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Abstract

Antibiotics in aquaculture prevent bacterial infection of fish, but their misuse

is a public health risk and contributes to the unintentional creation of multire-

sistant pathogens. Regulatory agencies cannot do the rigorous, expensive test-

ing required to keep up with the volume of seafood shipments. Current rapid

test kits for these drugs enable the increase in testing needed for adequate

monitoring of food supply chains, but they lack a high degree of accuracy. To

combat this, we set out to discover and engineer single-domain antibodies

(VHHs) that bind to small molecule antibiotics, and that can be used in rapid

test kits. The small size, solubility, and stability of VHHs are useful properties

that can improve the reliability and shelf-life of test kits for these adulterants.

Here, we report a novel anti-chloramphenicol VHH (Chl-VHH) with a disasso-

ciation constant of 57 nM. This was achieved by immunizing a llama against a

chloramphenicol-keyhole limpet hemocyanin (KLH) conjugate and screening

for high affinity binders through phage display. The crystal structure of the

bound-VHH to chloramphenicol was key to identifying a mutation in the bind-

ing pocket that resulted in a 16-fold improvement in binding affinity. In addi-

tion, the structure provides new insights into VHH-hapten interactions that

can guide future engineering of VHHs against additional targets.
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1 | INTRODUCTION

Seafood is one of the largest traded commodities in the
world today and over half originates in developing coun-
tries.1 In 2019, the United States imported over 6.2 billion
pounds of seafood, the majority originating from Chinese

aquaculture operations.2 Due to the high rates of bacte-
rial infection, antibiotics or chemicals such as malachite
green, nitrofurans, and fluoroquinolones are often intro-
duced into aquaculture areas to increase the survival
rates of fish, but the drug residues can remain through
harvesting, processing, and consumption.3 Moreover,
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prolonged exposure to these compounds have been
shown to have a carcinogenic effect.4 The presence of
these drug residues also contributes to an increase of
antimicrobial resistance (AMR) in human pathogens. For
example, the colistin resistance gene MCR-1 was first
reported in China in 2015 and soon spread to over
50 countries, including the first reported case in the US
in 2016.5,6 A recent study has shown that a ban on the
use of colistin in food animals led to a substantial decline
in colistin resistance in both animals and humans in
China, highlighting the necessity and effectiveness for
timely interventions to address AMR risks at the source.7

In 2015, the FDA examined 2.2% of all imported sea-
food entry lines for a variety of food safety issues. Based
on this level of testing, seafood shipments from a foreign
processing facility would have a roughly 1 in 1,000
chance of being selected by FDA for drug residue testing,
meaning that much of the imported unsafe seafood
enters the US supply chain undetected.1 One of the major
reasons that inspection agencies cannot increase the vol-
ume and frequency of safety tests is both the cost and
time required to do the rigorous analytical experiments
using HPLC and mass spectrometry to determine all the
potential adulterants in a food product. Very few
methods that can detect a broad range of antibiotics
exist,8–10 due to the difficulty in the extraction of com-
pounds with different physicochemical properties.11 Cur-
rent rapid test kits for these adulterants, such as
immunoassays or biosensors, usually require a biological
sensing component that loses its activity in hours or days
due to environmental stresses such as pH, temperature,
or ionic strength.12 Rapid tests increase the throughput
required to for adequate monitoring of food supply
chains, but generally have low accuracy.

Antibodies have long been used in diagnostic and
therapeutic applications as highly selective binders to a
target of interest, but their large size and multiple
domains make library screening difficult and limit their
binding capabilities in challenging environments such as
high temperatures or after long-term storage.13 The dis-
covery of heavy chain-only antibodies (VHH IgG) in
camelids, however, spawned a promising new field of
antibody engineering, since they can be minimized into a
single variable domain called a nanobody or VHH. The
small size of VHHs provides many favorable properties
for biotechnological applications. VHHs can be recombi-
nantly expressed in E. coli to ease library screening and
allow for functionalization, show excellent solubility
compared to conventional antibodies, and are resistant to
elevated temperatures and chemical denaturation.14 Pre-
vious studies have shown that VHHs can be stored at 4�C
and can tolerate incubation at 37�C for several months,

indicating an improved shelf life for a diagnostic plat-
form.15 These useful properties indicate that if coupled to
a sensor, VHHs might be ideal selective binders for a tar-
get of interest in a complicated environment such
as food.

While VHHs have been engineered to bind to large
molecules such as proteins, less work to date has been
done to develop VHHs against small molecules. Previous
studies have isolated VHHs against diverse small mole-
cules, such as mycotoxins, insecticides, biomarkers, and
flame retardants.16–22 The affinities are not consistently
high, therefore technological applications are still rare.
Here, we immunized a llama (llama glama) for VHHs
against two antibiotics and one antibiotic residue com-
monly implicated in food supply chain adulteration:
chloramphenicol, enrofloxacin, and semicarbazide. We
discovered VHHs that bind to chloramphenicol by phage
display and quantified their binding affinities through
ELISA and isothermal calorimetry (ITC). The crystal
structure bound to chloramphenicol was solved and used
to improve the affinity of the VHH to chloramphenicol
through rational design. This is the first reported anti-
chloramphenicol VHH and provides a robust recognition
element for the development of biosensors for chloram-
phenicol detection in food and water products.

