and the subsequent capturing by non-functionalized MNPs. Our

findings conclude the promising combination of the enGenes-X-press

strains, the polyglutamate-tag, and bare MNPs for proteins in general,

not just nanobodies. Moreover, the in situ product removal (ISPR) of

secreted proteins with magnetic nanoparticles, as shown by Gädke

et al. would be highly interesting with our system.[75] Undoubtedly,

further process optimization, such as the variation of precipitation or

more elaborate selective elution could result in higher purities and
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F IGURE 5 The affinity of the polyglutamate-tag and the selective elution. (A) Influence of varied ratios of extracellular medium (EM) toMNP
for incubation. Load of the total proteins and E8-VHH on theMNPs after incubation (1 h, 25◦C, 1000 rpm) and two times washing with 50mMTris
pH 7.0. The total protein load was obtained from technical duplicates measured as analytical triplicates via particle-BCA each. The point 1.8 was
received from one replicate. The E8-VHH loadwas calculated from the total protein loadmultiplied with the densitometric purity of the E8-VHH
spot with SDS-PAGE obtained from both technical duplicates. (B) SDS-PAGE of E8-VHH cultivated in X-press V2 (autoinductionmedium) and its
extracellular medium contacted with 1 g L-1 MNPs for 1 h (25◦C, 1000 rpm). The EM:MNP ratio was 0.31 (lane 1) and 1.8 (lane 2). The overloading
ofMNPs results in a higher VHH purity. (C) SDS-PAGE of E8-VHH cultivated in X-press V2 and PEG 6000 (10%w/v) was added to its extracellular
medium, adjusted to pH 5.5 and afterwards contacted with 1 g/LMNPs for 1 h (25◦C, 1000 rpm). The experiment was performed in a 1.8mL scale.
TheMNP-bound proteins after contacting and two times washing (B) and the eluted proteins € from the (B)-samples and still bound proteins after
elution (BE) were loaded onto a 15% gel. (D) Scheme of the selective elution where E8-VHH is specifically bound to themagnetic nanoparticles via
the polyglutamate-tag, whereas the other proteins are bound non-specifically (B= bound). The specific binding allows for an elution with
phosphate buffer (E= eluted) for the E8-VHHwhile the other proteins remain bound (BE= still bound after elution)

yields, which is of future interest and would enhance the utility of the

method. It would be exciting to try out a more continuous approach by

retaining the cells and contacting the EM with MNPs. Moreover, the

presence of PEG and magnetic nanoparticles allows the combination

of magnetic ATPS or magnetic micellar ATPS, which was not further

studied in this manuscript, but holds great potential, too. It may also

be worth evaluating our process for other proteins having different

properties.
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