2 | RESULTS

2.1 | Llama immunization

A llama (Lama glama) was immunized against a cocktail
of three different small molecules,1 chloramphenicol,2

enrofloxacin, and3 semicarbazide, each conjugated to
Keyhole Limpet Hemocyanin (KLH), a carrier protein
used to illicit immune responses with haptens. These
molecules were chosen based on their prevalence in Chi-
nese food supply chains, their varying structures, and
their different mechanisms of action (Table 1). Chloram-
phenicol and enrofloxacin are both veterinary antibiotics
that are commonly detected in food products but are
banned by the China Food and Drug Administration
(CFDA).23 Semicarbazide, on the other hand, is a meta-
bolic marker of the banned antimicrobial, nitrofurazone,
and is the common analyte used for detecting nitrofura-
zone adulteration.24

After three injections of the cocktail containing
500 μg of each antibiotic-carrier protein conjugate, the
llama exhibited a 199-fold response to a
chloramphenicol-OVA conjugate using an ELISA titra-
tion assay of the serum after 50 days compared to the day
1 control (Table 1; Supplemental Figure 1). Enrofloxacin-
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OVA exhibited a weaker 8.8-fold response.
Semicarbazide-OVA showed a strong response compared
to the day 1 control, however, the overall response was
much lower than the other two after Day 50, with the
serum only diluted 300-fold before signal was lost on the
ELISA assay. For comparison, the serum had to be
diluted over 52,000-fold before signal was lost against
chloramphenicol, suggesting that VHHs against this tar-
get was most likely upregulated. To maximize the proba-
bility that an VHH could be isolated against one of these
targets, chloramphenicol was used for all subsequent
experiments.

2.2 | Panning strategy comparison

Unlike traditional phage display against a protein, isolat-
ing an VHH against chloramphenicol presents a unique
challenge, as it is difficult to immobilize a small molecule
during the wash steps necessary to remove unbound
phage. To solve this problem, we adapted three different
panning strategies developed by Pirez-Schirmer et al.25:
selective competition, simultaneous competition, and off-
rate selection (Figure 1a). In all three strategies,

chloramphenicol is covalently attached to BSA and
coated to the surface of a 96-well plate. The BSA-small
molecule conjugate is then probed against the phage
library and unbound phage is washed away. At this
point, the challenge is to select for VHHs that bind specif-
ically to chloramphenicol, and not the BSA-
chloramphenicol conjugate. To select for only the chlor-
amphenicol, the strategies are outlined as follows:

1. Selective competition mixes chloramphenicol in the
well with the bound phage and aims to remove phage
that preferentially binds to the small molecule over
the BSA-chloramphenicol conjugate.

2. Simultaneous competition lyses all bound phage,
mixes the phage with chloramphenicol alone in a
tube, and then reintroduces the phage to a new well
plate with the BSA-chloramphenicol conjugate coated
to the plate. Any phage that binds to the chloram-
phenicol will have its active site blocked and can be
removed in the eluate after an incubation period.

3. Off-rate selection mixes chloramphenicol in the well
plate with bound phage and then washes off phage
that bind only to the small molecule. The remaining
binders to the plate are then removed by trypsin. The

TABLE 1 Small Molecules Chosen for Llama Immunization

Antibiotic
Size
(MW)

Mechanism of
action

Implication in food
safety (Li et al.)

Llama titer after
50 days (1: x serum
dilution with
response to
OVA-antibiotic
conjugate)

Fold increase in
titer compared to
day 1 control

Chloramphenicol

323.13 Inhibits protein
synthesis by
binding to the
active site of
bacterial ribosomes

Implicated in 17% of
Chinese food fraud
identified by a
national food safety
inspection

52,100 199

Enrofloxacin

359.4 Interferes with DNA
replication by
inhibiting ligase
activity of
topoisomerases and
gyrases

Enrofloxacin and
ciprofloxacin
(metabolic
derivative)
implicated in 12%
of Chinese food
fraud identified by
a national food
safety inspection

2,370 8.8

Semicarbazide

75.08 Detectable metabolite
of nitrofurazone,
an antibiotic that
inhibits DNA
synthesis

Antibiotic precursor
nitrofurazone
implicated in 10%
of Chinese food
fraud identified by
a national food
safety inspection

299 299
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idea of this selection is that strong binders will always
remain bound to the BSA-chloramphenicol conjugate
and the weak binders will be removed.

After each strategy is complete, remaining phage is
transfected into Escherichia coli ER2738 and isolates are
selected based on a carbenicillin resistance cassette car-
ried by the phage.

For each strategy, the number of carbenicillin-
resistant colonies were counted after transfection to
assess how many phages were bound after each panning
procedure. This number was compared to a control
involving panning against unconjugated BSA coated to
the wells. The results confirmed that all three strategies
can isolate phages against chloramphenicol, although
sequential and simultaneous competition were much bet-
ter at removing phage with non-specific binding com-
pared to off-rate selection (Figure 1b). For sequential and
simultaneous competition, there we one and two colonies

per ml of culture, respectively, that grew on the control
panning experiment. Off-rate selection had the greatest
number of colonies in both the experimental and control
groups, but only a four-fold increase in colonies for the
experimental group as compared to the control.

After panning, 32 E. coli isolates from each strategy
were induced with IPTG to secret VHHs and the superna-
tant was assessed on an indirect ELISA against a
chloramphenicol-BSA conjugate. Sequential (43%) and
simultaneous competition (56%) both had a higher per-
centage of positive hits in the ELISA compared to 16% for
off-rate selection (Figure 1c). This was expected, as off-
rate selection clearly had a higher background of non-
specific phage, as evidenced by the high number of colo-
nies after selection in the control group (Figure 1b).
Despite this, three out of the top 10 hits as assessed by
replicate ELISAs came from off-rate selection
(Supplemental Figure 2), suggesting that while back-
ground is higher, many strong binders can also be found

Wash

Sequential

Competition

Simultaneous
Competition

Off-rate
Selection

Mix with Chl

- BSA/Chloramphenicol

- Chloramphenicol

- Phage/VHH

Elute Liquid

Lysis

Mix with

Chl in Tube

Mix with Chl

Wash

Pan

Elute Liquid Wash and Release
Bound Phage

(a) (b)

(c)

FIGURE 1 Panning strategies and results for chloramphenicol-specific VHH isolation. (a) Three panning strategies were adapted from

Pírez-Schirmer et al. for the isolation of VHHs with high specificity to chloramphenicol. In all strategies, the phage library is initially panned

against immobilized BSA-chloramphenicol and unbound phage is removed in the wash steps. Sequential competition mixes the hapten in

the well with the bound phage and aims to remove phage that preferentially binds to the hapten over the BSA-hapten conjugate.

Simultaneous competition lyses all bound phage, mixes the phage with the hapten alone in a tube, and then reintroduces the phage to a new

well plate with the BSA-hapten conjugate coated to the plate. Any phage that binds to the small molecule will have their active site blocked

and can be removed in the eluate after an incubation period. Off-rate selection mixes the hapten in the well plate with bound phage and

then washes off phage that bind only to the hapten. The remaining binders to the plate are then removed by trypsin digestion. b) Number of

phage-infected E. coli colonies after each panning procedure. The control experiment involved panning against unconjugated BSA coated to

the well. c) Percent of colonies that secreted a VHH with specificity to BSA-chloramphenicol in an indirect ELISA, based on panning

procedure
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using this method. Based on the ELISA screen from all
three panning strategies (Supplemental Figure 2), we
sequenced the top 10 binders. A comparison of these
sequences revealed seven unique sequences from these
10 hits (Supplemental Table 2) and a highly conserved
consensus sequence with 86% sequence identity
(Supplemental Figure 3). A 6xHis-tag was attached to the
top two chloramphenicol binders (Chl-B2 and Chl-D1)
from all three panning strategies (Supplemental Figure 2)
and purified using immobilized metal affinity
chromatography (IMAC) for further analyses.

2.3 | Crystal structure of Chl-B2 bound
to chloramphenicol

Since both Chl-B2 and Chl-D1 have 89% homology in
their respective amino acid sequences, we aimed to solve
their crystal structures to understand which residues play
a role in chloramphenicol-binding (Figure 2, PDB Code
7TJC). We were able to obtain crystals of Chl-B2 bound
to chloramphenicol and solved the complex structure at a
1.35 Å resolution (Figure 2a). The three CDRs of the

VHH together generate a tight binding pocket for the
chloramphenicol ligand with a 325 Å2 binding surface.
CDR1 and CDR2 form the floor of the pocket, while the
CDR3 folds into a lid that traps the ligand (Figure 2b).
Characteristically short residues, alanine 33, glycine
35, and alanine 50 sculpt the pocket floor. CDR3 loops
over the binding pocket and is held in place by aspartate
99 and arginine 109 forming a salt bridge (Figure 3a). It
is primarily backbone contacts, include one single hydro-
gen bond, that coordinate the ligand through CDR3. The
exquisite surface complementarity of the pocket is illus-
trated by the fact that no water molecule is used to fill
gaps, as it is often the case for less tightly bound, rather
hydrophilic ligands.

The paucity of hydrogen bonds led us to consider
point mutations that may add additional hydrogen bonds,
thereby possibly increasing affinity. We noticed that
modeling phenylalanine 47 as tryptophan, as it is in Chl-
D1, would enable a second hydrogen bond between the
carbonyl of the amide bond in the ligand and the indole
nitrogen (Figure 3b, Supplemental Figure 4). Thus, we
set out to characterize the binding behavior of the
mutant.

(a)
N

C CDR1

CDR2

CDR3

Chloramphenicol

(b)

FIGURE 2 Crystal structure of VHH Chl-B2. (a) Cartoon representation of VHH Chl-B2. Bound chloramphenicol in ball-and-stick, with

2Fo–Fc density contoured at 1.5σ around the ligand. CDR1-3 are colored in red, orange, and yellow, respectively. (b) Surface representation

of the complex in the same orientation as in (A). Chloramphenicol occupies a deep binding pocket grafted primarily by the three CDRs

(b)(a)

F37

F47

A33

G35

A50

D99
R109

F47W

FIGURE 3 Close-up view of the

VHH Chl-B2/F47W ligand interaction.

(a) Details of the interaction between

chloramphenicol (grey) with VHH Chl-

B2. Color scheme as in Figure 3. Note

the single hydrogen-bond between a

hydroxyl group of chloramphenicol and

the backbone carbonyl of R109. (b) Same

as in (A), except for modeling a

tryptophane in place of phenylalanine in

position 47. Increased chloramphenicol

affinity of Chl-B2 (F47W) (Chl-VHH)

compared to Chl-B2 suggests the

formation of a new hydrogen-bond

between the ligand and the VHH
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2.4 | Indirect and competitive ELISAs
indicate VHH binding to chloramphenicol

The F47W mutation was introduced in the expression
plasmid for Chl-B2 to purify a new VHH, Chl-VHH. In
an indirect ELISA against 50 ng of BSA-chloramphenicol,
Chl-VHH had an IC50 concentration of 0.02 nM, the low-
est of the three VHHs tested (Supplemental Figure 5).
This was a five-fold improvement over Chl-B2 and a
10-fold improvement over Chl-D1. A competitive ELISA
was then used to determine if the VHHs could bind to
chloramphenicol in solution. For all competitive ELISA
experiments, 0.5 nM of VHH was used for incubation,
since this concentration was above the IC50 value deter-
mined in the indirect ELISA and would ensure an absor-
bance signal in the negative control (Supplemental

Figure 5). VHHs was incubated with chloramphenicol for
1 hr and then the mixture was added to a plate coated
with 50 ng of BSA-chloramphenicol. Chl-D1 had the low-
est IC50 concentration of 3.202 μM, a 2.7- and 36-fold
improvement over Chl-VHH and Chl-B2 respectively
(Figure 4a). By introducing the F47W mutation into Chl-
B2, the IC50 concentration improved 13-fold.

We used the same competitive ELISA to evaluate the
VHHs binding affinity to florfenicol, a closely related
analog to chloramphenicol (Figure 4b). Once again, Chl-
D1 had the lowest IC50 concentration of 3.3 μM, a 2.7-
and 46-fold improvement over Chl-VHH and Chl-B2
respectively. Chl-VHH and Chl-B2 had moderate prefer-
ential binding to chloramphenicol based on IC50 concen-
tration (3.2-fold and 1.3-fold respectively), but Chl-D1
bound equally to both molecules.
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FIGURE 4 Competitive ELISAs and thermal stability of chloramphenicol-specific VHHs. (a) Competitive ELISA of three VHHs against

chloramphenicol. (b) Competitive ELISA of three VHHs against florfenicol. (c) Competitive ELISA of three VHHs against chloramphenicol

extracted from a tilapia extract. For all ELISA experiments, 500pM of each nanobody was incubated with different concentrations of the

sample for 1 hr and then added to a plate coated with 50 ng of BSA-chloramphenicol. A Rabbit anti-His secondary conjugated with HRP was

used for detection. Normalized absorbance is calculated as the fraction of absorbance relative to a negative control with no antibiotic. Error

bars represent SEM from triplicate wells. (d) Thermal stability of three VHHs using a GloMelt™ Thermal Shift Stability Kit. The y-axis

represents the first derivative (slope) of the fluorescence with respect to temperature. Fluorescence was normalized as a fraction of the

maximum value over the course of the experiment. The melting temperature is determined by the temperature at which the first derivative

of the fluorescence reaches a minimum
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2.5 | Evaluation of chloramphenicol-
specific VHHs for ELISA test-kits

In order to test the VHHs in a complex matrix, chloram-
phenicol was spiked at various concentrations in 3 g of
homogenized tilapia and extracted following the proce-
dure outlined in a commercially available chlorampheni-
col ELISA kit (PerkinElmer). Fish extracts were used in
the competitive chloramphenicol ELISA outlined earlier.
Chl-D1 had the highest binding affinity to chlorampheni-
col (IC50 = 0.937 ppm) and an 85- and 15-fold improve-
ment over Chl-B2 and Chl-VHH, respectively (Figure 4c).
Based on the 6 ml of ethyl acetate used for the initial
extraction, the binding affinity of Chl-D1 corresponds to
an IC50 concentration of 1.55 μM, which is the same
order of magnitude seen on the pure chloramphenicol
sample tests (Figure 4a). This demonstrates that all three
VHHs can detect chloramphenicol in complicated matri-
ces such as fish extracts.

The thermal stability of each VHH was determined
using a GloMelt™ protein kit to determine if the VHHs
could operate under a variety of temperatures. All three
VHHs had melting temperatures (TM) over 65�C, with Chl-
D1 having the highest TM of 71.1�C (Figure 4d). The F47W
mutation in Chl-VHH reduced the TM from 69.7 to 65.5�C.
Chl-D1 also contains this mutation, suggesting that addi-
tional mutations in Chl-D1 confers additional stability.

2.6 | Isothermal calorimetry confirms
improved binding with key mutation

While competitive ELISAs are helpful for determining
VHH binding affinities, they are inherently an indirect

measurement of binding since the assay is dependent on
the respective affinities of the VHH to the hapten-protein
conjugate vs. the hapten itself. Isothermal titration calo-
rimetry (ITC) was used to determine the direct binding
affinities of Chl-B2, Chl-D1, Chl-VHH, as well as other
relevant thermodynamic parameters such as the enthal-
pic and entropic changes upon binding (Figure 5,
Table 2). As evidenced by the earlier ELISA data
(Figure 4), Chl-D1 had the highest affinity for chloram-
phenicol compared to Chl-B2 and Chl-VHH. The ITC
results, on the other hand, indicate that Chl-VHH
(KD = 60 nM) has a 2.5-fold increase in binding affinity
to chloramphenicol compared to Chl-D1 (KD = 150 nM)
and a 1.8-fold increase to florfenicol (Table 2). In addi-
tion, by introducing the F47W mutation in Chl-B2 (Chl-
VHH), the binding affinity was improved 16-fold against
chloramphenicol and three-fold against florfenicol. All
three VHHs bound poorly to thiamphenicol, another
chloramphenicol analog implicated in antibiotic
adulteration.

The ITC results were also used to calculate additional
thermodynamic parameters and determine the enthalpic
(ΔH) and entropic (�TΔS) contributions to the overall
free energy change (ΔG). For all three VHHs, the binding
is dominated by a favorable binding enthalpy and a smal-
ler unfavorable binding entropy at room temperature
(Table 2). When the F47W mutation was introduced into
Chl-B2, the unfavorable entropic contribution was
improved 1.87-fold, although this was partially offset by a
1.25-fold reduction in the enthalpic contribution.

3 | DISCUSSION

Here, we describe a single-domain antibodies capable of
binding to chloramphenicol, one of the most common
antibiotic adulterants found in Asian food supply chains,
despite being banned by both the Chinese and US FDA.
By immunizing a llama against chloramphenicol conju-
gated to a carrier protein, we were able to isolate VHHs
with specificity to chloramphenicol, as well as its amphe-
nicol analogues. Using X-ray crystallography to visualize
the binding pocket, a point mutation was made to
improve the VHH binding affinity and level of detection
for downstream applications. Because this VHH can be
expressed in E. coli, it can be mass produced for use with
rapid antigen-based testing kits at low cost for field test-
ing throughout a supply chain.

Although many hapten-VHH conjugates have been
discovered, few structures have been published in the
PDB that can help guide library screening for small mole-
cule selectivity. To date, structures have been published
for two azo-dyes Reactive Red 6 (RR6)26 and Reactive
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Red 1 (RR1),27 methotrexate (MTX),28 triclocarban
(TCC),29 cortisol,30 and a homodimer VHH that binds to
caffeine.31 The VHH-chloramphenicol interaction was
sterically most like the VHH-RR1 binding motif (PDB
Code 1I3U). In both cases, the long CDR3 loop played an
important role in trapping the ligand by folding into a lid
over the CDR1 and CDR2 floor of the pocket (Figure 2,
Supplemental Figure 6A,B). On the other hand, most
VHH-hapten crystal structures such as MTX (454.44 Da),
TCC (315.58 Da), and cortisol (362.46 Da, Supplemental
Figure 6C) reveal a different binding motif: the haptens
have limited interactions with CDR3 and instead, the
hydrophobic core of the haptens inserts into the under-
loop tunnel formed by CDR1.30 These data suggest that
not all VHHs develop a CDR1 tunneling mode to bind
small molecular weight hydrophobic haptens and screen-
ing a diverse CDR3 library will also be useful in future
VHH-hapten discovery.

When comparing the reported binding affinity for differ-
ent small molecules bound to VHHs, there exists a wide
range from low nanomolar (RR1, RR6)26,27 to medium
micromolar (cortisol).30 The difference in binding surface
between these small molecules is not dramatic, but there is
a strong correlation between the number of hydrogen-
bonds and the binding strength. For example, RR1 binds its
cognate VHH via 8 hydrogen bonds with 22 nM affinity,27

while cortisol, on the other end of the spectrum, exhibits no
hydrogen bonds and a � 20 μM affinity.30 This was the
main rationale for us to try to improve binding affinity via
adding hydrogen bonds. Mutations in the constant region
of the VHH can also increase affinity to haptens by adding
novel binding sites. For example, the anti-MTX VHH affin-
ity was improved 1,000-fold by mutating sites along a
“CDR4” nonhypervariable loop that came into contact with
the hapten.28 This is the only example to date of a VHH
structure being used to successfully improve binding affin-
ity. Here, the binding affinity of Chl-B2 was improved by
mutating a key amino acid (F47W) in the constant region
to form a new hydrogen-bond with the hapten (Figure 3).

Despite discovering a VHH with moderate affinity for
chloramphenicol, the phage library did not yield hits for
enrofloxacin or semicarbazide. The low titer response of

the llama serum to enrofloxacin and semicarbazide sug-
gested that discovering VHHs against these targets would
prove difficult (Supplemental Figure 1). Unlike conven-
tional antibodies, VHHs lack the heavy/light chain inter-
face that typically forms the binding pocket that can
accommodate haptens, making them more difficult to
discover and isolate through immune libraries.28 In addi-
tion, hapten design is critically important since presenta-
tion of the hapten on a carrier protein can greatly affect
its immunogenicity.32 Laboratories must also overcome a
significant cost and time barrier to run an immunization
protocol. To combat this, synthetic VHH libraries for
both phage33 and yeast display34 have been generated
that have successfully been used to discover binders
against protein targets. These libraries have not been
tested against hapten targets but could be a useful cost-
effective tool for small molecules that do not illicit
immune responses or require extensive effort to deter-
mine the proper presentation on a carrier protein.

Anti-hapten VHHs have been used to detect small
molecules in a variety of commonly used formats,32

including ELISAs,35,36 surface-plasma resonance
(SPR),16,29,35,36 and lateral flow assays.37 While binding
affinities are important, the design of the assay and the
sensing modality can play an important role in the level
of detection. For example, Chl-VHH had a 2.5-fold
improved affinity to chloramphenicol compared to Chl-
D1 using ITC (Table 2), but Chl-D1 consistently outper-
formed Chl-VHH in ELISAs (Figure 4). This is most
likely due to the 20-fold decrease in the IC50 of Chl-VHH
for the hapten-carrier protein conjugate compared to
Chl-D1 (Supplemental Figure 5). To take advantage of
Chl-VHH improved affinity, a label-free modality may be
required for improved detection. New inexpensive elec-
trochemical methods have been developed that can pro-
vide sensitive, label-free detection of a small-molecule to
its protein receptor using impedance spectroscopy. For
example, an impedance platform was engineered to
detect nanomolar levels of estradiol using the native
estrogen receptor as a recognition element.38 These
methods could easily be adapted for rapid detection of
chloramphenicol, a similar size compound to estradiol,

TABLE 2 Thermodynamic parameters of each VHH in response to chloramphenicol analogs

Chloramphenicol Florfenicol Thiamphenicol

B2 D1 Chl-VHH B2 D1 Chl-VHH B2 D1 Chl-VHH

Kd (μM) 0.94 0.15 0.06 1.10 0.58 0.33 5.26 2.25 3.03

ΔG (x103 kcal/mol) �8.2 �9.3 �9.9 �8.1 �8.5 �8.8 �7.2 �7.7 �7.5

ΔH (x104 kcal/mol) �2.0 �1.9 �1.6 �2.0 �2.4 �1.6 �2.1 �2.9 �2.2

�TΔS (x103 kcal/mol) 12 9.9 6.4 12 16 6.7 �4.8 21 14
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using Chl-VHH as a recognition element. Coupling Chl-
VHH to quantitative, low-cost sensing modalities will
provide a deployable technology that can be used to
detect chloramphenicol adulterants quickly in food sup-
ply chains and could be expanded to other adulterants as
further anti-hapten VHH discovery continues.

4 | MATERIALS AND METHODS

4.1 | Immunization

Llama immunization, buffy coat isolation, and RNA puri-
fication was completed under a custom contract with
Lampire Biological Laboratories (Pipersville, PA). The
500 μg each of Chloramphenicol-Keyhole limpet hemocy-
anin (KLH) (AAT Bioquest, Sunnyvale, CA),
Enrofloxacin-KLH (Creative Diagnostics, Shirley, NY),
and Semicarbazide-KLH (AAT Bioquest) was emulsified
with Complete Freund's Adjuvant (CFA) in a 1:1 ratio.
The 300 μg was then injected intramuscular (IM) at the
prescapular nodes, and 200 μg was injected intradermal
(ID) at four different sites. At day 21, the injections were
repeated as before, although the antigens were emulsified
with Incomplete Freund's Adjuvant (IFA) in a 1:1 ratio.
At day 30, a test bleed was conducted for an ELISA titra-
tion assay to determine the llama response to the three
antigens and was used to inform subsequent injection
dosage. At day 42, based on the ELISA titration assay
results, 750 μg of each antigen was emulsified with IFA
at a 1:1 ratio and injected IM only. Finally, at day 50, a
production bleed was conducted and used for buffy coat
extraction and RNA isolation. A portion of each bleed
was also used to determine final titers on an ELISA titra-
tion assay (Supplemental Figure 1).

The ELISA titration assay was run in-house at Lampire
Biological Laboratories. For each antigen, a 96-well plate
was coated with either Chloramphenicol-Ovalbumin
(OVA) (AAT Bioquest), Enrofloxacin-OVA (Fitzgerald
Industries, Acton, MA), or Semicarbazide-OVA (Cloud-
Clone Corp., Katy, TX) and serial dilutions of the llama
serum was added to the plates. The ELISA data was fitted
to a Four Parameter Logistic (4PL) Regression to determine
the point of inflection in the sigmoidal curve that is used to
report llama titer (Supplemental Figure 1).

4.2 | Library construction

Three micrograms of purified RNA received from Lampire
Biological Laboratories was reverse transcribed using the
Superscript III First-Strand Synthesis System (ThermoFisher,
Waltham, MA) following manufacturer's instructions. One

third of the RNA was reverse transcribed with random hex-
amers provided by the kit, one third was reverse transcribed
with oligo dT provided by the kit, and one third was reverse
transcribed using gene-specific primers Al.CH2 and Al.
CH2.2 (All primer sequences can be found in Supplemental
Table 1). Each of these cDNA fractions was then used to
amplify the VHH genes using AlVHH-F1 as a forward
primer and either the reverse primer Al-VHH-shR1 for the
short hinge VHHs and Al-VHH-lhR1 for the long-hinge
VHHs using the HotStarTaq DNA Polymerase (Qiagen, Ger-
mantown, MD). The �400 bp PCR products were then gel-
purified and cloned into the phagemid pD, a generous gift
from the Ploegh lab (Boston Children's Hospital, Boston,
MA), using the NotI and AscI restrictions sites introduced by
the primers. pD has been designed to express phage-
displayed recombinant VHHs or soluble VHHs with a C-
terminal E-tag, based on the host cells used. The phagemid
contains an amber stop codon between the VHH gene and
the gene 3 of M13 phage. All restriction enzymes and
reagents were purchased at New England Biolabs (Ipswich,
MA). The ligated vectors were then transformed into electro-
competent E. coli TG1 (Agilent, Santa Clara, CA) and plated
on 2 � YT plates supplemented with 2% glucose and
100 μg/ml carbenicillin. TG1 cells produces a suppressor
tRNA that allows readthrough of the amber stop codon on
pD and produces VHH-displayed phage particles. Transfor-
mants were pooled into SOC media containing carbenicillin
and 15% glycerol, aliquoted, and stored at �80�C to generate
the constructed library.

Phage particles were induced by growing a 1 ml of
thawed library stock in 100 ml SOC media with 100 μg/ml
carbenicillin to an OD600 = 0.5–0.7 at 37�C. The culture
was then infected with 1013 pfu of VCMS13 helper phage
(gift from the Ploegh lab), grown for 30 min at 37�C with-
out shaking, and then a further 1 hr and 30 min at 37�C
with shaking. The culture was then pelleted and resus-
pended in 100 ml of 2YT media supplemented with 0.1%
glucose, 100 μg/ml carbenicillin, and 70 μg/ml kanamycin,
then grown overnight at 30�C. Carbenicillin was added for
plasmid selection and kanamycin for helper phage selec-
tion. The next day, the supernatant was removed, and
phage particles were precipitated using a 20% (w/v) Polyeth-
ylene glycol (PEG) 8,000/2.5 M NaCl solution, pelleted,
washed in the same solution, pelleted again, and resus-
pended in 1 ml of phosphate-buffered saline (PBS) to gener-
ate the phage library for panning.

4.3 | Panning procedure for
chloramphenicol

Three panning strategies to isolate phage that bound spe-
cifically to chloramphenicol (sequential competition,
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simultaneous competition, and off-rate selection) were
followed as described previously.25 For each strategy,
E. coli infections were performed using the same method.
The 500 μl of an overnight culture of E. coli ER2738 cells
(Ploegh lab) was added to each tube containing eluted
phage and incubated for 15 min at 37�C and then plated
on 2 � YT medium containing 2% glucose, 10 μg/ml tet-
racycline, and 100 μg/ml carbenicillin. ER2738 is a non-
suppressor strain and recognizes the amber stop codon in
pD, meaning that soluble VHHs will be produced upon
induction. A small subset of the infected culture was used
to create serial dilutions used for determining titers while
the remaining portions were plated on larger plates
directly. Colonies on the titer plates were counted and
used to calculate infection rates.

4.4 | VHH screen

Individual colonies were picked from the panning plates
and grown overnight with agitation at 37�C in a 96-well
plate using 200 μl of SOC per well, supplemented with
10 μg/ml tetracycline and 100 μg/ml carbenicillin. The
next day, 2 μl of each well was used to seed a 180 μl cul-
ture of 2YT with 10 μg/ml tetracycline and 100 μg/ml car-
benicillin on a new 96-well plate. This new culture was
grown for 4 hr at 37�C, induced with 80 μl of 10 mM
IPTG, and then grown overnight at 30�C. Meanwhile, a
separate ELISA plate was coated with 0.5 μg/ml Chl-BSA
in PBS overnight at 4�C.

The next day, the wells of the ELISA plate were
blocked with 200 μl of 5% milk and 0.05% Tween-20 in
PBS for 2 hr at room temperature. Afterwards, 50 μl of
supernatant from the culture plate was added to the
ELISA plate, along with 50 μl of blocking buffer and
incubated for 1 hr at room temperature. The ELISA plate
was then washed six times with PBST and 100 μl of Goat
anti-E-tag conjugated to horseradish peroxidase (HRP)
(Abcam, Cambridge, MA) diluted 1:10,000 was added to
each well. After another one-hour incubation at room
temperature and six subsequent washes with PBST,
100 μl of 1-step™ TMB solution (ThermoFisher) was
added to each well and the reaction was stopped with
100 μl of 1 N HCl. Finally, the plate was analyzed in a
Varioskan plate reader (ThermoFisher) at an absorbance
of 450 nm to assess binding.

4.5 | VHH purification

VHHs that were deemed strong binders in the ELISA
screen were cloned into the periplasmic expression vector
pHEN6, a generous gift from the Ploegh lab, using

Gibson assembly and the primers described in Supple-
mental Table 1. All VHHs were then purified using
IMAC as described previously.39

4.6 | Competitive ELISAs

Purified VHHs were first tested on routine indirect ELI-
SAs using the procedure outlined earlier for the initial
screen. The only changes to the earlier protocol were that
purified VHHs were added as a primary at various con-
centrations and a Rabbit anti-6xHis-tag antibody conju-
gated to HRP (Abcam) was used as a secondary. For the
competitive ELISA, various concentrations of chloram-
phenicol were mixed for 1 hr with 0.5 nM of purified
VHH before being added to a plate coated with 500 ng/ml
of BSA-chloramphenicol. The Rabbit anti-6xHis-tag anti-
body conjugated to HRP was also used as a secondary for
these experiments. The ELISA data was fitted to a Four
Parameter Logistic (4PL) Regression to determine the
point of inflection in the sigmoidal curve that is used to
report IC50 concentration.

4.7 | Chloramphenicol extraction from
seafood

The protocol for extracting chloramphenicol from sea-
food was adapted from the MaxSignal® Chlorampheni-
col ELISA Kit (PerkinElmer, Waltham, MA). Briefly, a
filet of store-bought Tilapia sourced from China was
homogenized in a Magic Bullet compact blender. Three
grams of fish were spiked with various concentrations
of chloramphenicol in 6 ml of ethyl acetate. Extraction
was then followed according to the manufacturer's
instructions. Fifty microliters of the sample extract
were mixed with 50 μl of 1 nM of purified VHH (for a
final concentration of 0.5 nM) before being added to a
plate coated with 500 ng/ml of BSA-chloramphenicol.
The competitive ELISA was then carried out as out-
lined earlier.

4.8 | Thermal stability assay

The GloMelt™ Thermal Shift Stability Kit (Biotium
Inc., Freemont, CA) was used to determine the melting
temperature of each VHH.0.5 μg/μl was used for each
protein and protocol was followed according to manu-
facturer's instructions. The minimum of the first deriv-
ative of fluorescence with respect to temperature was
used to determine the melting temperature for
each VHH.
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4.9 | Isothermal calorimetry to
determine thermodynamic binding
parameters

For isothermal calorimetry, the VHH was buffer
exchanged into fresh PBS using a 10 K MWCO Slide-a-
lyzer dialysis cassette (Thermo) and then diluted to a con-
centration of 1 μM. A MicroCal VP-ITC (Malvern Panaly-
tical, Westborough, MA) was used for running the
experiment and 1.4 nmol of VHH was added to the reac-
tion number. For each antibiotic tested, it was first dis-
solved in the same PBS used for the VHH and diluted
appropriately. Afterwards, 2.8 nmol of the antibiotic was
loaded into the syringe and 5 μl was injected into the
chamber every 4 min for 40 total injections. Thermody-
namic parameters were calculated from the thermograms
using the Origin analysis software (Malvern Panalytical).

4.10 | Crystallization

Chl-B2 was concentrated to 13.3 mg/ml and subsequently
diluted with freshly made 5 mM chloramphenicol
(Calbiochem) in gel filtration buffer to a final concentra-
tion of 10 mg/ml Chl-B2 and 1.25 mM chloramphenicol.
Crystals of Chl-B2 + chloramphenicol were obtained at
18�C in 2 days as part of the JCSG+ suite (Qiagen) in a
96-well sitting drop tray with a reservoir containing
0.1 M sodium acetate pH 4.5 and 1 M ammonium hydro-
gen phosphate. The rod-shaped crystals continued to
grow over the next 20 days. Crystals were transferred into
a cryo-protectant solution containing the crystallization
condition with 15% glycerol and 1.25 mM chlorampheni-
col and cryo-cooled in liquid nitrogen. Crystals were not
obtained in the condition in the absence of chloramphen-
icol or with chloramphenicol alone.

4.11 | Data collection and structure
determination

X-ray data were collected at NE-CAT beamline 24-ID-C
at Argonne National Laboratory. Data reduction was per-
formed with the HKL2000 package (Otwinowski and
Minor, 1997), and all subsequent data-processing steps
were carried out using programs provided through
SBGrid.40 The crystals belong to space group P212121 and
diffracted to 1.35 Å. The structure of Chl-B2 was easily
solved by molecular replacement using a VHH template
(1BZQ) with all CDRs removed as the search model in
Phaser_MR from the Phenix suite.41 The asymmetric unit
contains two Chl-B2 molecules. The missing CDR resi-
dues were added with automatic building routines. The

bound chloramphenicol was readily recognizable after
the CDR residues were added. Iterative model building
and refinement steps further improved the electron den-
sity maps and the model statistics. The C-terminal
14-residue affinity tag was not modeled, as spurious den-
sity indicates multiple alternate conformations. This led
to a slightly higher Rfree value of 23.4% than expected for
a 1.35 Å structure. The stereochemical quality of the final
model was validated by Molprobity.42 Statistical parame-
ters of data collection and refinement are all given in
Table 3. Structure figures were created in PyMOL
(Schrödinger LLC).

TABLE 3 X-ray data collection and refinement statistics for

VHH Chl-B2

PDB code Chl-B2 7TJC

Data collection

Space group P212121

Cell dimensions

a, b, c (Å) 43.2, 66.6, 93.2

Resolution (Å) 54.15–1.35 (1.40–1.35)a

Rp.i.m. (%) 2.4 (39.8)

I/σ(I) 9.1 (1.0)

CC1/2 (%) 99.9 (73.9)

Completeness (%) 99.7 (98.2)

Redundancy 12.7 (10.6)

Wilson B-factor (Å2) 13.9

Refinement

Resolution (Å) 54.15–1.35 (1.40–1.35)

No. reflections 59,664

Reflections used for Rfree 1997 (3.3%)

Rwork/Rfree 19.9/23.4

No. atoms 2,244

Protein 1937

Ligands 46

Solvent 261

B factors (Å2) 21.0

Protein 19.5

Ligands 25.4

Solvent, ions 35.6

Root mean squared deviations

Bond lengths (Å) 0.006

Bond angles (�) 0.89

Ramachandran favored (%) 98.76

Ramachandran allowed (%) 1.24

aValues in parentheses for highest resolution shell.
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